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Preface

The main function of skin is the protection of the body from the external
environment by preventing loss of water and the ingress of exogenous
substances. This implies that the skin acts as a barrier for the diffusion of
substances into the underlying tissue. Despite this role, the skin has become
recognized as an important drug delivery route which can be reached directly.
It is an ideal site for the application of drugs for achieving local (topical) and
systemic (transdermal) drug effects. Local or topical drug delivery assumes
treating various skin diseases, while transdermal delivery aims to achieve
systemically active drug levels in order to treat systemic diseases. Drugs have
been applied to the skin to achieve also regional drug delivery which involves
drug application to the skin to treat or alleviate disease symptoms in deep tis-
sues beneath the skin (such as in musculature, etc.). Topical and transdermal
drug delivery offer a number of advantages compared to other conventional
routes, and hence they are of great interest to pharmaceutical research, which
explains the increasing interest in skin as a site of drug application.

However, skin represents a formidable barrier for percutaneous drug
absorption, being of crucial importance for achieving topical and transdermal
effects of drugs. Significant efforts have been devoted to developing strategies
to overcome the impermeability of intact human skin. There are many ways
for circumventing the stratum corneum, which provides the main barrier to
drug penetration. These methods can be divided into chemical and physical
penetration enhancement methods, i.e. percutaneous penetration enhancers,
which are described in this book series Percutaneous Penetration Enhancers.

The aim of this book series is to provide to readers working in academia
and industry, including young researchers, an up-to-date comprehensive
work describing all the important topics required to understand the principles
of enhancing transdermal and dermal drug delivery. The book series contains
five books.

The book Chemical Methods in Penetration Enhancement: Drug
Manipulation Strategies and Vehicle Effects begins with a description of the
skin, as understanding of its structure, function and especially its penetration
pathways is fundamental to understanding how topical and transdermal dos-
age forms work and how different methods may be employed to enhance per-
cutaneous drug penetration. The first two parts of the book devoted to skin and
the stratum corneum, representing its uppermost layer being responsible for
its protection, discuss their structure, the importance of the lipid organization
in the stratum corneum, the different penetration pathways through the skin
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with an emphasis on the increasing importance of the follicular route, as well
as the influence of different excipients on the skin. The focus of the book is
on the chemical methods used to overcome the impermeability of intact skin,
such as different drug manipulation strategies (drug or prodrug selection,
chemical potential control, eutectic systems, complexes with cyclodextrines,
etc.) and formulation/vehicle effects (influences of: emulsions, nanoemul-
sions, pickering emulsions, microemulsions, emulsifiers, emollients, liquid
crystalline structures, gels, etc.) on the penetration enhancement of drugs.
The book Chemical Methods in Penetration Enhancement: Nanocarriers
describes similarly to the first book chemical methods used in penetration
enhancement of drugs. However, this book is devoted to the application of
different kinds of nanocarriers and represents an attempt to familiarize the
readers with the importance of nanocarriers used to enhance the percutane-
ous penetration of drugs as they have numerous advantages in comparison to
conventional drug formulations. More recently, different types of nanocarri-
ers have been designed by researchers which allow controlled and targeted
drug delivery (dermal or transdermal drug delivery), improved therapeutic
effectiveness and reduced side effects of drugs. As carriers they can be classi-
fied into lipid-based vesicles (e.g. liposomes, transfersomes, invasomes, etc.),
surfactant-based vesicles (e.g. niosomes, novasomes and others), lipid-based
particulate carriers (e.g. solid lipid nanoparticles, nanostructured lipid car-
riers and lipid nanocapsules), polymer-based particulate carriers (e.g. poly-
meric nano- and microparticles, polymeric nanocapsules, polymeric micelles,
dendrimers, dendritic core-multishell nanocarriers, etc.), nanocrystals and
others. This book focusing on the different nanocarriers gives a comprehen-
sive review of their use as promising dermal and transdermal drug delivery
systems. It also considers the use of nanocarriers for cutaneous immuniza-
tion offering the important advantage of being painless and having a stronger
immune response compared to the intramuscular injection of vaccines. In
addition, the book provides insights on the safety of the use of nanoparticles.
The book Chemical Methods in Penetration Enhancement: Modification
of the Stratum Corneum similarly to the aforementioned two books describes
the chemical methods used in penetration enhancement of drugs with an
emphasis on the enhancing methods used to modify the stratum corneum. It
starts with the classification of penetration enhancers, their mode of action
and provides insights on the structure—activity relationship of chemical pen-
etration enhancers. The focus of this book is on the most commonly used
classes of skin penetration enhancers being investigated in scientific litera-
ture and used in commercial topical and transdermal formulations, and their
representatives are discussed in more detail, including their mechanism of
action, where known. The following penetration enhancers are considered in
the book: alcohols (e.g. ethanol, etc.), glycols (e.g. propylene glycol, etc.),
amides (e.g. 1-dodecylazacycloheptan-2-one or laurocapram (Azone®), etc.),
fatty acids (e.g. oleic acid, etc.), fatty acid esters (e.g. isopropyl myristate,
etc.), ether alcohols (e.g. diethylene glycol monoethyl ether (Transcutol®)),
pyrrolidones (e.g. N-methyl-2-pyrrolidone, etc.), sulphoxides (e.g. dimethyl
sulphoxide, etc.), surfactants (e.g. polysorbates, etc.), terpenes (e.g. L-menthol,
etc.), peptides and new classes of enhancers, such as iminosulfuranes,
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transcarbams, dimethylamino acid esters and dicarboxylic acid esters. In
addition, synergistic effects of different chemical penetration enhancers have
been discussed in the book as an important feature of chemical penetration
enhancers. Furthermore, the safety profile of chemical penetration enhancers
is considered.

The book Physical Methods in Penetration Enhancement considers the
current status and possible future directions in the emerging area of physi-
cal methods being used as potent enhancers for the percutaneous penetration
of drugs. It gives a comprehensive overview of the most used methods for
enhancing dermal and transdermal drug delivery. It covers sonophoresis, ion-
tophoresis, electroporation, magnetophoresis, microneedles, needle-free jet
injectors, ablation methods (electrical, thermal or laser skin ablation) and oth-
ers. The numerous advantages of these methods have opened new frontiers
in the penetration enhancement of drugs for dermal and transdermal drug
delivery. Cutaneous vaccination and gene delivery by physical methods have
been also discussed in this volume. Consideration was given to new methods,
too, such as a novel electrochemical device for penetration enhancement, dif-
ferent waves (e.g. photoacoustic waves, microwaves, etc.), natural submicron
injectors, moxibustion and others. Furthermore, the combined use of different
physical methods or of physical methods and passive enhancement methods
(chemical penetration enhancement methods) are discussed as they provide,
due to their synergistic effects, higher percutaneous drug penetration when
used together.

The book Drug Penetration Into/Through the Skin: Methodology and
General Considerations provides fundamental principles of the drug pen-
etration into/through the skin, from covering basic mathematics involved in
skin permeation of drugs, influences of drug application conditions and other
factors on drug penetration, mechanistic studies of penetration enhancers,
influences of the type of skin used (human native or reconstructed skin) to
different methods utilized to assess the drug penetration into/through the skin
and to determine the amount of permeated drug (such as tape stripping of the
stratum corneum, electron spin resonance, Raman spectroscopy, attenuated
total reflection, confocal laser scanning microscopy, single and multiphoton
microscopy, etc.). Retardation strategies are also discussed as being impor-
tant for some classes of substances, such as sunscreens. The safety of applied
penetration enhancers as well as the research ethics in the investigation of
dermal and transdermal drug delivery are addressed in this book. The book
ends with the current status and future perspectives of passive/chemical and
active/physical penetration enhancement methods as they are gaining exten-
sive interest as promising tools to enable an efficient dermal or transdermal
drug delivery.

We are very thankful to all the authors who contributed chapters to the
book series Percutaneous Penetration Enhancers, as they found time to work
on the chapters despite having busy schedules and commitments. All the
authors are eminent experts in the scientific field which was the subject of
their chapter, and hence their contribution raised the value of the book. We
also sincerely thank our collaborators from Springer: Ellen Blasig, Isabella
Formento, Sverre Klemp, Srinath Raju, Andre Tournois, Grant Weston and
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Portia Formento Wong, for their dedicated work which was necessary to
achieve such a high standard of publication. We highly appreciate readers’
comments, suggestions and criticisms to improve the next edition of the book
series.

Belgrade, Serbia Nina Dragicevic
San Francisco, CA, USA Howard 1. Maibach
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1.1 Introduction
Hyaluronic acid (HA), a high-molecular-weight
biopolymer, is of special interest as carrier mate-
rial in drug delivery due to its biocompatibility,
biodegradability, special viscoelastic properties,
and the ability to create a dense network in which
drugs might be incorporated. One major medical
application of HA besides for skin care and as
vehicle for dermal delivery, specifically of diclof-
enac sodium, is its intra-articular (IA) injection in
the treatment of rheumatoid arthritis. In the
course of rheumatoid arthritis, an enhanced HA
degradation in the synovial fluid is observed. HA
injection into the joints provides visco-
supplementation as well as some anti-
inflammatory, slight analgesic, and biosynthetic
stimulatory effects (Kogan et al. 2007). Another
major medical application is in the field of oph-
thalmology. As a main component of the vitreous
body of the eye, HA is applied via intraocular
injection to cushion in many surgical procedures,
e.g., during cataract removal, corneal transplan-
tation, or repair of a detached retina. Furthermore,
HA is used as viscosity enhancer in eye drops
proving solutions with remarkable non-
Newtonian, shear-thinning properties to lubri-
cate, moisturize, and protect the ocular surface.
HA can be used as a drug carrier, where espe-
cially the local treatment of joint diseases could
benefit from its use. Lyons et al. incorporated

N. Dragicevic, H.I. Maibach (eds.), Percutaneous Penetration Enhancers Chemical Methods
in Penetration Enhancement: Modification of the Stratum Corneum,

DOI 10.1007/978-3-662-47039-8_1
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triamcinolone acetonide crystals into an HA gel
to provide sustained drug release which is caused
by decelerated dissolution of the corticosteroid
particles and to reduce the risk of crystal-induced
joint inflammation (Lyons et al. 2008). Another
patent deals with the incorporation of an antimi-
crobial agent into an HA gel intended for the
treatment or prevention of joint infections upon
IA injection of, e.g., levofloxacin, ofloxacin, and
lincomycin (Tanaka 2004). Due to its hydrophilic
nature, HA-containing gels could specifically
provide a highly compatible environment for sen-
sitive protein drugs. These biotech drugs, which
currently fill the development pipeline of many
pharmaceutical companies, suffer from a lack of
available drug delivery vehicles that provide ade-
quate protein stability (Jiskoot et al. 2012). Prisell
et al. revealed a significantly slower release of
human recombinant insulin-like growth factor-I
from HA gels (0.5-2 %) compared to a HA-free
formulation both in vitro and in vivo upon subcu-
taneous injection in rats (Prisell et al. 1992).
Meyer et al. found no significant aggregation of
recombinant human granulocyte colony-
stimulating factor (GCSF) in 2 % HA gels upon
storage for 6 weeks at 37 °C, and they found pro-
longed elevated drug plasma levels of GCSF for
up to 4 days (Meyer et al. 1995).

Thus, HA has demonstrated its potential as a
drug carrier also outside the area of topical der-
matological and cosmetic application. The bio-
polymer benefits from its special viscoelastic
properties and high biocompatibility. But, these
pros are at the same time cons as the concentra-
tion of HA which can be used is rather limited
due to the high viscosity of HA hydrogels, and
drug release from HA hydrogels typically occurs
rather fast, although this can be modified by the
HA concentration, too, namely, higher HA con-
centration results in slower drug release.

1.2  Physical and Chemical

Properties of Hyaluronic Acid

HA is a naturally occurring polyanionic linear,
unbranched polysaccharide composed of a repeat-
ing disaccharide that consists of D-GLUCURONIC

Fig. 1.1 Chemical structure of hyaluronic acid

acid-B(1,3)-N-acetyl-D-GLUCOSAMINE-B(1,4)
(Fig. 1.1).

The acid dissociation constant pKa of approx-
imately 3.0 renders the dissociated salt form
under physiological conditions which is sodium
hyaluronate (Lapcik et al. 1998). For HA the
term hyaluronan and for the sodium salt sodium
hyaluronan are used synonymously. For medical
applications, almost solely the sodium salt of HA
is used. However, most studies do not specify the
material; here, HA is used as a general term.
Nevertheless, one can presume that the sodium
salt was used.

Its molecular weight is typically in the range
of a 10°~107 Da. But also lower-molecular-weight
HA (LMW-HA) of only 5 or 100 kDa is avail-
able. Low-molecular-weight HA is prepared from
higher-molecular-weight species by physical,
chemical, or enzymatic approaches (Stern et al.
2007; Weindl et al. 2004) and has been shown
to be more pro-angiogenic and pro-inflammatory
than high-molecular-weight HA (see below). The
unique physicochemical properties of HA such
as the rheological behavior of aqueous solutions,
its polyelectrolytic properties, and the molecu-
lar weight characteristics have been described in
detail by Milas and Rinaudo (2005). HA acts as
a lubricant and shock absorbent in the body. It
stabilizes the cartilage matrix and controls the
tissue water homeostasis. HA binds to proteins
in the extracellular matrix and onto cell sur-
faces, influences the migration, adhesion, and
proliferation of cells, as well as leukocyte func-
tions. In the past, HA for medical and pharma-
ceutical applications was predominantly isolated
from rooster comb. The obtained HA varied in
its molecular weight and the three-dimensional
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organization of the chains and has to go through
extensive purification (Kogan et al. 2007).
Today, the isolation of HA from Streptococcus
zooepidemicus cultures gives access to mate-
rial of higher purity at a more reasonable price.
This bacterial HA exhibits a molecular weight
of several hundred kDa and the fermentation
conditions still need to be optimized to increase
the molecular weight to reach the MDa range
of rooster comb-derived HA (Chen et al. 2009;
Lai et al. 2012). In mammals, HA is enzymati-
cally degraded by hyaluronidase, 3-D-glucuron-
idase, and B-N-acetyl-hexosaminidase (Necas
et al. 2008). A variety of chemical modifications
have been developed, mostly cross-linking and
esterification of HA, to render HA variants with
reduced hydrophilicity, less swelling capability,
and slower biodegradation (Lapcik et al. 1998).

1.3  Hyaluronic Acid in Cosmetics
HA is widely used in cosmetics, especially in
rejuvenative medicine in terms of tissue regener-
ation, augmentation, and skin hydration. Its pop-
ularity increases steadily since 2004. The most
important approaches are its usage as a dermal
filler in aesthetic dermatology and as a moistur-
izing agent for the treatment of cutaneous lines
and wrinkles. HA is abundant in the human skin
and contributes considerably to the maintenance
of the extracellular space and the transport of
nutrients and ion solutes due to its high water-
binding capacity (Weindl et al. 2004). In this
course, HA preserves skin hydration and conse-
quently is often used as a moisturizer in cosmetic
formulations aiming for a restoration of skin
elasticity, thereby achieving an anti-wrinkle
effect. Additionally, HA forms a viscous pericel-
lular network restricting the movement of reac-
tive oxygen species or binding them by acting as
an iron chelator (Trommer et al. 2003; Moseley
et al. 2003). Thus, HA acts as an antioxidant and
scavenger of free radicals which is beneficial for
cosmetic treatments, too. Furthermore, it exhibits
excellent viscoelastic properties and high bio-
compatibility so that side effects are rare (Brown
and Jones 2005).

Currently, there are two ways of HA applica-
tion: the intradermal injection as dermal filler or
the topical application as a cream or a gel.

Injecting HA is considered a real augmenta-
tion. After injection, HA retains water and there-
fore volume at the injection site. Over time, HA
is biodegraded by the enzyme hyaluronidase
within several months. Degradation seems not to
be of clinical relevance until the HA molecular
weight and concentration falls below a critical
level and the clinical effect diminishes rapidly
(Price et al. 2007). Only minor complications
occur after HA injections and allergic reactions
are not of relevance. Occasionally, a transient
erythema and mild swelling is observed at the
injection side. Single reports also describe the
formation of sarcoidosis or the formation of a
sterile abscess. Nevertheless, the application of
HA is very safe (Price et al. 2007).

Focusing on the topical application, HA is an
attractive agent for the cosmetic industry due to
its superior skin hydration effects which helps the
skin to retain and maintain skin elasticity, turgor,
and moisture. A few small clinical studies have
been conducted using HA of different molecular
weights showing superior effects with low-
molecular-weight species. Consistently, signifi-
cant improvement of skin hydration and elasticity
was found in all test subjects. Following an appli-
cation of HA fragments (50 and 130 kDa), a sig-
nificant reduction of wrinkle depth was observed
(Pavicic et al. 2011). Additionally, combinations
of such fragments with standard antiaging drugs
such as retinaldehyde were tested showing
decreased wrinkle depth after 3-month applica-
tion and improved decrease of photoaging
(Cordero et al. 2011). However, the significance
of these studies often is limited by the lack of
adequate control groups and, thus, do not allow
final conclusions on the real impact of HA.

The effects of HA are limited by its high
molecular weight which can easily reach up to 2
MDa and, thus, is excluded from skin absorption.
This drawback is addressed by the cosmetic
industry which therefore uses HA fragments, so-
called low-molecular-weight (LMW) HA in
varying sizes such as 5, 50, 100 kDa, etc.
Improved skin absorption of HA fragments is
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described; however the measured flux values are
in the nanogram range. For example, with
300 kDa HA, the flux was 19.8 ng/cm=2*h! after
5h(Farwicketal. 2011). Incorporating LMW-HA
in creams, cosmetic companies suggest to uphol-
ster the skin from the inside and, thus, to reduce
wrinkle depth. However, the size of the HA frag-
ments used in these products are not known and
very few studies with mostly insufficient control
groups have been conducted. Some studies indi-
cate beneficial effects of fragments in terms of
wrinkle depth but further studies are required.
Nevertheless, Farwick et al., describes the up-
and downregulation of 120 genes upon LMW-HA
incubation in reconstructed skin. Especially
genes which are important for cell-cell interac-
tions and for the epithelial barrier function of epi-
thelial and endothelial cells such as E-cadherin;
occludin; claudin-4, claudin-17, and claudin-1;
and other tight junctions proteins were upregu-
lated (Farwick et al. 2011). To our best knowl-
edge, in vivo studies have not been conducted yet
to confirm these results.

1.4  Hyaluronic Acid-Based
Formulations for Intra-/

Transdermal Drug Delivery

The excellent physicochemical properties of HA
and its high biocompatibility lead to various clin-
ical applications also in terms of topical drug
delivery. The most prominent example is a 2.5 %
HA-sodium gel containing 3 % diclofenac
sodium (Solaraze®, Almirall Hermal GmbH,
Germany) which is approved in the USA and
Europe for the treatment of actinic keratosis
(AK). AK is a common skin lesion mainly
induced by extensive UV exposure which may
develop into an invasive squamous cell carci-
noma (SCC) being associated with a less favor-
able prognosis. This progression from AK to
SCC forms the basis for the treatment rational of
AK and is estimated with 0.025-16 % per year
(Brown and Jones 2005). The diclofenac HA gel
significantly reduces the number of AK lesions
and can produce complete clearance of lesions
when applied twice daily for 60 or 90 days. The

product is well tolerated and does not induce seri-
ous adverse effects (Jarvis and Figgitt 2003). The
contribution of HA to this effective treatment was
investigated thoroughly. Brown et al. found a sig-
nificantly enhanced partitioning, retention, and
localization of diclofenac in the epidermal layer
of human skin when treated with the HA gel in
comparison to aqueous solutions, other glycos-
amines, and conventional pharmaceutical gelling
agents clearly indicating penetration-enhancing
effects of HA (Brown et al. 1995, 2001; Brown
and Jones 2005). The formation of a drug reser-
voir in the epidermis is the major proposed rea-
son for the superiority of this formulation (Brown
et al. 1999; Alam et al. 1995). Facilitated and
enhanced drug delivery into the epidermal layer
following an application of HA-containing for-
mulations is described also for other drugs such
as ibuprofen, clindamycin, and cyclosporine
(Brown and Jones 2005). The in vitro studies
were further substantiated by the finding that
radiolabeled HA itself penetrates into the skin of
nude mice and humans (Brown et al. 1999;
Birkenfeld et al. 2011). Brown et al. reported the
absorption of HA from the skin surface into the
skin and various hypotheses are proposed to
explain this surprising finding (Brown et al.
1999). Farwick et al. report skin absorption of
HA fragments with a size of 50 kDa, although in
a very low amount (Farwick et al. 2011). As even
the fragments are too big to penetrate via the
inter- or transcellular pathway, transappendageal
penetration is discussed (Farwick et al. 2011).
Results from our group suggest the contrary: We
did not find any skin absorption of HA-sodium or
HA-sodium fragments (5, 100 kDa) in healthy,
tape-stripped skin and even reconstructed skin
models (Witting et al. 2015). In our opinion the
unquestioned beneficial cosmetic effect of HA is
due to the extensive skin hydration resulting in an
upholstering of the skin and, thus, a reduction of
the wrinkle depth.

As mentioned above, HA-facilitated skin
absorption is described in the literature, e.g., for
diclofenac, ibuprofen, and cyclosporine. How HA
acts as a penetration enhancer is still ambiguous.
One plausible explanation is the extensive skin
hydration upon HA application which mainly can
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influence drug absorption. Depending on the HA
concentration and its viscosity, HA hydrogels
form an occlusive barrier on the skin, preventing
the evaporation of water. Increased hydration
loosens the cluster of densely packed corneocytes,
intra- and intercellular channels open up and,
thus, the drug can penetrate more easily.

HA is also of increasing interest as a (nano-/
microparticulate) drug delivery system. The
rationale behind this approach is the identifica-
tion of the CD44 and hyaladherin (RHAMM) as
the major cell-surface HA receptors on fibro-
blasts and keratinocytes. Stimulation of these
receptors influences cell migration, differentia-
tion, and proliferation (Bourguignon et al. 2004),
and it is believed to facilitate the absorption and
distribution of HA in the skin (Fig. 1.2) (Yang
et al. 2012). Based on the positive effects of HA
on skin absorption, the authors hypothesize that
the use of HA nano-/microparticles may further
enhance skin absorption. HA particles would act
as a receptor-mediated transdermal delivery sys-
tem. After penetration into the viable epidermis,
the particles may initiate further cellular
responses (Fig. 1.2) (Yang et al. 2012).

Based on these facts, investigations of HA
conjugates aiming for efficient (trans-) dermal
drug transport were conducted. Yang et al.
described the synthesis of HA-human growth
hormone conjugates aiming for efficient trans-
dermal delivery of the protein and found effective
transport of the conjugates into the dermal layer
of the skin (Yang et al. 2012). The postulated skin
absorption mechanism is depicted in Fig. 1.2.

Furthermore, HA-doxorubicin (DOX) conju-
gates showed increased accumulation in skin
tumors as well as significantly stronger impair-
ment of tumor growth compared to DOX alone
upon topical treatment of melanoma, based on
the fact that melanoma cells are positive for the
HA-receptor CD44 and RHAMM. Clearly, the
increased efficiency was linked to the conjuga-
tion of DOX to HA which increased the antitu-
mor activity (Zhang et al. 2009).

Besides the topical application as hydro-
gels or particular systems recently, the devel-
opment of HA-based, dissolving microneedles
was described (Liu et al. 2012; Ito et al. 2011).

The advantage of these microneedles includes
high biocompatibility, mechanical strength,
self-disintegration, and fast drug release. Insulin
delivery with the microneedles was comparable
to the subcutaneous injection. In contrast to other
microneedles, HA-based systems ensured a fast
drug release (<1 h) and drug stability (Liu et al.
2012). A similar approach was investigated by Ito
et al., studying HA-based dissolving micronee-
dles for the transdermal delivery of the migraine
therapeutic sumatriptan. In contrast to dextran-
based microneedles, higher plasma concentra-
tions, area under the curve (AUC), and maximum
concentration (Cmax) values were detected for
the HA-based systems (Ito et al. 2011).

As HA can influence cellular behavior of
fibroblasts and keratinocytes by stimulating the
CD44 and RHAMM receptors, this polysaccha-
ride is widely discussed for its application in
wound healing. Biomaterials such as hydrocol-
loids, alginates, and HA have the advantage of
forming a part of the natural tissue matrix; they
are biodegradable and play an active part in nor-
mal wound healing and new tissue formation
(Boateng et al. 2008). Important for adequate
wound healing is the remodeling of the extracel-
lular matrix. Besides its stimulating effects on
keratinocyte and fibroblast proliferation, migra-
tion, and differentiation via HA receptor activa-
tion, HA seems to stimulate the remodeling of
the extracellular matrix and collagen deposition
(Price et al. 2007). However, the exact mecha-
nism is not understood yet. It was shown that HA
mediates physiological functions such as
morphogenesis, regeneration, and wound healing
via interactions with binding proteins and cell
surface receptors via HA receptor stimulation
and subsequent rapid tyrosine phosphorylation.
Dynamic regulation of cell behavior and signal-
ing was described, too (Hall et al. 1994). The
stimulation of fibroblasts’ and keratinocytes’ pro-
liferation induced by an activation of the CD44
receptor was reported. Similar cellular effects are
described for LMW-HA (Barnes et al. 2010;
Kaya et al. 2006; Greco et al. 1998; Xie et al.
2011; Mohapatra et al. 1996).

Various studies investigating the effects of
HA on acute and chronic wounds are published
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showing improved wound healing and high
tolerability of the formulations (Boateng et al.
2008; Voinchet et al. 2006; Vazquez et al. 2003;
Colletta et al. 2003). Chronic wounds such as
foot ulcers in diabetic patients are still an
unsolved problem and ask for new therapeutic
approaches. Especially for these conditions,
HA-based formulations were studied well. The
application of a HA gauze pad for 3 weeks
improved the appearance and dimension of a leg
ulcer faster compared to a dextranomer paste
(Ortonne 2001). Clearly, the addition of HA to
wound dressings is beneficial in terms of wound
closure and hydration, but the development of a
wound dressing solely based on HA failed due to
problems with the stability and consistency of
the dressings (Rossi et al. 2007).

Beneficial effects of HA formulations have
also been reported in burn patients. The applica-
tion of the gold standard for topical burn therapy
sulfadiazine combined with HA resulted in clini-
cally relevant reduced healing time (—4/5 days)
and a reduction of the local edema occurring
shortly after injury. Reepithelialization process
was stimulated compared to a plain sulfadiazine
cream (Koller 2004; Costagliola and Agrosi
2005). The twice-daily application of a 0.2 % HA
gel in patients undergoing/on radiotherapy
resulted in a slight delay of the onset of acute skin
reactions such as radioepithelitis and significantly
reduced intensities of these conditions and accel-
erated the healing process (Liguori et al. 1997).

When applying HA fragments on a murine
excisional wound model, accelerated wound clo-
sure was observed (Gao et al. 2010). Angiogenesis
and lymph vessel formation were increased,;
granulation, collagen deposition, and fibroblast
proliferation were accelerated. The authors found
significantly upregulated endothelial nitric oxide
synthase and procollagen-1 mRNAs as well as a
downregulation of the matrix metalloproteinases
9 and 13. As mentioned above, HA also promotes
(endothelial cell) proliferation by binding to the
cell surface receptor CD44 (Gao et al. 2010).

Zavan et al. described the production of
HA-ester-based porous nanoparticles incorporat-
ing the platelet-derived growth factor (PDGF)
(Zavan et al. 2009). The authors describe a faster

wound closure after the PDGF-HA microparticle
treatment but the study lacks from valid controls
(Zavan et al. 2009). HA is considered to interact
intensively with such active substances due to its
viscoelasticity and immunocompatibility by
potentiating and maximizing tissue responses
and by regulating the drug release (Xie et al.
2011). Xie et al. reported significantly enhanced
wound healing in a 3D skin model when applying
HA-vitronectin-growth hormone complexes.
Besides accelerated reepithelialization and
wound closure, stimulating effects on the secre-
tion of antimicrobial peptides such as human beta
defensin and human cathelicidin were observed
(Dusio et al. 2011).

1.5  Safety Considerations

Despite the positive effects found for HA, large-
scale, multicenter, and controlled clinical trials
are missing to date. Most of the studies described
above are limited by the lack of adequate controls
and by the heterogeneity of wounds which have
been studied, thus not allowing for final
recommendations.

Despite the beneficial effects of LMW-HA
on wound healing and its broad cosmetic appli-
cations, potential pro-inflammatory processes
induced by LMW-HA need to be taken into
account and require careful evaluation. Very
LMW-HA fragments (<50 kDa/<250 kDa) trig-
ger the production of pro-inflammatory cyto-
kines such as tumor necrosis factor o (TNFa)
and adhesion molecules (Farwick et al. 2011;
Rossler and Hinghofer-Szalkay 2003). Studies
of Voelcker et al. (2008) and Taylor et al. (2004)
describe the activation of Toll-like receptor 2
and 4 by HA fragments, leading to the activa-
tion of immune cells such as monocytes, mac-
rophages, and Langerhans cells [for review, see
(Stern et al. 2006)], inducing the production of
pro-inflammatory cytokines (Voelcker et al.
2008; Taylor et al. 2004). The fragment size is
a crucial point and considerably determines the
resulting cellular interactions. LMW-HA also
seems to promote tumor cell motility, invasion,
and angiogenesis, indicating that HA fragments
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may facilitate cancer progression [for review,
see (Stern et al. 2006)]. These caveats need to
be taken into account carefully when using HA
fragments also for topical applications. The exact
determinations of the fragment size as well as the
induced physiological responses need to be elu-
cidated thoroughly.

1.6  Concluding Remarks
Various studies clearly demonstrate the effective-
ness of HA-based formulations for skin penetra-
tion enhancement. The skin penetration
enhancement is most likely due to the loosening
of the densely packed corneocytes in the course
of skin hydration which then allow for easier
drug penetration into the skin. HA gels are excel-
lent vehicles for topical drug application also on
wounded skin. A facilitation of reepithelializa-
tion is most likely and the hydrophilic environ-
ment generated by HA alone is favorable for
wounds. To elucidate the real HA effect and
impact, large-scale clinical trials are crucial.
Contradictory results on the skin absorption of
HA and its fragments themselves are published
and final conclusions are currently not possible.
However, in our opinion intradermal effects of
topically applied HA and its fragments are ques-
tionable. Nevertheless, anti-wrinkle effects and
increased skin elasticity are well-known effects
most likely due to the excellent skin-hydrating
effects. The usage of fragments requires careful
evaluation of their potential pro-inflammatory
effects. To date, HA drug delivery systems for
topical application such as micro- and nanoparti-
cles are of minor relevance.
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2.1 Introduction

Skin is the largest organ in humans, which covers
the whole body and protects it against water loss
and against undesired penetration of exogenous
substances from the environment into the skin, i.e.
body. This barrier property of the skin is the main
obstacle for the drug penetration into or through
the skin. Various strategies are developed to over-
come the impermeability of the stratum corneum
(SC), being the outermost layer of the skin which
provides the primary barrier to percutaneous drug
penetration. Circumventing this barrier is a pre-
requisite for an efficient dermal/transdermal
administration of drugs. One approach for
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improving percutaneous drug penetration, which
has been extensively investigated, is the use of
chemical penetration enhancers (CPE), also called
sorption promoters or accelerants.

Chemical Penetration
Enhancers (CPEs)

2.2

Chemical penetration enhancers are agents that
partition into and interact with the components of
the SC, increasing skin permeability in a tempo-
rary, reversible manner.

Thus, skin penetration enhancers reversibly
reduce the barrier properties, i.e. resistance of the
SC to drug penetration, and allow drugs to pene-
trate more readily into the viable skin tissue and
in some cases also into the systemic circulation
(CPEs increase drug transport across the skin)
(Barry 1991).

Advantages of chemical enhancers over phys-
ical enhancers (such as iontophoresis, sonopho-
resis, electroporation, etc.) are design flexibility,
ease of application, the possibility of self-
administration and prolonged drug delivery
through patches, patient compliance and their
incorporation into inexpensive and simple formu-
lations (Karande and Mitragotri 2009). These
advantages make chemical penetration enhancers
a universally studied subject in dermal and trans-
dermal drug delivery. However, there are a few
disadvantages of this penetration enhancement
method: a number of chemicals tested as penetra-
tion enhancers can cause skin irritation; some of
them have low efficacy at used therapeutic levels,
and chemical enhancers are not suitable for the
delivery of macromolecules.

To be considered as a candidate for a CPE, a
chemical compound should meet the following
desirable criteria (Williams and Barry 2004):

1. It should not irritate the skin and should be
non-toxic and non-allergenic.

2. It should have a rapid but reproducible and

predictable effect.

It should not have any pharmacological activity.

4. It should work unidirectional, i.e. enhance
drug penetration into the skin whilst preventing
the loss of endogenous material from the body.

W

5. Upon removal of the enhancer, a quick and
complete recovery of skin properties is
expected.

6. It should be colourless and odourless.

7. It should be compatible with drugs and other
excipients in the formulation.

8. It should be cosmetically acceptable when
applied to the skin.

Most substances fulfil some, but not all of
the above criteria. No CPE has yet been devel-
oped which possesses all the aforementioned
ideal properties. Despite showing some limita-
tions, a consistent group of chemical com-
pounds has been used for years safely and
effectively in dermal and transdermal drug
delivery systems.

Classification of Chemical
Penetration Enhancers

2.3

CPEs form a diverse pool of chemical com-
pounds that can be classified into groups on the
basis of how structurally related they are
(Table 2.1) (Williams and Barry 2004). An exten-
sive literature review of compounds, cited as skin
penetration enhancers, can be found in Osborne
and Henke (1997).

Penetration enhancers often work well when
used together, i.e. they show synergistic effects in
enhancing the penetration of the drug into/through
the skin (when used together, they exert higher
effects than when used alone). Examples of such
synergistic mixtures are Azone® and fatty acids,
terpenes and PG, etc. (Williams and Barry 2004).

In addition to the aforementioned classifica-
tion, Asbill and Michniak (2000) classified
chemical penetration enhancers according to
their activity into the following groups:

¢ Penetration enhancers that have both dermal
and transdermal activities, i.e. enhance the
penetration of the drug into and through the
skin, respectively

e Penetration enhancers that have transdermal
activity

e Penetration enhancers that have only dermal
activity
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Table 2.1 Classification of chemical penetration enhanc-
ers based on their chemical structure and examples of

most used enhancers

Chemical class

Alcohols

Amides

Fatty acids

Esters

Ether alcohols

Surfactants

Sulphoxides and

analogues

Essential oils

Terpenes and its

derivatives

Pyrrolidones

Phospholipids

Oxazolidines

Enzymes

Penetration retarders that deliver low concen-
trations of the drug into the skin and decrease

drug flux

Enhancer

Short-chain alcohols

Ethanol

Isopropyl alcohol

Long-chain alcohols

Decanol

Octanol

Glycols

Propylene glycol (PG)

Cyclic amides
Azone®(1-dodecylazacycloheptan-
2-one or laurocapram)

Lauric acid

Oleic acid

Linoleic acid

Alkyl esters

Ethyl acetate

Butyl acetate

Methyl acetate

Fatty acid esters

Isopropyl myristate

Isopropyl palmitate
Transcutol®(diethylene glycol
monoethyl ether)

Anionic surfactants

Sodium lauryl sulphate (SLS)
Cationic surfactants
Benzalkonium chloride
Cetylpyridinium chloride
Cetyltrimethylammonium bromide;
Nonionic surfactants
Polysorbates (Tween® 20, Tween®
80, etc.)

Zwitterionic surfactants

Dodecyl betaine

Dimethyl sulphoxide (DMSO)
Decylmethyl sulphoxide (DCMS)
Eucalyptus

Ylang ylang

Chenopodium

D-Limonene

L-Menthol

1,8-Cineole
N-methyl-1-2-pyrrolidone (NMP)
2-pyrrolidone (2P)
4-decyloxazolidin-2-one
Phosphatidylcholine (PC)

Acid phosphatase, papain,
phospholipase C

2.4 Mechanisms of Action
of Chemical Penetration

Enhancers

Penetration enhancers can also be classified
according to their mechanism of action. Before
we review the lipid-protein partitioning (LPP)
theory, it would be useful to have a quick reminder
of the parameters that determine the diffusion of
a molecule through the skin. Factors affecting the
drug permeation rate through the SC can be con-
sidered using the steady-state flux equation
(Eq. 2.1) (Barry 1983):

dm _ DC,K
e h

dm/dt is the steady-state flux, representing the
cumulative mass of the diffusant, m, passing per
unit area of membrane in time z.

C, is the constant donor drug concentration.

K is the partition coefficient of a solute
between membrane and bathing solution.

D is the diffusion coefficient.

h is the membrane thickness.

With these parameters in mind, effective pen-
etration enhancers can increase transdermal drug
delivery by (Williams and Barry 2004):

2.1

* Increasing the diffusion coefficient of the drug
in the SC (e.g. by disrupting the SC lipid
organisation)

* Increasing the drug concentration in the vehi-
cle (e.g. by acting as an anti-solvent)

e Improving the partitioning between the drug
formulation and the SC (e.g. by changing the
solvent nature of the skin membrane in order
to enhance the drug partitioning into the skin)

* Decreasing skin thickness, which is less likely

Barry and co-workers (Barry 1991; Williams
and Barry 1991) postulated the lipid-protein parti-
tioning (LPP) concept to help categorise penetration
enhancers and to describe how they alter the perme-
ability of the skin. This theory suggests three pos-
sible ways in which the permeability of the skin can
be adjusted to allow easier drug transport (Fig. 2.1):

1. Disruption of the intercellular lipid bilayer
(lipid modification)
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Fig. 2.1 Possible effects of chemical penetration enhancers on the structure of the lipid bilayer (Modified from

Barry 2004)

2. Interaction with the intracellular proteins of
the SC (protein modification)

3. Increasing partitioning of a drug, co-enhancer or
co-solvent into the SC (partitioning promotion)

CPEs act by one or usually by more of the
aforementioned modes of action.

2.4.1 Lipid Modification

In this mode of action, the enhancers will change
the structural organisation of the lipid bilayers of
the SC (Fig. 2.1). As a result, the SC barrier will
become more permeable and the diffusion coef-
ficient of the drug would increase (Eq. 2.1).
Enhancer molecules will form microcavities
within the lipid bilayer and in this way increase
the free volume available for drug diffusion. This
disturbance of the lipid bilayer can be homoge-
neous when the enhancer molecules are dispersed
evenly throughout the lipids. Azone®, terpenes,

fatty acids, alcohols and DMSO favour the homo-
geneous type of behaviour (Barry 2001; Benson
2005). Penetration enhancers (e.g. oleic acid and
terpenes at high concentration) can also concen-
trate heterogeneously (i.e. they phase separate —
the “pooling” phenomenon) within the domains
of the lipid bilayers forming permeable “pores”
that provide less resistance for penetration of
polar molecules (Ongpipattanakul et al. 1991;
Cornwell et al. 1996). Solvents such as DMSO,
ethanol and chloroform/methanol mixture may
extract lipids and form aqueous channels in the
SC, which results in a more permeable SC
(Menczel 1995; Hatta et al. 2010).

CPEs are believed to interact with lipid bilay-
ers of the SC at three main sites (Lane et al. 2012):

1. Interaction with the polar head groups of the
lipids (e.g. Azone®); these enhancers due to
forming H bonds and/or by ionic forces dis-
turb the hydration spheres of the lipid bilayers
and thereby disrupt their packing order within
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the polar plane, which leads to the fluidization
of the intercellular lipids as well as to the
increase of the water volume between the
lipid layers; the consequence is a decreased
resistance to drug diffusion.

2. Interaction in the aqueous domain of the lipid
bilayers which increases the solubility of this
site for the drug (e.g. propylene glycol, etha-
nol, Transcutol®, N-methyl pyrrolidone, etc.);
these solvents change the solubility parameter
of the skin in order to match the solubility
parameter of the drug/permeant, which leads
to an enhanced partitioning of the drug from
the vehicle into the SC.

3. Interaction with the lipid alkyl chain — CPEs
insert directly between the hydrophobic lipid
tails (e.g. long-chained and less polar enhancers,
such as oleic acid, isopropyl myristate, etc.);
these enhancers disrupt the packing of lipids and
thereby increase the fluidization of lipids, which
increases drug diffusion through the SC.

The main penetration pathway for drugs is the
intercellular route. Consequently penetration
enhancers need to modify the intercellular lipids
of the SC to be effective. They may interact at the
level of polar head groups and/or between the
hydrophobic tails of the intercellular lipids
arranged in bilayers (Barry 1991). Lipophilic
enhancers (i.e. oleic acid and limonene) can
directly fluidize ceramide acyl chains, thus
increasing the spacing of the lipid packing. In
addition, they can modify the acyl chain packing
indirectly by decreasing the strength of the inter-
molecular hydrogen bonds between the polar
head groups (Guillard et al. 2009). The same
study showed that hydrophilic enhancers (i.e.
ethanol and DMSO) have no influence on the
acyl chain organisation, but show a complex
action on the polar head groups, weakening the
hydrogen bonds within the polar head groups of
ceramides (Guillard et al. 2009). According to du
Plessis et al. (2001), these interactions compete
with water-mediated intermolecular hydrogen
bonding and ionic forces, thus disturbing the
hydrogen spheres of the lipids resulting in altera-
tions in the head group domain. This effect would
consequently also alter the packing of the lipid

acyl chains, and hence, ethanol has an indirect
impact on acyl chains. On the other hand, the
action of ethanol on acyl chains would be indi-
rect, and moreover, the main mode of action of
this compound is to reduce the barrier function
by extraction of the SC lipids.

Moghadam et al. (2013) also showed that all
three classes of investigated CPEs (solvents, ter-
penes and surfactants) with the exception of two
solvents, propylene glycol and ethanol, affected
SC lipids, i.e. they caused increased disorder-
ing of lamellar and lateral packing of lipids.
The highest degree of SC lipid disordering was
caused by surfactants (especially sodium dodecyl
sulphate, didecyldimethylammonium bromide,
didecyltrimethylammonium bromide) followed
by terpenes, such as nerol.

2.4.2 Protein Modification

Another mode of action of CPEs is by interact-
ing and binding with the keratin filaments.
DMSO, ionic surfactants, urea and decylmethyl
sulphoxide can interact with the keratin in the
corneocytes. This may cause a conformational
change in the proteins, disrupting the order in the
corneocytes; keratin may be denatured or its
conformation may be modified, and vacuoles
can be formed. The diffusion of the drug through
the SC is then increased (Eq. 2.1), and therefore,
the permeation of the drug is increased, too.
However, the intracellular penetration pathway
is usually not important for drug permeation, and
most studies suggest that lipid fluidization is the
primary way of modifying the SC, which leads
to an enhanced percutaneous drug penetration
(Barry 2001). It was shown that solvents used at
high concentrations,when enhancing drug per-
meation, may cause fissuring of the intercellular
lipids and splitting of SC squames, by affecting
the desmosomes that maintain the cohesion
between corneocytes. These phenomena would
cause severe skin irritation which is not accept-
able, and hence, these enhancers at high concen-
trations do not present candidates for topical and
transdermal formulations (Barry 1991; Benson
2005).
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2.4.3 Partitioning Promotion

As seen from Eq. (2.1), partition coefficient (K),
diffusion coefficient (D) and drug concentration in
the vehicle (C)) are the parameters that change the
rate of drug penetration. Some solvents (ethanol,
propylene glycol, Transcutol®, N-methyl pyrrol-
idone) can penetrate into the SC and change its
chemical properties and thereby its solvent proper-
ties. This allows for the increase of the partitioning
(K in Eq. 2.1) of a drug, co-enhancer and co-sol-
vent into the SC and their increased solubility
within the SC (Barry 2001; Benson 2005). An
example is the increased penetration of nitroglyc-
erin and estradiol by the use of ethanol as a co-sol-
vent. Further, propylene glycol 1is used
synergistically with Azone®, oleic acid and ter-
penes in order to enhance their penetration and
thereby their concentration in the SC (Barry 2001).

2.4.4 Indirect Penetration

Enhancement

Apart from directly affecting the skin by modes of
action described above which enhance percutane-
ous drug permeation, chemical enhancers can
modify the drug formulation itself and work indi-
rectly on enhancing drug permeation through the
skin. They can act by (Williams and Barry 2004):

1. Changing the thermodynamic activity of the
vehicle, i.e. by fast permeation of a solvent
from the donor into the skin, the permeant is
left in a more thermodynamically active state.
This effect is known as the “push effect”.

2. The “drag effect”, implying that the enhancer-
solvent “drags” the drug with it into the skin.

3. Solubilising the permeant in the donor (e.g.
surfactants change the barrier properties of
the skin directly, but in addition they form
micelles which ease solubilisation of the per-
meant); this is important for permeants with
low solubility, where the use of enhancers
may decrease depletion effects and extend
the drug permeation through the skin
(Songkro 2009).

Different Classes of Chemical
Penetration Enhancers

25

As mentioned in Sect. 2.3, CPEs are typically
classified into structurally related chemical com-
pound groups. CPEs are able to use different
mechanisms of action, and it is difficult to assign
a primary mode of action for many of the chemi-
cal enhancers. For these reasons, the classifica-
tion of CPEs is based on their chemical structure
and not on their mechanism of action.

In the following section, some groups of CPEs
will be described briefly with their known mech-
anisms of action. For detailed reviews, please
refer to the separate chapters in this volume.

2.5.1 Terpenes

Terpenes are derived from plant essential oils,
and both are used as potent penetration enhancers
(Herman and Herman 2015). Terpenes are more
often used, and they represent not toxic sub-
stances, which cause only mild limited irritation
of the skin, and they interact reversibly with the
SC lipids (Obata et al. 1991; Okabe et al. 1990).
They have been classified as being generally
regarded as safe (GRAS) substances (Akimoto
et al. 2001). Chemical structure of terpenes is
based on repeated isoprene units (CsHg) (with the
exception of lavandulol). Depending on the num-
ber of isoprene units, they can be classified into
monoterpenes (Cy,), sesquiterpenes (C;s) or diter-
penes (Cy). In addition to this, terpenes include
different chemical groups (hydrocarbons, alco-
hols, oxides, ketones, esters) (Aqil et al. 2007).
Terpenes have been studied as skin penetration
enhancers for both hydrophilic (such as propran-
olol, bupranolol, etc.) and lipophilic drugs (such
as ibuprofen, hydrocortisone, etc.) (Zhao and
Singh 1999; Babu and Pandit 2005; Brain et al.
2006; Vaddi et al. 2002).

The most extensively studied terpenes are
D-limonene, 1.8-cineole and L-menthol, which
have been used for penetration enhancement of
both hydrophilic and lipophilic drugs (Aqil et al.
2007; Song et al. 2009).
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How effective terpenes are as penetration
enhancers is determined by their lipophilicity,
size and chirality, boiling point and energy of
vaporisation and degree of unsaturation (Agqil
et al. 2007).

Williams and Barry (1991) evaluated different
monoterpenes as enhancers for 5-fluorouracil and
found a structure-activity relationship. Hori et al.
(1991) and Moghimi et al. (1997) confirmed that
amongst terpenes, hydrophilic terpenes (alcohols,
ketones and oxide terpenes, like fenchone and
thymol) are more effective in enhancing the per-
meation of hydrophilic drugs (propranolol),
whereas hydrocarbon terpenes (like limonene and
cymene) are more active towards lipophilic drugs
(diazepam). Moreover, Tas et al. (2007) observed
that anethole, a hydrophobic terpene, enhanced
significantly the absorption of the highly lipo-
philic etodolac, whilst the hydrophilic terpenes,
menthol and carvacrol, did not enhance the
absorption of etodolac. Hence, high lipophilicity
of terpenes is important for enhancing the perme-
ation of lipophilic drugs (Ghafourian et al. 2004).

The mechanism of drug penetration enhance-
ment induced by terpenes depends on the applied
drug. In the case of hydrophilic drugs (such as
S-fluorouracil), the primary mechanism of action
of terpenes is to increase drug diffusivity in the SC
by disrupting the lipid structure of the SC (Williams
and Barry 1991; Cornwell and Barry 1994). As to
partitioning, terpenes do not increase the partition-
ing of the hydrophilic drug into the human SC,
since the drug (e.g. 5-fluorouracil) is less soluble in
all terpenes than in water. For more lipophilic drugs
(such as estradiol), terpenes increase drug diffusiv-
ity, but also increase drug partitioning into the SC
(Williams and Barry 1991). The increase in parti-
tioning is proposed to be due to solvent effects,
since estradiol is moderately soluble in many ter-
penes. The permeation of lipophilic drugs increases
proportionally to their solubility in the enhancer
(Williams and Barry 1991).

The mechanism by which terpenes increase
drug diffusivity in the SC, being the main mode
of terpenes’ penetration enhancing action, has
been investigated by different techniques. It has
been shown by differential scanning calorimetry

(DSC) measurements that terpenes reduce lipid
phase transition temperatures, indicating that
they may increase SC permeability by disrupting
the intercellular lipid bilayers (Williams and
Barry 1989; Cornwell and Barry 1994), which
has been confirmed for 1.8-cineole, menthone
and nerolidol (in propylene glycol/water sys-
tems), being lipid disruptive, whereas no clear
proof was found for the lipid disruptive effect of
D-limonene (Yamane et al. 1995; Cornwell et al.
1996). Obtained DSC results revealed that
D-Limonene produced a freezing point depres-
sion effect on SC lipids, implying little interac-
tion with lipids at skin temperature, whilst its
small enhancement effect is believed to be due to
phase separation of the oil in SC lipid bilayers
(Yamane et al. 1995; Cornwell et al. 1996). In
contrast, small angle X-ray diffraction (SAXD)
studies have indicated that besides 1,8-cineole,
also D-limonene disrupts SC bilayer lipids (i.e.
induces reductions in bilayer periodicity),
whereas nerolidol (a long-chain sesquiterpene)
reinforces the bilayers, possibly by orienting
alongside the SC lipids (Cornwell et al. 1996).
According to Cornwell and Barry (1994),
nerolidol disrupted the organised packing of the
SC lipids due to its amphiphilic structure and was
able to increase the diffusivity of 5-fluorouracil.
Recent SAXD and wide angle X-ray diffraction
(WAXD) measurements have confirmed that
D-limonene caused a slight disruption of the organ-
ised lipid bilayers’ structures (the hexagonal hydro-
carbon-chain packing structure was much strongly
disrupted than the orthorhombic one), an increase
of the repeat distance of the long lamellar structure
by incorporating D-limonene molecules and forma-
tion of “pools” of D-limonene in the hydrophobic
region of the intercellular lipid matrix in the SC
(Hatta et al. 2010). As to L-menthol, SAXD and
WAXD studies revealed that it increased the repeat
distance of the lamellar structure in lipid bilayers
and inhibited the formation of hexagonal hydrocar-
bon chain packing. In addition, DSC studies
showed that it decreased the phase transition tem-
perature of ceramide 2/cholesterol mixtures. Thus,
L-menthol changed the lamellar structure and the
intermolecular interaction between ceramide 2 and
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cholesterol, indicating fluidization of lipid struc-
tures (ceramide 2/cholesterol mixtures), which pro-
motes the percutaneous drug permeation (Watanabe
et al. 2009). Attenuated total reflection-Fourier
transform infrared spectroscopy (ATR-FTIR) study
revealed that administration of L-menthol causes
disorder of the intercellular lipids in the SC similar
to that of heat application (Obata et al. 2010),
which was also proposed by Watanabe et al. (2009).
DSC and ATR-FTIR studies with 1,8-cineole and
L-menthol revealed that both terpenes exerted
effects on both lipid acyl tails and polar head
groups, as demonstrated by a reduction in the main
transition temperature (T,) and in the non-
hydrogen bonded amide I stretching frequency,
respectively (Narishetty and Panchagnula 2005).
However, at physiological temperature, terpenes
mainly act at polar head groups and break the inter-
and intralamellar hydrogen bonding network,
which decreases integrity in the SC barrier.
Terpenes also increased the hydration levels of the
lipid system probably by forming new aqueous
channels. These results indicated that 1.8-cineole
and L-menthol enhanced transdermal permeation
of the investigated drug zidovudine by transform-
ing SC lipids from a highly ordered orthorhombic
perpendicular subcellular packing to a less ordered
hexagonal subcellular packing (Narishetty and
Panchagnula 2004).

Jain et al. (2002) showed using FTIR that ter-
penes with weak self-association or which have
the ability of donating or accepting H bonds (like
menthol, cineole, menthone) increase the perme-
ation of a water-soluble, polar drug, imipramine
hydrochloride, through the breaking of hydrogen
bonds between ceramides’ polar head groups.

Linalool, carvacrol and terpineol were sug-
gested to interact with SC lipids to enhance the
transdermal delivery of haloperidol across human
skin (Vaddi et al. 2002).

Terpenes, when applied in high quantities, can
increase drug diffusivity also by making “pools”
inside the SC. In this case they are phase sepa-
rated within the SC from undisrupted lipid bilay-
ers, i.e. they exist within separate domains in the
SC. In this way permeable “pores” are formed,
being important for the permeation of polar drugs
(Cornwell and Barry 1994; Cornwell et al. 1996).

Terpenes can also enhance drug diffusivity by
extraction of SC lipids. FTIR studies revealed the
permeation enhancement of nicorandil by
nerolidol and carvone due to partial lipid extrac-
tion (Krishnaiah et al. 2006); propranolol hydro-
chloride by menthone and D-limonene (in
combination with ethanol) due to lipid extraction,
macroscopic barrier perturbations and increased
partitioning of the drug to the SC (Zhao and
Singh 1999); and tamoxifen by eugenol and
D-limonene (in combination with ethanol) due to
lipid extraction and increased partitioning and by
menthone only due to lipid extraction (Zhao and
Singh 1998). Enhanced permeability of the SC to
tamoxifen due to lipid extraction and macro-
scopic barrier perturbation was also found after
application of menthone, eugenol and limonene
in combination with propylene glycol. Moreover,
the effective diffusion coefficient of tamoxifen
through the epidermis was enhanced following
treatment with either eugenol or limonene (Zhao
and Singh 2000). FTIR and DSC studies revealed
that the diterpene forskolin enhanced skin perme-
ation of valsartan by disruption and extraction of
lipid bilayers of the SC (Rizwan et al. 2008).

Besides lipid modification, also protein modi-
fication can influence the drug diffusivity after
application of terpenes, as a proportion of ter-
penes may distribute into the corneocytes. In the
corneocytes, terpenes interact with keratin, open-
ing up the dense protein structure making it more
permeable. Despite higher partitioning of terpenes
into the lipid domains, their uptake into the pro-
tein domains may be significant due to the fact
that intracellular protein domains make up
70-95 % of the SC volume (Cornwell et al. 1996).
However, the transcellular penetration route has
not been recognised as an important route.

As to indirect action of terpenes on the percu-
taneous drug penetration, it was found that
1,8-cineole increased the permeation of mefe-
namic acid by the “drag” or “pull” effect (Heard
et al. 2006). Terpenes may also increase the drug
permeation by increasing its thermodynamic
activity in the vehicle (Kanikkannan et al. 2000).

Terpenes have mostly been used together with
propylene glycol as they provide in that combina-
tion a higher enhancer efficacy, because of their
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synergistic effect. The combination of menthol/
propylene glycol enhanced the permeation of pro-
pofol (Yamato et al. 2009) and imipramine hydro-
chloride (Shah et al. 2008). DSC and SAXD
investigations provided fragmented evidence that
terpene/propylene glycol synergy may produce
enhanced lipid bilayer disruption (Cornwell et al.
1996). It has also been proposed that propylene
glycol increases the partitioning of the terpene
into the SC, where it can exert its enhancer effect
(Barry 2001). Terpenes have also been used with
ethanol. 1,8-cineole and L-menthol applied at
5 % w/v in 66.6 % ethanol as a vehicle signifi-
cantly enhanced the pseudo-steady-state flux of
zidovudine (Narishetty and Panchagnula 2005).
Menthone (1, 2, 3 and 5 %) in combination with
50 % ethanol (Zhao et al. 2001) and 5 % w/v of
other terpenes (carvone, 1.8-cineole, menthol and
thymol) in 50 % ethanol (Gao and Singh 1998)
significantly enhanced the flux of tamoxifen com-
pared to the control (50 % ethanol).

2.5.2 Azone

Azone® (1-dodecylazacycloheptan-2-one or lau-
rocapram) was the first synthetic penetration
enhancer. It shows very low toxicity and only
mild skin irritancy. Structurally it has a polar
head group attached to a C12 chain; therefore,
it is very lipophilic. It can enhance the penetra-
tion of both hydrophilic and lipophilic drugs
(Jampilek and Brychtova 2012). Azone® is
one of the most studied chemical penetration
enhancers, but despite this, it is not available
in commercial topical or transdermal products.
Azone® is a very effective chemical penetration
enhancer at concentrations of 0.1-5 % (Jampilek
and Brychtova 2012). Its mechanism of action
is still not clear. Different hypotheses were
suggested to explain the enhancing activity of
Azone®. On the basis of DSC, FTIR and drug
permeation studies, it was proposed that Azone®
acts on the lipid bilayers of the SC, fluidizing
them which leads to an increase of the drug dif-
fusion (Harrison et al. 1996a, b). These authors
assumed a homogeneous distribution of Azone®
through the SC lipid array.

Due to the structure of Azone®, Hadgraft
et al. (1996) suggested that hydrogen bonds are
formed between the polar head group of Azone®
and ceramides, being important for its
penetration-enhancing activity. According to
Hadgraft (1999), Azone® due to its long chain
easily integrates into the bilayer and then the
polar head group oxygen competes for the H
bonds in the ceramide head groups, weakening
them and thus forming the so-called channels, i.e.
areas of increased fluidity in the lamellae that
facilitate drug penetration.

Jampilek and Brychtova (2012) suggest that
Azone® disrupts the packing of the lipid bilayer
of the SC by heterogeneously partitioning into it
and spreading across separate domains of the
bilayer. This assumption is supported by Azone’s
angled conformation that forms a shape of a bent
spoon which eases its intercalation between
ceramides of the SC. Electron diffraction studies
provided evidence that Azone® exists or partly
exists as a distinct phase (i.e. in separate domains)
within the SC lipids (Pilgram et al. 2001).

2.,5.3 Fatty Acids

Fatty acids have been approved by the FDA as
GRAS and have been used as penetration enhanc-
ers in some commercially available products
(Ibrahim and Li 2010). Their effectiveness as
penetration enhancers depends on their degree of
saturation (and site of saturation), chain length
and their structure. It was found for saturated
fatty acids that a chain length of C10 to C12
would be optimal for an effective penetration
enhancer, whilst in unsaturated fatty acids, C18
was optimal (Aungst et al. 1986; Aungst 1989).
The higher the degree of unsaturation, the better
enhancer the fatty acid would be. In the case of
unsaturated fatty acids, the cis conformation
allows for a higher disruption of the lipids in the
SC than the trans conformation and a higher drug
flux was obtained when the distance of the dou-
ble bond from the carboxylic group was larger
(Golden et al. 1987). Oleic acid presents the most
investigated fatty acid as it was shown to be a
potent penetration enhancer for various drugs
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(Choti et al. 2012; Baek et al. 2013; Patel et al.
2014). It has been used in commercial transder-
mal products (Lane 2013). Oleic acid in its cis
conformation was shown to increase lipid fluidity
in porcine skin (Golden et al. 1987). From its
structure, it is expected that oleic acid interacts
with lipid chains in the SC, thus disturbing the
lipid packing which would increase the bilayer
fluidity. FTIR studies proposed a penetration-
enhancing mechanism in which oleic acid exists
as a separate phase, i.e. forms a “pool” in the SC
lipids (Ongpipattanakul et al. 1991), which was
confirmed by freeze fracture electron microscopy
studies (Tanojo et al. 1997). Thus, oleic acid
enhances drug penetration by forming permeable
defects within the SC lipids, which results from
the cis double bond of oleic acid favouring it to
condense with itself rather than distribute homo-
geneously in the skin lipids (Lane 2013).

Because of their lipophilic nature, fatty acids
are often used with co-solvents (such as propyl-
ene glycol, benzyl alcohol, isopropyl myristate).
Studies showed that fatty acids and co-solvents
act in a synergistic way to enhance the penetra-
tion of a drug. The mechanism of action proposed
is the increased partitioning of fatty acids into the
SC by the application of co-solvents (Barry 2001;
Ibrahim and Li 2010).

2.5.4 Alcohols

Transdermal and dermal delivery systems often
utilise alcohols to improve penetration enhance-
ment of drugs. Alcohols used can be within the
short-chain (ethanol, isopropyl alcohol) or the
long-chain group, i.e. fatty alcohols (1-butanol,
1-propanol, 1-octanol, decanol, etc.) (Williams
and Barry 2004; Lane 2013). Other alcohols,
such as glycols (especially propylene glycol),
have also been used in dermal and transdermal
products.

Alcohols can exert their permeation-enhancing
activity through various mechanisms: extraction
of lipids and proteins, fluidization of lipids,
increasing drug partitioning and drug solubility
and changing the thermodynamic activity of the
drug (Lane 2013; Williams and Barry 2004).

Studies with ethanol showed that it was effec-
tive in enhancing the flux of levonorgestrel,
hydrocortisone, estradiol and 5-fluorouracil
through rat skin in vitro (Williams and Barry
2004), estradiol through human skin in vivo
(Pershing et al. 1990) and hinokitiol through
hairless mouse skin in vitro (Joo et al. 2008).
There are reports that suggested that the effect of
ethanol on SC is concentration dependent, i.e.
with the increase of ethanol concentration, the
drug diffusion is enhanced up to an ethanol con-
centration ~whereas higher concentrations
decrease drug penetration (Berner et al. 1989;
Megrab et al. 1995; Thomas and Panchagnula
2003; Watkinson et al. 2009a). Ethanol can cause
lipid and protein extraction from the SC when
used at high concentrations (75 %v/v), and it will
cause dehydration when used as absolute (Goates
and Knutson 1994; Megrab et al. 1995). It is
believed that skin dehydration which occurs at
higher ethanol concentrations reduces percutane-
ous drug permeation (Williams and Barry 2004).

As to the mechanism of the permeation-
enhancing effect of ethanol, ethanol may exert it
through various mechanisms.

Being a solvent, ethanol can increase the solu-
bility of the drug in the donor phase, which is
important for poorly soluble drugs that may
deplete within in the donor. Kadir et al. (1987)
suggested that in patch formulations, ethanol can
use the “push effect” mechanism to promote a
greater driving force for the drug permeation.
This effect happens due to the fast permeation of
ethanol or ethanol evaporation from the donor
phase, which makes the drug concentration higher
reaching a supersaturated state, possessing higher
driving force for drug permeation. Another mech-
anism which arises also from the rapid ethanol
permeation is the “pull” or “drag” effect, where
ethanol carries the permeant with it (Heard et al.
2006). However, that mechanism has been
rejected in the case of morphine hydrochloride
permeation from formulations where ethanol was
used as a solvent (Morimoto et al. 2002).

As to the effect on the skin barrier function by
acting on intercellular lipids, many enhancers and
also ethanol act mainly in this way. According to
Barry (2001), these enhancers may disrupt the SC
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lipid organisation by penetrating into the lipid bilay-
ers of the SC, where they can rotate, vibrate and
form microcavities, thereby increasing the free vol-
ume for drug diffusion. Ethanol as a hydrophilic
enhancer exerts a direct effect on the polar head
groups of the ceramides in the SC by weakening
their H bonds, which results in alterations in the
head group domain (Guillard et al. 2009). Due to
this effect, ethanol exerts an indirect effect on the
organisation of acyl chains in the SC lipid bilayers
(du Plessis et al. 2001), i.e. this kind of perturba-
tions leads to fluidization of the lipid domain and
increase of the water volume between layers, result-
ing in decreased resistance to drug diffusion and
increased drug permeation (Lane et al. 2012). Hatta
et al. (2010) used small- and wide-angle X-ray dif-
fraction to follow the changes in the SC lipids and
proteins after applying ethanol. This study showed
that ethanol caused a slight disruption of the lipid
structure, more strongly at the orthorhombic hydro-
carbon chain packaging, and partial disruption of
the soft keratin structure in the corneocytes. In addi-
tion to this, the authors suggest that ethanol formed
“pools” in the hydrophilic region of the intercellular
lipid matrix of the SC. The results of this study indi-
cate that ethanol generates routes through which
hydrophilic molecules penetrate the skin. When
used at high concentrations for a prolonged time,
ethanol can extract some of the lipid fraction from
within the SC, as aforementioned (Williams and
Barry 2004). Thermogravimetric analysis (TGA)
and FTIR spectroscopy revealed that the application
of ethanol, due to extraction of SC lipids, dehy-
drated the skin as it decreased the bound water con-
tent. This decreased the permeation of the solute,
whilst increasing TEWL, and partitioning was pre-
dominant for the permeation of the solute (Shah
et al. 2008).

As to partitioning promotion, ethanol as a sol-
vent can influence the solubility of the skin tissue
which results in improved partitioning of the
drug into the skin membrane (Megrab et al.
1995). This effect of ethanol occurs due to its
effect on the aqueous domain of the lipid bilay-
ers, which increases the solubility of this site for
the drug, i.e. it alters the solubility parameter of
the skin by shifting it to a value close to that of
the drug (Lane et al. 2012).

Ethanol has been due to its advantages used as
a penetration enhancer in various commercial
topical and transdermal preparations. For an
overview of topical and transdermal preparations
containing penetration enhancers available on the
market, refer to Lane (2013).

2.5.5 Glycols

Propylene glycol is the most commonly used gly-
col in dermal and transdermal formulations (for
commercial formulations, refer to Lane (2013)).
It has been used as a co-solvent and has been rec-
ognised for its penetration-enhancing properties.
Propylene glycol can be applied alone or as a
vehicle for other penetration enhancers (such as
oleic acid) and shows synergistic action when
used in combination. The exact mechanism of its
drug penetration-enhancing ability is not clearly
understood; however, it is believed to be similar
to that of ethanol. As a co-solvent, propylene gly-
col permeates rapidly through the skin which
may alter the thermodynamic activity of the drug
and modify/enhance the driving force for drug
diffusion (“push effect”) (Williams and Barry
2004). The “pull” or “drag effect” was also pro-
posed for propylene glycol (Hoelgaard and
Mollgaard 1985). It has been observed that the
permeant penetration depth is highly correlated
with the depth of penetration of PG (Pudney et al.
2007; Bonnist et al. 2011). Further, PG affects
also the lipid domains in the SC in different ways.
One of them is due to the fast partition of propyl-
ene glycol into the tissue where it interacts with
the aqueous domain of lipid bilayers, changing
the solubility properties of this site of skin for the
drug, thereby increasing drug solubility and
hence drug partitioning into the skin (Lane et al.
2012). The significant permeation enhancement
of triprolidine base from PG was explained by
this mode of action of PG (Kasting et al. 1993).
Watkinson et al. (2009b) also reported that the
main penetration-enhancing mechanism of PG in
increasing drug (ibuprofen) permeation was by
increasing drug solubility and partitioning and
not diffusion. Bouwstra et al. (1991) proposed
also that PG does not intercalate within the lipid
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bilayers but may be incorporated in the polar
head group domain of the packed lipids. This is
in accordance with a recent study (Brinkmann
and Miiller-Goymann 2005) which revealed that
PG integrates into the hydrophilic regions of the
lipid bilayers between the polar head groups in
the perpendicular direction to the bilayer, thereby
increasing the distance in the lamellar phase.
Further, findings from a study suggested that PG
caused skin dehydration (Bouwstra et al. 1989).
Shah et al. (2008) showed that PG and ethanol
decreased the bound water content through pro-
tein alterations and extraction of lipids, respec-
tively, causing dehydration and increased
partitioning of the drug through dehydrated skin.
Several research studies showed a correlation
between the PG concentration used and the
degree of drug penetration (Trottet et al. 2004;
Watkinson et al. 2009b).

Propylene glycol shows synergistic action
with terpenes (Cornwell et al. 1996; Yamato et al.
2009; Furuishi et al. 2013), oleic acid (Brinkmann
and Miiller-Goymann 2005; Choi et al. 2012),
Azone® (Brinkmann and Miiller-Goymann
2005) and other penetration enhancers.

2.5.6 Surfactants

Many studies that used surfactants in transdermal
delivery systems have reported that they are
effective as chemical penetration enhancers (Som
et al. 2012). The major drawback when using sur-
factants is their skin irritancy and toxicity, which
defines their limited use in vivo (for topical and
transdermal penetration enhancement).
Surfactants are amphiphatic molecules that have
a hydrophobic part (lipophilic alkyl or aryl fatty
chain) and a hydrophilic part (polar head group).
They can be classified according to the nature of
their polar group into: anionic, cationic, zwitter-
ionic and nonionic surfactants. It should be kept
in mind when applying surfactants that they are
able to form micelles, solubilise the active and
lower its thermodynamic activity and ultimately
its skin permeation (Lane 2013). Effectiveness as
chemical penetration enhancers will depend on
the structure, chain length and polarity of the

surfactant. Ionic surfactants interact with both
keratin in the corneocytes and the lipid matrix of
the SC (Som et al. 2012). Anionic surfactants
such as sodium lauryl sulphate (SLS) interact
with the lipids and keratin in the skin, and after
increased exposure to them, they show greater
penetration enhancement of the drug but also
greater damage to the skin than other surfactants.
Cationic surfactants (benzalkonium chloride,
cetylpyridinium chloride) are even more potent
in penetration enhancement of drugs and unfortu-
nately in damaging the skin (Som et al. 2012).
They interact with the SC proteins through polar
and hydrophobic interactions. As they are strong
skin irritants, they are generally not used as CPE
for dermal and transdermal penetration enhance-
ment. Nonionic surfactants (polyoxyethylene
sorbitan fatty acid esters (polysorbates) — such as
Tween 20, Tween 80, polyoxyethylene alkyl
ethers (Brij), etc.) are better tolerated than the
surfactants with the charged head group, but are
less efficient as CPE (Williams and Barry 2004).
The mechanism of action of nonionic surfactants
includes the following effects: (1) on the lipid
level: increasing the fluidity of the lipid bilayer,
solubilisation and extraction of the lipids; (2) on
the level of proteins: interactions with the keratin
filaments in corneocytes; and (3) on the level of
the drug: changing the thermodynamic activity of
the drug, allowing more effective penetration into
the skin. Zwitterionic surfactants (dodecyl beta-
ine, hexadecyl betaine, hexadecylsulfobetaine,
N, N-dimethyl-N-dodecyl amine oxide, dodecyl-
trimethylammonium bromide) also use fluidiza-
tion of the lipids as their mechanism of action
(Ridout et al. 1991).

2.5.7 Sulphoxides

DMSO has initially been used as a co-solvent in
transdermal formulations to help improve drug par-
titioning into the skin (Karande and Mitragotri
2009). It is colourless, odourless and hygroscopic.
Many studies reported its use as a penetration
enhancer for both hydrophilic and lipophilic com-
pounds. It has been shown to enhance the percuta-
neous penetration of antiviral agents, steroids and
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antibiotics (Williams and Barry 2004). DMSO can
enhance the drug penetration via a number of sug-
gested mechanisms: extraction of skin lipids; inter-
actions with keratin, such as changing the
intercellular keratin conformation, from o helical
to a p sheet, as well as displacement of bound water
from keratin; and interactions with the lipid alkyl
chains in the SC (Williams and Barry 2004; Lane
2013). Barry (1987) proposed that DMSO can
exert its enhancer activity indirectly forming
solvent-filled “pools” where the solubility of the
drug is increased and directly by displacing water
molecules initially from the proteins and then from
the lipid polar head groups. These actions of
DMSO would enable the formation of micro-chan-
nels between the lipid bilayers. In addition to this,
it was proposed that DMSO could interact with the
polar head groups of lipids, thus destabilising the
regular lipid structure, making it more fluid and
less resistant to drug diffusion (Williams and Barry
2004). DMSO may also change the solubility prop-
erties of SC for the permeant, by affecting the
aqueous domain in the lipid bilayers, and hence
facilitate drug partitioning from the vehicle into the
SC (Lane et al. 2012; Williams and Barry 2004).

However, for an effective penetration enhance-
ment, high concentrations of DMSO are required
(Notman et al. 2008). This in turn can cause skin
irritation and the production of a malodourous
metabolite in the breath. These factors limit the
commercial application of DMSO in transdermal
products. Other compounds in the sulphoxide
group have been tested for enhancer efficacy,
dimethylformamide (DMF), dimethylacetamide
(DMAC) and decylmethyl sulphoxide (DCMS),
but they too either have adverse effects on the
skin (DMF, DMAC) or are less effective enhanc-
ers for lipophilic drugs (DCMS) (Williams and
Barry 2004).

2.5.8 Esters

The most common ester investigated as a pene-
tration enhancer is isopropyl myristate, which
has been used in commercial products (Lane
2013). Different research results were reported
regarding the enhancing mechanism of this fatty

acid ester. DSC studies indicated that isopropyl
myristate integrates itself within the lipid bilay-
ers and causes a more fluid bilayer structure,
facilitating the drug flux (Leopold and Lippold
1995). Other data implied that isopropyl myristate
pretreatment resulted in a more densely packed
lipid bilayer (Brinkmann and Miiller-Goymann
2003). In addition, studies from Santos et al.
(2012) suggested that isopropyl myristate can
increase drug solubility in the SC.

Octyl salicylate (OSAL), commonly used as a
chemical sunscreen and regarded as safe (up to
concentrations of 5 %), has also been used as a
penetration enhancer. It has been used in com-
mercial transdermal products (Lane 2013).
Again, various results have been published
regarding the mechanism of action for OSAL
(Lane 2013). One hypothesis is that OSAL cre-
ates solvent “pools”, which help to enhance drug
diffusion (Santos et al. 2012).

Also other fatty acid esters are used in com-
mercial products, such as sorbitan monooleate,
glyceryl monooleate, glyceryl monolaurate, etc.
(Lane 2013).

2.5.9 Transcutol® (Diethylene
Glycol Monoethyl Ether)

Transcutol® represents a potent, non-toxic, bio-
degradable solubiliser able to significantly
enhance percutaneous penetration of different
drugs, such as lidocaine (Cézares-Delgadillo
et al. 2005), clonazepam (Mura et al. 2000), etc.
Thus, Transcutol® has been used in a number of
dermal and transdermal commercial products
(Lane 2013). It has been usually used in combi-
nation with a co-solvent, such as propylene gly-
col (Mura et al. 2000). It has also been used
together with Azone® as it shows in that combi-
nation a higher enhancing effect than when used
alone (Escobar-Chavez et al. 2005).

According to Harrison et al. (1996a),
Transcutol® enhanced the permeation of the
model permeant 4-cyanophenol by increasing its
solubility in the SC. However, further studies are
needed to explain its mechanism of enhancing
the percutaneous drug penetration.
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2.5.10 Water

Water is the most commonly used compound in
transdermal formulations and the most natural
penetration enhancer. In the SC, 15-20 % of the
tissue dry weight is made of water that either is
bound to some structural elements of the SC (25—
35 % of water in the SC) or is in a free form, able
to act as a solvent for polar molecules (Williams
and Barry 2004).

Mechanism of action of water in penetration is
not clear. It is believed that increased hydration
generally will enhance drug flux across the SC
for a range of drugs. However, some authors
found that occlusion does not always increase
drug permeation (Bucks and Maibach 1999). For
hydrophilic drugs, the proposed mode of action
of water is that water increases the solubility of
the polar drug and then its partitioning into the
SC (Williams and Barry 2004). Results about
water’s ability to modify the lipid membrane are
contradictory. Bouwstra et al. (2003) showed that
water does not affect the packing of lipids in the
SC. Van Hal et al. (1996) showed the existence of
water “pools” and occasionally vesicle-like struc-
tures within the intercellular lipid bilayers, but
without significant disruption of the lipid
domains. The existence of water “pools” sug-
gests that a lipid-water phase separation occurred.
Elias et al. (2002) proposed the existence of an
“aqueous pore pathway” in the SC. In this model,
lacunar domains that are heterogeneously distrib-
uted in the lipid bilayer under physiological con-
ditions would under special conditions (extensive
hydration, occlusion, etc.) interconnect to form a
continuous “aqueous pore pathway” that would
allow enhanced drug permeation.

Conclusion

Despite the extensive research carried out in
the field of chemical penetration enhancers for
dermal and transdermal drug delivery, very
few of these compounds have found their
application in commercial dermal and trans-
dermal products. Limitations of their use stem
from low efficacy in enhancing dermal/trans-
dermal drug delivery when used at low con-
centrations and skin irritation (Karande and

Mitragotri 2009). In addition to this, the exper-
imental design used in studies with CPEs rep-
resents a problem, i.e. a number of studies have
been carried out, but mostly in vitro and in
non-human skin. Further, infinite doses are
mostly used instead of finite doses which sim-
ulate the in vivo application of creams, gels,
lotions and sprays in patients. Experiments
that simulate clinical situations would improve
the current knowledge about the possible use
of CPEs and contribute to a better understand-
ing of their mode of action and their therapeu-
tic effectiveness. The potential of chemical
enhancers lies in their combined use with other
enhancers — due to their possible synergistic
penetration-enhancing effect — either with
other chemicals (which enables higher effec-
tiveness concomitant with a reduction of their
applied concentration and thus lower skin irri-
tation) or with physical methods for dermal
and transdermal drug delivery enhancement.
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3.1 Introduction

The application of topical formulations often
purposes to maintain and strengthen the skin pen-
etration barrier against perturbing outer influ-
ences, especially in case of diseased skin such as
atopic dermatitis or psoriasis. Nevertheless, for
some cases of skin treatment, a temporary barrier
impairment can be desirable, e.g., for improving
the dermal or transdermal effect of active compo-
nents, which need to penetrate into the deeper
skin layers or traverse the skin to reach the blood
circulation. There are several ways in order to
overcome the skin barrier, e.g., by removing the
uppermost and main barrier, the stratum corneum
(SC). But this would lead to an increased tran-
sepidermal water loss and an irreversible damage
of the skin, which is not desirable for long-lasting
medications.

It has been established that the lipid matrix is
the main route through which molecules cross
through the skin (Bodde et al. 1991; Talreja et al.
2001). Consequently, the manipulation of the SC
lipid matrix is another possible method to achieve
an increased amount of penetrated or permeated
drug, by way of using so-called penetration
enhancers of either hydrophilic or lipophilic
nature. So far, there exist two main theories in
which way penetration modulators are thought to
influence the intercellular arrangement of the SC
lipids (see Fig. 3.1). The small hydrophilic
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Fig. 3.1 Schematic
representation of the
penetration routes though the
SC intercellular lipid matrix
and possible ways of

interaction with penetration (Y ]
enhancers (Modified ?
according to (Barry 1991))

@ o

penetration enhancers are assumed to interact
with the polar head groups of the SC lipids,
thereby loosening the tight hydrogen bonds. Thus,
the intermembrane region between the adjacent
head groups increases and becomes more suscep-
tible to passing molecules. On the other hand, the
activity of lipophilic penetration accelerator is
presumably based on a disordering or fluidizing
effect on the lipid chains (Barry and Bennett
1987) or even causing lipid phase separation
(Ongpipattanakul et al. 1991a, b) (see Fig. 3.1).

Nevertheless, the exact mechanisms on a
molecular level are an almost unexplored field
and remain to be proven.

3.2  Hydrophilic-Enhancing
Substances and Their
Influence
on the Molecular Scale

3.2.1 Influence of Water

The most abundant hydrophilic compound,
which is known to facilitate the passing of both
hydrophilic and lipophilic drugs through the
skin’s most efficient barrier, the SC, is water. As
it is a native component of the SC, with approxi-
mately 15-20 % of the tissue dry weight
(Williams and Barry 2004), this natural occur-
rence was used to receive higher pharmaceutical
drug contents at the desired site of action, e.g., by
occlusion as stated by Williams and coworkers
(Williams and Barry 2004). Such an approach
leads to an enormous increase in the water

+ hydrophilic 22%{
penetration enhancer
See g @9 0
o O °
e | : j m 'g
+ Iipophilicﬁ \

penetration enhancer

content in the SC. This massive hydration can
cause interactions between water and the polar
head groups of the SC lipids, which provokes
grave changes in the lipid phase such as lipid
membrane disruption, as reported in differential
scanning calorimetry (DSC) studies (Barry
1987). However, as the absorption of water and
its binding within the SC is a highly complex
process, even the extensive research carried out
in order to understand the mechanisms could not
clarify the penetration enhancement effect due to
water.

3.2.2 Influence of DMSO

Many other substances are known to also manip-
ulate the lipid ordering of the SC lipid matrix.
The high polarity of the solvent dimethyl sulfox-
ide (DMSO), as an example for a nonnatural pen-
etration enhancer, is reasoned by the S-O bond
and results in a potent cosolvent for both hydro-
philic and even lipophilic components (Trommer
and Neubert 2006).

To explain the interacting mode of DMSO
with the SC components, different investigations
with varying analyzing methods were carried out.
Oertel and coworkers could prove by Fourier
transform (FT) infrared spectroscopic studies a
change in the keratin conformations (Oertel
1977). In another study using FT Raman spec-
troscopy, Anigbogu et al. discovered an influence
of DMSO on the order of the intercellular lipid
lamellae expressed by an increase in the lipid
chain disorder and the denaturation of the SC
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proteins, resulting in a change of the keratin con-
formation (Anigbogu et al. 1995). Furthermore, it
is known for DMSO to extract lipids from the
SC, which loosens the tight multilamellar
arrangement of the SC lipid matrix, making it
more permeable for drugs (Menczel 1995).
According to the work of Friend and coworkers,
DMSO also extensively increases the water flux
through the skin by a factor of 10° investigated in
hairless mouse skin (Friend and Heller 1993).

3.2.3 Influence of Urea

Next to several alkanols (Kai et al. 1990; Liu
et al. 1991; Pershing et al. 1990; Thomas and
Panchagnula 2003), urea is one the hydrophilic
penetration modulators, which has been studied
extensively (Beastall et al. 1986).

Urea as a very hydrophilic and well water-
soluble compound is suspected to be mainly con-
centrated in the water phase of the skin. The
modest penetration-enhancing effect is probably
attributed to the increase of the water content in
the SC (Williams and Barry 2004), whereby
water then acts as the actual enhancer as described
above. Furthermore, it is thought that urea facili-
tates the pathway through the skin by influencing
the solubility of the substances followed by a

Temperature [°C]

drug distribution into the SC lipids (Williams and
Barry 2004). So as to increase the enhancing
activity of urea, derivatives of urea were created
such as the cyclic urea analogue, which was
found to be very potent as penetration enhancer
(Wong et al. 1988).

In order to evaluate the interaction of urea with
the SC lipids on a molecular scale, Zbytovska and
coworkers investigated multilamellar SC lipid
vesicles based on ceramide [AP] (CER[AP]) with
temperature-dependent small angle X-ray diffrac-
tion (Zbytovska et al. 2009). From the position of
the diffraction peaks, no influence of urea on the
membrane thickness at 32 °C was detected, evi-
dencing that the thickness of the water layer
between adjacent lipid head groups is not influ-
enced by urea. On the other hand, a concentration-
dependent shift in the phase transition temperature
was detected for all urea concentrations, with
transference to higher temperature for the first
phase transition in the presence of 2-5 % urea.
When the amount of urea was further increased,
both phase transitions unify into a very broad
phase transition (see Fig. 3.2). It was concluded
that high amounts of urea induce an increase in
the miscibility of the SC lipids by displacing
hydrogen-bonded water molecules.

Such an approach using SC lipid model sys-
tems can help to identify and to understand the
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interaction between urea and the different lipid
subclasses of the SC. Consequently more investi-
gation with lipid model differing in their compo-
sition need to be carried out in order to fully
grasp the functionality of urea as a penetration
accelerator.

3.3 Lipophilic Penetration
Modulators and Their
Influence

on the Molecular Scale

In addition to the hydrophilic enhancers, there
are also the lipophilic ones, which are employed
to increase the penetrating activities of drug sub-
stances. Next to the natural compounds in the SC
lipid membranes, many studies with similar
ingredients were made.

3.3.1 Influence of Oleic Acid

Cooper and coworkers were the first ones who
proved the positive effects of the monounsatu-
rated fatty acid specie oleic acid (OA). Already in
1985 they recognized the high potential OA as a
penetration promoter for the antiviral compound
acyclovir (Cooper et al. 1985), while a little later,
Niazy proved similar results for dihydroergota-
mine (Niazy 1991).

In order to identify possible structural impact
of this cis-unsaturated CI18 fatty acid,
Ongpipattanakul and coworkers applied FT infra-
red spectroscopy and reported a phase separation
effect due to the application of OA
(Ongpipattanakul et al. 1991a, b). They argued
that OA forms a separate liquid phase within the
liquid-crystalline ordering of the other SC lipids,
forming thereby permeable defects at the fluid-
solid interface. Naik and coworkers applied OA
and the deuterated derivative onto the human
forearm in vivo and performed attenuated total
reflectance infrared spectroscopic (ATR-IR)
studies. They also found a disordering effect
caused by an interrupting of the lamellar struc-
ture but only in the superficial layers and rea-
soned that the enhancing effect is due to a lipid

fluidization as well as phase separation (Naik
et al. 1995). In another study carried out by
Golden and coworkers, the effect of different free
fatty acids was studied, especially with respect to
the difference between the conformation of this
unsaturated fatty acid (Golden et al. 1987). They
found using spectroscopic calorimetry and flux
techniques that after treatment with the cis-
derivative of OA, the SC lipids displayed an
increased fluidity, and an enhanced flux of sali-
cylic acid through porcine skin was observed. In
contrast, the investigation demonstrated that the
trans-olefinic bond did not alter the phase transi-
tion temperature and consequently had no effect
on the SC lipids. They argued that the more bulky
structure of the cis-olefinic bond requires more
space and thus disrupts the ordered lipid packing
of SC lipids (Golden et al. 1987). To gain more
information about the mode of action of OA on a
molecular scale, Tanojo et al. analyzed in vitro
models of the skin by differential thermal analy-
sis and freeze-fracture electron microscopy. They
detected significant changes in the thermal pro-
files of the SC caused by OA. The final specula-
tion resulted into a new type of lipid domains
formed by OA molecules and the SC lipids caus-
ing a lower capacity of the cutaneous barrier
function (Tanojo et al. 1997). In line with this,
Rowat et al. applied solid-state 2H nuclear mag-
netic resonance (NMR) spectroscopy to monitor
SC lipid model membranes based on bovine
brain ceramide (CER) in dependence on the fatty
acid concentration as well as the temperature
(Rowat et al. 2006). They could demonstrate that
below the phase transition temperature of 40 °C,
the unsaturated fatty acid OA is not incorporated
in the lamellar phase of the other lipids, although
above 40 °C an interaction occurs. Moreover,
they found that OA is able to extract a certain
amount of the other lipids, further promoting the
separation of the lipids, whereby the extent of the
crystalline domains decreases and the fluid more
permeable to OA-rich domains expands. To fur-
ther gain insights into the mode of action and to
identify the possible interaction of this fatty acid
with the SC lipids, Zbytovska and coworkers
applied temperature-dependent X-ray diffraction
on SC lipid model systems in the presence of OA
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Fig. 3.3 Left: X-ray diffraction patterns of the SC lipid
MLVs in dependence on the OA concentration measured
at 32 °C. Right: Display of the corresponding membrane

(Zbytovska et al. 2009). They investigated the
concentration-dependent influence of OA on
multilamellar vesicle (MLV) mixtures composed
of ceramide [AP] (CER[AP]), palmitic acid (PA),
cholesterol (CHOL), and its derivative choles-
terol sulfate (ChS). As described for other studies
above, they also detected a phase separation
effect caused by high amounts of OA already at
the skin’s temperature of 32 °C, whereas no influ-
ence on the membrane thickness and on the phase
transition temperature could be observed (see
Fig. 3.3).

To receive more detailed insights of the impact
of OA on the bilayer architecture of SC lipids,
Engelbrecht and coworkers applied neutron dif-
fraction on oriented lamellar SC lipid model
membranes based on CER[AP], CHOL, PA, and
ChS (Engelbrecht et al. 2011). To localize the
penetration accelerator molecules within the SC
lipid membrane bilayer, the specifically
deuterium-labeled OA-d, was applied and com-
pared to the sample containing the protonated
variety. In contrast to the above-described investi-
gations, a phase separation due the presence of
10 % m/m OA was not detected in the investigated
model system, which the authors of this study
attributed to the differences in the investigated
model systems and the applied techniques. They

mol % oleic acid

repeat distance (Reprinted from (Zbytovska et al. 2009)
with permission from Elsevier)

found that the unsaturated fatty acid is completely
embedded in this model membrane, which was
further corroborated by the application of the deu-
terium-labeled OA-d, (see Fig. 3.4). Nevertheless,
the neutron diffraction data revealed a substantial
loss of lamellar order within the membrane, which
was accredited to the perturbation of the proper
alkyl chain arrangement caused by OA. Again, the
fluidizing effect of cis-double bond of OA was
argued to be responsible for the observed lamellar
disorder and, therefore, for the penetration-
enhancing effect of OA.

Although the influence of unsaturated fatty
acids as penetration accelerators is indisputable,
their application, especially of the double unsatu-
rated linoleic acid, is limited by their potential
skin irritation when used at higher concentrations
(Boelsma et al. 1996; Stillman et al. 1975; Tanojo
et al. 1999).

3.3.2 Influence of Isopropyl

Myristate

Several experiments with esters of fatty acids
revealed their enormous penetration enhance-
ment potential. Especially the pharmaceutically
relevant fluid wax isopropyl myristate (IPM)
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constituted the main point of interest. Next to
studies focusing on the penetration acceleration
of the drugs piroxicam (Santoyo et al. 1995) and
nicorandil (Sato et al. 1988) in formulations con-
taining IPM, this wax has also proven to be an
effective permeation promoter for the transport
of estradiol through the skin (Goldberg-Cettina
et al. 1995). As the potential of IPM to increase
the transport of drugs through the skin became
apparent, the research was focused on the identi-
fication of the exact mode of action on a molecu-
lar level. Consequently, Engelbrecht and
coworkers applied neutron diffraction on SC
lipid model membranes based on CER[AP],
CHOL, PA, and ChS containing either IPM or its
specifically deuterated derivative in order to
define the interaction of IPM with the SC lipids
(Engelbrecht et al. 2012). The specifically labeled
IPM specie was used to localize the IPM mole-
cules within the lipid lamellae. The authors of
this study indicated a bilayer perturbation and
disordering effect caused by the wax. The neu-
tron diffraction data revealed that the addition of
IPM to this SC lipid model membrane resulted in
the appearance of another lamellar phase; conse-
quently IPM led to a phase separation of the lip-
ids investigated. Both lamellar phases exhibit a
membrane thickness in the range of the system

& S oa

without IPM, whereby one phase (labeled as
phase B) has a slightly decrease spacing which
indicates an increased state of lipid fluidity and
alkyl chain disorder. Nevertheless, both phases of
the IPM-containing system show a higher degree
of disorder, when compared to the IPM-free SC
lipid model membrane. Next to the localization
of IPM inside both phase-separated lipid lamel-
lae, the labeled IPM derivative revealed that both
phases exhibit distinct differences. While for one
phase (referred to as phase B) only one maximum
for the deuterium label was detected, the other
lipid lamellae (denoted as phase A) featured three
maxima (see Fig. 3.5).

Thus, Engelbrecht et al. argued that IPM or its
deuterated specie is arranged differently in both
phases. In phase B the enhancer molecules are
positioned with their labeled CH; group directed
toward the center of the membrane causing the
maximum in the deuterium distribution curve as
depicted in Fig. 3.5 (right side), whereby in phase
A two different positions for IPM are possible: a
fraction of IPM points its myristoyl side chain
toward the bilayer center as found for phase B,
whereby the deuterium atoms cause the maxi-
mum observed in center of the membrane. In the
other possibility, a portion of IPM is arranged in
the way that the terminal methyl group points
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Fig.3.5 Comparison of neutron scattering length density
profiles of the two lamellar phases (phases a and b),
respectively in the presence of either IPM (blue) or its
deuterated derivative IPM-d; (red). The difference profile,
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the deuterium distribution is displayed in a solid black
line. For a better understanding the possible arrangement
of the IPM molecules is included (Modified according to
(Engelbrecht et al. 2012))
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Fig. 3.6 Schematical presentation of the assumed lamel-
lar structure in the presence of 10 wt.% deuterated IPM.
Left: Lamellar assembly of the SC lipid components
CER[AP], cholesterol (CHOL), palmitic acid (PA), and
cholesterol sulfate (CAS) in the short periodicity phase as
reported previously (Kiselev et al. 2005) (denoted as refer-
ence system). Middle: Assumed bilayer structure of phase

toward the region of polar head groups as depicted
in Fig. 3.6. It was argued that this rather surpris-
ing twisted arrangement of IPM in the unit cell of
the SC lipids is possible due to its comparatively
high lipophilicity and its lack of the typical
hydrophilic head-hydrophobic tail structure.

Additional investigation has to be carried out
in order to establish the mode of action of IPM;
consequently different simplistic but also more
complex SC lipid model membranes have to be
studied accordingly.

A, whereby IPM is either anchored with its ester group in
the hydrophilic head group region or completely inserted
into the hydrophobic membrane region. Right: The mem-
brane structure and assembly of IPM in phase B. Note the
decreased lamellar spacing, indicating an increased state
of lipid fluidity and alkyl chain disorder (Reprinted with
permission from Elsevier from (Engelbrecht et al. 2012))

3.4 Summary and Final Remarks

The functionality of the assortment of enhancing
substances is still a wide unknown field with only
a few insights into the mechanisms, which were
identified in the last decades. The numerous ana-
lytical methods complete each other in several
ways, and so it will be only a question of time
until further findings will complete the means of
the functioning of penetration accelerators in
their interactions with the SC lipids. Nevertheless,
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the knowledge of the exact mode of action of
penetration enhancers within the SC lipid matrix
can contribute in the development of specifically
designed drug delivery formulations, which are
more effective for the treatment of different skin
diseases. Consequently, there is a high demand to
identify the exact mode of action of these pene-
tration modulators on a nanostructural scale.
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4.1 Introduction
Transdermal drug delivery offers several advan-
tages over the conventional routes of administra-
tion. Elimination of hepatic first-pass effects,
reduced side effects through optimization of the
blood concentration profile, and extended dura-
tion of activity are some of the benefits of trans-
dermal delivery. However, the highly organized
structure of the stratum corneum forms an effec-
tive barrier to the permeation of a diverse range
of agents, which must be modified if poorly pen-
etrating drugs are to be administered. The stra-
tum corneum consists of dead, anucleate,
keratinized cells embedded in a lipid matrix.
The use of chemical penetration enhancers
would significantly increase the number of candi-
dates suitable for transdermal delivery. According
to the lipid-protein partitioning (LPP) theory
(Williams and Barry 1991a), chemical penetration
enhancers would act by one or more of three major
mechanisms: (a) disruption of the stratum cor-
neum lipid matrix, (b) interaction with intracellu-
lar protein, and (c) improvement in partitioning of
a drug or solvent into the stratum corneum. The
LPP theory was extended to recognize (d) disrup-
tion of the corneocyte envelope by compounds
such as phenol and hydrocarbons; (e) effects on
protein junctions, such as desmosomes; and (f)
alteration of the partitioning between stratum
corneum components (proteinaceous) and the
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lipid in the diffusion pathway (Menon et al. 1998;
Magnusson et al. 2001).

Compounds with a wide variety of chemical
structures have been evaluated as skin penetration
enhancers. These compounds include fatty acids,
fatty alcohols, terpenes, pyrrolidones, surfac-
tants, amides, Azone and its derivatives, urea and
its derivatives, sulfoxides, alkanes, and esters.
The differences in the structure and physico-
chemical properties among each class of the
enhancers were accounted for their penetration
enhancement potencies. Structure-activity rela-
tionship (SAR) represents an attempt to correlate
the structure or physicochemical property of a
compound with its enhancement activity. The
physicochemical descriptors include molecular
shape, size, lipophilicity, hydrophilicity, molecu-
lar geometry, electronic, and steric effects that
have strong influence in the biological activity of
the compounds. SAR is currently being applied
in many disciplines pertaining to drug design,
proteomics, and environmental risk assessment.
In this chapter, the relationship between the
chemical structure and skin permeation enhance-
ment effect of some of the extensively studied
penetration enhancers such as fatty acids, fatty
alcohols, terpenes, pyrrolidones, and surfactants
has been discussed.

4.2  FattyAcids

Saturated and unsaturated fatty acids have been
established as effective enhancers for transder-
mal permeation of drugs (Aungst et al. 1986;
Tanojo et al. 1997a; Thomas and Panchagnula
2003). The chemical formulae of some of the
commonly used fatty acids are presented in
Table 4.1. The SAR of fatty acids is discussed in
detail in this section.

4.2.1 Effect of Carbon Chain Length

There are many reports on the effect of carbon
chain length of fatty acids on the percutaneous
permeation enhancement of drugs. Aungst et al.
(1986) studied the effect of carbon chain length

Table 4.1 Chemical formulae of commonly used fatty
acids

Name Formula

Saturated fatty acids

Caprylic acid CH3(CH2);COOH
CH3(CH2);COOH
CH3(CH2),,COOH
CH3(CH2),,COOH
CH3(CH2),,COOH
CH3(CH2),COOH
Unsaturated fatty acids

Oleic acid CH3(CH2),CH=CH(CH2),COOH
Linoleic acid CH3(CH2),CH=CHCH2CH=
CH(CH2),COOH
CH3CH2CH=CHCH2CH=
CHCH2CH=CH(CH2);COOH

Capric acid
Lauric acid
Myristic acid
Palmitic acid
Stearic acid

Linolenic acid

of saturated fatty acids (C7-C18) on the penetra-
tion of naloxone through human skin. As the car-
bon chain length increased from C7 to C12, there
was an increase in the permeation of naloxone.
An increase in the carbon chain length beyond
C12 decreased the flux of naloxone. Maximum
permeation was observed with C9-C12.

Ogiso and Shintani (1990) examined the effect
of a series of saturated fatty acids on the permeation
of propranolol through rabbit skin using gel formu-
lations. Lauric acid and myristic acid were the most
effective agents among the fatty acids used in
increasing the penetration of propranolol, and the
enhancement was significantly larger than those in
short and long-chain fatty acids. Lee et al. (1993)
investigated the effect of a series of saturated fatty
acids (C6-C18) and unsaturated fatty acids (oleic
and linoleic acid) on the permeation of the 5-fluoro-
uracil prodrug Tegafur across hairless mouse skin.
The fatty acids enhanced the skin permeation of
Tegafur in the ethanol/panasate 800 (tricaprylin)
(40:60) binary vehicle in the following order: oleic
acid>C12>linoleic acid>C10>C8>C6>no fatty
acid>C14>C16>Cl18. All fatty acids increased the
skin permeation of Tegafur in the ethanol/water
(60:40) binary vehicle. The skin permeation of
Tegafur decreased in the following order:
C12>C10>linoleic acid>oleic acid>C8>C6>no
fatty acid. The skin permeation of Tegafur in the
presence of fatty acids was significantly higher with
ethanol/panasate 800 (40:60) when compared with
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ethanol: water (60:40). These results suggest that
the vehicle plays an important role in the skin per-
meation enhancement effect of fatty acids.

The skin permeation enhancement of a num-
ber of fatty acids, namely, straight chain satu-
rated, monounsaturated, and polyunsaturated
acids, was evaluated using human stratum cor-
neum (Tanojo et al. 1997a). Saturated fatty acids
with 6-12 carbons showed a parabolic correla-
tion between enhancement effect and chain
length, with a maximum at nonanoic-decanoic
acids (with 9 and 10 carbons). A parabolic rela-
tionship between carbon chain length of fatty
acids and skin permeation enhancement was also
observed with thiamine disulfide (Komata et al.
1992), testosterone (Yu et al. 1991), and indo-
methacin (Chien et al. 1988).

Kandimalla et al. (1999) studied the effect of
saturated fatty acids (C9—C14) on the permeation of
melatonin across excised rat skin. A sharp increase
in the permeation of melatonin was observed, as the
fatty acid chain length increased from 9 to 10 car-
bons. A further increase in the permeation of mela-
tonin was observed when the chain length was
increased to 11. However, the permeation of mela-
tonin decreased when the chain length was increased
beyond 11 carbons. It can be observed that the per-
meation of melatonin has a parabolic relationship
with the chain length of the saturated fatty acids. In
general, medium chain fatty acids have showed
greater permeation enhancement effect compared
to short or long-chain fatty acids.

It has been proposed that fatty acids with a
certain chain length, that is, around 12 carbons,
possess an optimal balance between partition coef-
ficient or solubility parameter and affinity to skin
(Ogiso and Shintani 1990). Shorter chain fatty
acids would have insufficient lipophilicity for skin
permeation, whereas longer chain fatty acids
would have much higher affinity to lipids in stra-
tum corneum and thereby retard their own perme-
ation and that of other permeants. The parallel
effect with the permeation enhancement suggests
that the mode of action of saturated fatty acids as
enhancers is dependent on their own permeation
across the stratum corneum (Tanojo et al. 1997a).

The mechanism by which fatty acids increase
skin permeability appears to involve disruption

of the lipids that fill the extracellular spaces of
the stratum corneum (Aungst 1989; Barry
2001). Treatment of rabbit stratum corneum
with various unsaturated fatty acids resulted in a
shift to higher frequency for the C-H asymmet-
ric stretch peak near 2920 cm~! on Fourier trans-
form infrared spectroscopy (FTIR) spectra,
which primarily results from the acyl chains of
intercellular lipid in the stratum corneum
(Morimoto et al. 1996).

4.2.2 Saturated and Unsaturated
Fatty Acids

The effect of saturated long-chain fatty acids
[stearic acid (C18), myristic acid (C14), and
lauric acid (C12)] on the percutaneous transport
of thiamine disulfide from propylene glycol
was studied through excised rat skin (Komata
et al. 1992). The permeation of thiamine disul-
fide was enhanced 31 times by C12 and 1.4
times by C14 and suppressed to 80 % of its
original value by C18. However, with unsatu-
rated fatty acids, the permeation of indometha-
cin was enhanced in the following order:
C20>C22>C18=C16>C14, and the flux
values were correlated well with the uptake of
these compounds into the stratum corneum
(Morimoto et al. 1996). Oleic acid (C18, unsat-
urated) has been shown in several studies to be
an effective skin permeation enhancer, whereas
stearic acid (C18, saturated) is not a good skin
permeation enhancer. Chi et al. (1995) reported
an increase of 6.5-fold to 17.5-fold in the
permeation rate of flurbiprofen by unsaturated
fatty acids, while no significant increase was
observed with saturated fatty acids. Thus, satu-
rated and unsaturated fatty acids behave differ-
ently on the skin permeation enhancement.

4.2.3 Branched Versus Unbranched
Fatty Acids

Aungst (1989) reported that maximum flux of
naloxone was observed with C9—C12 branched
and unbranched fatty acids through human skin.
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The branched and unbranched isomers of C5—
C14 fatty acids showed similar effects. However,
isostearic acid [(CH;),CH(CH,),;,COOH] was a
more effective permeation enhancer than stearic
acid. The higher permeation enhancement effect
of isostearic acid than stearic acid was attributed
to its lower melting point and greater solubility in
propylene glycol (Aungst 1995).

4.2.4 Position of Double Bond

Tanojo et al. (1997a) studied the effect of posi-
tion of double bond on the percutaneous absorp-
tion of para amino benzoic acid in human stratum
corneum using cis-octadecenoic acid with a dou-
ble bond at 6th, 9th, 11th, or 13th position
counted from the carboxyl head group. There
was no significant difference in the effect of these
acids on the permeation of para amino benzoic
acid. Morimoto et al. (1996) studied the effect of
double bond positions of unsaturated fatty acids
(C18) on the permeation of indomethacin through
rat skin. The permeation of indomethacin with
oleic acid (cis-9), asclepic acid (cis-11), and
petroselinic acid (cis-6) was not affected by the
position of the double bonds.

4.2.5 Geometriclsomers

The effect of geometric isomers of unsaturated
fatty acids on the permeation of indomethacin
through rat skin was studied (Morimoto et al.
1996). The indomethacin flux with elaidic acid
(trans-9-octadecenoic acid) was significantly
lower than that of oleic acid (cis-9-octadecenoic
acid). The flux of salicylic acid enhanced by
trans isomers of 9-octadecenoic acid was lower
than that of their cis-isomers (Golden et al.
1987). However, there was no significant differ-
ence between cis and trans unsaturated C16-C18
fatty acid isomers in their effects on naloxone
flux across human skin (Aungst 1989). The dis-
crepancy in these results may be due to the dif-
ference in the properties of drugs employed and
the variation in the skin species used for the
studies.

4.2.6 Number of Double Bonds

A significant increase in the flux of naloxone was
observed as the number of double bonds in the
C18 fatty acid increased from one (oleic acid) to
two (linoleic acid) (Aungst et al. 1986). An
increase in the number of double bonds to three
(linolenic acid), however, did not increase the
flux further. Tanojo et al. (1997a) investigated the
effect of number of double bonds (in cis-
conformation) in straight chain polyunsaturated
acids on the permeation of para amino benzoic
acid in human stratum corneum. Polyunsaturated
fatty acids such as linoleic, linolenic, and arachi-
donic acid with, respectively, two, three, and four
double bonds produced a significantly higher
permeation of para amino benzoic acid than the
monounsaturated fatty acid. However, there was
no significant difference in the permeation
enhancement effects among the polyunsaturated
fatty acids. Carelli et al. (1992) also reported that
the enhancement of flux of alprazolam by lin-
oleic acid was greater than that of oleic acid
through hairless mouse skin. However, the flux of
indomethacin was not affected by the number of
double bonds (Morimoto et al. 1996).

Kandimalla et al. (1999) investigated the
effect of oleic acid, linoleic, and linolenic acid on
the permeation of melatonin across excised rat
skin. As the number of double bonds increased,
there was a slight increase in the permeation of
melatonin. The flux of melatonin with linolenic
acid was significantly higher than that of oleic
acid (P<0.05). However, there was no significant
difference in the flux values of linoleic acid and
linolenic acid (P>0.05). Fang et al. (2003) stud-
ied the effect of oleic acid, linoleic acid, and lino-
lenic acid on the permeation of flurbiprofen
through the mouse skin. The permeation of flur-
biprofen increased with an increase in the num-
ber of double bonds in the fatty acid.

Oleic acid has been reported to be an effective
skin penetration enhancer for polar and nonpolar
drugs (Narishetty and Panchagnula 2004,
Goodman and Barry 1988). Cis-unsaturated fatty
acids (e.g., oleic acid, linoleic acid, and linolenic
acid) have been reported to form separate domains
within the stratum corneum lipids that effectively
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decrease the diffusional path length or the resis-
tance (Ongpipattanakul et al. 1991; Tanojo et al.
1997b). The formation of separate domains would
provide permeability defects within the bilayer
lipids and facilitate the permeation of hydrophilic
permeants. The presence of double bonds in the
structure has been proposed to cause the forma-
tion of kinks in the lipid matrix to allow water
permeation across the skin (Potts and Francoeur
1990). An increase in the number of double bonds
increases the flux of drugs, possibly by causing
more kinks in the lipid structure of the skin.
Recently, Ibrahim and Li (2010) evaluated the
effects of fatty acids (e.g., oleic acid, lauric acid,
decanoic acid, and undecanoic acid) commonly
present in cosmetic and topical formulations on
permeation enhancement across human epider-
mal membrane (HEM) lipoidal pathway when
the fatty acids saturated the SC lipid domain
without cosolvents (E,,). Enax of fatty acids was
shown to increase with their octanol solubilities
and decrease with their lipophilicities. Solid fatty
acids (saturated fatty acids) had lower enhance-
ment efficiency when compared to the liquid
fatty acids (unsaturated fatty acids). E,,, of solid
fatty acids was shown to depend on their melting
points, an important parameter to the effective-
ness of the enhancers. The estradiol uptake results
suggested that enhancer-induced permeation
enhancement across HEM was related to
enhanced partitioning into the SC lipid domain.

4.3  Fatty Alcohols

The chemical formulae of some of the commonly
used fatty alcohols are presented in Table 4.2. The
effect of saturated alcohols (C8-OH to C18-OH)
on the flux of naloxone from propylene glycol
was investigated through human skin (Aungst
et al. 1986). A parabolic effect of alkyl chain
length was observed with C10-OH and C12-OH
being most effective. The effect of a series of
straight chain alkanols on the transdermal deliv-
ery of levonorgestrel through excised rat and
human cadaver skin was investigated by Friend
and coworkers (1988). The flux of levonorgestrel
increased as the alkyl chain increased from C2 to

Table 4.2 Chemical formulae of commonly used fatty
alcohols

Name Formula
Saturated fatty alcohols

Octanol CH3(CH2),0H
Capric alcohol ~ CH3(CH2),OH

CH3(CH2),,0H
CH3(CH2),;0H
CH3(CH2),5;0H
Unsaturated fatty alcohols

Lauryl alcohol
Myristyl alcohol
Cetyl alcohol

Oleyl alcohol CH3(CH2),CH=CH(CH2);OH

Linoleyl alcohol CH3(CH2),CH=CHCH2CH=
CH(CH2);OH

Linolenyl CH3CH2CH=CHCH2CH =

alcohol CHCH2CH =CH(CH2);OH

C4, but decreased as the chain length increased
above 1-butanol.

Lee et al. (1993) examined the effect of a
series of fatty alcohols in ethanol/panasate 800
and ethanol/water on the permeation of Tegafur
across hairless mouse skin. All fatty alcohols,
except the C18-OH, increased the skin perme-
ation of Tegafur in the ethanol/panasate 800
(60:40) binary vehicle. The degree of permeation
percentage of Tegafur obtained was same at 12 h
(64.1-67.9 % of dose) in all cases, and no signifi-
cant difference between them was observed.
However, all fatty alcohols significantly enhanced
the skin permeation of Tegafur with ethanol/
water (60:40) binary vehicle. The flux of Tegafur
increased with an increase in alkyl chain length,
reached a maximum permeation in C12-OH, and
then decreased as the alkyl chain length increased
further. The skin permeability of Tegafur was in
the following order: C12-OH>C10-OH>C9-
OH>C8-OH>C14-OH>C16-OH>C18-OH >
no fatty alcohol. Fatty alcohols with 9, 10, and 12
carbon atoms provided the greatest permeation
enhancement of Tegafur at 12 h in the ethanol/
water (60:40) binary vehicle. These results sug-
gest that the vehicle plays an important role in the
permeation enhancement effect of fatty alcohols.

The effect of n-alkanols on the permeation of
a polar, nonelectrolyte penetrant, nicotinamide
through hairless mouse skin was investigated by
Kai et al. (1990). The enhancement versus
alkanol chain length profile was parabolic,
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C6-OH being the maximum. The alkanol flux
after a 6-h contact period, versus carbon number,
was also a parabolic function. Alkanol uptake on
the other hand increased with increasing chain
length. The authors suggested that the primary
mechanism by which alkanols increase percuta-
neous absorption is extraction of stratum cor-
neum intercellular lipids. Sloan et al. (1998)
studied the fluxes of theophylline through hair-
less mouse skin from suspensions in straight
alkyl chain alkanols. The flux of theophylline
was the lowest from methanol (C1-OH),
increased by almost 100-fold from pentanol (C5-
OH), hexanol (C6-OH), heptanol (C7-OH), octa-
nol (C8-OH), and nonanol (C9-OH), and then
decreased tenfold from undecanol (C11-OH).

The effect of saturated fatty alcohols (C8-OH
to C14-OH) on the permeation of melatonin
across excised hairless rat skin was investigated
(Kanikkannan and Singh 2002). All saturated
fatty alcohols increased the permeation of melato-
nin through hairless rat skin, and the permeation
of melatonin was found to be related to the carbon
chain length of the fatty alcohols. An increase in
the flux of melatonin was observed when the fatty
alcohol chain length increased from 8 to 10 car-
bons. However, the flux of melatonin decreased
when the chain length was increased beyond ten
carbons. The maximum permeation of melatonin
was observed with decanol. The parabolic rela-
tionship between carbon chain length of fatty
alcohol and skin permeation enhancement was
also observed for testosterone (Yu et al. 1991) and
indomethacin (Chien et al. 1988).

The effect of number of double bonds in the
C18 fatty alcohol on the permeation of naloxone
across human skin was studied (Aungst et al.
1986). The permeation of naloxone was increased
with an increase in the number of double bonds.
Like fatty acids, fatty alcohols also act by dis-
rupting the stratum corneum lipid matrix (Barry
2001). The influence of hydrocarbon chain
branching on the effectiveness of alkanol skin
permeation enhancers was investigated using
corticosterone as a model drug across hairless
mouse skin (Chantasart et al. 2004). The
branched-chain alkanols showed lower enhancer
potency than the 1-alkanols of the same molecu-
lar formula; the potency decreases as the hydroxyl

group moves from the end of the chain toward the
center of the enhancer alkyl chain. The authors
also reported that the intrinsic potencies of the
I-alkyl enhancers (l-alkanols, 1-alkyl-2-
pyrrolidones, and 1-alkyl-2-azacycloheptanones)
are essentially the same and independent of their
alkyl chain length at their isoenhancement con-
centrations (Warner et al. 2001; Warner et al.
2003; Chantasart et al. 2004).

Ding et al. (2006) investigated the relationship
between the skin permeation enhancement of
alkanols and their physicochemical parameters
including octanol-phosphate buffered saline
(PBS, pH 7.4). The authors established the corre-
lation equations between enhancement potencies
and the physicochemical parameters relevant to
lipophilicity and position of hydroxyl group for
16 alkanols (e.g., 1-hexanol, 1-heptanol, 1-octa-
nol, 1-nonanol, 2-nonanol, 3-nonanol, 4-nonanol,
and 5-nonanol) using stepwise multiple linear
regression analysis. The enhancement potency of
alkanols increased as their lipophilicity increased
but decreased as the hydroxyl group moves from
the end of the alkyl chain toward the center.

It has been reported that the most effective
chain lengths (C10-C12) correspond to the length
of the steroid nucleus of cholesterol, suggesting
that these may act by disrupting ceramide-
cholesterol or cholesterol-cholesterol interaction
(Brain and Walters 1993). Ackermann et al. (1987)
studied the permeation of a series of alkanols (C1-
OH to C8-OH) across the nude mouse skin. The
permeability coefficients of alkanols increased lin-
early as the chain length increases. Further, the
permeability coefficients of n-alkanols correlated
well with their ether-water partition coefficients.
These results could be used to explain the perme-
ation enhancement effect of different alkanols.
The increase in the enhancement effect of lower
alkanols with increase in the alkyl chain length
may be attributed to the increased permeation of
alkanols through the skin.

4.3.1 Fatty Acids Versus Fatty

Alcohols

Fatty acids have a higher melting point than their
corresponding fatty alcohols, but lower solubility
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parameters. If the enhancement by these fatty
acids and alcohols was solely due to solubility
effects, then it would be expected that the alco-
hols would be more effective than the acids,
whereas the reverse is true for alkyl chains up to
C18. This suggests that more specific interactions
must occur (Brain and Walters 1993). Introduction
of double bonds into long alkyl chains modifies
the effect significantly, and, for the C18 com-
pounds, there was little difference between the
corresponding fatty acids and alcohols. There
was a greater concentration dependence of per-
meation enhancement for lauric acid than lauryl
alcohol (Aungst et al. 1986).

4.4 Terpenes

Terpenes are naturally occurring compounds,
which consists of isoprene (CsHg) units. Terpenes
are classified according to the number of isoprene
units they contain: monoterpenes (C,,) have two
isoprene units, sesquiterpenes (C;s) have three,
and diterpenes (C,,) have four. The structural for-
mulae of different types of terpenes (hydrocar-
bon, ketone, alcohol, oxide, and cyclic ether
terpenes) evaluated as skin penetration enhancers
are shown in Fig. 4.1.

Terpenes have been widely studied as skin
penetration enhancers for various drugs (Williams
and Barry 1991a; Okabe et al. 1989; Gao and
Singh 1998; Godwin and Michniak 1999). Okabe
et al. (1989) studied ten cyclic monoterpenes as
penetration enhancers for lipophilic drug indo-
methacin in rats. The absorption of indomethacin
from gel ointment was substantially enhanced by
hydrocarbon terpenes such as d-limonene.
However, the oxygen-containing terpenes did not
affect the permeation of indomethacin. Only
those cyclic monoterpenes with a lipophilic index
(log k’) of greater than O exhibited absorption
promoting effects, suggesting that the lipophilic-
ity of these compounds plays an important role in
drug transport across the skin. But the alcohol
and ketone terpenes were less effective for lipo-
philic drugs such as diazepam (Hori et al. 1991)
and estradiol (Williams and Barry 1991b).

Williams and Barry (1991b) evaluated a series
of terpenes as skin penetration enhancers for the

hydrophilic drug 5-fluorouracil in human skin.
Cyclic terpenes were chosen from the chemical
classes of hydrocarbons, alcohols, ketones, and
oxides. Of the terpenes studied, hydrocarbons
were poor enhancers and alcohols and ketones
were more effective. The epoxides showed mild
enhancing activity, whereas the cyclic ethers were
very effective; ascaridole, 7-oxabicyclo[2.2.1]
heptane, and 1,8-cineole all induce a near 90-fold
increase in the permeability coefficient of 5-fluo-
rouracil. The five-membered cyclopentene oxide
showed higher enhancing activity than the six-
membered cyclohexene oxide.

The effect of 12 sesquiterpenes on the perme-
ation of 5-flurouracil was studied across human
skin (Cornwell and Barry 1994). Pretreatment of
epidermal membranes with sesquiterpene oils or
using solid sesquiterpenes saturated in dimethyl
isosorbide  enhanced the absorption of
5-fluorouracil. Enhancers containing polar func-
tional groups were generally more effective than
pure hydrocarbons, and enhancers with the least
“bunched” structures were the most active.

Obata et al. (1990) reported that percutaneous
absorption of hydrophilic diclofenac sodium was
substantially enhanced in the presence of
I-menthol and dl-menthone, while it was little
enhanced by d-limonene and p-menthane.
Overall, the skin permeation-enhancing effect of
terpenes depends on the physicochemical proper-
ties of the drugs. In general hydrocarbon terpenes
are effective for lipophilic drugs and oxygen-
containing terpenes are effective for hydrophilic
drugs. Okamoto and coworkers (1987, 1988)
evaluated the compounds containing azacyclo
ring and acyclic terpene hydrocarbon chains as
enhancers for a variety of drugs. These studies
demonstrated that azocyclo ring size (C5-C6)
has little effect on the potency of the enhancers,
whereas the length of hydrophobic terpene chain
has a significant effect; a chain length of 12 car-
bons provided maximum effect.

El-Kattan et al. (2000) investigated the effect of
terpene lipophilicity (log P 1.06-5.36) (terpene-
4-ol, verbenone, fenchone, carvone, menthone,
alpha-terpineol, cineole, geraniol, thymol, cymene,
d-limonene, and nerolidol) on the percutaneous
absorption of hydrocortisone from hydroxypropyl
methyl cellulose gel formulations using hairless
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Fig. 4.1 Structural formulae of various types of terpenes (hydrocarbon, ketone, alcohol, oxide, and cyclic ether
terpenes) evaluated as skin penetration enhancers

mouse skin in vitro. A linear relationship was compartment after 24 h. An increase in terpene
found between the log P of terpene and the cumu-  lipophilicity was associated with an increase in the
lative amount of hydrocortisone in the receptor cumulative amount of hydrocortisone transported.
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The effects of terpene enhancers (fenchone,
thymol, d-limonene, and nerolidol) on the percu-
taneous absorption of drugs with different lipo-
philicities (nicardipine hydrochloride,
hydrocortisone, carbamazepine, and tamoxifen)
were studied (El-Kattan et al. 2001). Nerolidol
(highest lipophilicity) provided the highest
increase in the flux of the model drugs. The low-
est increase in the flux was observed with fen-
chone (lowest lipophilicity). The results indicated
that these four enhancers were more effective at
enhancing the penetration of hydrophilic drugs
rather than lipophilic drugs. The terpenes act
mainly by disrupting the lipid matrix of the stra-
tum corneum (Williams and Barry 1991b).
Spectroscopic studies have also suggested that
terpenes could exist within separate domains in
stratum corneum lipids (Cornwell et al. 1996).

Kang et al. (2007) investigated the effects of
physicochemical properties of terpenes on the
permeation of a model drug (haloperidol) through
the human stratum corneum using 49 terpenes. A
full spectrum of terpenes was selected to include
monoterpene, sesquiterpene, diterpene, triterpene,
and tetraterpene with various functional groups
such as hydrocarbons, alcohols, aldehydes, esters,
ketones, and oxides. Liquid terpenes produced
better enhancing effects than solid terpenes.
Triterpenes and tetraterpenes showed poor pene-
tration-enhancing effects compared to other types
of terpenes. Terpenes with aldehyde and ester
functional groups tend to increase LogK,, while
those with acid functional groups tend to decrease
LogK,. In general, terpenes with higher LogP val-
ues were found to be more effective enhancers
than those with lower LogP.

Recently, Chantasart et al. (2009) investigated
the effects of oxygen-containing terpenes as skin
permeation enhancers on the lipoidal pathways
of HEM. The enhancement (E(HEM)) effects of
menthol, thymol, carvacrol, menthone, and cine-
ole on the transport of a model drug, corticoste-
rone, across HEM were determined. It was found
that the enhancer potencies of menthol, thymol,
carvacrol, and menthone were essentially the
same and higher than that of cineole based on
their aqueous concentration in the diffusion cell
chamber at E(HEM)=4. Thymol and carvacrol
also had the same E(HEM)=10 concentration

further supporting that they had the same
enhancer potency based on the aqueous concen-
tration. The amount of terpene absorbed into the
HEM stratum corneum (SC) intercellular lipid
under the same conditions indicated that the
intrinsic potencies of the studied terpenes are the
same based on their concentration in the SC.

4.5 Pyrrolidones

Pyrrolidones and their derivatives have been
investigated as potential skin penetration enhanc-
ers (Williams and Barry 2004). 2-Pyrrolidone
and N-methyl-2-pyrrolidone (NMP) have been
evaluated as penetration enhancers for a variety
of drugs (Hoelgaard et al. 1988; Bhatia and Singh
1997). Figure 4.2 presents the chemical struc-
tures of some pyrrolidones, which have been
evaluated as skin penetration enhancers. Aoyagi
et al. (1991) synthesized a new group of
2-pyrrolidone enhancers containing a short alkyl
group, such as methyl, ethyl, propyl, or butyl
group, at the 1-position and a dodecyl group at
the 3-position of a 2-pyrrolidone ring. The
enhancing effect of these compounds was evalu-
ated using indomethacin as a model drug. The
length of the short alkyl group at the 1-position
greatly impacted the enhancing activity of the
2-pyrrolidone derivatives. 1-Propyl and 1-butyl-
3-dodecyl-2-pyrrolidone provided the greatest
permeation enhancement effects for indometha-
cin through the skin.

The skin permeation enhancement activity of a
series of alkyl substituted pyrrolidones was evalu-
ated using phenol red as a model drug across rat
skin in vitro and in vivo (Sasaki et al. 1988, 1990a,
b, 1991). A correlation between the flux of phenol
red and partition coefficient of the pyrrolidones
was observed. The percutaneous penetration
enhancement of 6-mercaptopurine by nine azacy-
cloalkanone derivatives with an alkyl or terpene
chain was studied using excised guinea pig skin
(Okamoto et al. 1988). The number of carbonyl
groups in the chain influenced the enhancing
activity more effectively than the ring size.

It has been reported that pyrrolidone deriva-
tives alter the liposomal membrane made with
stratum corneum lipid (Kim et al. 1993). Yoneto
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etal. (1995) studied the effects of 1-ethyl, 1-butyl,
1-hexyl, and 1-octyl-2-pyrrolidones on the trans-
port of beta-estradiol, hydrocortisone, and corti-
costerone across hairless mouse skin. The results
showed a 3.5-fold increase in enhancement
potency per methylene group introduced at the
1-N position. The authors reported that the
1-alkyl-2-pyrrolidones may act via the intercala-
tion of the alkyl group of the enhancer into the
highly ordered interfacial region of the lipid
bilayers, inducing significant disorder and
enhancing microenvironmental fluidity. The
authors studied the fluidizing effects of alkyl pyr-
rolidones upon the stratum corneum lipid lipo-
some bilayer using steady-state anisotropy and
fluorescence lifetime studies (Yoneto et al. 1996).

The results suggested that the alkyl pyrrolidones
might induce a general fluidizing effect upon the
lipid bilayer. As a continuing effort to understand
the mechanism of action, the authors studied the
influence of the alkyl pyrrolidones on permeant
partitioning into hairless mouse stratum corneum
under the isoenhancement concentration condi-
tions using beta-estradiol as the model drug
(Yoneta et al. 1998). The results suggested that
inducing a higher partitioning tendency for beta-
estradiol into the lipoidal pathway of hairless
mouse stratum corneum is a principal mechanism
of action of the alkyl pyrrolidones in enhancing
percutaneous absorption.

The  transdermal  permeation-enhancing
effects of 16 pyrrolidinone derivatives toward
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Fig. 4.2 Structural formulae of pyrrolidone enhancers
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hydrocortisone have been measured using hair-
less mouse skin in vitro (Ghafourian et al. 2004).
Enhancement ratios were calculated for the per-
meability coefficient [ER(kp)] and the 24-h
receptor concentration ER(Q24, pM). The rela-
tionships of log ER(kp) and log ER(Q24) surface
area squared (SA?) indicate that larger pyrrolidi-
none derivatives are better enhancers for hydro-
cortisone penetration. Surface area is often
correlated with hydrophobicity of molecules, and
with this pyrrolidinone series, the correlation
between SA? and log P had an * value of 0.809.
The correlation of log ER (kp) with log P was
found to be a weak positive correlation.

4.6 Surfactants

Surfactants generally consist of a lipophilic alkyl
or aryl chain with a hydrophilic head group.
Surfactants may be classified according to the
nature of the head group as anionic, cationic,
nonionic, or zwitterionic. Surfactants have been
used as skin permeation enhancers in several
studies (Lopez et al. 2000; Park et al. 2000;
Nokhodchi et al. 2003). In general, the penetra-
tion enhancement of drugs by surfactants is in the
following order: cationic surfactants>anionic
surfactants >nonionic surfactants. Ashton et al.
(1992) compared the effects of dodecyl trimethyl
ammonium bromide (DTAB), sodium lauryl sul-
fate (SLS), and polyoxyethylene fatty ether (Brij
36T™, Croda, USA) on the flux of methyl nico-
tinamide across excised human skin. The perme-
ation enhancement of methyl nicotinamide was
in the following order: DTAB>SLS>Brij 36 T
™ However, Brij 36 T ™ exhibited a smaller, but
more immediate effect on the permeation of
methyl nicotinate, resulting in the highest degree
of flux enhancement over the first 24-h period.
Walters et al. (1988) investigated the influence of
several polyethoxylated nonionic surfactants on
the transport of methyl nicotinate across hairless
mouse skin in vitro. The surfactants having a lin-
ear alkyl chain greater than C8 and an ethylene
oxide chain length (E) of less than E14 caused
significant increases in the flux of methyl nicotin-
ate. Surfactants having branched or aromatic

moieties in the hydrophobic portion were ineffec-
tive. Maximum enhancement of flux was obtained
using polyoxyethylene (10) lauryl ether (Brij
36T™). The authors proposed two possible
modes of surfactant action. The surfactant may
first penetrate into the intercellular regions of the
stratum corneum, enhance fluidity, and solubilize
and extract lipid components. Later, penetration
of the surfactant into the intracellular matrix fol-
lowed by interaction and binding with the keratin
filaments may result in a disruption of order
within the corneocyte. The structural aspect
required for the latter mechanism may explain, to
some extent, the maximum activity seen with the
C12 surfactant.

The effect of 17 polyoxyethylene (POE) alkyl
ethers on the transport of ibuprofen across rat
skin was studied (Park et al. 2000). The transder-
mal flux through excised rat skin was found in the
decreasing order of POE(S5)cetyl/oleyl ether
(110.24  pg/cm*h)>POE(2) lauryl ether
(99.91 pg/cm*h)>POE(2)oleyl ether (67.46 pg/
cm?/h)>POE(10)stearyl ether (66.19 pg/cm?h).
The enhancers containing the EO chain length of
2-5, hydrophilic lipophilic balance (HLB) value
of 7-9, and an alkyl chain length of C16-C18
were effective promoters of ibuprofen flux.

The effects of various cationic surfactants
(alkyl trimethyl ammonium halides, alkyl
dimethylbenzylammonium halides, and alkyl
pyridinium halides) on the permeation of
radiolabeled water and lidocaine through excised
human epidermis have been studied (Kushla and
Zatz 1991). All surfactants increased the flux of
water and lidocaine by two- to fourfold compared
to the initial control period. However, there was
no significant difference in the enhancing effects
of these three hexadecyl derivatives. The maxi-
mum flux enhancement was observed from those
derivatives with an alkyl chain length of 12-14
carbons. Cooper and Berner (1984) reported that
the optimal chain length for skin barrier impair-
ment might be attributed to the factors such as
solubility of the surfactant in the donor vehicle,
the critical micellar concentration, the stratum
corneum-vehicle partition coefficient, and the
binding affinity of the surfactant for epidermal
keratin. An optimum chain length of 12-14
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carbons may represent compromise between
water solubility and lipophilic character.
Furthermore, stratum corneum keratin may bind
preferentially with carbon chains of specific
length.

Cappel and Kreuter (1991) compared the
enhancement potential of polysorbates 20, 21,
80, and 81. The results of these studies showed
that polysorbates had a lesser effect on the trans-
dermal permeation of methanol. Maximum per-
meation enhancement was achieved in the
presence of polysorbates 21 and 81, which
enhanced the permeation of methanol of two- to
threefold, indicating that the more lipophilic
polysorbates alter the barrier properties of the
skin to a greater extent than their hydrophilic
analogs.

Lopez et al. (2000) investigated the influence
of the polar functional group on the skin perme-
ation enhancement effects of nonionic surfac-
tants. Their results indicated that the nature of the
enhancer head group greatly influences cutane-
ous barrier impairment. Sorbitan monolaurate
(Span®20, Croda, USA) showed greater perme-
ation enhancement of all compounds compared
to polysorbate 20 (Tween®20, Croda, USA).
Ionic surfactants interact well with keratin fila-
ments in the corneocytes and make them more
permeable and increase the diffusion coefficient
of the drug (Barry 2001). Surfactants may also
modify peptide or protein material in the bilayer
domain of the stratum corneum (Williams and
Barry 1991a).

Kitagawa et al. (2001) studied the effects of
the double-chained cationic surfactants dimethyl-
dialkylammoniums (CH3)2 N+ (CnH(2n+1))2
on the permeation of benzoic acid across excised
guinea pig skin. Out of five dimethyldialkylam-
moniums tested (n=10-18), dimethyldidecylam-
monium (n=10) showed dose-dependent
enhancement effects at concentrations of more
than 20 pM. Compared with the significant
enhancement effects of dimethyldialkylammoni-
ums with relatively shorter alkyl chains, those of
long-chain dimethyldialkylammoniums (n=16,
18) were much less. The results suggest that
dimethyldialkylammoniums ~ with  relatively
shorter alkyl chains, which form either vesicles

with looser molecular packing or micelles and
appear to be present as surfactant monomers in
higher ratios than those with longer alkyl chains,
favor the interaction with the skin.

4.7 Recent Studies

Ibrahim and Li (2009) investigated the enhance-
ment effects of a wide variety of compounds
from different classes (e.g., oleic acid, octanol,
oleyl alcohol, isopropyl myristate, iso-menthone,
1-octyl-2-pyrrolidone, and laurocapram) on the
transdermal permeation of corticosterone across
HEM. The potencies of these chemical enhancers-
maximum enhancement, E,,,,, were compared at
their highest thermodynamic activity in equilib-
rium with HEM. A relationship between the max-
imum intrinsic enhancement factor (E,,) and
enhancer lipophilicity (K,,) was observed with
the enhancers, in which the enhancer potency
decreased with increasing enhancer lipophilicity.
The E,. versus K, relationship suggests that the
potency of an enhancer is relatively independent
of specific interactions between the enhancer and
SC lipids. These results also suggest that the sol-
ubility of the enhancer in SC is an important fac-
tor for transdermal permeation enhancement.
E...x of the nonalkyl chain enhancers was found
to be lower than that of the alkyl chain enhancers
when compared at the same lipophilicity. This
study also proposed the possibility of using
enhancer solubility in silicone as a predictive tool
for determining the potency of an enhancer.

Iyer et al. (2007) constructed quantitative
structure-activity relationship (QSAR) models
for four different skin penetration enhancer data
sets of 61, 44, 42, and 17 compounds using clas-
sic QSAR descriptors and 4D fingerprints. Three
data sets involved skin penetration enhancement
of hydrocortisone and hydrocortisone acetate,
and the fourth data set involved skin penetration
enhancement of fluorouracil. Significant QSAR
models could be built using multidimensional
linear regression fitting and genetic function
model optimization for all four data sets when
both classic and 4D fingerprint descriptors were
used in the trial descriptor pool. Overall, the
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QSAR models for the penetration enhancer sys-
tems appear meaningfully different from one
another, suggesting that there were distinct
mechanisms of skin penetration enhancement
that depend on the chemistry of both the enhancer
and the penetrant.

Golla et al. (2012) used a combination of
genetic algorithms (GA) and quantitative
structure-property relationship (QSPR) tech-
niques to develop the computer-aided molecular
design (CAMD) algorithm for virtual design of
chemical penetration enhancers for transdermal
drug delivery. The target properties of chemical
penetration enhancers were identified by litera-
ture survey and analysis of their molecular prop-
erties. Using a database of 272 chemical
penetration enhancers cited in the literature as
seed molecules, new molecules were generated
using genetic operators such as crossover, muta-
tion, and functional group addition. QSPR models
developed using artificial neural networks (ANN5s)
were used to predict the target physicochemical
properties including skin penetration coefficient,
octanol/water partition coefficient, melting point,
skin sensitization, and skin irritation of the newly
generated molecules. To validate the design meth-
odology results, identified potential chemical
penetration enhancers were tested experimentally
for toxicity and skin permeation. Four molecules
were found to be effective in enhancing insulin
permeation through the skin with minimal or no
toxic effects. This approach appears to have a few
major drawbacks. Some of the virtually designed
chemical penetration enhancers were not effective
in transporting insulin through the skin, and the
authors attributed this to lack of accurate knowl-
edge of chemical penetration enhancer-drug inter-
action in the predesign stage. Another major
impediment to experimental validation of the
newly generated chemicals is the lack of commer-
cial availability of the chemicals.

Conclusions

A large number of chemical compounds have
been evaluated as skin penetration enhancers.
The list of potential drugs that can be
effectively delivered via transdermal route
continues to increase. Structure-permeation

enhancement relationship studies have signifi-
cantly increased our understanding of the
effect of penetration enhancers for different
types of drugs. In general, a parabolic rela-
tionship between the carbon chain length of
fatty acids and fatty alcohols and skin perme-
ation enhancement has been observed with
several drugs. Solid fatty acids (saturated fatty
acids) had lower enhancement efficiency
when compared to the liquid fatty acids
(unsaturated fatty acids). Terpenes with higher
LogP values were found to be more effective
enhancers than those with lower LogP. With
pyrrolidones, the number of carbonyl groups
in the chain influenced the enhancing activity
more effectively than the ring size. In general,
ionic surfactants produced a greater flux of
drugs than nonionic surfactants. Unfortunately,
many of the penetration enhancers that showed
good permeation enhancement effect also
cause skin irritation (Kanikkannan and Singh
2002). The practical use of chemical penetra-
tion enhancers requires careful balancing of
their benefits and risks, i.e., penetration rates
and irritation. Further studies are needed in
the areas of evaluation of skin permeation
enhancement vis-a-vis skin irritation in order
to choose penetration enhancers, which pos-
sess optimum enhancement effect with no
skin irritation.
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5.1 Introduction

Over the past 40 years, numerous studies on the
influence of chemical permeation enhancers upon
drug permeation across skin have been performed.
The literature is abundant with hundreds of
articles, patents, and reviews on this topic
(e.g., reviewed in Lee et al. 1991; Williams and
Barry 1992; Smith and Maibach 1995; Walters
and Hadgraft 1993; Potts and Guy 1997). It is
generally believed that the mechanisms of action
for most transdermal enhancers are through phys-
ical enhancer—membrane interactions (e.g., inter-
calation and perturbation) and by fluidizing the
lipids in the stratum corneum (SC) (e.g., Barry
1987; Yoneto et al. 1996). Some enhancers can
also act by SC lipid solubilization and lipid extrac-

References ..........oooveecimvcecivvicssnns 66 tion (e.g., Goates and Knutson 1994; Ogiso et al.
1995). Despite continuing advances in the knowl-
edge of transdermal absorption and enhancer
mechanisms, the effects of enhancers upon drug
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the mechanism of action of permeation enhancers
and their site of action in the SC are not fully
understood. A clear quantitative structure—
enhancement relationship (relationship between
the enhancer molecular structures and their
enhancing potencies) for predicting the effective-
ness of enhancers is not available. Arbitrary
screening remains a common approach in indus-
trial practice to identify effective permeation
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enhancers for improving percutaneous absorption
as opposed to a rational design approach. A
screening approach generally is not effective, and
therefore, obtaining a quantitative structure—
enhancement relationship for permeation enhanc-
ers based on a clear understanding of the
mechanism of action of enhancers and the nature
of the microenvironment of the enhancer site of
action is important. If one does not understand the
structure—enhancement relationship, the rational
design of an effective enhancer and the prediction
of the enhancer effects will remain difficult tasks.
There are more than dozens of papers on the
subjects of the relationships between the chemi-
cal structures of permeation enhancers and their
effects on drug permeation across SC. For exam-
ple, Vavrova et al. (2005) recently reviewed the
structure—enhancement relationships of amphi-
philic permeation enhancers such as the effects of
the hydrophobic chain length as well as polar
head group characteristics of the enhancers.
Other studies investigated the effects of enhancer
chemical structures such as acyl chain length of
structurally simplified amphiphiles of carboxylic
acid esters and short-chain ceramide analogues
upon their abilities to perturb the skin barrier
(Novotny et al. 2009a, b). The effects of acyl
chain branching of permeation enhancers have
also been investigated (Klimentova et al. 2006).
A complete review of all important studies
involving skin chemical permeation enhancers
was not the intent of the authors of this chapter.
This chapter reviews our recent findings and
addresses the following questions. How does the
nature of the enhancer polar head group and the
hydrocarbon group contribute to the potency of a
chemical permeation enhancer? What is the rela-
tionship between the physicochemical properties of
an enhancer such as lipophilicity (e.g., octanol—
water partition coefficient) and its potency? What is
the nature of the microenvironment of the enhancer
site of action? In this chapter, we will establish a
quantitative structure—enhancement relationship of
the studied enhancers for the lipoidal pathway of the
SC. Such a structure—enhancement relationship
would provide basic insights into the mechanism of
action of chemical permeation enhancers. These
insights can aid pharmaceutical scientists in

employing physical-chemical principles rather than
trial-and-error screening methods in the search for
effective enhancers. The structure—enhancement
relationship, moreover, will provide direct informa-
tion regarding the nature of the microenvironment
of the enhancer site of action in the SC.

5.2  Methods

A review of the percutaneous absorption literature
has indicated that most transdermal absorption
studies for the purpose of enhancer evaluation have
been conducted in an asymmetric enhancer con-
figuration: the test enhancer solution with the drug
is applied on the SC, while the dermis side remains
in contact with the receiver solution that is usually
an aqueous buffer solution (Warner et al. 2003).
Although this experimental setup is adequate in
assessing the effects of permeation enhancers upon
the delivery of a particular drug and mimics the
practical situation of a transdermal delivery sys-
tem, there are potential fundamental problems. For
example, the asymmetric setup can result in an
enhancer concentration gradient across the skin
membrane. This leads to a complex situation in
which the local permeation enhancement varies
with the position within the membrane, making
mechanistic analysis of the data difficult (Liu et al.
1992). Another shortcoming in some past studies is
that the importance of different pathways in the SC
(i.e., parallel lipoidal and pore pathways) has not
been recognized even though it is a general view
that permeation enhancers can affect either or both
the SC lipoidal and pore pathways to enhance the
permeation of lipophilic and polar compounds. A
parallel lipoidal and pore pathway SC transport
model should be utilized to delineate the enhance-
ment effects upon the lipoidal pathway induced by
the enhancers (e.g., Warner et al. 2001). Other stud-
ies have not corrected for the changes in permeant
thermodynamic activities in the presence of
enhancers and cosolvents in the donor chamber in
data analysis. From a mechanistic point of view,
the effects of the enhancers and cosolvents upon
permeant activities that affect permeant transport
should be properly taken into account in assessing
the potencies of the enhancers.
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Studies in our laboratory have involved the use
of a different experimental approach to establish a
quantitative structure—enhancement relationship for
the lipoidal pathway of the SC and to address the
question of the nature of the microenvironment of
the enhancer site of action (Kim et al. 1992; Yoneto
et al. 1995; Warner et al. 2003; He et al. 2004). In
these studies, permeation experiments were con-
ducted under symmetric and equilibrium conditions
(i.e., aqueous enhancer solution in both the donor
and receiver chambers in equilibrium with the SC).
The permeability enhancement factor, E, the ratio
of the permeant flux with the enhancer solution to
that with the control phosphate-buffered saline
solution (PBS), was determined in these experi-
ments with a model lipophilic permeant. The
enhancement factor was corrected for any changes
in the chemical potential of the permeant in the
enhancer solution with respect to that in PBS; this
allowed the comparison of enhancement factors at
the same permeant thermodynamic activity.
Corticosterone (CS) was selected as the model per-
meant because the lipoidal pathway of the SC is the
main transport rate-determining pathway for this
permeant. Transport experiments were also con-
ducted with a polar permeant to correct for possible
effects of the enhancers upon the pore pathway. The
equilibrium concentration of the enhancer in the SC
intercellular lipid domain was determined in sepa-
rate enhancer uptake experiments with SC and deli-
pidized SC. In these experiments, a sample of SC or
delipidized SC was weighed and soaked in the
enhancer solution until the membrane was in equi-
librium with the enhancer solution. If depletion of
the enhancer in the enhancer solution was observed,
the solution was replaced to maintain a constant
enhancer concentration. After equilibration, the SC
was removed from the solution and weighed. Then,
the enhancer in the SC was extracted with 100 %
ethanol and assayed. The details of the experimental
procedure for both the transport and uptake experi-
ments can be found in previous studies (Yoneto
et al. 1995; Warner et al. 2003; Chantasart et al.
2004; He et al. 2004).

Figure 5.1 shows representative plots of enhance-
ment factor vs. aqueous enhancer concentration for
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Fig.5.1 Representative plots of permeability enhance-
ment factor across the SC lipoidal pathway (E) vs.
aqueous enhancer concentration for corticosterone
with enhancers 1-butyl-2-pyrrolidone (BP), 1-hexyl-2-
pyrrolidone (HP), and 1-octyl-2-pyrrolidone (OP)

CS permeation across the skin lipoidal pathway
with 1-butyl-, 1-hexyl-, and 1-octyl-2-pyrrolidones
as the enhancers. From plots such as those in
Fig. 5.1, the corresponding enhancer aqueous con-
centrations for E=10 (which are in thermodynamic
equilibrium with the skin) were determined for the
enhancers studied. These concentrations are defined
as the aqueous isoenhancement concentrations of
E=10 and will be used as a means to evaluate the
potencies of the enhancers. Similarly, the aqueous
isoenhancement concentration of E=4 can be
obtained. The relative potencies of the enhancers
were assessed and compared based on (a) their
aqueous isoenhancement concentrations and (b)
their SC intercellular lipid concentrations.

5.3 Quantitative Structure-
Enhancement Relationships
Based on Aqueous
Concentrations

of the Enhancer

Figure 5.2 shows the enhancers studied in our
laboratory using the isoenhancement concentra-
tion approach. They include homologous series of
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Fig. 5.2 Chemical structures of the permeation enhancers, R=alkyl chain

enhancers with different polar head groups and
enhancers with a carbon—carbon double bond
substituting for a single bond in their hydrocarbon
chain (the lipophilic moiety). These enhancers
were examined employing the experimental strat-
egy described in “Methods” section above, and
the experimental details were reported previously
(Warner et al. 2003; He et al. 2003). Figure 5.3
presents the aqueous isoenhancement concentra-

tions at E=10 and the octanol/PBS partition coef-
ficients (K,canovpss) Of the enhancers shown in
Fig. 5.2. The isoenhancement concentrations in
the plot were interpolated from the E vs. aqueous
enhancer concentration plots similar to those in
Fig. 5.1, and the n-octanol/PBS partition coeffi-
cients were determined at the £=10 conditions. In
Fig. 5.3, the data points of all enhancers essen-
tially fall on the same line with a slope of —1.
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Fig.5.3 Correlation between aqueous E = 10 isoenhance-
ment concentration and octanol/PBS partition coefficient
(Koetnovpps)- The slope of the line in the figure=—1. Each
data point represents the average value without showing
the standard deviation because the error bar generally lies
within the symbol in the log—log plot. Enhancer abbrevia-
tions are provided in Fig. 5.2
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Fig. 5.4 Correlation between the aqueous isoenhance-
ment concentration at £=4 and octanol/PBS partition
coefficient (Kouuops). The slope of the line in the fig-
ure=—1. Each data point represents the average value
without showing the standard deviation because the error
bar generally lies within the symbol in the log-log plot.
Enhancer abbreviations are provided in Fig. 5.2

While there are a few moderate outliers, the over-
all correlation is quite good. Figure 5.4 presents
the plot of the E=4 isoenhancement concentra-
tions vs. the n-octanol/PBS partition coefficients.
Similar to Fig. 5.3, there is again a good correla-
tion between the enhancer potency and the n-octa-
nol/PBS partition coefficient. Two major
conclusions can be deduced from Figs. 5.3 and
5.4. First, the correlations in the enhancer isoen-
hancement concentration vs. enhancer partition

coefficient plots with a slope of around —1 suggest
that water-saturated n-octanol may represent the
chemical microenvironment of the studied
enhancers at their site of action in the SC lipid
lamellae. Second, these data demonstrate a struc-
ture—enhancement relationship of the enhancers,
in which the potencies of the enhancers for trans-
port enhancement across the SC lipoidal pathway
are related to the enhancer lipophilicities. These
results also suggest that the n-octanol/PBS parti-
tion coefficient is an excellent predictor of
enhancer potency (as expressed in terms of the
aqueous enhancer concentration) for the skin per-
meation enhancers studied.

Three other partition coefficient systems
(n-hexanol/PBS, n-decanol/PBS, and n-hexane/
PBS) were investigated for their ability to provide
correlations with the potencies of the enhancers.
Here, a main purpose was to further character-
ize the microenvironment of the enhancer site of
action in the transport rate-limiting domain in the
SC intercellular lipid lamellae. First, the n-hexa-
nol/PBS and n-decanol/PBS systems were to test
for the degree of selectivity of n-octanol among
the n-alkanols as the organic phase. At the other
extreme, the n-hexane/PBS system was to test
how a pure hydrocarbon environment would rep-
resent the microenvironment of the enhancer site
of action in the SC transport rate-limiting domain.
Figures 5.5, 5.6, and 5.7 show the isoenhancement
concentration of E=10 vs. the n-hexanol/PBS,
n-decanol/PBS, and n-hexane/PBS partition coef-
ficients, respectively. The correlations between
enhancer potencies and the partition coefficients
of the n-hexanol/PBS (Fig. 5.5) and n-decanol/
PBS (Fig. 5.6) systems (within the scatter of the
data) are quite good and comparable to that with
the n-octanol/PBS system. This suggests that the
chemical environment differences among the
three n-alkanols are probably not large enough for
choosing a system among the three to best mimic
the chemical microenvironment of the enhancer
in the lipid lamellae of the SC. In contrast to the
correlation found between the enhancer poten-
cies and the partition coefficients in the studied
n-alkanol/PBS systems, the correlation between
enhancer potency and the partition coefficient
with the n-hexane/PBS system is poor (Fig. 5.7)
suggesting that the microenvironment of the
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Fig. 5.5 Correlation between the aqueous isoenhance-
ment concentration at E=10 and hexanol/PBS partition
coefficient (Kpexanoypss)- The slope of the line in the fig-
ure=—1. Each data point represents the average value
without showing the standard deviation because the error
bar generally lies within the symbol in the log-log plot.
Enhancer abbreviations are provided in Fig. 5.2

g0 AAP mAL API xXAZ xAD
5 eAM +AG AMD ¢MG
s
£
[
Q
c
8 -2
12}
3
o
3
2 -3
s
(o2}
S
4 : — ; r —
0.5 15 25 35 45

Log Kgecanol/PBS

Fig. 5.6 Correlation between the aqueous isoenhance-
ment concentration at E=10 and decanol/PBS partition
coefficient (Kgyecanoyps)- The slope of the line in the fig-
ure=—1. Each data point represents the average value
without showing the standard deviation because the error
bar generally lies within the symbol in the log-log plot.
Enhancer abbreviations are provided in Fig. 5.2

enhancer site of action in the SC lipid lamellae is
quite different from a pure hydrocarbon environ-
ment. The difference between the poor correlation
found in Fig. 5.7 and the good correlations seen
in Figs. 5.3, 5.4, 5.5, and 5.6 is an indication of
the extent of intermolecular hydrogen bonding of
the enhancer with the components of the semi-
polar microenvironment of the SC lipid lamellae
matching rather well to that of the intermolecular
hydrogen bonding between the enhancer and the

0- |AAP mAL #AP|
s |xAZ xAD eAM
S X |+AG aMD oMG
g 1 (27 aMb e
£
[0
o
C
3
0 -2
>
o
3
A S
(=]
o
-

-4 v v R— v v ‘

3 -2 0 1 2 3 4

Log Khexane/PBS

Fig. 5.7 Correlation between the aqueous isoenhance-
ment concentration at E=10 and hexane/PBS partition
coefficient (Kjexanepss). The slope of the line in the fig-
ure=—1. Each data point represents the average value
without showing the standard deviation because the error
bar generally lies within the symbol in the log-log plot.
Enhancer abbreviations are provided in Fig. 5.2

n-alkanol molecules. This match is absent when
hexane is the organic phase.

In summary, comparisons of the enhancer poten-
cies with the n-hexanol/PBS, n-octanol/PBS, n-dec-
anol/PBS, and n-hexane/PBS partition coefficients
showed good correlations for the n-alkanol solvents
but not for n-hexane. A quantitative structure—
enhancement relationship has been established with
the enhancers. This result supports the hypotheses
that (a) the effectiveness of the permeation enhanc-
ers is related to their lipophilicity and their ability to
partition into the transport rate-limiting domain in
the SC intercellular lipid lamellae and (b) the trans-
port rate-limiting domain has a microenvironment
with polarity similar to the polarity of water-satu-
rated bulk zn-hexanol, n-octanol, and n-decanol.

5.4 Quantitative Structure-
Enhancement Relationship
Based on Enhancer
Concentrations

in the Stratum Corneum

Intercellular Lipids

The foregoing discussion has provided new
insight into the physicochemical factors influenc-
ing the potencies of chemical permeation
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enhancers (their effectiveness as permeation
enhancers). A general quantitative structure—
enhancement relationship based on the enhancer
aqueous isoenhancement concentration data and
their n-alkanol/PBS partition coefficients has
been established. The discussion up to this point
has inferred that because of the good correlation
between the aqueous isoenhancement concentra-
tion and the n-alkanol/PBS partition coefficient,
the enhancer target site microenvironment can be
well mimicked by liquid r-alkanols. However, it
would be inappropriate to make any definite con-
clusions regarding this without information con-
cerning the concentration of the enhancers at
their site of action. An independent set of experi-
ments was therefore conducted to quantify
enhancer potencies by determining the enhancer
concentration in the SC intercellular lipids under
the isoenhancement £=10 conditions (He et al.
2004). The experimental results obtained from
this approach allow for a more critical examina-
tion than is possible based on the aqueous isoen-
hancement concentration data alone. As will be
discussed in some detail, the data of the aqueous
isoenhancement enhancer concentrations and the
corresponding equilibrium enhancer concentra-
tions in the SC intercellular lipids, taken together,
will provide a more complete understanding of
the enhancer molecular factors associated with
enhancer potency as well as further insight into
the nature of the enhancer target site microenvi-
ronment in the SC.

Figure 5.8 presents the data on enhancer
uptake into the intercellular lipid domain of the
SC under the E=10 isoenhancement conditions
for 18 of the enhancers studied in the previous
section. The SC intercellular lipid enhancer con-
centration determined under the isoenhancement
condition may be considered as a measure of the
intrinsic enhancer potency; the lower this con-
centration, the higher the intrinsic enhancer
potency. Based on the results presented in
Fig. 5.8, the potencies of the enhancers are seen
to be relatively independent of their octanol/PBS
partition coefficients. Note that the x-axis and
y-axis of Fig. 5.8 have the same scales as those in
Fig. 5.3. The relatively constant enhancer con-
centrations in the SC intercellular lipids in
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Fig. 5.8 Relationship between enhancer uptake into SC
intercellular lipid domain per mg dry SC (pmole/mg)
under isoenhancement E=10 and octanol/PBS partition
coefficient (Kounovpss)- Each data point represents the
average value. The standard deviations of the log Kocunon
pps data are not shown because the error bars generally lie
within the symbols in the plot. Enhancer abbreviations are
provided in Fig. 5.2

Fig. 5.8 are in contrast to the strong dependence
between the lipophilicities of the enhancers and
their potencies based on the enhancer concentra-
tions in the aqueous phase in Fig. 5.3. This result
is quite surprising as one would have expected
some enhancer alkyl chain length and/or polar
head group dependency on the potencies of the
enhancers (based on their concentration in the SC
lipid domain). The data in Fig. 5.8, together with
those in Fig. 5.3, suggest that (a) the intrinsic
potency of the enhancer at its site of action is
relatively independent of its alkyl group chain
length and the nature of its polar head group, (b)
the lipophilicity of the enhancer (both the alkyl
chain and the polar head moieties) mainly assists
the translocation of the enhancer to its site of
action through a free energy of transfer from the
bulk aqueous phase to the site, and (c) perme-
ation enhancement is related to the ability of the
permeation enhancer to partition into the trans-
port rate-limiting domain, which seems to be
well represented by the intercellular lipid “phase.”

We will now take a closer look at the data in
Fig. 5.8, which support the view that all the stud-
ied enhancers (at E=10) exhibit essentially the
same intrinsic potency. First, the £=10 intrinsic
potency of n-octyl-p-D-glucopyranoside is seen
to be essentially the same as that of n-octanol.
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Considering the large size and polarity of the glu-
copyranoside group, this suggests that the free
volume of the microenvironment of the enhancer
site of action in the SC transport rate-limiting
domain is insensitive to the differences in the
sizes of the enhancer polar head group. This also
suggests further that under the conditions of the
present study, the SC transport rate-limiting
domain may not behave as that of an ordered
lipid lamellae in the intercellular region of SC
(Bouwstra et al. 2002b; Kuempel et al. 1998;
Norlen 2001; White et al. 1988), but more like a
conventional, homogeneous, bulk liquid “phase.”
Second, on the matter of n-alkyl group chain
length effect, it has been suggested that there may
be an optimum chain length (in the range of C9 to
C12) for skin permeation enhancers (e.g., Aungst
et al. 1986; Lee et al. 1991); yet there is little or
no indication of this with the 1-alkyl-2-pyrrol-
idones (C4 to C12) in the present study. More
studies with longer chain 1-alkyl-2-pyrrolidones
would be of interest. Finally, it has been hypoth-
esized that an enhancer with unsaturated alkyl
chain such as unsaturated alcohols is more potent
than an enhancer with saturated alkyl chain,
based on the molecular geometry and the pres-
ence of kinks in the alkenyl chain of the unsatu-
rated enhancer (Cooper 1984; Aungst et al. 1986;
Aungst 1989; Brain and Walters 1993). For a
similar reason, the unsaturated enhancer with a
cis conformation carbon—carbon double bond has
been expected to be more potent than the enhancer
with a trans double bond. However, the results of
the present study suggest no influence of a car-
bon—carbon double bond (in the lipophilic moi-
ety) upon the enhancement effects of the
enhancers. Here again, more studies with longer
chain enhancers with a double bond located at
different positions along the carbon chain would
be of interest.

Although the intrinsic potencies of the studied
enhancers have been found to be essentially the
same and relatively independent of the enhancer
molecular structures as revealed by the essentially
same SC intercellular lipid “phase” enhancer con-
centration, it should be pointed out that enhancer
lipophilicity is still an important factor because
lipophilicity is essential to the translocation of the
enhancers to their site of action in the membrane.

In conclusion, it has been somewhat surprising
to find that all of the studied enhancers have
yielded essentially the same intrinsic potency
under the E =10 conditions. As the present study
is perhaps the first of its kind on this particular
aspect, further work is needed. Despite the need
of future testing, the data are so far consistent with
the hypothesis that the enhancer polar head and
alkyl groups act only to assist in the transfer of the
enhancer from the aqueous phase to the SC inter-
cellular lipid lamellae and make the enhancer
available for its action in the SC transport rate-
limiting domain. The essentially constant
enhancer concentration in the intercellular lipid
lamellae (Fig. 5.8) and the correlation between
the E=10 isoenhancement concentrations and
octanol/PBS partition coefficients (Fig. 5.3) also
support the interpretation that the microenviron-
ment of the enhancer site of action and the macro-
scopic SC intercellular lipid “phase” can both be
represented by water-saturated liquid n-octanol.
This is discussed further in the next section.

Microenvironment
of the Site of Enhancer
Action

5.5

Figure 5.9 is a replot of the data in Figs. 5.3 and
5.8. It shows the relationship of the logarithm of
the partition coefficient for enhancer partitioning
between the aqueous phase and the intercellular
lipid domain (log Ksc ipiarss) VS. 108 Kocunorpes
(He et al. 2004). Data from previous studies with
branched alkanols (Chantasart et al. 2004) and
2-phenylethanol (Chantasart et al. 2007) are also
included in the figure. The Kgc jipiapps values were
calculated from enhancer intercellular lipid
uptake data and isoenhancement aqueous con-
centration data (both under E=10 conditions).
Arguments are now presented based on Figs. 5.3,
5.8, and 5.9 in support of the hypothesis: the
microenvironment for the enhancer site of action
is well mimicked by (water-saturated) liquid
n-octanol. It can be seen in Fig. 5.9 that all
enhancers fall essentially on the same line (with
modest data scattering). The data correlation is
quite good with a regression slope close to unity
over a more than 1000-fold range of K.inorpss
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Fig. 5.9 Correlation between the partition coefficient of
the enhancer between PBS and the intercellular lipid
domain (Ksc jipiapss) Vs. octanol/PBS partition coefficient
(Kocunovpps)- Each data point represents the average value
without showing the standard deviation because the error
bar generally lies within the symbol in the log—log plot.
Enhancer abbreviations are provided in Fig. 5.2 except for
branched alkanols (bAL) and 2-phenylethanol (PE).

values. Also, there is no significant difference
among the correlations of the enhancers with dif-
ferent polar head groups and different alkyl chain
length (slope=1.00-1.30), suggesting that the
microenvironment of the site of enhancer action
in the SC is essentially the same for all the
enhancers. A slope closer to unity in Fig. 5.9
would indicate an even closer similarity between
the microenvironment of the enhancer site of
action and n-octanol. The small positive devia-
tion of the slope from unity may be attributed to
(a) somewhat stronger interactions between the
studied enhancers and the SC intercellular lipid
domain than those of the n-octanol phase and (b)
the SC intercellular lipid domain being slightly
more lipophilic than the n-octanol phase. Despite
this deviation, the essentially constant slope for
the enhancers in the log Ksc iiapss VS- 10€ Kocuanovrss
plot suggests the same microenvironment of the
enhancer site of action for the enhancers studied.
It is important to emphasize that based on either
Fig. 5.3 or 5.8 alone, it would have been inap-
propriate to conclude that the microenvironment
for the enhancer site of action is well mimicked
by the n-octanol organic phase. The reason is
that the SC lipid lamellae are not expected to

behave as a conventional, homogeneous liquid
phase and there may well be a distribution of
regions into which the enhancer may partition
(Bouwstra et al. 2002a, b; Kuempel et al. 1998);
it would not have been unreasonable to find
regions in the lipid lamellae into which the
enhancer molecule may partition, but may be
relatively ineffective in contributing toward per-
meation enhancement. However, taken together,
Fig. 5.3 and 5.8 would support the argument that
a correlation likely exists between the n-octanol
phase and both the transport rate-limiting domain
and the microenvironment of the enhancer site of
action in SC.

A point of emphasis is that Fig. 5.9 is evidence
that the macroscopic SC intercellular lipid “phase”
involved in the E=10 enhancer uptake experiments
is well mimicked by liquid (water-saturated)
n-octanol. It is quite remarkable, considering the
diversity of molecular types in this group of
enhancers, that such a correlation (over a range of
three orders of magnitude) would exist, especially
when one recognizes that the SC lipid lamellae
would not generally be described as a conventional,
homogeneous liquid phase from the standpoint of
chemical composition or structural order. One
might expect that different regions (domains) in the
SC lipid lamellae would favor partitioning of dif-
ferent enhancer molecules differently, especially
when such a wide range of molecular types are
considered. It may be possible, however, that there
is such a distribution of regions (domains), but this
distribution can be relatively narrow, especially for
amphiphilic molecules (such as our studied enhanc-
ers) and especially when the SC lipid lamellae have
been fluidized to a significant extent (e.g., at E>4).

5.6 Quantitative Structure-
Enhancement Relationships
of Other Chemical Enhancers

and Other Methods

The n-alkyl enhancers discussed so far in this
chapter include alcohols, amides, dioxolanes, glu-
copyranosides, monoglycerides, piperidinones,
pyrrolidones, azacycloheptanones, and diols as
listed in Fig. 5.2. The effects of cis and trans
double bonds and branching in the acyl chains
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of permeation enhancers have also been studied
(Chantasart et al. 2004; He et al. 2004). As a con-
tinuing effort to evaluate enhancer potencies and
enhancer quantitative structure—enhancement
relationships, permeation enhancers without an
acyl chain (Chantasart et al. 2009) and enhancers
of high lipophilicity (Warner et al. 2008; Ibrahim
and Li 2009) have also been studied recently.
Particularly, one of these studies employed the
method of direct equilibration of the SC with
liquid enhancers (i.e., enhancer equilibration
with skin before permeation experiments of
aqueous solutions in side-by-side diffusion cells)
to examine the relationships between permeation
enhancement effects of highly lipophilic enhanc-
ers and enhancer concentrations in the SC lipids
(Ibrahim and Li 2009, 2010a). The results in this
study show that the permeation enhancement
effects are strongly related to the enhancer con-
centrations in the SC lipids: enhancers of higher
SC lipid solubilities generally provide larger
maximum permeation enhancement effects. This
finding supports the hypothesis that enhancer
potencies based on enhancer concentrations in
the SC lipids are not significantly different from
each other. In other words, the potencies of the
enhancers based on their concentration in the
aqueous phase in the diffusion cell chambers
are related to the lipophilicities of the enhancers
with the more lipophilic enhancers being more
effective permeation enhancers when compared
at the same aqueous enhancer concentration in
the donor chamber. Recent studies of enhanc-
ers without an acyl chain and enhancers of high
lipophilicity also support the hypotheses that
the microenvironment of the enhancer site of
action in the SC can be well mimicked by water-
saturated liquid n-octanol (Chantasart et al.
2009) and the fluidization of the intercellular lip-
ids in SC is a main mechanism of action of the
enhancers (Ibrahim and Li 2010b). Tables 5.1a
and 5.1b list all the enhancers studied to date in
our laboratory for understanding the quantitative
structure—enhancement relationships of perme-
ation enhancers and the microenvironment of
their site of action in SC. With the large group of
enhancers tested in our studies, the generalization

Table 5.1a List of permeation enhancers used in our
quantitative structure—enhancement relationship studies
using the symmetric and equilibrium method (symmetric
enhancer configuration)

n-Alkyl Enhancer

Ethanol

1-Propanol

1-Butanol

1-Pentanol

1-Hexanol

1-Heptanol

1-Octanol

1-Nonanol

1-Undecanol

N,N-Dimethylhexanamide
N,N-Dimethylheptanamide
N,N-Dimethyloctanamide

N,N-Dimethylnonanamide

2-(1-Butyl)-2-methyl-1,3 dioxolane
2-(1-Hexyl)-2-methyl-1,3 dioxolane

1-Octyl-p-D-glucopyranoside
1-Decyl-f-D-glucopyranoside

1,2-Dihydroxypropyl octanoate
1,2-Dihydroxypropyl decanoate

1-Butyl-2-piperidinone
1-Hexyl-2-piperidinone
1-Octyl-2-piperidinone

1-Ethyl-2-pyrrolidone
1-Butyl-2-pyrrolidone
1-Hexyl-2-pyrrolidone
1-Octyl-2-pyrrolidone
1-Decyl-2-pyrrolidone

1-Butyl-2-azacycloheptanone
1-Hexyl-2-azacycloheptanone
1-Octyl-2-azacycloheptanone

1,2-Hexanediol
1,2-Octanediol
1-2-Decanediol
1,2,3-Nonanetriol

trans-Hydroxyproline-N-decanamide-
C-ethylamide
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Table 5.1a (continued)

Alkyl Branched and Double-Bond Enhancer
2-Hexanol
3-Hexanol
2-Heptanol
3-Heptanol
4-Heptanol
2-Octanol
3-Octanol
4-Octanol
2-Nonanol
3-Nonanol
4-Nonanol
5-Nonanol

cis-3-Penten-1-ol
cis-3-Hexen-1-ol
cis-3-Octen-1-ol
cis-3-Nonen-1-ol
trans-3-Hexen-1-ol

Other Enhancer
2-Phenoxyethanol
2-Phenylethanol
Benzyl alcohol

2-Ethylhexyl salicylate
Salicylaldehyde

Butylated hydroxyanisole

Thymol
Menthol
Menthone
Carvacrol
Cineole

of these quantitative structure—enhancement rela-
tionships to other permeation enhancers is not
unreasonable.

5.7 Transdermal Drug Delivery

To apply the quantitative structure—enhancement
relationship and the microenvironment data in
the development of transdermal drug delivery

Table 5.1b List of permeation enhancers used in our
quantitative structure—enhancement relationship studies
using the direct equilibration method (equilibration of the
skin with liquid enhancers and subsequently skin trans-
port experiments in aqueous solutions)

Fatty Acid Enhancer

Decanoic acid

Undecanoic acid

Lauric acid

Tridecanoic acid

Myristic acid

Pentadecanoic acid

Palmitic acid

Stearic acid

Linoleic acid

Oleic acid

Ricinoleic acid

Other Enhancer
Laurocapram (Azone)
Padimate O (PadO)
Oleyl alcohol

Isopropyl myristate
1-Dodecyl-2-pyrrolidone

systems, certain limitations should be noted.
They will be discussed as follows.

First, transdermal delivery systems usually
employ nonaqueous vehicles and cosolvents.
Some components of nonaqueous vehicles are
able to partition into SC and alter the polarity of
the microenvironment of the SC intercellular
lipid domain. They can also act as permeation
enhancers in the SC. These effects should be
taken into consideration when utilizing the struc-
ture—enhancement relationship to predict the
effects of enhancers. In the transdermal patch, the
nonaqueous vehicles or cosolvents may also alter
the thermodynamic activity of the enhancers and
therefore the partitioning of the enhancers from
the patch vehicle into the SC. This effect is less
complicated when the SC is not altered by the
vehicle or cosolvents because it can then be pre-
dicted with thermodynamics.

The effects of permeation enhancers upon
transdermal transport can also be affected by the
drug of interest when high drug concentration is
used. In a high drug concentration transdermal
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delivery system, possible interactions between
the drug and the enhancer in the transdermal
patch may affect enhancer partitioning into the
SC. The presence of drug in high concentration
in the SC may also affect the microenvironment
of the SC transport pathway, altering the amount
of enhancer present at its site of action. These
effects can be drug dependent.

One interesting point to note here is the amount
of the enhancers in the SC under the £=10 condi-
tions in the present study. The data in Fig. 5.8
show that approximately 0.06 to 0.12 pmol of the
enhancers are partitioned into the intercellular lip-
ids of 1 mg of dry SC (SC dry weight measured
before enhancer treatment) at £=10. Assuming
that the SC intercellular lipids are homogeneous,
a simple calculation will indicate that high con-
centrations of the enhancers are present in the SC
intercellular lipids under these conditions (around
5 to 10 %, w/w). Even at these moderately high
concentrations (of enhancers of different molecu-
lar sizes and polarities), the chemical microenvi-
ronment of the enhancer site of action appears to
remain the same and similar to liquid n-octanol;
this is probably not unreasonable in light of the
n-octanol/PBS partition experiment showing that
the n-octanol/PBS partition coefficients them-
selves are not significantly different at these con-
centrations in the n-octanol phase (Warner et al.
2003). In previous studies, the microenvironment
of the rate-limiting domains for steroidal perme-
ant transport across SC in buffered saline (control
without the presence of enhancers) has been
shown to be well mimicked by the n-octanol lig-
uid phase (Anderson et al. 1988; Anderson and
Raykar 1989; Raykar et al. 1988). Together, this
suggests that the microenvironment of the
enhancer site of action for permeation enhance-
ment in SC is not significantly altered by the
enhancers. This analysis leads one to speculate
that (a) the results obtained in the present study
will likely hold even in transdermal systems of
high drug concentration and with nonaqueous
vehicles and (b) the alteration of thermodynamic
activity of the enhancer in the transdermal patch
system is likely to be the remaining factor.

An important issue has been ignored by intent
in the experiments and discussion of the present
chapter: the asymmetric enhancer situation in

transdermal drug delivery (enhancer concentra-
tion gradient in SC). Avoiding such a situation is
by design in the present study for the purpose of
mechanistic interpretation of the results and iden-
tifying a quantitative structure—enhancement
relationship without the complications arising
from enhancer concentration gradients across the
membrane. However, the asymmetric situation is
generally encountered in in vivo transdermal
delivery, and dealing with the resulting enhancer
concentration gradients in the SC would be an
important factor in the selection of effective per-
meation enhancers for transdermal drug delivery.
Complex modeling is required in this situation
for data analysis. Studies of the relationship
between the enhancement effects under the sym-
metric enhancer condition and the condition of
enhancer concentration gradients in SC have
been initiated (Chantarsart and Li 2010).

Acknowledgments The authors thank Drs. Kevin S. Warner,
Ning He, Doungdaw Chantasart, and Sarah A. Ibrahim for
their contributions in the project and the financial support by
NIH Grants GM 043181 and GM 063559.

References

Anderson BD, Raykar PV (1989) Solute structure-
permeability relationships in human stratum corneum.
J Invest Dermatol 93:280-286

Anderson BD, Higuchi WI, Raykar PV (1988)
Heterogeneity effects on permeability-partition coef-
ficient relationships in human stratum corneum.
Pharm Res 5:566-573

Aungst BJ (1989) Structure/effect studies of fatty acid iso-
mers as skin penetration enhancers and skin irritants.
Pharm Res 6:244-247

Aungst BJ, Rogers NJ, Shefter E (1986) Enhancement of
naloxone penetration through human skin in vitro
using fatty acids, fatty alcohols, surfactants, sulfoxides
and amides. Int J Pharm 33:225-234

Barry BW (1987) Mode of action of penetration enhanc-
ers in human skin. J Control Release 6:85-97

Bouwstra JA, Pilgram GSK, Ponec M (2002a) Does the
single gel phase exist in stratum corneum? J Invest
Dermatol 118:897-898

Bouwstra JA, Gooris GS, Dubbelaar FER, Ponec M
(2002b) Phase behavior of stratum corneum lipid mix-
tures based on human ceramides: the role of natural
and synthetic ceramide 1. J Invest Dermatol 118:
606-617

Brain KR, Walters KA (1993) Molecular modeling of skin
permeation enhancement by chemical agents. In: Walters



5 Quantitative Structure-Enhancement Relationship and the Microenvironment of the Enhancer Site of Action 67

KA, Hadgraft J (eds) Pharmaceutical skin penetration
enhancement. Marcel Dekker, New York, pp 389416
Chantasart D, Li SK, He N, Warner KS, Prakongpan S,
Higuchi WI (2004) Mechanistic studies of branched-
chain alkanols as skin permeation enhancers. J Pharm
Sci 93:762-779

Chantasart D, Sa-Nguandeekul P, Prakongpan S, Li SK,
Higuchi WI (2007) Comparison of the effects of
chemical permeation enhancers on the lipoidal path-
ways of human epidermal membrane and hairless
mouse skin and the mechanism of enhancer action. J
Pharm Sci 96:2310-2326

Chantasart D, Pongjanyakul T, Higuchi W1, Li SK (2009)
Effects of oxygen-containing terpenes as skin perme-
ation enhancers on the lipoidal pathways of human
epidermal membrane. J Pharm Sci 98:3617-3632

Chantasart D, Li SK (2010) Relationship between the
enhancement effects of chemical permeation enhanc-
ers on the lipoidal transport pathway across human
skin under the symmetric and asymmetric conditions
in vitro. Pharm Res 27:1825-1836

Cooper ER (1984) Increased skin permeability for lipo-
philic molecules. J Pharm Sci 73:1153-1156

Goates CY, Knutson K (1994) Enhanced permeation of
polar compounds through human epidermis. 1.
Permeability and membrane structural changes in the
presence of short chain alcohols. Biochim Biophys
Acta 1195:169-179

He N, Li SK, Suhonen TM, Warner KS, Higuchi WI
(2003) Mechanistic study of alkyl azacycloheptanones
as skin permeation enhancers by permeation and parti-
tion experiments with hairless mouse skin. J Pharm
Sci 92:297-310

He N, Warner KS, Chantasart D, Shaker DS, Higuchi WI,
Li SK (2004) Mechanistic study of chemical skin per-
meation enhancers with different polar and lipophilic
functional groups. J Pharm Sci 93:1415-1430

Ibrahim SA, Li SK (2009) Effects of chemical enhancers
on human epidermal membrane: structure enhancement
relationship based on maximum enhancement (E,y).
J Pharm Sci 98:926-944

Ibrahim SA, Li SK (2010a) Efficiency of fatty acids as
chemical penetration enhancers: mechanisms and struc-
ture enhancement relationship. Pharm Res 27:115-125

Ibrahim SA, Li SK (2010b) Chemical enhancer solubility
in human stratum corneum lipids and enhancer mech-
anism of action on stratum corneum lipid domain. Int
J Pharm 383:89-98

Kim YH, Ghanem AH, Mahmoud H, Higuchi WI (1992)
Short chain alkanols as transport enhancers for lipo-
philic and polar/ionic permeants in hairless mouse
skin: mechanism(s) of action. Int J Pharm 80:17-31

Klimentova J, Kosdk P, Vavrova K, Holas T, Hrabdlek A
(2006) Influence of terminal branching on the trans-
dermal permeation enhancing activity in fatty alcohol
and acids. Bioorg Med Chem 14:7681-7687

Kuempel D, Swartzendruber DC, Squier CA, Wertz P
(1998) In vitro reconstitution of stratum corneum lipid
lamellae. Biochim Biophys Acta 1372:135-140

Lee VHL, Yamamoto A, Kompella UB (1991) Mucosal
penetration enhancers for facilitation of peptide and

protein drug absorption. Crit Rev Ther Drug Carrier
Syst 8:91-192

Liu P, Higuchi WI, Ghanem A-H, Kurihara-Bergstrom T,
Good WR (1992) Assessing the influence of ethanol in
simultaneous diffusion and metabolism of estradiol in
hairless mouse skin for the ‘asymmetric’ situation in
vitro. Int J Pharm 78:123-136

Norlen L (2001) Skin barrier structure and function: the
single gel phase model. J Invest Dermatol 117:830-836

Novotny J, Jantisova B, Novotny M, Hrabdlek A, Vavrova
K (2009a) Short-chain ceramides decrease skin barrier
properties. Skin Pharmacol Physiol 22:22-30

Novotny M, Hrabdlek A, Jantsova B, Novotny J, Vavrova
K (2009b) Dicarboxylic acid esters as transdermal per-
meation enhancers: effects of chain number and geo-
metric isomers. Bioorg Med Chem Lett 19:344-347

Ogiso T, Iwaki M, Paku T (1995) Effect of various enhanc-
ers on transdermal penetration of indomethacin and
urea, and relationship between penetration parameters
and enhancement factors. J Pharm Sci 84:482-488

Potts RO, Guy RH (1997) Mechanisms of transdermal
drug delivery. Marcel Dekker, New York

Raykar PV, Fung MC, Anderson BD (1988) The role of
protein and lipid domains in the uptake of solutes by
human stratum corneum. Pharm Res 5:140-150

Smith EW, Maibach HI (1995) Percutaneous penetration
enhancers. CRC Press, Inc., Boca Raton

Vavrové K, Zbytovska J, Hrabalek A (2005) Amphiphilic
transdermal permeation enhancers: structure-activity
relationships. Curr Med Chem 12:2273-2291

Walters KA, Hadgraft J (1993) Pharmaceutical skin pen-
etration enhancers. Marcel Dekker, New York

Warner KS, Li SK, Higuchi WI (2001) Influences of alkyl
group chain length and polar head group on chemical skin
permeation enhancement. J Pharm Sci 90:1143-1153

Warner KS, Li SK, He N, Suhonen TM, Chantasart D,
Bolikal D, Higuchi WI (2003) Structure-activity rela-
tionship for chemical skin permeation enhancers:
probing the chemical microenvironment of the site of
action. J Pharm Sci 92:1305-1322

Warner KS, Shaker DS, Molokhia S, Xu Q, Hao J, Higuchi
WI, Li SK (2008) Silicone elastomer uptake method
for determination of free 1-alkyl-2-pyrrolidone con-
centration in micelle and hydroxypropyl-p-cyclodextrin
systems used in skin transport studies. J Pharm Sci
97:368-380

White SH, Mirejovsky D, King GI (1988) Structure of
lamellar lipid domains and corneocyte envelopes of
murine stratum corneum. An x-ray diffraction study.
Biochemistry 27:3725-3732

Williams AC, Barry BW (1992) Skin absorption enhanc-
ers. Crit Rev Ther Drug Carrier Syst 9:305-353

Yoneto K, Ghanem AH, Higuchi WI, Peck KD, Li SK
(1995) Mechanistic studies of the 1-alkyl-2-
pyrrolidones as skin permeation enhancers. J Pharm
Sci 84:312-317

Yoneto K, Li SK, Higuchi WI, Jiskoot W, Herron JN
(1996) Fluorescent probe studies of the interactions of
1-alkyl-2-pyrrolidones with stratum corneum lipid
liposomes. J Pharm Sci 85:511-517



Contents

6.1
6.1.1
6.1.2

6.2

6.2.1
6.2.2
6.2.3
6.2.4

6.3

6.3.1
6.3.2

Conclusion

References

Mechanism of Action of Azone® ..

Seven-Membered Ring Analogues ...
Six-Membered Ring Analogues ....
Five-Membered Ring Analogues

Mutual Analogues

Structure-Activity Relationships

of Azone® Analogues ..............c.cocoevvverererenee. 96
SAR of Polar Head
SAR of Chain........

Azone’ and Its Analogues as
Penetration Enhancers

Josef Jampilek

6.1 Azone°®

J. Jampilek

Department of Chemical Drugs,

Faculty of Pharmacy, University of Veterinary
and Pharmaceutical Sciences Brno,
Palackého 1/3, 612 42, Brno, Czech Republic

e-mail: josef.jampilek @ gmail.com et al. 2001).

© Springer-Verlag Berlin Heidelberg 2015

N. Dragicevic, H.I. Maibach (eds.), Percutaneous Penetration Enhancers Chemical Methods

in Penetration Enhancement: Modification of the Stratum Corneum,
DOI 10.1007/978-3-662-47039-8_6

.. 70 Azone® (1-dodecylazacycloheptan-2-one or lau-
Modification of Azone® Structure .................. 72 rocapram, 1 see in Scheme 6.1) is one of the most
Analogues of Azone® as CPEs................. .72 known and the most studied chemical penetration
73 enhancers (CPEs), i.e. excipients facilitating the
penetration of drugs through the skin. Azone®
9 analogues contain fragment X-CO-N=, where X
is -CH,—, —NH, or-NH- that is characteristic for
compounds of the natural moisturising factor
.......................................... o8 (NMF). The NMF is physiologically present in
......................................... - 99 the highly differentiated flattened keratinocytes
101 Teferred to as corneocytes and being the building
blocks of the epidermal barrier. Among the main
components of NMF, there are urea, proline, his-
tidine, urocanic acid and 2-pyrrolidone-5-
carboxylic acid (Spier and Pascher 1956; Harding
and Scott 2002). Azone® belongs to the com-
pounds specifically designed as transdermal pen-
etration enhancers and prepared during the 70s of
the twentieth century (Rajadhyaksha et al.
1976a). It contains a lipid alkyl chain and a large
polar head group that are thought to be vital for
its activity. From the chemical point of view, this
compound can be considered to be a hybrid of a
cyclic amide (e.g. pyrrolidone structure) with an
alkylsulfoxides, but the aprotic sulfoxide group
that provides some undesirable properties typical
for dimethyl sulfoxide and its derivatives is
absent (Williams and Barry 1992; 2004; Moser
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Scheme 6.1 Structure and various synthesised ways of 1-dodecylazacycloheptan-2-one (N-dodecylcaprolactam,

laurocapram, Azone®, 1)

Generally, Azone® can be synthesised via the
base-catalysed (e.g. NaH) coupling of azepan-2-
one with 1-dodecylhalide (chloride, bromide) or
preferably with a dodecyl chain with a nucleo-
philic leaving group, for example, mesylate,
tosylate, triflate, etc. The reaction is carried out
under anhydrous conditions, in an inert atmo-
sphere and in an inert solvent, e.g. toluene
(Rajadhyaksha et al. 1976a; Groundwater et al.
1994). In an alternative method, oxepan-2-one is
allowed to react with a 1-dodecylamine over the
period of 24-48 h at 170-250 °C, see Scheme 6.1
(Rajadhyaksha et al. 1976a).

Azone® is a colourless, odourless liquid with a
melting point of =7 °C and provides a smooth,
oily but yet non-greasy feel. As it would be
expected from its chemical structure, Azone® is a
highly lipophilic material with a log Py, around
6.2 and is soluble in and compatible with most
organic solvents, including alcohols and propyl-
ene glycol. The compound has low irritancy and
very low toxicity (oral LDs, in rat of 9 g/kg)
(Williams and Barry 2004).

Azone® was investigated as a CPE for a long
time and found to be effective both for lipophilic
and hydrophilic drugs but only from a polar
medium (Hou and Flynn 1997). In a number of
studies, it is used as a standard for evaluation of
enhancement effect. As with many penetration
enhancers, the effect of Azone® appears to be
strongly dependent on its concentration and is
also influenced by the choice of vehicle from
which it is applied. Azone® is most effective at
low concentrations, being employed typically
between 0.1 and 5 % (Williams and Barry 2004).

Azone® also showed a minimal systemic absorp-
tion, being quickly eliminated from circulation
(Lépez-Cervantes et al. 2006). Topical formula-
tions with various drugs (5-fluorouracil, morphine
hydrochloride, vidarabine, papaverine hydrochlo-
ride, arildone, buprenorphine hydrochloride and
indapamide) were developed (Sugibayashi et al.
1985, 1989; Komada et al. 1991; Okumura et al.
1991; Baker and Hadgraft 1995; Huang et al.
2002; Ren et al. 2008). Although Azone® proved
to be an effective enhancer in different pharma-
ceutical formulations, its application is not com-
monly accepted. FDA has not approved its
application in pharmaceutical products because of
its suspected pharmacological activity or ques-
tions about its safety (Lopez-Cervantes et al.
2006). One of the major reasons is the fact that
Azone® shows an antiviral effect (Leonard et al.
1987; Afouna et al. 2003). On the other hand, it is
included in the Chinese Pharmacopoeia and is
widely used in this country not only as a transder-
mal enhancer but also in insecticides, fungicides,
herbicides and as a plant growth regulator.
Generally, it is marketed as a successful agro-
chemical by many Chinese companies.

Mechanism of Action
of Azone®

6.1.1

Although Azone® has been investigated for more
than 30 years, its mechanism of action has not
been quite clarified yet. Extensive discussion
concerning the metabolism and fate of Azone®
and on its use as a penetration enhancer has been
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Fig.6.1 Conformations of Azone®
(only eight-chain hydrocarbons
shown). C(;3-N1)-C(16-C22)=90° for
both forms (Reprinted and adapted
from Hadgraft et al. (1996),
Copyright (1996), with permission
from Elsevier)
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Structure 1

N(1)-C(16)-C(22)-C(23) = 180°
Energy =21.8 kJ

reviewed, and the molecule is still being investi-
gated (Williams and Barry 2004).

Azone® probably exerts its penetration-
enhancing effects through interactions with the
lipid domains of the SC. Considering the chemi-
cal structure of the molecule (possessing a large
polar head group and a lipid alkyl chain), it would
be expected that the enhancer partitions into the
bilayer lipids, disrupting their packing arrange-
ment; integration into the lipids is unlikely to be
homogeneous considering the variety of composi-
tional and packing domains within SC lipid bilay-
ers. Thus, Azone® molecules may exist dispersed
within the barrier lipids or in separate domains
within the bilayers (Williams and Barry 2004).

Various alternative hypotheses of the mecha-
nism of action based on molecular conformation
and/or abilities to create H-bonds were proposed
(Jampilek and Brychtovd 2012). The first hypoth-
esis on the enhancement effect of Azone® arises
from its ability to exist in a “bent soup spoon” con-
formation (see Fig. 6.1, structure 1) where the ring
is at an angle to the lipophilic chain. It was argued
that the increased energy of the angled conforma-
tion would be compensated by the removal of the
hydrophobic ring methylene groups from the polar
region of the lamella back towards the lipophilic
hydrocarbon chain region. The minimum energy

Structure 2
N(1)-C(16)-C22)-C(23) = 62°
Energy = 25.6 kJ

(21.8 kJ) conformation (the angle of 180° between
the polar head group and the aliphatic chain) is
essentially planar and would be expected to inter-
calate between SC ceramides with a minimum of
spatial disruption. The “bent spoon” conformation
(see Fig. 6.1, structure 2) is obtained by setting the
chain—head bond to 62° and has an energy of
25.6 kJ. The energy difference (AE~4 kJ) corre-
sponds to a high probability level of about 0.2 for
the existence of the “bent spoon” at 37 °C. However,
it must be borne in mind that intercalation into a
liquid bilayer structure of packed ceramides would
provide additional resistance to the existence of
this higher energy formation (Hadgraft et al. 1996;
Hoogstraate et al. 1991; Lewis and Hadgraft
1990). The second theory discussing the enhanc-
ing action of Azone® is based on competition for
H-bonding sites between SC lipids. The nature of
the forces holding the modifiers within the SC (or
liposome) bilayers is not known with certainty, but
H-bonding between head groups is accepted as
being an important factor in stabilising ceramide
bilayers (Pascher 1976; Jackson et al. 1988).
Therefore, Hadgraft et al. (1996; Hadgraft and
Pugh 1998) offered an alternative hypothesis that,
due to its long carbon chain, Azone® intercalates
between ceramides and by means of its carbonyl
oxygen moiety competes effectively for H-binding
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sites in the head of ceramides (disrupts ceramide—
ceramide H-bonds and binds firmly to a ceramide
molecule), the displaced ceramide now being
unbound, and on this other/second side where
H-bonding to the other ceramide molecule is not
possible, a “channel” is created. Thus, a region of
fluidity appears in the lamella enabling enhanced
penetration.

Both theories are probably connected. Recent
electron diffraction studies using lipids isolated
from the human SC provided good evidence that
Azone® exists (or partially exists) as a distinct
phase within the SC lipids (Pilgram et al. 2001;
Jampilek and Brychtova 2012).

6.1.2 Modification of Azone®
Structure

Although Azone® expressed some unfavourable
properties (Lépez-Cervantes et al. 2006), it was
used as the lead structure, and in the ensuing
years, significant efforts were exerted to prepare
more effective compounds on the basis of Azone®
structure. A number of various derivatives/ana-
logues were prepared and tested to improve
Azone® properties. Structural modification of
Azone® creates compounds denominated as
Azone®-like compounds or Azone® analogues.
Design of new compounds was performed
based on the structure—activity relationships (SAR)
using standard medicinal chemistry approaches
such as: (i) isomerism (structural isomerism, ste-
reoisomerism), (ii) homology (alkyl or alkylene
homologous series), (iii) analogy (hydrogenation/
dehydrogenation, alkyl, radical, functional groups,
rings (cyclic/open analogy), mutual (twin mole-
cules), models) and (iv) isosterism and/or bioiso-
sterism principles (Melichar 1987; Wermuth 2008).
Although Azone® has a simple structure, it
offers a huge amount of various modifications.
The simplest logical modifications of the struc-
ture of Azone® can be the following: (i) in the
head group region (e-lactam ring modifications)
and (ii) in the tail region of aliphatic chains (chain
modifications) (Jampilek and Brychtova 2012).
The modification of the e-lactam ring consists
especially in the changed number of the atoms of

the ring (alkylene homologous) resulting in
O-lactams, y-lactams or in preparation of open-
ring analogues (replacement of a lactam ring by
linear alkyl or branched chains). Further modifi-
cation can be, for example, isosteric replace-
ments of N, O and C atoms, removal or addition
of function groups or ring dehydrogenation with
introduction of multiple bonds.

The alkyl chain of Azone® allows to apply alkyl
homology (chain prolongation/shortening), alkyl
analogy (chain branching), dehydrogenation (intro-
duction of multiple bonds) or inserting of function
groups. Also isosteric replacement of N, O or S by
a carbon atom is possible, i.e. preparation of ethers,
thioethers or secondary or tertiary amines.

The modification of the region between the lac-
tam and the aliphatic chain can be noteworthy. The
principle of isosterism/bioisosterism or introduc-
tion of functional groups or multiple bonds can be
applied there (Jampilek and Brychtova 2012).

6.2  Analogues of Azone" as CPEs

Penetration enhancers increase skin permeability
by multiple mechanisms, including lipid extrac-
tion, phase separation, inverted micelle formation
and bilayer fluidization (Menon et al. 1998; Barry
2004). A possible mechanism of penetration
enhancement could also involve the formation of
a complex between the used penetrating drug and
the CPE and/or other components in the pharma-
ceutical formulation, thus altering the physico-
chemical properties of the drug and the CPE
(Hatanaka et al. 1993; Karande et al. 2007;
Drakulic et al. 2008). Principles of modifying the
penetration enhancement by CPEs have been
investigated by many scientists, for example, by
Morimoto et al. (1992), Yamashita et al. (1993),
Bando et al. (1996), Manitz et al. (1998), Rim
et al. (2005), by Riviere et al. (2005, 2007) or by
Bernardo et al. (2008). The above-mentioned
studies showed that the penetration enhancement
effect depends on the physico-chemical proper-
ties of the drug (permeant), the CPE and the vehi-
cle (Williams and Barry 2004; Barry 1987; Kim
et al. 2001; Yamashita and Hashida 2003; Degim
2006; Katritzky et al. 2006; Brychtova et al.
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2010a, b, 2012). It means that the penetration
activity of CPEs is influenced by the selection of
a model-penetrating compound and a testing
method (Jampilek and Brychtova 2012).

Based on these facts and because various sci-
entist teams used various vehicles, skin of differ-
ent animals (snake, mice, rat, rabbit, guinea pig,
pig, monkey) and human skin as well as different
drugs (theophylline, hydrocortisone, vasopressin,
indomethacin, 5-fluoruracil, various cardiovascu-
lar drugs, antipsychotics, etc.) for investigating
transdermal penetration, it is not possible to sim-
ply compare values of the penetration enhance-
ment ratio (ER) obtained in different studies.

For all compounds, selected physico-chemical
properties such as lipophilicity (log P), polar sur-
face area (PSA) and bulk parameter (expressed as
molar refractivity (reflecting bulkiness), MR)
were calculated and are added to individual
Tables 6.1, 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9,
6.10,6.11,6.12,6.13,6.14, 6.15, 6.16, 6.17, 6.18,
6.19,6.20,6.21, 6.22, 6.23, 6.24, 6.25, 6.26, 6.27,
6.28,6.29, 6.30,6.31, 6.32, 6.33, 6.34, 6.35, 6.36,
6.37, 6.38, 6.39, 6.40, 6.41, 6.42, 6.43 and 6.44.
Log P and PSA values were calculated by ACD/
Percepta version 2012 (Advanced Chemistry
Development Inc., Toronto, Canada), and MR
values were calculated using CS ChemOffice
Ultra version 10.0 (CambridgeSoft, Cambridge,
MA, USA). The polar surface area (PSA) is
commonly used in medicinal chemistry for the
optimisation of an ability of drugs to permeate

through cell wall (Ertl 2007); therefore, PSA can
be also applied as an important parameter related
to penetration of CPEs to the skin and disruption
of SC. Also bulk parameter representing the vol-
ume of the molecule belongs to molecular descrip-
tors and may often be correlated with biological
effect (Wermuth 2008).

The described derivatives are divided into sec-
tions according to the ring size (seven-, six- and
five-membered cycle), and then mutual ana-
logues are discussed. Open-ring analogues are
not mentioned due to the fact that these com-
pounds acquire absolutely different physico-
chemical properties by opening of the ring, so
completely different structure—activity relation-
ships can be found than for cyclic analogues of
Azone®. A number of these open-ring Azone®
derivatives were prepared, and investigation of
these analogues would require additional com-
prehensive study. Inside the sections, compounds
are classified according to other structure modifi-
cations (Jampilek and Brychtova 2012).

6.2.1 Seven-Membered Ring

Analogues

In the 1970s, Rajadhyaksha (1976a) prepared and
patented N-alkyl substituted azacycloheptan-2-
ones including Azone® (1) and its methylene
homologues 2-11 (Table 6.1). Hoogstraate et al.
(1991) observed that the penetration of

Table 6.1 Series of N-alkyl-azacycloheptan-2-ones and their selected physico-chemical properties

(0]
R log P
2 -CH; 0.67
3 -C;H; 1.84
4 -C,Hy 2.32
5 -CsHy, 2.98
6 -CeHi3 3.27
7 -C;H;s 3.87
8 -CgHy; 4.37
9 -CoHyg 4.68
10 -CoHy, 5.10
Azone® (1) -CoHys 5.92
11 -C4Hy 7.54

MR
PSA [cm?/mol]
20.31 36.22
20.31 45.62
20.31 50.22
20.31 54.82
20.31 59.42
20.31 64.02
20.31 68.62
20.31 73.22
20.31 77.82
20.31 87.02
20.31 96.22
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Table 6.2 Azacycloheptan-2-ones N-substituted by branched and/or unsaturated chains and their selected physico-

chemical properties

(0]

(hen i
R log P PSA [cm*/mol]

12 CHg CH3 4.96 20.31 78.17
MMCHS

13 CHs CHg3 7.11 20.31 105.95
R,

14 CHs CHg 4.20 20.31 79.82
M\/ %CHa

15 CHj CHjz 6.36 20.31 108.41
MMCHS

16 CHj3 CHg 8.16 20.31 132.41
NWKCH:}

17 -C,H,OH 0.02 40.54 42.39

18 -C;HsOH 0.43 40.54 46.99

19 -CH,CHOHCH,OH —-0.55 60.77 48.45

vasopressin through human SC increased with
increasing length of the alkyl side chain in the
homologic series of N-alkylazacycloheptan-2-
ones (see Table 6.1) to C,,, i.e. Azone® (1), and
after that decreased with the increasing chain
length. The non-enhanced peptide flux through
human SC was 1.6 nmol/cm? per h (peptide con-
centration in the donor propylene glycol was
6.0 mM). The permeability increased 1.9-fold
after the addition of compound 10, 3.5-fold after
the addition of Azone® (1) and 2.5-fold after the
addition of compound 11. Michniak et al. (1995a)
described the penetration of the suspension of
hydrocortisone acetate in propylene glycol
(0.003 M) through the hairless mouse skin with
the addition of Azone® (1) with concentration
0.4 M and ER 19.5 and the penetration of the sus-
pension of hydrocortisone in propylene glycol
(0.03 M) through the hairless mouse skin with
the addition of Azone® (1) with concentration
0.4 M and ER 42.2 (Michniak et al. 1998).
Azacycloheptan-2-ones N-substituted by satu-
rated branched alkyl chains, acyclic terpenic
chains or alkyl chains substituted by hydroxyl
moieties 12-19 can be classified as alkyl ana-
logues of Azone® (1); see Table 6.2 (Cooper et al.

1985; Okamoto et al. 1988, 1990; Yamashita
et al. 1993). Penetration of 6-mercaptopurine
through the skin of guinea pigs in vitro was
increased tenfold by the use of N-geranylazepan-
2-one (14) and N-farnesylazepan-2-one (15)
when compared with the control sample without
enhancers. Similar compounds with five-
membered or six-membered lactam rings are dis-
cussed in the below sections. Taking into account
the enhancement effect of all these compounds, it
can be stated that the substitution of chains by
different-size lactam rings did not have any influ-
ence on the enhancement activity.

Modification of the connecting linker between
the lactam and the aliphatic chains was observed
for compounds 20-34 (Table 6.3). To the a-position
of the alkyl side chain in the Azone® structure, a
carbonyl group was introduced, and N-acylazepan-
2-ones (imides) were obtained. An effect compa-
rable to Azone® (1) (Table 6.1, ER=19.5) was
achieved at the penetration of hydrocortisone ace-
tate through the hairless mouse skin in vitro with
the application of N-tetradekanoylazepan-2-one
(23, ER=20.0). The enhancement effect increased
with the chain length (ER=12.2 for 21 and
ER=14.4 for 22) (Michniak et al. 1993a, 1998).
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Table 6.3 Series of N-acylazepan-2-ones and their
selected physico-chemical properties

o)
o)
(T
R R
20

MR
logP PSA [cm’/mol]
-CH; 1.03 37.38 40.18
21 -CoHyy 5.04 3738 77.11
22 -C;)Hy; 5.70  37.38 86.31
23 -CsHy; 7.13  37.38  95.21
o)
C'TWCHZ MR
o n logP PSA [cm’/mol]
24 2 1.98 3738 54.17
25 3 246 3738 58.77
26 4 2.89 3738 63.37
27 5 3.55 37.38 68.67
28 6 3.69 37.38 72.56
29 7 445 3738 77.16
30 8 482 3738 81.76
31 9 5.11 37.38 86.36
32 11 6.14 3738 95.56
33 13 7.02 3738 104.76
34 15 7.93 37.38 113.93

N-Alkenoylazepan-2-ones 24-34 (Table 6.3),
dehydrogenated analogues of the previously men-
tioned compounds, were also patented as transder-
mal penetration enhancers (Minaskanian and Peck
1989a; Peck et al. 1989).

By the shift of the carbonyl group to the
B-position of the alkyl chain and isosteric replace-
ment of the oxygen by the terminal carbon, a-(di)
substituted 2-(2-oxoazepan-1-yl)alkanoic acids/
esters 35-46 were prepared; see Table 6.4.
2-(2-Oxoazepan-1-yl)carboxylic acid (35) is the
starting compound, whose derivatives 36-44 that
were generated by the homologic lengthening of
the alkyl chain were patented. Peck and
Minaskanian (1995) noted that all these com-
pounds increased the penetration of tested drugs
at least by 76 % in comparison with the penetra-
tion without the addition of CPEs. A contrary
approach, i.e. the preparation of long-chain esters
of 2-(2-oxoazepan-1-yl)acetic acid 45 and 46 (i.e.
partial “reverse esters” of 42, 43) led to a signifi-
cant decrease in the activity at the penetration of
the suspension of hydrocortisone acetate in pro-

Table 6.4 Series of substituted 2-(2-oxoazepan-1-yl)
alkanoic acid and its esters and their selected physico-
chemical properties

(0]
R
o5
OH MR
o R logP PSA [cm’mol]

35 -CiHy, 1.80 57.61 60.63

36 -CsH,, 237 57.61 6523

37 -CH;s 292 57.61 69.83

38 -C;H;s 352 57.61 74.43

39 -CgH;; 3.78  57.61 79.03

40 -CoH,y 448 57.61 83.63

41 -CioH;, 4.82 57.61 88.22

42 -Cp,Hys 6.07 57.61 97.42

43 -C4Hy 7.16 57.61 106.62
44 -C¢Hs; 8.17 57.61 115.82

O
»o MR
o R logP PSA [cm’mol]

45 -CpHys 591  46.61 98.57

46 -C4Hy 7.42 46.61 107.77

pylene glycol through the hairless mouse skin
(ER 1.1 for 45 and ER 1.9 for 46) in comparison
with Azone® (1, ER=19.5), imides 22 (ER =20.0)
and 23 (ER=14.4) (Michniak et al. 1996) and
analogues 42 and 43 (Peck and Minaskanian
1995). Much better results were obtained with
six-membered and five-membered lactams (alkyl-
ene homologues of substances of such type); see
next sections.

The change of the position of the alkyl chain
from a-acyl carbon to ester oxygen can be under-
stood as so-called analogy of functional groups.
This modification concerns only the change of
functional groups, and these groups are not iso-
steric, unlike, for example, ester and amide
(COOR/CONHR). Most often, it is dealt with
“reverse analogues”, in this case reverse esters
R-COO-R/R-COO-R  or reverse amides
R-CONH-R’/R’-CONH-R.

The simplest modification of Azone® (1) or
the structure of its alkyl homologues is isosteric
replacement of sulfur by oxygen and preparation
of thiolactams 47-50 (Table 6.5) (Minaskanian
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Table 6.5 Series of N-alkylazacycloheptan-2-thiones
and their selected physico-chemical properties

S
d\l—ﬂ MR
R logP PSA [cm3/mol]
47 -CHy 2.10 35.33 57.40
48 -CgH;;  5.08 3533  75.79
49 -CH,y  5.17 3533  80.39
50 -C,Hys  6.59 35.33 94.19

and Peck 1988). These substances were patented
as penetration enhancers, but replacement of the
carbonyl moiety by the thioxo group leads to a
substantial loss of efficiency. N-Dodecylazepan-
2-thione (50) showed 4.5-fold less effect
(ER=4.3) at penetration of hydrocortisone
through the hairless mouse skin in vitro than
Azone® (Michniak et al. 1993b). Hadgraft et al.
(1996) described the penetration of metronida-
zole (ethanol solution, 5 pmol/mL) through the
human skin, and ER of 50 was 1.4, while ER of
Azone® (1) was 6.7.

Another simple approach is the introduction
of a double bond (dehydrogenation analogues)
and/or isosteric replacement of sulfur by car-
bonyl oxygen as illustrated by compounds 51-55
(Table 6.6). Azacycloheptenes/heptadienes were
prepared and patented as penetration enhancers
for different drugs through the human or animal
skin and mucosa (Minaskanian and Peck 1992).
Compounds 51-55 were recommended for appli-
cation in different topic formulations at concen-
tration from 1 to 10 %. Unfortunately, no data
about their enhancement effect or safety are
available; however, it can be supposed that the
change of the geometry of lactam caused by
introduction of the double bond affects penetra-
tion activity. Based on the above presented fact,
the enhancement activity of thio-derivatives 52
and 54 was probably not higher than that of com-
pounds 51 and 53 and Azone® (1).

By introduction of another carbonyl group (see
Table 6.7) to the heterocyclic head of Azone®,
N-dodecylazacycloheptan-2,5-dione  (56) was
generated (Peck et al. 1987). The change of the
position of the second carbonyl group and the sub-
stitution of isosteric oxygen by carbon in the C,

Table 6.6 Series of N-alkylazacycloheptenones and
their selected physico-chemical properties

MR
No. Comp. logP PSA [cm’/mol]
51 o 5.53 20.31 88.87
72
—Cq2H25
52 S 6.68 35.33 96.04
72
—C12Has
53 O 5.67 20.31 88.38
OCQHZS
54 S 6.31 35.33 95.55
@CQHZS
55 O 5.33 20.31 90.23

Table 6.7 Derivatives of 4-alkyl-1,4-oxazepan-5,7-
dione and their selected physico-chemical properties

MR
No. Comp logP PSA [cm’/mol]
56 O 5.62 37.38 86.31
Q\‘CmHes
(0]
57 OWO 3.55 46.61 75.17
o \/N*C10H21
58 (0] 437 46.61 84.37

position led to a considerable increase in the accel-
eration activity of 4-alkyl-1,4-oxazepan-5,7-dione
derivatives 57 (ER=45.0) and 58 (ER=12.7).
4-Decyl-1,4-oxazepan-5,7-dione  (57) showed
substantially higher activity than Azone® (1,
ER=19.5) (Michniak et al. 1993a).

The elimination of the carbonyl moiety from
the lactam resulted in cyclic amines 59-64; see
Table 6.8. Although this radical change of the
structure  significantly influences physico-
chemical properties of the discussed compounds,
it could be stated that the reduction of the car-
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Table 6.8 Cyclic amines as CPEs and their selected
physico-chemical properties

GN—R MR
R logP PSA  [cm¥mol]

59 CoHy 603 324 7805
60 -CyHy 647 324 8265
61 C,Hys 689 324 8725
62 CiH, 837 324 9645
63 CiHs; 917 324 10565
64 CisH;, 997 324 114585

bonyl group preserved acceleration effect when
the enhancement effect of these amines was com-
pared with Azone® homologues. 1-Dodecyl-
azepane (61) demonstrated almost the same
penetration activity (ER=15.3) as Azone® (1,
ER=19.5) (Michniak et al. 1995a; Minaskanian
et al. 1988; Singh 2007). Minaskanian and Peck
(1989b) also prepared and patented 2,6-dimethyl
analogues of compounds 59-64.

The above-discussed cyclic amines 59-64 were
transformed to cyclic amides 65-68 by the modifi-
cation of the connecting linker between the ring
and the aliphatic chain; see Table 6.9 (Mirejovsky
and Takruri 1986). By the change of the position of
the carbonyl moiety from the a-position of the lac-
tam to the a-position of the alkyl side chain, the
conditions of the analogy of functional groups
were met. The discussed cyclic amides 65—68 can
be classified as reverse amides of Azone® homo-
logues. 1-(Azepan-1-yl)dodecan-1-one  (66)
showed an enhancing activity (ER=6.4) compara-
ble to Azone® (1, ER=6.7) on penetration of met-
ronidazole (ethanol solution, 5 pmol/mL) through
the isolated SC of the human skin (Hadgraft et al.
1996), and a better effect was shown by hydrocor-
tisone at penetration through the hairless mouse
skin in vitro (ER of 66 was 34.0, while ER of
Azone® (1) was 19.5). At the penetration of hydro-
cortisone, an isostere with a thioxo moiety (68) was
again less effective (ER=7.6), the same as deriva-
tives 47-50, compared to compound 66 or Azone®
(Michniak et al. 1993b).

Minaskanian and Peck (1989b) also prepared
and patented 2-deoxy analogues 69-75 of
N-alkenoylazepan-2-ones 24-34 and their
2,6-dimethyl derivatives 76-81 (see Table 6.10)

Table 6.9 Cyclic amides as CPEs and their selected
physico-chemical properties

MR
No. Comp. logP PSA [cm¥mol]
65 0 4.17 2031 68.62
(O
/' CpHys
66 o 6.05 20.31 87.02
(O
/" CyyHag
67 (\%O 8.35 20.31 105.41
N
S/ CiHay
6.62 3533 94.19

68 S
(X
Cy1Hzs

as potential CPEs for facilitation of the systemic
effect of a number of therapeutic agents. Based
on the structural similarity with the excellent
CPE 66, it may be supposed that also compound
71 (terminally dehydrogenated analogue of 66)
can show similar enhancement effect.

The considerable modification of the ring
structure (introduction of a double bond to vari-
ous positions of the ring) and the substitution of
the side chain by a carbonyl moiety (generation
of imides or reverse amides) were performed and
resulted in azacycloheptenes 82-85; see
Table 6.11 (Minaskanian and Peck 1992).
Unfortunately, no data on the enhancement effect
are available. The comparison of the effect of
these compounds with their hydrogenated mod-
els discussed above would be noteworthy. Based
only on the calculated parameters (log P, PSA,
MR) and structural similarity 82, 83 with 23 and
84, 85 with 66, it can be assumed that high
enhancement effect can be expected especially
for compounds 84 and 85 (compare: 66=6.05,
20.31, 87.02; 84/85=5.83, 20.31, 88.38).

The maximum changes in comparison with the
Azone® structure were performed at design of
azacycloheptadienes 86—89; see Table 6.12. They
were patented as penetration enhancers for different
drugs through the human or animal skin and mucosa
similarly as the above-mentioned compounds 82—
85 (Minaskanian et al. 1992). All these compounds
represent noteworthy structures, but unfortunately,
no enhancement activity data is available.
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Table 6.10 Series of long-chain N-acylazepanes and their selected physico-chemical properties
N THV/ otz
n MR
o n log P PSA [cm?/mol]

69 6 4.13 20.31 73.27

70 7 4.68 20.31 77.87

71 8 5.03 20.31 82.47

72 11 6.12 20.31 96.27

73 12 6.61 20.31 100.87
74 13 7.15 20.31 105.46
75 15 7.99 20.31 114.66

CHs
0 m MR

S 9 nim log P PSA [cm?/mol]
76 7/0 5.99 20.31 93.25

77 8/0 6.51 20.31 97.85

78 9/0 6.95 20.31 102.45

79 10/0 7.05 20.31 107.05

80 8/4 8.23 20.31 116.25

81 8/6 9.29 20.31 125.44

Table 6.11 Dehydrogenated azacycloheptane deriva-
tives and their selected physico-chemical properties

MR
No. Comp. logP PSA [cm’/mol]
82 O 493 37.38 88.17
/%N 0
——/ CyiHg
83 \{O 5.48 37.38 87.68
0]
| NK
@ C11Ha3
84 Vi (0] 5.83 2031 88.38
v—{
C11Has
85 5.83 2031 88.38

| NJ<O

C1 1 H23

6.2.2 Six-Membered Ring
Analogues

Compounds with a six-membered lactam cycle
described as potentially effective enhancers were
designed, synthesised and evaluated together

with e-lactams. 98-Lactams, or piperidines and
piperidine analogues showed mostly less
enhancement effect. Enhancers with morpholine/
thiomorpholine or piperazine, an isosteric frag-
ment to piperidine, in their structure, proved to be
much more significant; therefore, considerable
attention is paid to them in this section (Jampilek
and Brychtova 2012).

A series of basic N-substituted piperidin-2-
ones 90-98 (see Table 6.13) very close to azepa-
none derivatives 1-11, 17-19 were tested as
CPEs by Cooper (1985) and Quan et al. (1990)
during the 1980s. These derivatives are alkylene
homologues of Azone® (1) and its derivatives. An
acceleration effect of compounds 90-95 on per-
cutaneous absorption of indomethacin through
the skin of newly born pigs in vitro was observed
by Quan et al. (1990). N-Dodecylpiperidin-2-one
(94) was the most effective derivative in the series
(ER=48.3) and even comparable to Azone® (1,
ER=42.2 at penetration of hydrocortisone
through the hairless mouse skin (Quan et al.
1990; Michniak et al. 1998). As was mentioned
above, PSA can be used as an important parame-
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Table 6.12 Azacycloheptadienes as CPEs and their selected physico-chemical properties
—

N —CHj
R MR

o R log P PSA [cm*/mol]
86 -Ph 2.06 20.31 61.76
87 -OCH; 0.26 29.54 43.98
88 -COCH; 0.23 37.38 47.11
89 -CON(CH,CH,), 0.19 40.62 64.98

Table 6.13 Series of N-substituted piperidin-2-ones and
their selected physico-chemical properties

O

MR

@\I—R [cm?/
R logP PSA mol]

90 -C4H, 2.02 20.31 45.62
91 -C¢H 3 2.95 20.31 54.82
92 -CgHy; 4.18 20.31 64.02
93 -C,oHy, 4.58 2031 73.22
94 -C,H,s 5.31 20.31 82.42
95 -CisHis3 8.00 20.31 100.81
96 -C,H,OH -0.39 40.54 37.79
97 -C;HsOH 0.12 40.54 42.39
98 -CH,CHOHCH,OH -0.76 60.77 43.85

ter describing penetration of CPEs into the skin.
Note that Azone® (1) and its cyclic homologues
94 and 212 (see below) possess the same PSA
values (20.31), which can correlate with high
enhancement effect.

Other simple modifications (see Table 6.14) of
effective compound 94, the closest to Azone® (1),
can include reverse analogy [1-(piperidin-1-yl)
dodecan-1-one 99)], isosterism
[N-dodecylpiperidine-2-thione (100) and
2-decylcyclohexanon (101)], elimination of the
carbonyl moiety [N-dodecylpiperidine (102)] and
the addition of the second carbonyl group and
generation of imide [N-dodecanoylpiperidine-2-
one (103)]. As was discussed above, the isosteric
substitution of carbonyl oxygen by sulfur did not
generate any compound with significant enhanc-
ing properties. Thio-derivative 100 was ca. two-
fold less effective than Azone® (1) and compound
94, but it was ca. twofold more effective than a
thio-analogue of Azone® (50, ER=4.3).
Decarboxylated compound 102 and

Table 6.14 Derivatives of six-membered ring analogues
of Azone®, their selected physico-chemical properties and
enhancement ratios

MR
No. Comp. logP PSA [cm’mol] ER
99 CiiHas 550 2031 8242 189
N
—~
(0]
100 < 6.26 35.33 89.59 8.6
\ NCrHas
101 O 6.24 17.07 74.14 10.3
<§ C1oHz1
102 6.54 324 82.56 9.9
( N-CioHps
103 0] 5.32 37.38 81.71 8.6

Cq1Ha3

Chs

2-decylcyclohexanon (101) (isosteric substitu-
tion of nitrogen by carbon) showed notably less
activity in comparison with Azone® (1, ER=19.5)
and in comparison with “parent”
N-dodecylpiperidin-2-one (94, ER=48.3).
Compound 102 showed less activity than its
homologue 61 (ER=15.3). Imide derivative
(103) was substantially less active than Azone®
(1) and homologue 22 (ER=14.4). Amide 99
demonstrated less enhancing effect than com-
pounds 94 and 1 and 1-(azepan-1-yl)dodecan-1-
one (66) (Michniak et al. 1993b, 1995a, 1998).
In the series of five compounds, the activity
decreases as follows: 99>>101~102>100~103.
From the study of these modifications, it can be
concluded that in general, homologues with a six-
membered ring are less effective than compounds
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Table 6.15 Series of esters of 2-(2-oxopiperidin-1-yl)acetic acid, their selected physico-chemical properties and

enhancement ratios

O
o WO R
MR
o R log P PSA [cm*/mol] ER

104 -CsHy; 3.98 46.61 75.58 18.4
105 -CoHyg 4.30 46.61 80.17 13.3
106 -CoHa, 4.62 46.61 84.77 12.7
107 -C Hy; 5.01 46.61 89.37 36.4
108 -CpH,s 5.44 46.61 93.97 23.8
109 -Ci3Hyy 6.72 46.61 98.57 12.0
110 -C14sHy 7.10 46.61 103.17 37.8
with a seven-membered ring; the absence of a Table 6.16 N-substituted derivatives of 6-oxo-

nitrogen atom in the ring or the presence of one
more carbonyl group results in a significant loss
of activity (Jampilek and Brychtova 2012). From
this investigation, it can be concluded that a polar
“head” of specific bulkiness of all transdermal
enhancers seems to be important for interaction
with skin components. The negative effect of the
thiocarbonyl moiety at six-membered cycles does
not seem to be so significant, while the second
carbonyl moiety in 103 was responsible for the
negative effect within the six-membered ring,
when compared with compound 23. According to
the calculated values of the molecular descriptors,
the data of amide 99 are rather close to those of
compound 94 and Azone® (1).

Esters of 2-(2-oxopiperidin-1-yl)acetic acid
104-110 (see Table 6.15) as homologues of inac-
tive long-chain esters of 2-(2-oxoazepan-1-yl)
acetic acid 45 (ER=1.1) and 46 (ER =1.9) proved
to be effective enhancers for penetration of
hydrocortisone through the hairless mouse skin;
see Table 6.15. The length of the ester chain of
the most effective compounds in the series with
piperidin-2-one and pyrrolidin-2-one was differ-
ent. In the case of the six-membered lactam cycle,
undecyl (107) and tetradecyl esters (110) were
the most effective (Michniak et al. 1996). The
enhancement effect of both esters is comparable
with that of Azone® (1, ER=19.5) and compound
94 (ER=18.9).

Peck and Minaskanian (1995) made an attempt
to use analogues with active acids 35—44 and pre-

piperidine-2-carboxylic acid and their selected physico-
chemical properties

o R
N 0
MR
OH R logP PSA [cm*mol]

111 -CH, 082 5761 5143
112 -CH,, 171 57.61 56.03
113 -CgH;; 201 57.61 60.63
114 -C;Hyis 269 5761 6523
115 -CH,;, 3.02 57.61 69.83
116 -CHyy 371 57.61 7443
117 -CioHy 4.00 57.61 79.03
118 -C.H,s 459 57.61 88.22
119 -CiHy 597 57.61 97.42
120 -CiHy; 7.26 57.61 106.62

pared and patented several series of carboxylic
acid derivatives containing a fragment of
piperidin-2-one (111-120) and piperidine with
isosteric sulfur in the position Cg, of the alkyl
side chain (121-130) as transdermal penetration
enhancers; see Tables 6.16 and 6.17. All these
compounds increased the penetration of the
tested drugs at least by 76 % compared with the
penetration without the aid of CPEs.

Generally, all morpholine/thiomorpholine or
piperazine are typical examples of isosteres of
piperidine; therefore, it can be stated that deriva-
tives of morpholine 131 and 132 are O-isosteres
of compound 102 and derivatives of (thio)mor-
pholine 133-135 (Table 6.18) are O- and/or
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Table 6.17 Series of N-1-(2-alkylsulfanylethyl)-piperidine-3-carboxylic acids and their selected physico-chemical

properties
O
HO N N S R
R

121 -C,Hy
122 -CsH;;
123 -CeHi3
124 -C;H;5
125 -CgH,;
126 -CoHyo
127 -CyoHy,
128 -CpHys
129 -Ci4Hy
130 -C6Hs3

Table 6.18 Series of (thio)morpholines as potential
CPEs, their selected physico-chemical properties and
enhancement ratios

MR
No. Comp. logP PSA [cm¥mol] ER
/T \ —
131 o N~ CH, 0.24 12.47 28.99 1.4
\__/
/N g g . J
132 o N-—C1oHas 542 1247 79.78 25.6
__/
133 /\ O 4.83 29.54 79.54 56.4
(e} N
N~ CyyHas
134 /\ S 5.02 44.56 86.72 2.1
(e} N
—/ C11H23
135 —\ O 5.26 45.61 85.66 32.9
N
—/ Cq1Hag

S-isosteres of compound 99. By the introduction
of one more carbonyl group and the isosteric
replacement of oxygen by carbon at the C, posi-
tion in compound 103, morpholinediones 136—
139 were prepared; see Table 6.19 (Jampilek and
Brychtovd 2012). All these compounds enhanced
transdermal penetration of hydrocortisone.
Compounds 132, 133 and 135 were more active
than their “parent” compounds 102 (ER=9.9)
and 99 (ER =18.9). Derivatives 136 and 137 were
more active than compounds 138 and 139, but
they were less active than compounds 57
(ER=45.0) and 58 (ER=12.7). Only

MR
log P PSA [cm3/mol]
2.84 65.84 68.45
3.40 65.84 73.05
3.96 65.84 77.65
4.34 65.84 82.25
4.88 65.84 86.85
5.29 65.84 91.45
5.76 65.84 96.04
6.49 65.84 105.24
8.02 65.84 114.44
8.74 65.84 123.64

Table 6.19 Series of morpholinedione derivatives as
potential CPEs, their selected physico-chemical proper-
ties and enhancement ratios

MR
No. Comp. logP PSA [cm*mol] ER
136 O 476 46.61 80.22 10.2
O N-CypHys
(0]
137 o 591 46.61 89.42 14.1
O N-CysHpg
o
138 O 6] 4.35 46.61 80.06 7.1
(0] N—C4oH
12H25
139 O 0] 5.74 46.61 89.26 5.2
(0] N—-C44H
14H29

N-dodecylmorpholine (132) was more effective
than Azone® (1, ER=42.2). Derivative of thio-
morpholine 135 showed a lower activity than iso-
stere 133. 1-Morpholin-4-yl-dodecane-1-thione
(134) similarly as other thiones (50, 100, 232) did
not demonstrated any enhancement -effect
(Michniak et al. 1993a, b, 1994, 1995a, 1998).
The abovementioned facts demonstrated that a
morpholine scaffold is noteworthy in terms of
enhancement activity. Therefore, a huge number
of compounds with morpholine in their structure
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were patented. Based on the excellent result of
compound 133, analogues of long-chain
N-acylazepanes 65-81 were prepared. They
include 1-morpholin-4-yl-alkan-1-ones (140-
147) and 1-(2,6-dimethylmorpholin-4-yl)alkan-
l-ones  (148-154) (see  Table 6.20),
I-morpholin-4-yl-alkan-1-ones (155-165) and
1-(2,6-dimethylmorpholin-4-yl)alken-1-ones
(166-170) (see Table 6.21) that were patented as
potential CPEs for systemically active drugs
(Peck et al. 1988; Minaskanian and Peck 1989b).

Within this wide study, also 1-morpholin-4-
yl-undec-2-en-1-one (171), 1-morpholin-4-yl-
deca-2,3-dien-1-one (172) and 6-methyl-1-
morpholin-4-yl-heptadecan-1-one (173) were
prepared and patented; see Table 6.22 (Peck et al.
1988). Delmopinol (174, known in dentistry as a
substance with antiplaque and anti-inflammatory
effect, Addy et al. 2007), and its analogues
175 and 176 can be classified as long-chain

Table 6.20 Series of long-chain N-acylmorpholines and
their selected physico-chemical properties

TR MR
[cm¥/

o R logP PSA mol]

140 -CoH,, 4.15 29.54 70.73
141 -CioH, 448 29.54 74.94
142 CHys 520 29.54 84.14
143 -Ci3Hyy 6.09 29.54 88.74
144 -CiHy 659 29.54 93.34
145 -CisHy 7.03 29.54 97.94
146 -CiHy; 7.54 29.54 102.54
147 -Ci;H;s 8.03 29.54 107.14

CHa
o)\

)v'\‘ R MR
HyC T [cm?/
O R logP PSA mol]

148 -CoHyy 4.77 29.54 79.72
149 CioHy 5.13 29.54 84.32
150 -CiHy 550 29.54 88.92
151 -Cp,Hys 5.85 29.54 93.52
152 -Ci;Hy, 6.66 29.54 98.12
153 -CisHy 7.63 29.54 105.32
154 -C;Hss 8.63 29.54 116.52

N-morpholine derivatives. All these compounds
lack a carbonyl group. Delmopinol, 2-[3-(4-
propylheptyl)morpholin-4-yl]ethanol 174),
its derivative 4-(2-hydroxyethyl)-4-methyl-3-
(4-propylheptyl)morpholinium chloride (175)
and 3-(2-decylmorpholin-4-yl)propan-1-ol (176)
were patented as enhancers for a wide range of
drugs (Table 6.22). It was also determined that
these substances were also suitable for enhance-
ment of transport of peptide drugs and anodynes
through the mucosa/skin. For example, delmopi-
nol (174) increased penetration of morphine
sulfate through the human skin. A steady-state
flux of this substance was 26 pg/h/cm?. The pen-
etration of morphine sulfate without 174 in the
vehicle was too low and could not be quanti-
fied (Chamber et al. 2008). Compound 175 can
evidently have effect on the principle of “phase
transfer catalysts” as it belongs to the category of
“cationic/invert soaps”.

PeckandMinaskanian (1995) were alsoinspired
by effective o-substituted 2-(2-oxoazepan-1-yl)
carboxylic acid derivatives 35-44 and patented in
1995 a series of 2-(morpholin-4-yl)alkanoic acids
177-181 (see Table 6.23) as compounds facili-
tating penetration of antifungal, antibacterial or
steroid drugs at least by 76 % compared with the
penetration without the aid of CPEs.

As was mentioned above, piperazines as iso-
steres of piperidine and morpholine were pre-
pared and tested as potential CPEs. Long-chain
N-acylpiperazines 182-186 and their methyl
derivatives 187-196 (Table 6.24) as well as iso-
steric long-chain N-acylmorpholines 140-154
were patented as the most interesting transdermal
enhancers. Series of 1,4-bis(1-acyl)piperazines
197-203 (Table 6.25) was also prepared (Peck
et al. 1988). 4-Dodecanoylpiperazin-1-ium chlo-
ride (186) and 1-(3,4-dimethylpiperazin-1-yl)
undecan-1-one (196) are noteworthy structures
underlining the importance of C,, chain; never-
theless, again it can be speculated about the
enhancement effect of dodecanoyl derivatives
183 (186), 192, 196. All the calculated molecular
descriptors of these compounds are close to mor-
pholine 133; nevertheless, the behaviour of the
second basic piperazine nitrogen in the skin is not
clear. There is also a question what compounds
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Table 6.21 Series of long-chain N-morpholinylalkenones and their selected physico-chemical properties
o™
LA WCH?
n MR
o n log P PSA [cm3/mol]
155 4 1.42 29.54 56.60
156 5 2.29 29.54 61.20
157 6 2.81 29.54 65.80
158 7 3.05 29.54 70.40
159 8 3.81 29.54 75.00
160 9 4.01 29.54 79.60
161 10 4.61 29.54 84.19
162 11 5.06 29.54 88.79
163 12 5.47 29.54 93.39
164 13 5.89 29.54 97.99
165 15 6.67 29.54 107.19
CHj
7
)\ N = CH
HSC - WH/\V\LJ;“ ’ MR
o n/m log P PSA [cm*/mol]
166 8/0 4.12 29.54 80.91
167 9/0 4.39 29.54 85.51
168 10/0 4.98 29.54 90.11
169 8/4 6.21 29.54 99.31
170 8/6 7.42 29.54 108.50

within the series of 1,4-bis(1-acyl)piperazines
197-203 may be the most effective. According to
the calculated data, bisheptanoyl derivative 198
may have the highest enhancement activity; nev-
ertheless, this is only speculation based on the
calculated parameters and their —mutual
comparison.

6.2.3 Five-Membered Ring
Analogues

Pyrrolidin-2-one (204) and N-methylpyrrolidin-
2-one (205) are the most studied substances in
the group; see Table 6.26. Their effect on the
enhancement of the penetration of a number of
drugs was investigated. N-Methylpyrrolidin-2-
one (205) is also often used as a cosolvent with
other solvents or enhancers (Karande et al. 20006;
Furuishi et al. 2007; Rhee et al. 2007; Ren et al.
2008). It is evident that both compounds, based

on their properties, can act rather as moisturising
factor, and by this way, they enhance penetration
through the skin or only to skin; see below.
Yoneto et al. (1995, 1998) studied
enhancement effects of a series of homo-
logues of N-alkylpyrrolidin-2-ones 206-210
(see Table 6.26) on the transdermal penetration of
steroid hormones (f-estradiol, corticosterone and
hydrocortisone) through the hairless mouse skin
in vitro. N-Octylpyrrolidin-2-one (210) was esti-
mated as the most effective. A nearly semiloga-
rithmic linear relationship was obtained between
the enhancement potency and the carbon number
of the alkyl chain; there was an approximately
3.5-fold increase in the enhancement potency
for 1-alkyl-2-pyrrolidone methylene group. An
effect of these N-alkylpyrrolidin-2-ones 206-212
on transdermal penetration of 5-fluorouracil, tri-
amcinolon acetonide, indomethacin and flurbi-
profen through the rat skin in vitro was observed
by Sasaki et al. (1991). They concluded that the
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Table 6.22 Long-chain N-acylmorpholines and mor- Table 6.24 Series of 1-piperazin-1-yl-alkan-1-ones
pholinoethanol derivatives as potential CPEs and their and 1-(4-methylpiperazin-1-yl)-alkan-1-ones and their

selected physico-chemical properties selected physico-chemical properties
MR HN/\‘
log [cm?/
No. Comp. P PSA mol] NW/R ) I[VIR3 y
og cm
171 @ 3.25 29.54 76.80 o R P PSA mol]
N 182 -C4Hy 0.88 32.34 49.45
}—\ 183 -C;Hy; 4.98 32.34 81.64
o CgHi7 184 -CisHy 6.62 32.34 100.04
172 o/\ 2.79 29.54 71.90 185 -CiHa; 7.20 32.34 104.64
L_N_oO HR NC NC NC
CH=C=CHC6H13 Cl@ &N YCﬂHZS
173 o/\‘ 7.03 29.54 107.32 186 (o)
K/N O H3C\N/\
C14H25CH(CHg), K/ ,‘\l R MR
174 o} 4.02 3270 81.41 bl log [em?/
( CgH, o R P PSA mol]
/NT / 187 -CsH;, 1.94 23.55 59.09
HOC,H, " GCgHy 188 -CeHj; 231 23.55 63.69
175 o (o) NC NC NC 189 -C;H;s 2.90 23.55 68.29
(N:%_/—<CSH7 190 -CgHy; 3.22 23.55 72.88
HSC/\ CsH, 191 -CoHyy 4.00 23.55 77.48
CoH,4OH 192 -CHy 4.67 23.55 86.68
176 /—O 4.62 3270 81.24 193 -CisHy 5.97 23.55 95.88
()Gt 194 -CisHy 6.94 2355 105.08
i 195 -Ci;H;s 7.95 23.55 114.28
HOC,H,
HsCoy 5.00 23.55 91.37
NC not calculated H3c)\/Nj(C”H23
196 o

Table 6.23 Series of substituted derivatives of
2-morpholin-4-yl-carboxylic acid and their selected NC not calculated
physico-chemical properties

O
/ \ OH Table 6.25 Series of 1-(4-acyloylpiperazine-1-yl)alkan-
o N MR 1-ones and their selected physico-chemical properties
N/ R R log P PSA [cm’/mol] o)
177 -C,Hy 1.02 49.77 53.39 )J\
178 CeHy; 241 49.77 62.59 R N/\
179 -CgHy; 3.40 49.77 71.79
N R
180 -CioHy 449 49.77 80.99 \ﬂ/ L1
181 -CHys 5.53 49.77 90.19 o) oy
R log P PSA mol]
197 -CsHy;, 340 40.62 82.05
more lipophilic enhancer, i.e. 212, was more 198 -C¢H;; 4.11 40.62 91.25
effective in enhancing penetration and solubil- 199 -C;H;s 5.78 40.62 100.44
ity of hydrophilic drugs than lipophilic drugs 200 -CoH;y 7.83  40.62 118.84
and suggested that an increase of drug solubil- 201 -CiHy 9.32 40.62 137.24
ity in the SC is a possible mechanism of action 202 -CisHyy 13.24 40.62 18077

of investigated enhancers (Sasaki et al. 1991). 203 Ciys 14.99 40.62 199.17
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Table 6.26 Series of N-alkylpyrrolidin-2-ones and their
selected physico-chemical properties

O
R
N MR
R logP PSA [cm?/mol]
204 H -0.80 20.31 22.02
205 -CH; -0.34  20.31 27.02
206 -C,H; -0.05 20.31 31.83
207 CH, 039 2031 3642
208 -C4Hy 1.33 20.31 41.02
209 -C¢Hy3 2.56 20.31  50.22
210 -CgHy, 3.70 2031  59.42
211 -CioH,, 4.27 2031  68.62
212 -C;Hys 4.90 20.31  77.82

N-Dodecylpyrrolidin-2-one (212), a direct homo-
logue of Azone® (1), was also used as an enhancer
for penetration of melatonin, and it demonstrated
threefold higher effect than N-methylpyrrolidin-
2-one (205) (Rachakonda et al. 2008). It also
showed to be very effective for transdermal
penetration of hydrocortisone in experiments
conducted in vitro on the hairless mouse skin
(Godwin et al. 1997). Compound 212 (ER=60.1)
showed to be 1.5-fold more active than Azone®
(1, ER=42.2) (Michniak et al. 1998).

Due to the excellent results of these simple
homologues of Azone® (1), a number of various
N-substituted pyrrolidin-2-ones were designed as
potential CPEs. Other linear or cyclic alkyl
chains, chains with the isosteric substitution of
sulfur or oxygen by carbon and polyhydroxy
chains were proposed as substituents, or radical
analogy was applied, and various phenyl or
benzyl-substituted pyrrolidin-2-ones (see
Table 6.27) were tested and patented. Hydroxy
derivatives 213-215 that were patented by
Cooper can be included among these derivatives
(Cooper et al. 1985). The penetration of hydro-
cortisone through the human skin in vitro was
increased ca. eightfold by the wuse of
1-(2-hydroxyethyl)pyrrolidin-2-one (213), when
compared with the control sample without
enhancer. The addition of N-[2-(decylthio)ethyl]
pyrrolidin-2-one (216) with concentration 3 %
increased the penetration of indomethacin
(0.5 mg/mL propylene glycol-ethanol 9:1)

Table 6.27 N-substituted pyrrolidin-2-as CPEs and their
selected physico-chemical properties

(@)
N/R MR
[cm¥/
R logP PSA mol]
213 -C,H,OH —-0.74 40.54 33.19
214 -C;HOH —-0.27 40.54 37.79
215 -CH,CHOHCH,OH -1.22 60.77 39.25
216 -C,H,SC,Hy, 5.06 45.61 85.66
217 /@ 2.63 20.31 62.35
218 @ 2.18 20.31 48.03
219 /) 1.53 20.31 46.11
\ 7/
220 Vo 1.75 20.31 51.52
N\ /

through the female hairless mice skin ninefold in
comparison with the sample without enhancer; so
its penetration enhancement was comparable
with Azone® (1). This compound can also be
mentioned as an isoster of compound 212, and it
was proposed and synthesised with the purpose
to build in cysteine, a constituent amino acid of
hair keratin, to pyrrolidin-2-one structure (Yano
et al. 1992). N-(adamantan-1-yl)pyrrolidin-2-one
(217) is a noteworthy derivative of 204 and was
prepared and tested as transdermal penetration
enhancer similarly as N-cyclohexylpyrrolidin-2-
one (218) and its radical analogues — N-phenyl-
(219) and N-benzylpyrrolidin-2-ones (220). The
penetration of hydrocortisone through the hair-
less mouse skin in vitro was increased ca. tenfold
by the use of compound 220 when compared
with the control without enhancer. These com-
pounds showed moderate or no enhancement
effect; for example, 217 was fourfold less effec-
tive and 218 was 40-fold less active than 212
(Rajadhyaksha et al. 1983; Godwin et al. 1997;
Rachakonda et al. 2008).

Modifications in below-discussed derivatives
were performed again in the N-aliphatic chain.
Namely, the introduction of carbonyl group and
isosteric replacement of oxygen by carbon were
made. Similarly to acetic acid esters 104-110,
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effective enhancers, a homologic series of
2-(2-oxopyrrolidin-1-yl)acetic acid esters 221—
227, were prepared and evaluated (see
Table 6.28). Dodecyl-2-(2-oxopyrrolidin-1-yl)
acetate (225, ER =67.3) was estimated as the best
enhancer within the series. Its effect was twofold
higher than that of compounds 107 (ER=36.4)
and 110 (ER =38.8), comparable with that of 212
(ER=60.1) and by one third higher than the
effect of Azone® (1, ER=19.5). These enhancers
were proposed as molecules potentially biode-
gradable by skin esterases (Michniak et al. 1996).

2-(2-Oxopyrrolidin-1-yl)ethyl decanoate
(228) and 2-(2-oxopyrrolidin-1-yl)ethyl ole-
ate (229) (see Table 6.28), which were synthe-
sised as other possible biodegradable enhancers,
can be classified as reverse analogues (reverse
esters) of compounds 221-227. The prin-
ciple of the reverse analogy was discussed in
Sect. 6.3.1. Also these esters of fatty acids were
at least as active as Azone® (1), by increas-
ing the in vitro penetration of hydrocortisone
through the mouse skin by nearly 500-fold, and
showed much lesser irritability than Azone® (1)
(Lambert et al. 1993).

By the isosteric replacement of sulfur by oxy-
gen in compound 212, N-alkylpyrrolidin-2-

thiones 230-232 (see Table 6.29) were prepared.
Dodecyl derivate 232 showed higher enhance-
ment effect (ER=13.7) than its six-membered
and seven-membered homologues, i.e. com-
pounds 50 (ER=4.3) and 100 (ER=8.6); how-
ever, the isosteric replacement of oxygen by
sulfur led to a decrease in enhancement activity
in comparison with 212 (Minaskanian et al.
1991). When calculated parameters of discussed
thiones 50, 100 and 232 are compared with each
other, the data of compound 232 are the closest to
Azone® (1).

Compounds 233-236 (Table 6.30) can be con-
sidered as other simple modifications of effec-
tive compound 212, the closest to Azone® (1)
and six-membered homologues 99 and 101-103
(Table 6.14) (Michniak etal. 1995a, 1998; Godwin
et al. 1997). Isosteric 2-decylcyclopentanone
(234) and decarbonylated N-dodecylpyrrolidin
(235) showed substantially lower activity than
Azone® (1, ER=42.2) and “parent” compound
212 (ER=60.1). Both derivatives possess activity
comparable to that of compounds 101 (ER=10.3)
and 102 (ER=9.9). By the introduction of a car-
bonyl group to the a-position of the alkyl side
chain, N-dodecanoylpyrrolidin-2-one (236) was
generated (Michniak et al. 1998). This imide

Table 6.28 Series of esters of 2-(2-oxopyrrolidin-1-yl)acetic acid, its reverse esters, their selected physico-chemical

properties and enhancement ratios

(0]
(0]
N /\[( R
O R
221 -CgHy,
222 -CoHyo
223 -CyoHy,
224 -C Hos
225 -CioHos
226 -C3Hy,
227 -Cy4Hy
(@)
N
O R
228 -CoHyo
229 -C;H,CH=CHCgH,

MR
log P PSA [cm?/mol] ER
3.40 46.61 70.98 18.9
3.96 46.61 75.58 17.6
4.30 46.61 80.17 38.2
4.62 46.61 84.77 15.3
4.99 46.61 89.37 67.3
6.29 46.61 93.97 18.0
6.74 46.61 98.57 25.8

MR
log P PSA [cm*/mol] ER
4.17 46.61 79.48 -
7.61 46.61 117.64 -
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Table 6.29 N-substituted pyrrolidin-2-thiones and their
selected physico-chemical properties

S
R
N MR
R logP PSA  [cm¥mol]
230 -CH, 130 3533 4822
231 -CgH,, 438 3533 6659
232 -CoH,s 589 3533 84.99

Table 6.30 Derivatives of five-membered ring ana-
logues of Azone®, their selected physico-chemical proper-
ties and enhancement ratios

MR
No. Comp. logP PSA [cm*mol] ER
233 j\ 5.08 20.31 77.82 45.5
G‘ CqqHo3
234 O 5.65 17.07 69.54 8.2
C1oH21
235 . Citps 608 324 7805 54
AN,
236 o jj)\ 498 37.38 77.11 12.8
)KN C14Ha3
N\

also possesses considerably lower activity than
Azone® (1) and compound 212, however compa-
rable to homologue 103 (ER =8.6). 1-(Pyrrolidin-
1-yl)dodecan-1-one (233) was prepared as the
reverse amide of parent compound 212. In
contrast to the above-mentioned compounds,
the enhancement activity of this substance was
distinctly higher than that of compound 99 and
comparable to Azone® (1) and compound 66, but
lower than that of compound 212. In the series
of four compounds, the activity decreases as fol-
lows: 233 >>>236>234>235. On the basis of
the investigation of these concrete modifications,
it can be concluded that in general, five-mem-
bered ring homologues are more active than six-
membered ring homologues and that the activity
of some derivatives is close to or higher than that
of a seven-membered ring. It can also be stated
that the absence of a nitrogen atom in the ring or
the presence of one more carbonyl group results

Table 6.31 Derivatives of 5-substituted pyrrolidin-2-
one, their selected physico-chemical properties and
enhancement ratios

MR
No. Comp. logP PSA [cm’mol] ER
237 O -0.50 29.10 26.71 0.8
)LNH
L
CHj
238 O -0.06 20.31 31.71 1.4
)KN,CHS
\/&CH?,
239 O -1.76 66.40 27.83 0.7
)kNH
AN
COOH
240 O -0.75 55.40 38.07 0.9
)kNH
AN
COOC,Hs

in a considerable decrease of activity (Jampilek
and Brychtové 2012).

Godwinetal. (1997) prepared also more substi-
tuted compounds 237240 (see Table 6.31), alkyl
analogues of compound 205. Nevertheless, none
of these compounds demonstrated higher effect
than the more lipophilic N-dodecylpyrrolidin-2-
one (212, ER=42.0). The authors concluded that
this disadvantage was probably connected with
low lipophilicity. However, the content of hydro-
cortisone in the skin after the conducted experi-
ments was substantially higher after the use of
these more hydrophilic compounds 237-240 than
after the use of 212. According to the authors,
these derivatives rather showed the ability to
accumulate the drug in the skin, which can be
used for dermal application or for gradual drug
release from the skin to blood capillaries.

5-Oxopyrrolidine-2-carboxylic acid (239)
is a part of the natural moisturising fac-
tor (NMF) present in the human skin (Spier
and Pascher 1956; Harding and Scott 2002).
However, mainly its N-substituted derivatives
or its higher esters 241-253 were described as
enhancers (see Table 6.32). According to Peck
and Minaskanian (1995), all these compounds
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Table 6.32 5-Oxopyrrolidine-2-carboxylic acids, their esters and their selected physico-chemical properties

R (@)
\
0 A OH
R

241 -C,H,
242 -CsHy,
243 -C¢H3
244 -C/His
245 -CgHy;
246 -CoHjo
247 -CHy,
248 -C,Hys
249 -C4Hy
250 -Ci6Hs;

. O

N R
0 (@)

R

251 -CoHy,
252 -Ci,Hys
253 -CgH,(CH=CHCH,,

increased the penetration of the tested drugs
at least by 76 % compared with the penetra-
tion without the aid of CPEs. Compound 248
enhanced the penetration of drugs through the
hairless mouse skin by 600 %. This series was
much more successful than analogues 35-44
or 111-120. N-Dodecyl-5-oxopyrrolidin-2-
carboxylic acid (248) was the most successful
from these substituted acids as CPEs of halo-
peridol (Minaskanian and Peck, 1995), and all
esters 251-253 increased the penetration of
enalapril by 3 %, 9 % and 18 % and clonidine
by 7 %, 12 % and 3 % through the snake skin
compared with the penetration without CPEs
(Alexander et al. 1989) in contrast to esters of
2-(2-oxoazepan-1-yl)acetic acid 45 and 46 that
were not active.

As  potential CPEs, a series of
5-oxopyrrolidine-3-carboxylic acid derivatives
254-259 (Table 6.33) as position isomers of
5-oxopyrrolidine-2-carboxylic acid (239) was
prepared and tested for transdermal delivery of
phenolsulfonphthalein. However, a change of

MR
log P PSA [cm?/mol]
0.18 57.61 46.83
1.31 57.61 51.43
1.72 57.61 56.03
2.37 57.61 60.63
2.69 57.61 65.23
3.41 57.61 69.83
3.71 57.61 74.43
4.29 57.61 83.63
5.45 57.61 92.82
6.72 57.61 102.02

MR
log P PSA [cm?/mol]
3.62 55.40 74.86
4.28 55.40 84.06
6.98 55.40 113.02

the position of the carboxyl group on the skele-
ton of N-alkylpyrrolidin-2-one resulted in a
noticeable decrease of their effect as CPEs,
which was consequently intensified by ester gen-
eration or N-phenyl substitution (Sasaki et al.
1988). Therefore, it can be concluded that the
change of the carboxylic position is disadvanta-
geous and the transdermal enhancement effect of
this type of compounds is strictly related to the
a-position of the pyrrolidine ring of the carbox-
ylic group.

Oligodimethylsiloxanes 260-267 containing
pyrrolidin-2-one fragment as a terminal group
(see Table 6.34) represent highly unusual
silicone-based transdermal penetration enhanc-
ers. It was established that their enhancing
activity depends both on the structure of the
polar terminal group and the polymerisation
degree. While derivatives of oligodimethylsi-
loxane with N-propylpyrrolidin-2-one 265-267
did not have any enhancement effect, a series
with N-methylpyrrolidin-2-one 261-263 and
disiloxanes 260 and 264 showed enhancement
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effect on penetration of phenazone and
indomethacin through the rabbit skin in vitro
(Aoyagi et al. 1996).

Table 6.33 5-Oxopyrrolidine-3-carboxylic acids, their
esters and their selected physico-chemical properties

MR
No. Comp. logP PSA [cm’/mol]
254 HBCMOH ~1.10 57.61 3257
0 (0]
255 © 0.47 57.61 51.66
OH
N
NN\
(0] /<O
256 CipHas . ﬂOH 439 57.61 83.37
0=
257 HC. OCH, —048 4661 3801
2O~
0 6]
258 1.26 46.61 57.09
OCH,
N
OMO
259 4.84 46.61 88.80

CioHas N ﬂ_<OCH3
o~ b

Derivatives of pyrrolidindion 268-271 were
designed by an introduction of another car-
bonyl moiety on the ring of pyrrolidin-2-one.
These compounds were prepared by various
scientific teams and evaluated as potential CPEs
(see Table 6.35). N-Methylpyrrolidin-2,5-dione
(268) accelerated the penetration of hydro-
cortisone with ER 3.9 only (Godwin et al.
1997), while N-dodecylpyrrolidin-2,5-dione
(269, ER=18.8) showed comparable effect to
Azone® (1, ER=19.5) (Michniak et al. 1993a).
N-Geranylpyrrolidin-2,5-dione (270) was pat-
ented as one of the suitable enhancers for oleo-
canthal (Feldkamp et al. 2008). A geranyl chain
is also present in the molecule of the successful
N-geranylazepan-2-one (14). The position iso-
mer N-dodecylpyrrolidin-2,4-dione (271) was
designed by means of carboxymethyl moiety
shifting from the position Cs) to C,. Compound
271 was patented as a part of transdermal formu-
lations in combination with organic sulfoxides
(Singh 2007).

A series of proline esters 272—-278 (Table 6.36)
were synthesised and tested as CPEs (Fincher
et al. 1996; Tenjarla et al. 1999). All the com-
pounds at a concentration of 5 % (w:v) increased
the penetration of hydrocortisone (0.03 M in pro-
pylene glycol) through the hairless mouse skin.

Table 6.34 Series of oligodimethylsiloxanes and their selected physico-chemical properties

O [CHyp CH,
HyC <N Sli—O%Sli—CH3
CH; |,,CH,4

n
260 1
261 4
262 10
263 16
© CHz 7 CHs
C;H, ~ SII—O SII—CH3
CH; 1,CH4 ;
264 1
265 4
266 10
267 16

NC not calculated

MR
log P PSA [cm?/mol]
3.67 29.54 NC
6.06 57.23 NC
10.99 112.61 NC
18.39 177.22 NC
MR
log P PSA [cm3/mol]
4.33 29.54 NC
6.66 57.23 NC
11.67 112.61 NC
19.07 177.22 NC
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Table 6.35 N-substituted pyrrolidinediones designed as potential CPEs and their selected physico-chemical

properties
No. Comp.
268 (o)
N-CH,
(o)
269 0
E?N - C1 2H25
O
270 CH, CH,
(o)
271 o)

MR
log P PSA [cm?/mol]
-0.60 37.38 26.32
4.83 37.38 77.11
2.48 37.38 69.91
4.16 37.38 79.10

P ° o
R2 L
N~ OR! iR

R! R? log P PSA [em?/mol] ER
272 -CH; -CsH; 2.38 46.61 61.52 14.4
273 CH, CHy, 3.92 46.61 7532 177
274 CH, CiHy 472 46.61 84.52 182
275 CH, -C\ Ha 5.14 46.61 89.12 30.6
276 -CH; -C,Hs 5.54 46.61 93.72 34.3
277 -CH; -CoH,7=CyH 5 8.41 46.61 127.28 27.1
278 -C Hy -CH; 5.14 46.61 89.12 13.9

The highest fluxes were obtained with 275-277
(Cy, Cyy and Cy; esters) that were comparable to
Azone® (1) (ER=22). Compound 277, which has
a cis-double bond in the alkyl side chain, also
increased the flux significantly. It is noteworthy
that compound 278, i.e. the positional isomer of
275, showed approximately twofold less enhance-
ment effect than 275.

Long-chain alkyl esters of N,N-disubstituted
4-imidazolin-2-ones 279-291 (Table 6.37) were
prepared as biodegradable CPEs. These cyclic
derivatives of urea with concentration of 5 %
were tested on penetration of 1 % indomethacin

in petrolatum through the snake skin. Compounds
285, 289 and 291 showed penetration enhance-
ment at least equal to or better than that of
Azone®. Prolongation of the linker between imid-
azolinone and the ester moiety resulted in an
increase of the enhancement activity. Carbonates
281-283 were inactive in comparison with esters
(Higuchi et al. 1989; Wong et al. 1988, 1989).
Substituted 1,3-dioxolanes as pyrrolidine
isosteres can also be included in this group
of compounds derived from a five-membered
ring. 2-Alkyl-1,3-dioxolanes 292-294, 2-alkyl-
4-methyl-1,3-dioxolanes 295-297, 4-alkyl-4-
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Table 6.37 Series of N,N-disubstituted 4-imidazolin-2-ones and their selected physico-chemical properties
O
3
R-N >\\N *”*(OTR
\?/ R2 O MR
n R! R? R3 log P PSA [cm?/mol]

279 0 -CH; H -CoHyo 3.86 49.85 78.53
280 0 -CH; H -C Hys 4.68 49.85 87.73

281 0 -CH; H -OCyoH,; 4.27 59.08 85.15
282 0 -CH; H -OC,H,;5 4.96 59.08 94.35

283 0 -CH; H -OC,4Hy 6.05 59.08 103.55
284 0 -CH; -CH; -Cy1Has 4.97 49.85 9222
285 0 -CH; -CH; -C;3Hy, 6.17 49.85 101.42
286 0 -C,H; -CH, -C3sHy, 6.53 49.85 106.22
287 1 -CH; H -C Hys 4.87 49.85 92.18
288 1 -CH; -CH; -CoHyo 4.36 49.85 87.67
289 1 -CH; -CH; -C Hys 5.14 49.85 96.87
290 1 -CH; -CH; -C;3Hy, 6.37 49.85 106.07
291 2 -CH; H -CyHys 5.39 49.85 101.38

methyl-1,3-dioxolanes 298-300 and 2-alkyl-
2,4-dimethyl-1,3-dioxolanes  301-303  were
designed (see Table 6.38) (Michniak et al.
1995b). The penetration activity of all these
derivatives was very low and non-comparable to
nitrogen isosteres. However, general conclusions
of this study can be proposed. The activity also
increased with the chain lengthening to nonyl
derivative and then decreased again. The lowest
effect was shown by trisubstituted dioxolanes
301-303. Disubstituted compounds 295-297 and
298-300 showed comparable activity, and mono-
substituted compounds 292-294 were the most
effective; nevertheless, the most effective com-
pound 293 was sevenfold less active than Azone®
(1) Jampilek and Brychtova 2012).

The below-mentioned compounds 304-310
(Table 6.39) showed highly specific behaviour.
Although all these compounds are similar by
their structure to the above-discussed five-
membered ring CPEs, all were reported as
penetration-inhibiting agents (Peck et al. 1997).
These compounds may be formulated into topical
compositions that function as barriers to the pas-
sage of bioactive compounds and various other
agents through the mammalian skin in either
direction when applied to the skin. Design of
these compounds inspired by observation that
compounds with a number of carbonyl moieties

interact with the skin components, especially
with ceramides, resulted in the “firmer” and less
permeable skin barrier (Hadgraft et al. 1996).
The structure of these penetration inhibitors is
derived from N-carbonyl-pyrrolidinediones,
where one of carbonyl moieties is always vicinal
to nitrogen, and the second carbonyl or carbox-
ylic group can be in the position C, or Cys). The
fact that penetration-inhibiting effect is con-
nected with the presence of more than two car-
bonyl/carboxylic groups can be confirmed by the
matter that effective inhibitors are derivatives of
pyrrolidinedione but also of imidazolidine (sub-
stance 305) or oxazolidine (derivatives 306-310).
These heterocycles are isosteric to the starting
pyrrolidine.

6.2.4 Mutual Analogues

The principle of “mutual drugs” (twin molecules,
twin drug approach) is a combination of two mol-
ecules of the same biologically active compound
or a combination of two different molecules with
similar pharmacodynamic effect, and both mole-
cules can be from the same pharmacological
(ATC) class or two different classes. This idea
originated in the second half of the nineteenth
century as the so-called Salol Nencki Principle.
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Table 6.38 Series of substituted 1,3-dioxolanes pre-
pared as potential CPEs, their selected physico-chemical
properties and enhancement ratios

0 R

MR
</\// [em?®/

o R logP PSA mol] ER
292 -CH,s 323 1846 49.48 0.9
293 -CHp,y 430 18.46 58.68 6.2
294 -CyHy; 5.16 18.46 67.88 2.6

OT/R MR
HSC“‘</ [cm?/
O =R logP PSA mol] ER
295 -CH,s 378 1846 54.17 0.7
296 -CHy,, 4.64 1846 6337 2.2
297 CyHy 542 1846 7257 1.6

CH,

(o R MR
C\_ [em?/

0 R logP PSA mol] ER
298 -CH;s 372 1846 5435 1.0
299 -CoH,y 479 18.46 63.54 2.4
300 -CyHy; 583 1846 72.74 2.5

CH,
O\i_R MR3
H C"‘Q/ [cm?/

3 O R logP PSA mol] ER
301 -CH;s 428 1846 59.04 0.6
302 -CoHy,, 5.13 1846 6823 1.4
303 -CyHy; 625 18.46 77.43 42

Wilhelm Marceli Nencki (1847-1901, a Polish
chemist) prepared phenyl salicylate (named as
salol) as antiseptic in 1886 (Melichar 1987).
Similar combinations of molecules can be named,
for example, salsalate (two molecules of salicylic
acid), benorilate (salicylic acid and paracetamol),
reproterol (orciprenaline and theophylline), sulta-
micillin (ampicillin and sulbactam) or sulfasala-
zine (sulfapyridine and 5-aminosalicylic acid).
Similarly as mentioned above, the Nencki
principle was also applied in the field of potential
transdermal enhancers. The basic structural scaf-
folds necessary for transdermal enhancement
effect can be connected directly or by means of
an aliphatic linker or, for example, using an
amide or ester bond, and connected fragments
can be the same or different. As discussed below,
the most potent mutual CPEs have two “polar
heads” connected with C; or Cq linker. It seems

Table 6.39 Derivatives of pyrrolidine designed as
penetration-inhibiting agents (retarders) and their selected
physico-chemical properties

MR
[cm?/
No. Comp logP PSA mol]
304 O j\ 4.09 5445 76.41
I
Q Ci1Hz3
o)
305 0 (0] 393 66.48 76.48
)
N~ C,;H
HN 117123
Vgo
306 O i 399 63.68 74.52
o}J Cq1Hzs
(o)
307 o i 4.17 8391 80.34
o N° CyiHy
OH
s
(0]
308 o i 496 7291 90.57
o>L N™ "CyiHpg
\/g //OCZHS
()
309 o) i 4.12 8391 80.34
I
(/)ZJ\‘ Cy1Has
\
HO o
310 (0] 496 7291 90.57

that for bifunctional molecules, similar depen-
dence on periodical chain length can be observed
as for other Azone® analogues, where, for exam-
ple, C;5, Cy4 and/or Ci4 chains were the most
effective. A similar trend can be also found for
many classes of drugs. All the discussed bifunc-
tional molecules show a wide range of lipophilic-
ity values, possess large PSA and are bulky.

The simplest approach was chosen by
Rajadhyaksha (1976b), who prepared a series of
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bis-N-pyrrolidinones 311-318 connected by
unbranched alkyl chain (see Table 6.40). The
most effective CPEs were derivatives linked by

Table 6.40 Bis-N-pyrrolidinones as potential CPEs and
their selected physico-chemical properties

o O
ar
311

MR

n logP PSA [cm’/mol]

3 -0.28 40.62 56.77
312 4 006 40.62 61.37
313 5 060 40.62 6597
314 6 122 40.62 70.57
315 7 1.89 40.62 75.17
316 8 237 40.62 79.77
317 9 266 40.62 84.37
318 10 3.06 40.62 88.97

C; and Cg chains, i.e. 1,1'-propane-1,3-
diyldipyrrolidin-2-one (311) and 1,1’-hexane-
1,6-diyldipyrrolidin-2-one (314) that can be used
to enhance the penetration of griseofulvin,
clindamycin, neomycin, fluocinolone, etc.
(Rajadhyaksha et al. 1983). The penetration of
fluocinolone through the hairless mouse skin
in vitro was increased ca. twofold by the use of
compound 311, when compared with the control
sample without enhancer.

Peck and Minaskanian (1988) applied a simi-
lar simple approach for preparation of bis(thio)
morpholinyldiones 319 and 320 and bispipera-
zinyldiones 321-325 (see Table 6.41). All the
twin molecules were used for penetration
enhancement of haloperidol.

Breitenbach et al. (2002) synthesised and pat-
ented a number of twin molecules connected with

Table 6.41 Bis-N-inanyldiones as potential CPEs and their selected physico-chemical properties

No.
319 O O

320 o O

321 o O

322 O O

323 o O

324 O O

325 o0 O

MR

log P PSA [cm?/mol]
-0.07 59.08 74.02
1.58 91.22 86.25
0.72 64.68 92.02
1.25 64.68 96.62
-0.03 47.10 88.30
0.21 47.10 92.90
1.67 47.10 106.70
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the branched 2-methylpropane linker. As effec-
tive fragments azepanone, piperidinone, mor-
pholin-3-one, pyrrolidone and 4-oxazolidinone
were used in various combinations, see Fig. 6.2.
All the compounds were evaluated for their abil-
ity to solubilise drugs (e.g. prednisone, sulfa-
thiazole, trimethoprime, esuprone, paracetamol,
oxytetracycline) and enhance their penetration
(e.g. ibuprofen, bisabolol) through the skin.
1,1’-Butane-1,3-diyldiazepan-2-one (326) and
1,1’-butane-1,3-diyldipyrrolidin-2-one (327)
seem to be the most effective potential CPEs (see
Table 6.42). The fact that 4-oxazolidinones (see
Fig. 6.2) expressed enhancement effect supports
the theory about the influence of the presence of
more than two carbonyl/carboxylic groups in the
molecule of a potential CPE on its enhancement
effect; see penetration-inhibiting agents (retard-
ers), i.e. compounds 306-310 (Table 6.39).

Kim et al. (2001) prepared and evalu-
ated two series of compounds derived from
3-(2-oxopyrrolidin-1-yl)azepan-2-one, i.e. gener-
ated by direct connection of azepanone and pyrro-
lidinone. One of the series (compounds 328-333)
contained an alkyl side chain and another (com-
pounds 334-339), an alkyl ester chain (see

Table 6.42 Structures of 1,3-bis(N-lactamyl)butanes as
potential CPEs and their selected physico-chemical
properties

MR
[em?/
No. Comp. logP PSA mol]
326 (0] CH; O 2.19 40.62 79.86
OO
327 O CH; o 0.01 40.62 61.46
)\\NV\N%
N\ L/
O
. . R=R= ~
Fig. 6.2 Structures of 1,3-bis N

(N-lactamyl)butanes. R and R”
can be in various combinations

Table 6.43). Compounds 328-333 are direct ana-
logues of Azone®-like compounds (1-11), while
esters 334-339 are close to ineffective esters 45
and 46. The objective of the investigation was to
observe the dependence of the enhancing activity
on the length of an alkyl/alkyl-ester side chain at
permeation of hydrocortisone through the hairless
mouse skin in vitro. A parabolic dependence was
observed for compounds with the alkyl chain with
the maximum activity of 3-(2-oxopyrrolidin-1-
yl)-N-tetradecylazepan-2-one (332). Compounds
with the alkyl-ester chain showed a linear
dependence, i.e. the activity increased with
the increasing number of carbons in the chain.
Tetradecyl-2-[2-0x0-3-(2-oxopyrrolidin-1-yl)
azepan-1-yl]acetate (339) was the most effec-
tive in the series but less effective than Azone®
(1, ER=20.3). If the enhancement activity of the
alkyl and alkyl ester series is compared, all the
compounds with the alkyl side chain (328-333)
were more effective than the esters, and com-
pounds 330-332 were more effective than Azone®
(1, ER=20.3) (Jampilek and Brychtova 2012).

A series of alkyl-6-(2,5-dioxopyrrolidin-1-yl)-
2-(substituted)hexanoates 340-374 (see
Table 6.44) were prepared and evaluated recently
as potential CPEs (Brychtova et al. 2010a, b,
2012). The structure of these compounds is pri-
marily derived from 6-aminohexanoic acid,
whose stability was increased by incorporation of
the terminal amino moiety to the pyrrolidine ring,
whereby a fragment similar with compound 269
was constructed. The second but the main part of
the molecule is derived from a-disubstituted ace-
tates (similar with compounds 35-46, 104-110,
177-181, 221-227), where five-membered, Six-
membered and seven-membered lactams and
morpholine were used as o-substituents, and a
non-branched saturated alkyl chain of the length

CHy
R/\)\ R
(0] (0] 0] 0]
N

\é \@ \N«f> S
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Table 6.43 Series of substituted 3-(2-oxopyrrolidin-1-yl)azepan-2-ones, their selected physico-chemical properties

and enhancement ratios

i
N
O

R
328 -CH;,
329 -CeH3
330 -CoHy,
331 -C,Has
332 -Ci4Hy
333 -CiHs;
(0]
: \ o

R—-O N N

0 R
334 -CH;
335 -CeH3
336 -CgHyy
337 -CioHa
338 -C,Has
339 -Ci4Hy

of C¢ to Cy, was used in the ester part. Thus, the
discussed compounds can be also considered as
twin molecules.

The penetration-enhancing effect of the pre-
pared enhancers (20 mg/mL) in propylene gly-
col/water (1:1 v/v) medium was evaluated.
Theophylline (5 mg/mL) was used as a model
penetrant. Generally, it can be stated that com-
pounds without a-substitution (C,, ester chain 344
and C,, ester chain 345) were the most active fol-
lowed by seven-membered compounds (C;, ester
chain 353) (Brychtova et al. 2012). The rest of the
alkyl-6-(2,5-dioxopyrrolidin-1-yl)-2-(substituted)
hexanoates showed lower activity. Depending on
the substitution by a heterocycle at the a-carbon,
the compounds including Cy to C;, alkyl chains
were the most effective in a particular series. In the
study dealing with six-membered N-heterocycles
(2-oxopiperidinyl 354-360 or morpholin-4-yl
361-367) as C,, substituents, the highest enhance-
ment ratios were exhibited by undecyl-6-(2,5-
dioxopyrrolidin-1-yl)-2-(2-oxopiperidin-1-yl)
hexanoates (359), while the series with morpholine
showed only moderate effects (Brychtova et al.

MR
log P PSA [cm3/mol] ER
-0.22 40.62 57.15 1.1
2.42 40.62 80.35 4.6
4.30 40.62 98.75 25.7
4.99 40.62 107.94 27.5
6.43 40.62 117.14 40.5
7.62 40.62 126.34 12.8

MR
log P PSA [cm3/mol] ER
0.00 66.92 68.71 1.2
2.43 66.92 91.90 2.3
3.58 66.92 101.10 5.9
4.53 66.92 110.30 10.9
5.35 66.92 119.50 15.0
6.73 66.92 128.70 16.1

2010b). In a series of alkyl-6-(2,5-dioxopyrrolidin-
1-yl)-2-(2-oxopyrrolidin-1-yl)hexanoates, the
highest enhancement ratios were exhibited by the
nonyl ester chain, compound 371 (Brychtov4 et al.
2010a).

Ab initio calculations and molecular dynamic
simulations were performed, and both in silico
techniques predicted the non-planar conforma-
tion of the studied compounds 340-374.
However, the conformations of the alkyl and hex-
anoate chains can change almost freely according
to molecular dynamic simulations. When the
“Azone® sub-structure” of the compounds is
compared with Azone® itself, the most signifi-
cant difference is the presence of the ester group
which, owing to its rigid planar structure, pre-
vents the adoption of the “soup spoon”-like con-
formation described by Hoogstraate et al. (1991).
Therefore, it can be concluded that the signifi-
cantly lower activities of o-substituted deriva-
tives can be caused by the “non-soup spoon”-like
conformations of the N-heterocyclic rings
(Hoogstraate et al. 1991; Hadgraft et al. 1996;
Brychtovd et al. 2012).
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Table 6.44 Derivatives of alkyl-6-(2,5-dioxopyrrolidin-  Table 6.44 (continued)
l.-yl)hexanoates, their se}ected physico-chemical proper- o
ties and enhancement ratios \\ _
o X O log MR
R P PSA [cm’/mol] ER
N M)\[(O‘R 368 -CHy; 251 8399 99.71 22
fo) 369 -C;H;s  3.10 83.99 104.31 1.9
0 370 -CgHy;;  3.58 83.99 108.90 1.6
X log MR 371 -CHyy 4.19 8399 113.50 2.5
i R P PSA [emVmol] ER 372 CiHy 450 8399 11810 16
340 CH, 327 6368 7878 ,7 373 CHy 484 8399 12270 19
341 -CH;s 386 63.68 8338 26 374 -CpHys  5.17 8399 127.30 24
342 -CgH;;  4.28 63.68 87.98 2.6
343 -CH,y, 4.75 63.68 92.58 3.1 The penetration of the enhancers 340-374
344 -CioHy  5.09 63.68 97.17 33 through the skin was also investigated. Only
345 -CuHy; 547 63.68 101.77 3.5 hexyl and heptyl esters of derivatives substituted
346 -CHys 590 63.68 106.37 29 by a heterocycle at a-carbon were detected in the
1% receptor compartment in 24 h after the start of the
(U\N/ experiment. All the other alkyl esters C¢—C,, and
log MR L . .

\) R P PSA  [cm¥mol] ER derivatives without substitution at a-carbon were
347 CH, 319 8399 108.90 19 not detected, and it was assumed that due to their
348 CH;s 398 8399 113.50 _ higher lipophilicity, they did not get through the
349 CH,, 436 8399 118.10 2o skin barrier or remained incorporated in the skin
350 CoHy,, 4.81 8399 122.70 1.9 structures (Brychtova et al. 2010a, b, 2012).

351 -CoHy;  5.15 8399 127.30 -
352 -C;jH,; 551 83.99 131.90 1.8
353 -CpHys 589 83.99 136.50 25 6.3  Structure-Activity
o) Relationships of Azone’
é\,/ log MR Analogues
R P PSA [cm¥mol] ER

354 CH,;; 286 8399 10431 53  As was mentioned at the beginning of Sect. 6.3,
355 -C;H;s 3.52 83.99 108.90 2.2 CPEs increase skin permeability by multiple
356 CH,;, 397 8399 113.50 1.9 mechanisms, and their enhancement effect is also
357 -CiH,y 448 83.99 118.10 1.8 influenced by the selection of the model-
358 -CioH,, 4.82 83.99 122.70 1.6 penetrating compound and testing conditions.
359 -C,Hy; 5.17 83.99 127.30 24 Hence, it is practically impossible to conduct a
360 -CioHps  5.53  83.99 131.90 1.8 precise investigation of quantitative structure—

N~ log MR activity relationship (QSAR) or quantitative
OJ R P PSA [cm¥mol] ER structure—property relationship (QSPR) for trans-
361 -CH;; 279 7615 101.67 2.1 dermal enhancers. The investigation of QSAR or
362 -C;H;s  3.39 76.15 106.27 1.3 QSPR for transdermal enhancers is also influ-
363 -CgH,; 3.74 76.15 110.87 1.8 enced by a range of structural differences of
364 -CH,y 449 76.15 11547 13 CPEs. QSAR/QSPR may be realistic/predictive
365 -CioHyy 480 76.15  120.07 L7 when the response relies on a single, well-defined
366 -CiHy;  5.13 7615 124.67 1.6 mechanism, such as the interaction of a drug with
367 -C,Hys 554 76.15 129.26 1.9

a receptor site (Jampilek and Brychtova 2012).
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Under these highly complex circumstances, it
is perhaps not surprising that regression analysis
cannot quite exactly predict the activity of effec-
tive enhancers; nevertheless, today, a compara-
tively large number of QSAR/QSPR models for
prediction of percutaneous drug absorption exist
(Hadgraft 2004; Neumann 2008). The predictions
are usually performed either using mechanistic
(diffusion models) or empirical (data-based mod-
els, including artificial neural networks) model-
ling (Yamashita and Hashida 2003). Recently,
purely computational models for predicting skin
permeability coefficients were developed as well
(Neumann et al. 2006). It is also recognised
that QSAR approaches have been applied to the
enhancement effect on a single drug. Despite the
use of CPEs in many formulations, the number
of predictive models that include the effect of
CPE:s is small. It can be concluded that mecha-
nistic approaches for the prediction of penetra-
tion enhancement effects seem to be better than
empirical approaches (Jampilek and Brychtova
2012). If logical thinking in combination with
mathematical modelling is employed, more
interesting relationships between the structure
and effect can be found. These approaches take
into account lipophilicity and hydrophilicity of
the compound as well as its ionisability (pK,)
and pH of the vehicle. Mathematical analysis and
modelling membrane interaction between CPEs
and phospholipids were recently published (Iyer
et al. 2002; Kulkarni et al. 2002; Pugh et al. 2005;
Iyer et al. 2007; Kang et al. 2007; Zheng et al.
2008; Notman and Anwar 2012).

As concerns the monitored calculated molecu-
lar descriptors, it can be concluded that none of
important physico-chemical parameters such as
log P, PSA or MR (molar refractivity) play the
main role, but they are complementary to one
another. Compounds with low lipophilicity (log P
values are negative or up to 1) possess above all
skin-moisturising properties, which are typical for
compounds 17-19, 96-98, 204, 205, 213-215,
237-240, etc. The enhancement activity of com-
pounds with too high lipophilicity (log P values
higher than 8) subsequently decreases (e.g. 11, 95)
till complete absence, e.g. 266 and 267. An opti-
mal range of lipophilicity (log P) of effective CPEs

containing five- and six-membered ring seems to
be from 5 to 6 and that of enhancers containing
seven-membered ring from 6 to 7. The PSA 3.24
of enhancement-active amine Azone® analogues is
extremely low (e.g. 59—64), while the PSA of
other CPEs derived from the structure of lactam,
amide, acid or ester is either 20.31 (e.g. 1, 14, 15,
66, 94, 233) or ranged 40-47 (57, 107, 225, 276,
332). It can be stated that when Azone® analogues
possess different PSA than the above mentioned,
they show probably low or no enhancement effect.
Optimal bulk parameters expressed as MR (molar
refractivity) seem to be in the range from 80 to
89 cm*/mol (e.g. 1, 61, 66, 94, 107, 225).

Another molecular-level approach allows
identification of dominant molecular features that
govern changes in the microscopic organisation
of the SC and hence the macroscopic endpoints
of CPE activity and membrane safety. Karande
et al. (2005) revealed fundamental constrains in
optimising the balance between the CPE activity
and the membrane safety (irritation potential, IP).
They used the high-throughput screening method
for evaluation of conductivity enhancement ratio
(ER). In the absence of a drug, the use of con-
ductivity ER provides an independent evaluation
of enhancement activity. To understand the EP/IP
relations, the morphological changes in the skin
microenvironment in the presence of CPEs using
Fourier transform infrared spectroscopy were
explored. The most important contribution of this
study is uncovering the fundamental mechanisms
and defining the potency and irritation of CPEs
(Karande and Mitragotri 2002). The authors
applied the theory that CPEs can be divided
into two categories: ones that extract the lipids
from the SC, labelled “extractors”, and ones
that partition into the SC lipid bilayers exhibit-
ing a fluidizing effect on the lipid bilayers. They
also assumed that the irritation response (IR) of
CPEs correlated with the denaturation of the SC
proteins. For all of the used CPEs by means of
chemical software physico-chemical parameters
(molecular descriptors) such as lipophilicity (log
P), components of solubility parameters related
to H-bonding, polarity and dispersion were deter-
mined. After extensive experiments and calcula-
tions, they found that the fluidization potential
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of CPEs correlated with their hydrophobicity
quantified in terms of log P and the extraction
potential of CPEs correlated with the ratio of the
H-bonding component of solubility parameter
to the square root of cohesive energy density.
Cohesive energy density is the sum of squares
of polar, dispersive and H-bonding components
of the solubility parameter. Finally, it can be
assumed that the IP of CPEs correlated with the
ratio of H-bonding to polarity for extractors and
fluidizers. Using this approach, it was found that
enhancing activity and irritation are tied together
for Azone®-like compounds. Molecular interac-
tions detectable by FT-IR spectrometry can be
used to explain that the forces responsible for
Azone® analogue’s activity and irritation are
both proportional to H-bonding, which leads
to a stronger tie between irritation and potency
for these molecules. The irritation behaviour of
CPEs is related to the ratio of H-bonding to polar
interactions. H-Bonds are of significant impor-
tance in holding the proteins in their native struc-
tures. Competitive H-bonding from CPEs can
potentially change the native H-bonding in pro-
teins leading to their unfolding. Consequently,
IP scales directly with H-bonding ability. Polar
interactions scale inversely with the hydrophobic-
ity of a molecule. Hydrophobic molecules may
promote partitioning of CPEs in the hydropho-
bic protein core, resulting in the loss of structural
conformations and, hence, the inverse depen-
dence of IP on polarity (Karande et al. 2005).
Due to a large range of structural differences
and biological testing models, it is not easy to
find a single structure—activity relationship
(SAR). Nevertheless, some trends based on SAR
may be found, and the most important facts are
mentioned below. The individual modifications
are again classified into modifications (i) in the
head group region and (ii) in the region of chains.

6.3.1 SAR of Polar Head

The absence of the ring, i.e. the polar head, is not
investigated in this chapter. Ring opening and
subsequent substitution of the amide fragment
bring completely different physico-chemical
properties and thus the different behaviours of

open-ring Azone® derivatives at interaction with
skin components as well as drugs (permeants).

Generally, the seven- and five-membered cycles
expressed  similar  enhancement activities.
O0-Lactams showed the least effect; nevertheless,
the change of d-lactam to piperidine, morpholine,
thiomorpholine or piperazine increased enhance-
ment activity to the level of y-lactams and e-lactams.

The nitrogen atom must be present in the ring.
Its isosteric replacement by carbon or oxygen
causes loss of effect (compare 94/101, 212/234
or the whole series of dioxolanes 292-303). The
isosteric replacement of another carbon in the
ring by nitrogen (4-imidazolin-2-ones), by oxy-
gen (l,4-oxazepan or morpholine) or by sulfur
(thiomorpholine) does not cause a decrease of
activity, in some cases even leads to higher activ-
ity (see 102/132). This replacement should not be
performed closer than in the - or y-position from
the nitrogen in the ring.

It was described above that the ability to cre-
ate H-bonds with ceramides seems to be very
important for good enhancement activity. The
carbonyl moiety in the polar head of Azone® ana-
logues modifies/disrupts H-bonds between
ceramides and creates a “channel” between the
enhancer and non-bonded ceramides (Hadgraft
et al. 1996). Therefore, all active Azone®-like
compounds possess an H-bonding moiety in their
polar head. It seems that only one carbonyl moi-
ety is really needed for enhancement activity,
whereas one ring-carbonyl moiety is optimal in
the a-position from the nitrogen in the ring. Only
for seven-membered rings it was discovered that
the effect remains unchanged when the carbonyl
is eliminated and amines are generated (see
1/61). At six- and five-membered rings, enhance-
ment effect decreases (compare, e.g. 94/102,
94/132 or 212/235). The move of the carbonyl
moiety from the a-position of the cycle to the
a-position of the chain does not cause any loss of
activity, e.g. 1/66, 94/133, 212/233. Substitution
by the second carbonyl or carboxylic moiety of
the seven- and five-membered rings at any posi-
tions does not have effect on enhancement activ-
ity (compare 1 with 56-58 or 212 with
248.252,269-271, 275, 276). The second car-
bonyl/carboxylic moiety of six-membered rings
causes a decrease of activity (compare 94 or 132
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with 136-139). Substitution by the third carbonyl
or carboxylic moiety causes total loss of enhance-
ment activity (see 304-310).

According to Hadgraft’s theory, the second
carbonyl group in the polar head, i.e. the second
carbonyl oxygen, can interact with the hydroxyl
moiety of surrounding ceramides and the enhancer
becomes a retardant — two H-bonding groups on
two sides could condense the lamella by cross-
linking to ceramides on both sides (Hadgraft et al.
1996). On the other hand, many excellently effec-
tive CPEs with two carbonyl moieties situated on
both sides of the polar head were described, see,
e.g. 57, 269-271, 275, 276, 328-333. Here, the
conformation of the ring and the spatial proximity
of carbonyl with the ceramide hydroxyl moiety
are likely to be important.

The isosteric replacement of carbonyl oxygen
by sulfur (thiocarbonyl) leads to a decrease of
activity (compare 1/50, 94/100, 133/134, 212/232),
probably due to a weak binding strength, and so
thio-analogues of Azone® are less efficient at dis-
placing of ceramides (Hadgraft et al. 1996).

The importance of H-bonds was confirmed in
the work of Karande et al. (2005) (H-bonding
interactions in CPEs originate from highly electro-
negative atoms such as S, N and O and compete
with water-mediated intermolecular H-bonding
between the lipid molecules that is responsible for
the structural stability of bilayer lamellae). It was
observed that the interaction of CPEs between
ceramides varies inversely with the square root of
cohesive energy density, which is determined by a
combination of dispersive interactions arising
from temporary induced dipoles, polar interac-
tions arising from dipole—dipole interactions and
H-bonding interactions. At large values of energy
density, the CPE molecules are unlikely to partici-
pate in the solvation of lipids (Karande et al. 2005).

It has not been sufficiently supported by bio-
logically data, whether an introduction of double
bond/bonds to the ring or additional substitution
(another alkyl, aryl, acyl) of the ring by some of
the above-discussed groups influences enhance-
ment effect.

Enhancement-effective mutual analogues
(twin molecules) contain in their structure two
from the above-described “standard” polar heads
that are N-linked with the aliphatic chain, see,

e.g. 311, 314, 326 and 327. It is worth of men-
tioning that N-substituted 7-(2-oxopyrrolidin-
1-yl)azepan-2-ones 328-333 having a large polar
head (two polar heads in the same molecule) did
not demonstrate a loss of activity. Nevertheless,
according to the above-mentioned statement
dealing with the presence of the third carbonyl/
carboxylic group, additional substitution of azep-
anone nitrogen by acetic acid esters (334-339)
caused again a decrease of enhancement activity.

6.3.2 SAR of Chain

The position of an enhancer in the lamellar struc-
ture depends on the balance between its hydro-
philic and lipophilic natures. It was shown that
Azone® analogues with six carbons in the hydro-
phobic chain were intercalated in the ceramide
bilayer, but the hexyl analogue caused no disor-
dering of the lipid structure. Compounds with
small hydrocarbon chains (C,-Cs), i.e. with low
lipophilicity, might be expected to be situated
well in the polar region (Hadgraft et al. 1996;
Bouwstra et al. 1992) and possess especially
properties of NMF, i.e. moisten the skin (show
emollient properties) (Speir and Pascher 1956;
Godwin et al. 1997; Harding and Scott 2002).
Below, some chain-modification relationships to
the above-mentioned Azone® analogues are dis-
cussed (Jampilek and Brychtova 2012).

Within individual series of Azone®-like com-
pounds in unbranched saturated chains, a para-
bolic relationship between the activity and the
carbon number may be found, see, e.g. com-
pounds 1-11, 47-50, 59-64, 90-95, 204-212 and
328-333. The optimum chain length is between
Cs and Cy4 (mostly from Cy, to Cy,), which is
approximately one half of the length of cerami-
des and fatty acids in the SC. Incorporation of a
compound with a shorter chain would produce a
free space within the lamellae; this space would
probably be filled by the neighbouring chains,
thereby producing lateral fluidization of the
tightly packed lamellar lipids. These compounds
could also form separate phases within the lipid
lamellae, providing a more permeable shortcut
for penetrating compounds. It has also been sug-
gested that the chain length of such an enhancer
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corresponds to the length of the cholesterol mol-
ecule, and, consequently, the enhancer may dis-
rupt the interaction between ceramide and
cholesterol or between two cholesterol molecules
(Brain 1993; Kanikkannan et al. 2000). In the
case that a six- or five-membered head-based
enhancer contains more than one polar moiety in
its structure, e.g. two carbonyl groups, alkyl
chain should be elongated to C,, or Cyg, e.g. 110,
119, 120, 225, 252, 253 and 272-277. When
alkyl is used as a linker between two polar heads
in the twin molecules, C; or C¢ was observed as
an optimal length (see 311, 314, 326, 327).

An introduction of double bond causes a slight
decrease of enhancement effect (decrease of lipo-
philicity); therefore, in comparison with saturated
chains, the most active unsaturated derivatives
possess mostly longer chain with an optimum of
around Cg to Cy (see, e.g. 14, 15, 24-34, 69-81,
155-170, 171, 172 and 229). According to the pat-
ented molecules, it can be stated that the second
double bond may increase the enhancing activity
(e.g. 270), while a greater degree of unsaturation
has no further effect. Within Azone® analogues,
it has not been sufficiently supported by biologi-
cally data whether cis-isomers differ significantly
from trans-isomers in enhancement activity; nev-
ertheless, cis-isomer of compound 277 showed
enhancement effect comparable with Azone® (1).

As concerns the branched chain, it may be
assumed that the relatively small degree of branch-
ing and/or branching only by a methyl moiety can
show a positive enhancement of penetration activ-
ity (see compounds 12-16, 173, 174, 289, 326,
327). Substitution by cycloalkane, phenyl, benzyl
or other non-aliphatic chain causes a decrease or
loss of activity. Compounds substituted with the
hydroxyl moiety, e.g. 17-19, 96-98, 213-215,
were prepared and patented as potential CPEs;
nevertheless, based on the sources it is not possible
to make a serious decision about the influence of
these hydroxyl moieties on enhancement effect.

Similarly, sufficient quantity of biological
results has not been available to make a decision
on influence of the isosteric replacement of car-
bon in the aliphatic chain by another atom; never-
theless, it seems that enhancement effect is not
affected (see 121-130, 216, 260-264).

A number of Azone® analogues possess an
incorporated carbonyl moiety in the aliphatic
chain (in fact ketone-like molecules or esters/
amides). These structure changes play an impor-
tant role in the enhancement effect of potential
CPEs. When another carbonyl moiety is intro-
duced, several cases should be distinguished. If
the second carbonyl oxygen is introduced to the
Cqyy or Cp position of the chain, ie. a- or
B-position, the lactam structure being retained as
a polar head, the activity decreases (e.g. 103, 236)
with the exception of compound 23. If carbonyl
oxygen is introduced to the C,, position (the C,
position can be branched or unbranched), the
activity is mostly preserved or increased. When
CPEs based on the structure of o-(di)substituted
acetic acid (or ester) are considered, this modifi-
cation causes a prolongation of the chain by three
atoms, as was discussed above, and does not have
any influence on significantly higher enhance-
ment activity compared to non-ester compounds,
with exception of compounds 45 and 46; for
example, compare 1 with 42 or 90-95 with 104—
110 or 210-212 with 221-225. If the second car-
bonyl oxygen is introduced to the Cg, or Cp
position of the chain, or a-(di)substituted acetic
acid (or ester) is prepared, but with simultaneous
removal of the carbonyl oxygen from the polar
head (e.g. reverse analogues are generated, i.e.
lactam is transformed to cyclic amine), the activ-
ity can be preserved (see compounds 66, 99, 133,
140-158, 171-173, 177-181, 233). Isosteric
replacement of oxygen by sulfur and formation of
thiocarbonyl in the C, position of the chain
(when the carbonyl group is eliminated from the
polar head) have negative effect on enhancement
activity (see 133 and 134). If a ring already con-
tains two carbonyl/carboxylic moieties, and the
third similar group is incorporated into the chain,
atotal loss of effect is observed, or potential CPEs
are transformed to penetration-inhibiting agents
(compare 241-250 and 269-271 with 304-310).

This decrease of enhancement effect is again
caused probably due to the formation of H-bonds
between carbonyl oxygen in Azone®-like com-
pounds and ceramide hydroxyl, as was discussed
above (Bonina et al. 2003). More than two car-
bonyl/carboxylic groups, sterically and confor-
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mally unblocked, create an H-bond with the
adjacent ceramide polar head group “on the sec-
ond side of CPE”, i.e. H-bonds are created on
both sides of the CPE, and ceramide-enhancer
cross-linking is de facto formed; therefore, para-
doxically, penetration through the SC is inhibited
(Hadgraft et al. 1996).

Conclusion

Azone® analogues were classified according
to their structure in terms of the approach of
medicinal chemistry. Some QSAR approaches
and their results were briefly mentioned as
well. General SAR for the design of enhanc-
ing-effective Azone®-like molecules can be
the following: e- or y-lactams as a head group
and alkyl chain involving approximately 12 or
(in case the ester group is inserted) 16 mem-
bers, lipophilicity approx. 6, an unbranched
(low branched) chain and low polar surface
area (PSA approx. 20 or 40-47), i.e. a limited
number of polar atoms and molecular volume
till 89 cm?/mol.

It was found that with high probability,
Azone® analogues represent compounds that
show direct correlation between enhancement
effect and irritation potential, and therefore it
can be stated that the most active Azone®-like
compounds described herein possess optimal
irritation potential at maximum enhancing
activity, and it is doubtful that any new CPEs
within this group with better enhancement
effect and irritation potential ratio could be
found. Based on these facts, it can be finally
concluded that the family of Azone®-like com-
pounds will not probably provide any com-
pound with significant enhancement activity.
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7.1 Introduction

The stratum corneum (SC) is the outermost layer
of the skin and the major barrier to transdermal
and topical drug delivery (Scheuplein and Blank
1971). Despite the development of new strategies
for skin penetration enhancement in the past few
decades, overcoming the skin barrier in a safe
and effective way still remains a great challenge.
One of the most promising and most widely
investigated techniques to facilitate drug perme-
ation through the skin is the use of chemical
enhancers. An ideal enhancer would have the fol-
lowing properties: pharmacologically inert,
chemically stable, nontoxic, nonirritant, nonal-
lergic, and without irreversible effects on the skin
(Sinha and Kaur 2000; Barry 2006). Many
researchers have studied the mechanisms of
action of chemical enhancers, and the following
have been suggested as possible explanations for
the enhancement of permeation of compounds
through the SC: (a) disorganization of SC
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structure due to the interaction of the chemical
enhancer with SC intercellular lipids resulting in
the fluidization of the lipid environment, (b)
interaction with intracellular proteins contained
within the corneocytes, and (c) increasing parti-
tioning and solubility of the drug in the SC (Barry
2006; Marjukka Suhonen et al. 1999; Williams
and Barry 1991).

Dimethyl sulfoxide (DMSO) is one of the
oldest and most extensively studied penetra-
tion enhancers in topical and transdermal phar-
maceutical formulations (Marren 2011). Its
mechanism of enhancement is believed to occur
through the denaturation of proteins that results
in conformational changes in the intracellular
keratins (Oertel 1977) and extraction of inter-
cellular lipids (Elfbaum 1968). Generally, high
concentration of DMSO (>60 %) is required to
generate enhancement activity, and at these high
concentrations, it is known to cause skin irrita-
tion (Kim et al. 1999).

Moreover, studies on structure-activity rela-
tionships of several enhancers revealed that the
presence of a cyclic structure plays a significant
role in the penetration enhancement activity.
Thus, recently Kim et al. (Kim et al. 1999) and
Strekowski et al. (1999) investigated skin pene-
tration enhancement efficacy of a group of aro-
matic  iminosulfuranes. These classes of
iminosulfuranes are isoelectronic with DMSO
and possess at least one aromatic ring in their
structure. Thus, they were expected to show high
potency in transporting drugs through the skin

while causing minimum or no skin irritation
(Kim et al. 1999). In this chapter, the chemical
structure of aromatic iminosulfuranes, their tox-
icity, their biological effectiveness as penetration
enhancer, and their mechanisms of enhancement
will be discussed.

7.2  Structure

Structurally, aromatic iminosulfuranes are divided
into three classes. As shown in Fig. 7.1, in class I,
arylsulfonyl group is attached to the nitrogen atom
of the backbone structure. Class II and class III
consist of derivatives of N-aroyliminosulfurane
and N-aryliminosulfurane, respectively (Kim
et al. 1999).

Iminosulfuranes were synthesized from the
reaction of activated DMSO by trifluoroacetic
anhydride with an amino derivative such as arylsul-
fonamide or arylamide (Sharma and Bobek 1975;
Kim et al. 1999). In Fig. 7.2 the synthesis of class
II iminosulfuranes is illustrated (Strekowski et al.
1999). The yield was reported to be up to 90 %,
and proton nucleic magnetic resonance (‘H NMR)
and carbon-13 NMR (C NMR) spectroscopy
were performed to confirm the chemical struc-
tures. Iminosulfuranes possess a similar backbone
structure to DMSO, in which the polarity of S-O
bound in DMSO is modified by changing oxygen
to nitrogen substitute to obtain S,S-dimethyl-N-
iminosulfurane backbone structure (Kim et al.
1999; Strekowski et al. 1999).

(.'laSS I: Clﬁs'& I1: Class III:
fo) 0
H;C
H,C | HiC_, | s -
- S—N—A
S§—N—S—Ar _S—N—cC R He” r
ne” I HsC 3
} o]
I: R=F
2: R=Br
J:R=1
4: R= n-butyl
5: R= n-hexyl

Fig.7.1 Chemical structures of three classes of aromatic iminosulfuranes (Kim et al. 1999)
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Fig.7.2 Synthesis of second class of iminosulfuranes. (i)
(CF;C0O),0 in dichloromethane was added slowly to
DMSOindichloromethane at—60 °C; (ii) 4-R-C,H,CONH,
was added slowly to the resultant mixture and was stirred

7.3 Penetration Enhancement

Activity of Iminosulfuranes

The penetration enhancement activities of a series
of iminosulfuranes were studied by evaluat-
ing the compound effects on the flux of a model
drug through the skin in vitro. Hydrocortisone
and caffeine were selected as a hydrophobic
and a hydrophilic drug, respectively. In a pre-
liminary study performed by Kim et al. (1999),
penetration enhancement effects of three series
(class I-III) of iminosulfuranes on hydrocortisone
permeation were evaluated using hairless mouse
skin. All iminosulfuranes were applied to skin at
0.4 M in propylene glycol to ensure their maxi-
mum thermodynamic activity. A saturated sus-
pension of model drug (e.g., hydrocortisone) in
propylene glycol was applied after pretreatment
of skin with iminosulfuranes. Among the three
series of compounds tested, N-(4-bromobenzoyl)-
S,S-dimethyliminosulfurane (compound 2) in
N-aroyliminosulfuranes (class II compounds)
showed statistically significant activity-enhancing
hydrocortisone permeation through mouse skin
compared to control (propylene glycol). The
amount of drug permeating through the mouse
skin in 24 h (Q,4) was 996.2+192.5 pug/cm?, and
flux value (J) was 42.9+7.5 pg/cm*h. This find-
ing was consistent with another study that was
performed on human cadaver skin in which com-
pound 2 showed significant enhancement effect
as well as highest Q,, and J for hydrocortisone
among several analogs tested (Fig. 7.3) (Song
et al. 2005). Compound 2 also showed signifi-
cantly lower lag time (T,,,) compared to control.
Moreover, the penetration enhancement effect of

o]

at =50 °C for 3 h; (iii) quenching with 10 % aqueous
NaOH at —50 °C was followed by extraction with dichlo-
romethane, and finally, the residue was crystallized from
ether or ether/pentanes (Strekowski et al. 1999)

compound 2 on hydrocortisone and caffeine was
shown to be effective at a lower concentration
of 0.2 M, which was the nontoxic concentration
obtained from cytotoxicity assays on fibroblasts
and keratinocytes (Song et al. 2005). Additionally,
the enhancement effect of compound 2 was found
to be higher with the hydrophobic drug than with
the hydrophilic drug. The mechanism of enhanced
drug permeation was suggested to result from an
increase in partition coefficient and solvent effect
from the use of the enhancer. The partition coeffi-
cient of hydrocortisone and caffeine was increased
by 5.4-fold and 1.4-fold, respectively, in the pres-
ence of 0.4 M of compound 2. The flux J can be
described as (Sinko 2006):

J=P(C1-C2) and P:%

where P is the permeability coefficient, D is the
diffusion coefficient, K is the partition coeffi-
cient, CI-C2 is the concentration difference
between the donor (CI) and receiver solutions
(C2), and h is the length of permeation path.
Hence, J is directly proportional to P and indi-
rectly proportional to K, and the increase of par-
tition coefficient for both hydrophobic and
hydrophilic model drugs by compound 2 con-
tributed to the increased flux values. Another
possible explanation for the enhancement activ-
ity of compound 2 is the change in diffusivity
across the skin via interaction of the enhancer
with intercellular lipids in SC. T, can be
described as:

h2
fe ~6p
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Fig.7.3 Penetration profile 400 -
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where 4 is the length of permeation path and D is
the diffusion coefficient. T),, is directly propor-
tional to A squared and inversely related to D.
Since T, of hydrocortisone was decreased
7.4-fold by 0.4 M compound 2, it was suggested
that the enhancer also affected membrane fluidity
and this resulted in the decrease of T),,

In conclusion, these findings suggest that
compound 2 acts as a potent enhancer for the
transdermal delivery of both hydrophobic and
hydrophilic model drugs.

7.4  Cytotoxicity

of Iminosulfuranes

An ideal penetration enhancer should reversibly
reduce SC’s barrier properties while not decreas-
ing cell viability. Song et al. (2005) investigated
the cytotoxicity of iminosulfuranes on normal
human skin cells (fibroblasts and keratinocytes)
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide (MTT) assay to determine
“safe” concentrations. Briefly, skin cells were
treated with varying concentrations of iminosulfu-
ranes in 1 % DMSO and were incubated for 24 h at
37 °C. Then the media was replaced by the MTT
solution and incubated for 3 h before measuring
absorbance at 595 nm. Cells that were treated with

1 9% DMSO were used as a control. Cytotoxicity
of iminosulfuranes was found to be concentration
dependent in both fibroblasts and keratinocytes.
The concentration range that resulted in 50 % cell
viability (ICsy) was 0.7-0.9 M and there was no
statistically significant decrease of cell viability
below 0.2 M for S, S-dimethyl-N-(4-fluorobenzoyl)
iminosulfurane (compound 1), compound 2, S,S-
dimethyl-N-(4-iodobenzoyl)iminosulfurane (com-
pound 3), and S,S-dimethyl-N-(4-n-hexylbenzoyl)
iminosulfurane (compound 5). Therefore, it was
suggested that iminosulfuranes were relatively
nonirritant for application to skin at concentrations
below 0.2 M.

7.5 Mechanistic Studies Using
Differential Scanning
Calorimetry, Nuclear
Overhauser Effect
Spectroscopy, and Nuclear

Magnetic Resonance

Possible correlations of the biological effective-
ness of class II halogen-substituted iminosulfu-
ranes and their interaction with lipid model
systems comprising either unilamellar or multila-
mellar lipid bilayers were studied by Barrow
et al. (2005). Various techniques such as differential
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scanning calorimetry (DSC), nuclear magnetic
resonance (NMR) spectroscopy, and nuclear
overhauser effect spectroscopy (NOESY) were
used for investigating the mechanism of parti-
tioning and interaction of iminosulfuranes with
L-a-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC).

Calorimetry is a method that allows us to
establish a correlation between temperature and
physical properties of materials. DSC measures
the changes of physical properties of a sample
plotted as temperature versus time (Haines et al.
1998). Multilamellar vesicles of DMPC contain-
ing 10 mol% or 1 mol% iminosulfurane were
used for DSC studies. Class IT halogen-substituted
iminosulfuranes each affected in varying degrees
the gel-to-liquid crystal phase transition of
DMPC. Compound 2 that had showed the higher
enhancement activity in skin permeation studies
caused the greatest perturbation of the gel-to-
liquid crystal phase transition of DMPC and
decreased the phase transition temperature (T,,)
and therefore, was found to destabilize DMPC
bilayer. The T,, values of DMPC vesicles con-
taining 10 mol% halogen-substituted iminosulfu-
ranes were reduced compared to that of the
control DMPC preparations without iminosufu-
rane (Barrow et al. 2005).

NMR spectroscopy is another analytical tech-
nique that takes advantage of the magnetic proper-
ties of atomic nuclei to identify physicochemical
properties such as structure, dynamics, reaction
state, and the environment in which the atoms
and molecules exist (Ohno et al. 2011). NOESY
is a type of two-dimensional NMR that is used to
detect spins undergoing cross-relaxation (Martin
and Zektzer 1988). The NMR spectroscopy and
NOESY studies of Barrow et al. showed strong
cross-peaks from the interaction of the phenyl
protons of both bromo and iodo derivatives with
the fatty acid methylene and choline N-methyl
protons of DMPC. Cross-peaks from the phenyl
protons of the chloro derivative to the DMPC pro-
tons were much weaker than those observed in
the spectrum of DMPC vesicles with compound 2
(DMPC-2), suggesting less penetration of chloro
derivative into the lipid layers. Strong cross-
peaks between the phenyl protons of compound

2/compound 3 and those of choline N-methyl
groups of DMPC and also cross-peak to the acyl
terminal methyl group observed only in DMPC-2
spectrum indicated a deeper penetration of com-
pound 2 into the DMPC bilayer. There were no
detectable cross-peaks in the spectrum of DMPC
vesicles with 10 mol% S,S-dimethyl-N-(benzoyl)
iminosulfurane (non-halogen-substituted imino-
sulfurane), nor in the spectrum of DMPC with
1 mol% of compound 2 or 3 (Barrow et al. 2005).
Additionally, quantitative structure-activity
relationship studies of the iminosulfuranes
showed that hydrophobicity of these compounds
and the number of hydrogen bonds found in their
molecules have a positive correlation to their
enhancement activity. The maximum enhance-
ment efficacy was also controlled by a range of
optimal molecular size (Song et al. 2005).

7.6 Cutaneous
Biotransformation

of the Bromo Derivative
of Iminosulfuranes and Its

Intermediate Product

It has been found that conversion of compound 2
to its intermediate product, 4-bromobenzamide
(Fig. 7.4), occurs rapidly in physiologic buffer,
and even faster in skin tissue. In order to under-
stand the mechanism of penetration enhancement
of compound 2 and 4-bromobenzamide, their
metabolic elimination was investigated in pres-
ence of skin from various species. Briefly, skin
pieces from mouse rat and pig were mixed with
phosphate buffer saline (PBS) with pH 4, 5, 6, or
7.4 and were incubated at 37° in presence of
compound 2. In most of the cases, 70-80 %
decrease in the compound concentration was
observed in 10 min followed by a slow decline of
0.35-0.50 pg/h (Sintov et al. 2009).

To evaluate whether the metabolism of com-
pound 2 is paralleled with enhancement activity,
Sintov et al. used iodine and alkylating agents,
such as N-ethylmaleimide (NEM) and iodoacetic
acid (IAA) to inhibit their elimination (Sintov
et al. 2009). A concentrated solution of iodine in
ethanol, water, and propylene glycol was prepared
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CH,

Br N—S(
CH,

Br NH;

Fig. 7.4 The chemical structure of (a) N-(4-bromobenzoyl)-S,S-dimethyliminosulfurane and (b) 4-bromobenzamide

(Sintov et al. 2009)
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Fig. 7.5 In  vitro  elimination  profiles  of

4-bromobenzamide using pig skin, with and without
iodine pretreatment of the skin (n=7) (With permission,
Sintov et al. 2009)

and added to the skin PBS system and allowed to
incubate at 37 °C. Iodine is a mild oxidant and can
change activity of proteins by oxidizing the free
thiol groups in cysteinyl residues (Trundle and
Cunningham 1969). Figure 7.5 depicts the influ-
ence of iodine on the metabolism of 4-bromoben-
zamide in the presence of pig skin. Since iodine
was unable to completely inhibit biotransforma-
tion of 4-bromobenzamide, it is believed that this
chemical is involved in certain steps of enzymatic
process but not all. In order to confirm this con-
clusion, I,/KI solution was applied on the surface
of the rat skin mounted between vertical Franz
diffusion cell donor and receptor compartment.
The receptor compartment was filled with PBS
pH 7.4 and maintained at 37 °C. After 2 h of
iodine application, receptor media was replaced
with 10 pg/ml 4-bromobenzamide in PBS. HPLC
analysis of samples withdrawn from receptor
compartment at different time points determined
that metabolism of 4-bromobenzamide was sig-
nificantly decreased (30 %) in iodine-treated skin.
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Fig. 7.6 In vitro metabolism of 4-bromobenzamide in
the presence of rat skin. The kinetic profile of
4-bromobenzamide elimination is illustrated in presence
of iodoacetate/dithiothreitol and N-ethylmaleimide (With
permission, Sintov et al. 2009)

The inhibition mechanism of iodine on
4-bromobenzamide metabolism was believed to
be related to reaction of iodine with cysteinyl
residues of the metabolic enzyme; therefore,
Sintov et al. (2009) tested whether covalent
binding of alkylating agents with free sulthydryls
could be a more effective way to block
the enzyme. Iodoacetic acid (IAA) and
N-ethylmaleimide (NEM) are two S-alkylating
agents which are known to react with thiol groups
of cysteinyl residues. The kinetic profile of
4-bromobenzamide in the presence of alkylating
agents is demonstrated in Fig. 7.6. Iodoacetate/
dithiothreitol (IAA/DTT) and NEM were sepa-
rately added to the reaction mixture of
4-bromobenzamide and rat skin in PBS, and a
significant inhibition of the metabolism was
observed. A greater inhibition of enzymatic reac-
tions was obtained with IAA/DTT than
NEM. This may be a consequence of using DTT,
which can enhance the availability of thiol groups
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to S-carboxymethylation by reducing existing
disulfide bonds to free thiols (Sintov et al. 2009;
Zoeller et al. 1997).

Conclusion

The search for an effective and marketable
skin penetration enhancer with “ideal” proper-
ties still continues. The relatively high chemi-
cal stability and low toxicity of the aromatic
iminosulfuranes make them good candidates
for being used as enhancer compounds. Due
to their similar chemical structure with that of
DMSO, they were synthesized and tested by
the Michniak research group as percutaneous
penetration enhancers. From all three classes
of iminosulfuranes reviewed in this chapter,
compound 2, classified in the second class of
iminosulfuranes, stands out with respect to its
high enhancer effects and its high interaction
with the lipid bilayers in the skin. A mecha-
nism of enhancement was investigated for
compound 2, in which this nontoxic and
potent enhancer was activated by its own
metabolism in skin tissue, and 4-bromobenza-
mide played a major role in generating the
high penetration enhancement effect.

For the first time, in this series of studies
by Michniak et al. and collaborative groups,
we introduce the concept of the “pro-
enhancer” — an equivalent term for “prodrug.”
The positive data suggest that we should con-
tinue the studies of novel compounds which
may be good but not excellent “enhancers”
themselves but, once applied to the skin, are
transformed by enzymes within the skin lay-
ers to increase the degree of transdermal drug
delivery enhancement.
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8.1 Introduction

Within investigation of biological properties of
piperazine-2,5-diones, a series of spirocyclic
cyclodipeptides containing 1-amino-1-cycloal-
kylcarboxylic acid were synthesized by the group
of Kasafirek at the Research Institute for
Pharmacy and Biochemistry (former Czechos-
lovakia, now the Czech Republic) in the 1980s of
the twentieth century (Kasafirek et al. 1984,
1986; Kasafirek et al. 1992a, b; Sturc and
Kasaffrek 1992; VinSova et al. 1993, 1994).
These compounds were designed as analogues of
melanocyte-stimulating ~ hormone  release-
inhibiting factor (MIF), also known as Pro-Leu-
Gly-NH,, i.e. L-prolyl-L-leucylglycinamide
(Celis et al. 1971; Petersson and Uvnis-Moberg
2004). (S)-8-Methyl-6,9-diazaspiro[4.5]decan-
7,10-dione (VUFB-15754), known by the inter-
national non-proprietary name (INN) “alaptide”
(1) (Fig. 8.1), was selected from the series of pre-
pared spiro derivatives as the most advantageous
MIF analogue from the point of view of enzy-
matic stability and its pharmacodynamic profile.
Alaptide showed significant curative effect in dif-
ferent therapeutic areas on experimental animal
models (VanZura et al. 1986; Radl et al. 1990;
Kasafirek et al. 1992¢, 1994; Nedvidkova et al.
1994; Hlinak et al. 2008).

The synthesis and the structure of alaptide are
shown in Fig. 8.1. For example, it can be prepared by
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Fig.8.1 Synthesis of alaptide CHg O CHg

E><COOCH ©/\OjiN/l\rrOH_> @fo)kmt\fo I :p

o o HSC N
3 4 OCHs alaptlde
condensation of methyl 1-aminocyclopentane-1-car- o
boxylate (2) with N-benzyloxycarbonyl-L-alanine AZQQ N
(3), which gave methyl 1-(benzyloxycarbonyl-  HsC /3\‘_ N /0/7‘ N
L-alanyl)aminocyclopentane-1-carboxylate 4. 0 HyC
Debenzylation of 4 followed by a cyclization yielded
1a, 1b, 1c 1d 1e

alaptide (1) (Radl et al. 1990; Sturc and Kasafirek
1992; Kasafirek et al. 1992b; VinSova et al. 1993).
It was found that when optically pure starting com-
pounds are used, no change of configuration (race-
mization) occurs, and a chirally pure final product
is obtained (VUFB Internal report, 1988 unpub-
lished data).

Alaptide is a white crystalline compound with
melting point 308-312 °C. It is poorly soluble; its
solubility in water is 0.1104 g/100 mL, in ethanol
0.1011 g/100 mL, in the mixture water/ethanol
(1:1) 0.3601 g/100 mL and in hexane
0.0024 g/100 mL. Its log Pyjo is 1.39. Alaptide
possesses one centre of chirality; its specific opti-
cal rotation [a]5?° is —21.9 (0.2 M methanol). The
substance is stable in the sunlight and it can be
stored at ambient temperature (Radl et al. 1990;
Jampilek et al. 2011; 2014a). A liquid chromato-
graphic method for enantiopurity control of alap-
tide was developed (Dousa and Lemr 2011).
Besides the recently published X-ray powder dif-
fraction data revealing the unit cell parameters
and the space group of alaptide crystals (Maixner
et al. 2009), the absolute configuration of the
molecule was also determined by electronic cir-
cular dichroism spectroscopy (Julinek et al.
2010). Conformational analysis at the molecular
mechanics level that allowed to change simulta-
neously the dihedral angles within both rings and
their mutual orientation disclosed five possible
geometries. For all five conformers, the central
six-membered ring adopts exclusively the con-
formation of a slightly twisted boat. Depending
on the position of the methyl group, the resulting
conformers can be divided into two groups: the
first one, comprising 1a, 1b and 1e¢, and the sec-

Fig.8.2 Schematic representation of twisted boat confor-
mation of alaptide with methyl group in equatorial (con-
formers 1a, 1b and 1c¢) and axial (conformers 1d and 1le)
positions. Hydrogen atoms are omitted for clarity
(Reprinted and adapted from Julinek et al. (2010),
Copyright (2010), with permission from Elsevier)

ond one, comprising 1d and 1e, with the methyl
group being in the equatorial and axial positions,
respectively, see Fig. 8.2. The detailed structure
of all the conformers is depicted in Fig. 8.3. The
relative populations of all conformers of alaptide
determined according to AG at room temperature
are as follows: 23.4 % (1a), 37.9 % (1b), 13.8 %
(1c), 10.2 % (1d) and 14.8 % (1e) (Julinek et al.
2010). The conformation of alaptide seems to be
important for its skin-affecting properties, i.e.
permeation-enhancing ability.

During biological assays, it was found that
alaptide affects behaviour and learning abili-
ties of rodents, particularly rats and mice, i.e. it
can be classified as nootropic (Krejci et al. 1986;
Hlinak et al. 1990; Hlindk and Krej¢i 1991, 1992;
Kasafirek et al. 1994; Nedvidkova et al. 1994;
Hlinak et al. 1996, 2008; Hlindk and Krej¢i 2005).
Alaptide also expressed anti-proliferative activity
(Vanzura et al. 1986, 1993) and immunomodula-
tory effect (BlaZi€kova et al. 1996). Alaptide also
reduced the number and extent of experimental
gastric ulcers. The gastric juice quantity, acid-
ity and enzymatic activity were not influenced
(Korbova et al. 1988, 1994). Alaptide was also
tested on diploid cell line of human embryonic
lung LEP-19, where it expressed stimulating
effect on growth and breeding of cells without
transformation changes in their morphology. In
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Fig.8.3 Five possible conformers of alaptide (Reprinted and adapted from Julinek et al. (2010), Copyright (2010), with

permission from Elsevier)

vitro tests also showed that alaptide increased cell
proliferation, and both above-mentioned effects
can significantly contribute to the curative effect
of alaptide. An influence of alaptide on epider-
mal regeneration was investigated in a number of
tests. In vivo experiments were performed using
domestic pigs, to which alaptide was applied on
experimental injury, and faster skin regeneration
was observed after alaptide application. Similarly,
alaptide accelerated curing of experimental skin
injuries in rats (R4dl et al. 1990; Kasafirek et al.
1992c). Alaptide probably negatively affects the
inhibition of the release of melanocyte-stimulating
hormone, and thus it increases the concentration
of melanocytes in epidermis. Melanocytes signifi-
cantly influence the creation and function of kera-
tinocytes by means of melanosomas (McGrath
et al. 2004; James et al. 2006). Metabolic studies
in rats showed that alaptide is readily absorbed
from the gastrointestinal tract and permeates the
blood-brain barrier. The maximum concentration
in brain is reached within 1 h and then the level
slowly decreases (VanZura et al. 1986; Radl et al.
1990). It is excreted unchanged, mostly via urine
(90 %); a similar metabolic profile was also found
in man (Lapka 1991). Alaptide also demonstrated
very low acute toxicity in rats and mice; in female
rats the dose of 1 g/1 kg caused only 20 % mortal-
ity. The evaluation of subchronic and chronic tox-
icity was carried out in rats in the dose of 20 mg/
mL and in dogs in the dose of 10 mg/mL, and

no toxic, genotoxic, teratogenic and embryotoxic
effects were observed (Vanzura et al. 1986; Kosar
and Vanzura 1988; Radl et al. 1990). Alaptide
enantiomers were tested in metabolic and induc-
tion studies on primary human hepatocyte cul-
tures. It was found that alaptide enantiomers do
not induce biotransformation enzymes CYP1A1,
CYP1A2 and CYPIBI1 in hepatocytes. These bio-
transformation enzymes are critical in bioactiva-
tion of procarcinogens and are upregulated also by
ultraviolet-B radiation (UVB) in the skin. Based
on this study it can be stated that alaptide both
in enantiomeric pure forms and in racemate can
be safely utilized for local applications (Jampilek
et al. 2011, 2014a; Opatiilova et al. 2013).

In the 1990s of the twentieth century, clini-
cal trials until the second phase were performed
for verification of alaptide effect as a nootropic
(in tablets), an antiulcerant (in tablets) and a der-
matological agent (in ointments and collagen
coating plates) (VUFB Internal report, 1998,
unpublished data).

8.2  Alaptide as Modifier

of Permeation

The permeation through the least permeable
layer of the skin, the stratum corneum (SC), is a
limiting process. The skin barrier for facilitation
of drug permeation can be mostly affected by
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Fig.8.4 Structures of selected components of natural moisturizing factor (NMF)

various so-called chemical permeation enhancers
(CPEs), which are excipients that facilitate the
permeation of drugs through the skin. CPEs inter-
act mainly with lipid components of the SC or
specifically affect intercellular space between cor-
neocytes or modify corneocytes by hydration or
denaturation of keratin (Jampilek and Brychtova
2012). From the chemical point of view, the
group of CPEs is very heterogeneous. However,
it is possible to observe certain common elements
in their structure. They often contain a fragment
of the basic natural moisturizing factor (NMF).
The NMF is physiologically present in highly
differentiated flattened keratinocytes (referred to
as corneocytes) that are the building blocks of the
epidermal barrier. The NMF derived from pro-
filaggrin (highly phosphorylated histidine-rich
polypeptide) is a mixture of hygroscopic com-
pounds that help to maintain skin hydration. The
NMF is capable of retaining water in the horny
layer. These substances, contained in the NMF,
with a special water-binding capacity are derived
from sweat and sebaceous oils, e.g. urea (5), as
well as from the cornification process, e.g. pro-
line (6). Other components of the NMF include
free amino acids such as histidine (7) and glu-
tamine (8), which are further converted to uro-
canic acid (9) and 2-pyrrolidone-5-carboxylic
acid (oxoproline, pyroglutamic acid, 10), as well
as ornithine, citrulline, arginine, glutamic acid,
aspartic acid, glycine, alanine, serine, phenylala-
nine, tyrosine, lysine, valine, threonine, leucine,
etc. (see Fig. 8.4). The result of the ability of
these compounds to bind water is slowed-down
water loss due to evaporation (Spier and Pascher
1956; Harding and Scott 2002; Kezic et al. 2009;
Cork et al. 2009; McGrath 2012).

In Fig. 8.4 it can be observed that NMF com-
ponents contain a characteristic fragment of het-
eroatoms X —CO—N=, where X is—CH,—, -NH,
or—NH-. This fragment can be found in many
CPEs; see Fig. 8.4. A hypothesis was proposed

that small polar molecules may break the intermo-
lecular H-bonds that hold the ceramide molecules
together in the SC. Also small molecules derived
from NMF components can increase the water-
binding capacity so that to moisten the skin and
to facilitate permeation of compounds through the
skin (Jampilek and Brychtovd 2012). Based on
the aforementioned characteristics and epidermal
regeneration properties of alaptide (see Sect. 8.1),
the knowledge of the structure and properties
of CPEs, the hypotheses of CPE mechanism of
action and the previous experience with several
other groups of CPEs (Brychtova et al. 2010a, b,
2012; Jampilek and Brychtova 2012), we decided
to evaluate alaptide as a potential transdermal
permeation enhancer. Alaptide as well as some
other potential CPEs contain the above-discussed
characteristic fragment of the NMF (see Fig. 8.4)
as it is illustrated in Fig. 8.5 (Minaskanian and
Peck 1992; Rachakonda et al. 2008; Godwin
et al. 1997). In a number of in vitro studies, it
was demonstrated that alaptide is very effective as
transdermal permeation modifier (Jampilek et al.
2012a, b, 2013a, b, 2014b; Cernikova et al. 2014a,
b; Opattilovéd and Jampilek 2014).

As was discussed above, alaptide and its ana-
logues show poorly aqueous solubility, which
represents the essential disadvantage of the devel-
opment of these compounds. One of the ways
how to increase the solubility of the spirocyclic
dipeptides was synthesis of N-prolonged peptides
as prodrugs (Kasafirek et al. 1992a, b). The sec-
ond, physical, approach was used later, and
micronized alaptide was used in a mixture with
various surfactants or complexing agents, or
nanoparticles of alaptide were prepared. Alaptide
nanoparticles were obtained by milling alaptide
with emulsifiers and other stabilizers. Alaptide
nanoparticles were generated by dispergation
using a technique of wet milling in the aqueous
solution of a surface modifier. This method assumes
pulverization of all major micrometer particles to
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Fig.8.5 Comparison of structural features of alaptide (1) and selected potential CPEs: 11-14 (Minaskanian and Peck
1992), 15, 17-19 (Godwin et al. 1997) and 16 (Rachakonda et al. 2008)

nanoparticles (Jampilek et al. 2011, 2012a, b, 2013a,
b, 2014a, b; Opatfilova et al. 2013; Opatfilova and
Jampilek 2014; Cernikovi et al. 2014a).

Modified alaptide was obtained by the above-
mentioned physical “technological” routes and
showed considerably higher solubility than that
obtained using the chemical way — preparation.
Alaptide modified in this way can be used as a
chemical transdermal permeation modifier, i.e.
as pharmaceutical adjuvant (excipient), in phar-
maceutical formulations, such as oleo-ointments,
hydro-ointments, oleo-creams, hydro-creams,
gels or transdermal therapeutic systems, where
it influences the absorption/permeation of vari-
ous compounds into the skin and/or through
the skin, increasing their concentration at the
place of administration and/or their systemic
concentration.

Conditions of In Vitro
Screening

8.2.1

Alaptide synthesized by the standard procedure
(Radl et al. 1990) was micronized. The particle-
size distribution of the used micronized alaptide
was 50-80 % up to ten maximum Feret diameters.
It was measured by a microscope Nikon Optiphot
2 with a digital camera VDS CCD-1300F (USA).

The suspension of micronized alaptide, polyvi-
nylpyrrolidone and purified water was initially
mixed at ambient temperature and then filtered
through a mill sieve. The milling procedure was
performed using a nanomill Netzsch (Germany)
with glass beads. The total time of milling was
57.5 h. The content of alaptide in the suspension
was 38.76 g/L. The particle size of the prepared
nanonized alaptide was measured by Sympatec
Nanophox 0138 P (Germany), and the particle
Size Xsp—Xoo Was up to 900 nm (Jampilek et al.
2011, 2012a, b, 2013a, b, 2014a, b; Opatfilovd
and Jampilek 2014; Cernikova et al. 2014a).

A number of various active pharmaceuti-
cal ingredients (APIs) from almost all anatomi-
cal therapeutic chemical (ATC) groups were
evaluated. Nevertheless in this contribution only
selected examples are discussed. The permeation
of the API alone through the skin from propylene
glycol/water (1:1) medium or phosphate buffer
(pH 7.4) and the API from formulations (oint-
ment, cream, gel) without alaptide was moni-
tored and served as control. Subsequently the
permeation of the API with various concentra-
tions of micronized or nanonized alaptide (nan-
onized alaptide in the amount corresponding to
the concentration of micronized alaptide) from
propylene glycol/water medium or phosphate
buffer was investigated. Also the permeation of
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the API from pharmaceutical formulations (oint-
ment, cream, gel) with various concentrations
of micronized or nanonized alaptide (nanonized
alaptide in the amount corresponding to the con-
centration of micronized alaptide) was evalu-
ated (Jampilek et al. 2012a, b, 2013a, b, 2014b;
Opattilovd and Jampilek 2014; Cernikovi et al.
2014a).

In vitro experiments on permeation of various
APIs or APIs in formulations without or with the
presence of alaptide as a chemical permeation
modifier was performed using a vertical Franz
diffusion cell (SES Analysesysteme, Germany).
Full-thickness skin from porcine ear (Sus scrofa
f. domestica) was used as a model membrane.
The porcine ear skin is a suitable in vitro model
for the human skin (Franz 1975; Jacobi et al.
2007) and has been used in numerous percuta-
neous absorption studies (Meyer et al. 1978;
Herkenne et al. 2006; Brychtova et al. 2010a, b,
2012; Mrozek et al. 2011, 2013; Coufalova et al.
2013; Jampilek and Brychtova 2012; Jampilek
et al. 2012a, b, 2013a, b, 2014b; Opatfilova et al.
2013; Opatfilova and Jampilek 2014; Cernikova
et al. 2014a, b) The porcine skin has shown to
be histologically and biochemically similar to the
human skin (Sekkat et al. 2002).

The investigated samples (see above) were
applied in the form of solution, suspension, emul-
sion, gel, cream or ointment, always with the API
concentration of 10 mg/mL. The skin was
mounted with the epidermal side up between the
donor and the receptor compartments of the diffu-
sion cell. The receptor compartment was filled
with phosphate-buffered saline (pH 7.4) and
maintained at 37+0.5 °C. Most of the studies
involved the use of propylene glycol or its mixture
with water as a donor vehicle. Previous studies
have indicated that propylene glycol by itself (or a
propylene glycol/water co-solvent system) does
not interfere with membranes, but rather exhibits
a synergistic effect in combination with other per-
meation enhancers (Williams and Barry 1989;
Yamane et al. 1995; Evrard et al. 2001; Jampilek
and Brychtova 2012). Therefore mostly propyl-
ene glycol/water (1:1) system was used as a donor
vehicle for evaluation of permeation of API alone
(API without pharmaceutical formulation).

The receptor compartment was continuously
stirred using a magnetic stirring bar. Than a sam-
ple was applied to the skin surface, and the donor
compartment of the cell was covered. Samples
were taken from the receptor phase in time inter-
vals, and the cell was refilled with an equivalent
volume of the fresh buffer. For each API, a mini-
mum of three skin samples was used, which was
obtained from a minimum of 2 animals. The con-
centration of the permeated API was chromato-
graphically determined (Jampilek et al. 2012a, b,
2013a, b, 2014b; Opatiilova and Jampilek 2014;
Cernikovd et al. 2014a, b).

8.2.2 Effect of Alaptide
on Modification of APIs
Permeation

The primary screening of alaptide effectivity as
an excipient that influences permeation of differ-
ent compounds through the skin was performed
with the model compound theophylline.
Theophylline was used as a model drug of
medium polarity (log P —0.06; log Dy —0.05) (Ni
et al. 2000; Katz et al. 2006) as it had been exten-
sively studied in transdermal permeation experi-
ments (Sloan et al. 1998; Fang et al. 2004;
Jampilek and Brychtovd 2012). Based on the
results with theophylline, other experiments with
different APIs from various ATC classes were
performed. The results are illustrated in the below
presented Figs. 8.6, 8.7, 8.8, 8.9, 8.10, 8.11, 8.12,
8.13, 8.14, 8.15, 8.16, 8.17, 8.18, 8.19, 8.20,
8.21, 8.22, 8.23 and 8.24 as the dependences of
the permeated amount of drug [%] on time [min],
whereas 100 % is the amount of the applied API
in a sample. The concentration of the API was
10 mg/mL. The used concentration of alaptide
[%] is related to API amount (w/w). Unless oth-
erwise indicated below, alaptide was added in the
amount of 0.1 % (w/w in relation to API amount).

Permeation of theophylline was evaluated
from water as a donor vehicle with the addition of
0.01 and 0.1 % of alaptide in relation to theophyl-
line amount; see Fig. 8.6. Of the total amount of
theophylline in water, max. 0.24 % permeated
without the addition of alaptide within 1 h.
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The addition of 0.01 % of alaptide did not have
any significant effect on theophylline perme-
ation, but the addition of 0.1 % of alaptide
increased theophylline permeation through the
skin by 54 % within 1 h and by 70 % within 2 h.
After 24 h the effect of the higher amount of ala-
ptide was not apparent.

After that permeation of ibuprofen through the
skin from the propylene glycol/water (1:1)
medium was tested depending on the amount of
micronized alaptide in concentrations 0.01, 0.1
and 1 % (in relation to ibuprofen amount); see
Fig. 8.7. Of the total amount of the used ibupro-
fen, max. 0.36 % permeation without alaptide

60 90
Time [min]
O IBU + ALA 0.1 %

120

HIBU + ALA1 %

within 1 h. The addition of 0.01 % of alaptide
increased the permeation of ibuprofen by 87 %
within 30 min and by 20 % within 1 h compared
to the permeation of ibuprofen without alaptide.
The highest permeation was detected after the
addition of 0.1 % of alaptide: the permeation was
increased by 270 % within 30 min and by 213 %
within 1 h compared to the permeation of ibupro-
fen without alaptide. The further addition of alap-
tide in the amount up to 1 % decreased the
permeation of ibuprofen. The permeation of ibu-
profen through the skin from hydroxypropyl cel-
lulose gel depending on the amount of micronized
alaptide in time is illustrated in Fig. 8.8. The
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Fig.8.8 Permeation of 3.0
ibuprofen through the skin
from hydroxypropyl cellulose 2.5
gel (HPCG) depending on
amount of micronized alaptide 2.0

(ALA) in time
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hydroxypropyl cellulose gel with 1 % of ibuprofen
was prepared, and micronized alaptide in concen-
trations 0.01, 0.1 and 1 % (in relation to ibuprofen
amount) was added. Of the total amount of ibu-
profen, max. 0.78 % permeated without alaptide
within 2 h. The highest permeation was observed
after the addition of 0.1 % of alaptide; the perme-
ation was increased by 200 % within 1 h and by
246 % within 2 h compared to the permeation of
ibuprofen without alaptide. The further addition
of alaptide up to 1 % increased ibuprofen perme-
ation by 74 % within 2 h compared to the perme-
ation of ibuprofen without alaptide.

The comparison of the permeation of nimesu-
lide through the skin from the phosphate buffer
(pH 7.4) and from oleo-cream without and with
the presence of 0.1 % of micronized or nanonized

alaptide in time is shown in Fig. 8.9. The perme-
ation from the cream with micronized alaptide
was 0.25 % of the total amount of nimesulide
after 30 min, and the permeation with nanonized
alaptide was 0.18 % of the total amount of nime-
sulide after 30 min; nimesulide was not detected
without alaptide after 30 min. The highest perme-
ation from the cream was detected after the addi-
tion of nanonized alaptide; the permeation was
increased by 3400 % within 2 h compared to the
permeation of nimesulide without alaptide. The
permeation of meloxicam through the skin from
the phosphate buffer with the addition of nanon-
ized alaptide was by 383 % higher after 30 min
than without alaptide; see Fig. 8.10.

The permeation of diclofenac through the skin
from the phosphate buffer or from propylene
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Fig.8.10 Comparison of 2.5 -
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Fig.8.11 Comparison of
permeation of diclofenac
through the skin from

phosphate buffer or from
propylene glycol/water (PG:W

1:1) medium without and with
presence of micronized or

nanonized alaptide (ALA,
NALA) in time

Permeation [%]

30

[l Buffer

glycol/water medium without and with the pres-
ence of micronized or nanonized alaptide in time
is illustrated in Fig. 8.11. The addition of micron-
ized alaptide to propylene glycol/water medium
increased the permeation of diclofenac by 124 %,
and the addition of nanonized alaptide increased
the permeation of diclofenac by 1445 % after
30 min in comparison with the permeation of
diclofenac without alaptide. Diclofenac from car-
bomer gel with the application of nanonized ala-
ptide permeated by 77 % more after 30 min than
without alaptide; see Fig. 8.12.

The permeation of dexamethasone through
the skin both from the buffer and the propylene
glycol/water medium was possible within 30 min
only after the addition of nanonized alaptide.
Without the addition of nanonized alaptide,

M Buffer + ALA [ Buffer + NALA B PG:W @ PG:W + ALA

60 90
Time [min]

120

B PG:W + NALA

dexamethasone permeated from neither of the
media; see Fig. 8.13. The permeation of fluocino-
lone acetonide through the skin from hydro-
cream or oleo-cream without and with the
presence of micronized alaptide in time is shown
in Fig. 8.14. The highest permeation of fluocino-
lone acetonide was observed from the oleo-
cream; the permeation from the hydro-cream was
on the average by 14 % less. The permeation of
fluocinolone acetonide from hydro-cream was on
the average by 240 % more within 4-8 h and
from oleo-cream by 260 % more within 4-8 h
and by 140 % more within 20-24 h than without
utilization of alaptide.

The addition of micronized alaptide to the buf-
fer increased the permeation of triamcinolone
through the skin by 174 % after 30 min compared
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Fig.8.12 Comparison
of permeation of
diclofenac through the
skin from carbomer gel
(CG) without and with
presence of micronized or
nanonized alaptide (ALA,
NALA) in time

Fig.8.13 Comparison
of permeation of
dexamethasone through
the skin from various
media without and with
presence of micronized or
nanonized alaptide (ALA,
NALA) from the propylene
glycol/water (PG:W)
medium and from
phosphate buffer in time

Fig.8.14 Comparison of
permeation of fluocinolone
acetonide through the skin
from hydro-cream (HC)
and oleo-cream (OC)
without and with presence
of micronized alaptide
(ALA) in time
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to the permeation of triamcinolone without alap-
tide, and from the propylene glycol/water
medium containing the micronized alaptide, tri-
amcinolone permeated by 267 % more after
30 min compared to the permeation of triamcino-
lone without alaptide; see Fig. 8.15. Without the
addition of alaptide, triamcinolone acetonide per-
meated through the skin from the propylene gly-
col/water medium and from the buffer in 90 or
120 min, see Fig. 8.16. After the addition of
micronized alaptide to the buffer, the permeation
of triamcinolone acetonide increased by 5 % in
90 min compared to the permeation of triamcino-
lone acetonide without alaptide. The addition of
nanonized alaptide to the propylene glycol/water
medium enabled the permeation of triamcinolone
acetonide already in 30 min compared to the

Fig.8.15 Comparison of 124+---------
permeation of
triamcinolone through the 1.0
skin from the propylene
glycol/water (PG:W) —_
medium and from 8 087
phosphate buffer without 5
and with presence of S 0.6
micronized or nanonized g
alaptide (ALA, NALA) in 3 04
time e
0.2
0.0

30

permeation of triamcinolone acetonide without
alaptide, and the addition of micronized alaptide
increased the permeation by 790 % in 30 min
compared to the addition of nanonized alaptide.
Without the presence of alaptide, triamcinolone
acetonide from oleo-ointment was not observed
in the sample within 3 h, but after the addition of
micronized alaptide, triamcinolone acetonide
was detected already after 30 min. The addition
of nanonized alaptide increased the permeation
of triamcinolone acetonide through the skin from
the oleo-ointment by 273 % after 30 min com-
pared to the permeation of triamcinolone aceton-
ide with micronized alaptide; see Fig. 8.17.

The permeation of benzylpenicillin (penicil-
lin G) through the skin from propylene glycol/
water medium and from buffer without and with
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Fig.8.16 Comparison

of permeation of
triamcinolone acetonide
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propylene glycol/water
(PG:W) medium and from
phosphate buffer without
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Fig.8.17 Comparison of 0.30 ;oo
permeation of
triamcinolone acetonide —_ 0.25
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Fig.8.18 Comparison of
permeation of
benzylpenicillin (penicillin
G) through the skin from
propylene glycol/water
(PG:W) medium and from
phosphate buffer without
and with presence of
micronized alaptide (ALA)
in time
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the presence of micronized alaptide in time is
illustrated in Fig. 8.18. The permeation of peni-
cillin G from the propylene glycol/water medium
was increased by 170 % within 8 h after the addi-
tion of alaptide compared to the permeation of
penicillin G without alaptide. The permeation of
penicillin G from the buffer after the addition of
alaptide was on the average by 20 % higher
within 24 h compared to the permeation of peni-
cillin G without alaptide. The addition of alaptide
increased the permeation of phenoxymethylpen-
icillin (penicillin V) from the propylene glycol/
water medium by 65 % within 8 h and on the
average by 45 % within 20-24 h compared to the
permeation of penicillin V without alaptide. The
permeation of penicillin V from the buffer after
the addition of alaptide was on the average
by 50 % more within 8 h compared to the perme-
ation of penicillin V without alaptide; see
Fig. 8.19.

The permeation of mupirocin through the
skin from hydro-ointment without and with the
presence of micronized or nanonized alaptide in
time is shown in Fig. 8.20. The permeation of
mupirocin was increased after the addition of
micronized alaptide by 144 % already after
30 min and by 400 % after 60 min compared to
the permeation of mupirocin without alaptide;
thus alaptide significantly accelerated the per-
meation of mupirocin through the skin. On the
contrary, the addition of nanonized alaptide
significantly inhibited (decreased by 160 %
within the 1st hour) permeation through the skin
(compared to the permeation of mupirocin with-
out alaptide), so mupirocin acted only on the
skin surface.

The addition of micronized alaptide to the
buffer increased the permeation of pyrazinamide
by 240 % after 8 h and by 300 % after 24 h com-
pared to the permeation of pyrazinamide without
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Fig.8.19 Comparison 8.0 y----o-
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Fig.8.20 Comparison of
permeation of mupirocin
through the skin from
hydro-ointment (HO)
without and with presence
of micronized or
nanonized alaptide (ALA,
NALA) in time
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Fig.8.21 Comparison of
permeation of
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alaptide, and the addition of nanonized alaptide
increased the permeation of pyrazinamide by
145 % within 24 h compared to the permeation
of pyrazinamide without alaptide; see Fig. 8.21.

The permeation of fluconazole through the skin
from oleo-ointment and hydro-cream without
and with the presence of nanonized alaptide in
time is shown in Fig. 8.22. The permeation of
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Fig.8.22 Comparison of
permeation of fluconazole
through the skin from
oleo-ointment (OO) and
hydro-cream (HC) without
and with presence of
nanonized alaptide (NALA)
in time
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Fig.8.23 Comparison of
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fluconazole from ointment after the addition of
nanonized alaptide increased on the average by
300 % within 8 h and by 350 % within 12-24 h
compared to the permeation of fluconazole with-
out alaptide. The addition of nanonized alaptide
increased the permeation of fluconazole from
cream by 28 % within 12 h in comparison with
the formulation without alaptide.

The addition of micronized alaptide to the
propylene glycol/water medium containing acy-
clovir caused an increase in the permeation of
acyclovir by 110 % already after 30 min, and the
addition of nanonized alaptide to the propylene
glycol/water medium containing acyclovir
increased the permeation of acyclovir on the

1T T —————

1T S ————
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average by 158 % after 30 min and by 280 %
after 2 h compared to the permeation of acyclovir
without alaptide. The addition of micronized ala-
ptide to the buffer increased the permeation of
acyclovir by 126 % already after 30 min and by
440 % after 2 h compared to the permeation of
acyclovir without alaptide; see Fig. 8.23. The
addition of nanonized alaptide increased the
permeation of acyclovir through the skin from
hydro-cream by 25 % already after 30 min, and
the addition of micronized alaptide increased the
permeation of acyclovir from carbomer gel on
the average by 37 % after 30 min compared to the
permeation of acyclovir without alaptide; see
Fig. 8.24.
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Fig.8.24 Comparison of 0.12
permeation of acyclovir
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Conclusion

As was discussed above, various APIs (bases,
acids, salts, neutral molecules, small mole-
cules, peptides, glycosides, steroid-like mole-
cules) were tested on their transdermal
permeation in the mixture with alaptide as a
transdermal permeation modifier. In this
chapter only a small number of structurally
different compounds are mentioned. At pres-
ent advanced experiments are carried out that
are aimed at determination of the mechanism
of alaptide influence on skin. Based on the fact
that alaptide is able to influence the creation
and function of keratinocytes, it can be sup-
posed that the mechanism of action of alaptide
as a transdermal permeation modifier will not
be based strictly on physico-chemical interac-
tions with the other components of the skin
(especially in stratum corneum layer) as was
described for a number of other skin CPEs.
The influence of the type of formulation (oint-
ment, cream, gel) on the effect of alaptide on
skin is investigated intensively. All obtained
results are correlated with the computer “in
silico” modelling. It was observed that under
specific conditions alaptide is able to suppress
permeation/absorption of compounds through
the skin, which can limit the site of action
of potentially hazardous/toxic drugs to skin

60 120

Time [min]

mEHC mHC+NALA mCG mCG+ALA

surface. The above-mentioned curative activ-
ity of alaptide can be helpful in reduction of
possible skin irritant/injurious effects of per-
meating compounds.

It can be concluded that in transdermal
application alaptide causes an increase or
a decrease, in dependence on the used
concentration, physical state and supporting
medium (pharmaceutical formulation), in
permeation/absorption of drugs into the skin
and/or through the skin, so that the concen-
tration of the used drug was increased at the
place of administration, and/or the systemic
concentration was increased, or it was
ensured that drugs acted only on the skin sur-
face/in the skin surface layer and did not pen-
etrate into the deeper skin layers or did not
have any systemic effects.

Alaptide unfortunately suffered the fate
of many other promising molecules, the
research and development of which have not
been completed because of economic and
property transformation problems. VUFB
was privatized in the 1990s of the twentieth
century, and although initially alaptide was
in great demand on the part of large pharma-
ceutical companies, its clinical development
has not been completed for several reasons.
A big blow for its destiny was also the fact
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that its creator and enthusiastic promoter,
Dr. Evzen Kasafirek, tragically died.
Although this compound was found in the
1980s of the twentieth century, even now it
has great potential either as an active phar-
maceutical ingredient or a permeation
modifier.
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9.1 Introduction

Fatty alcohols, fatty acids, and fatty acid esters
are used in a variety of skin and general health-
care products, to name a few: moisturizing
creams, shaving creams, shampoos, bath oils, lip-
sticks, and perfumed products. The wide usage
of these as topical ingredients indicates that these
are nontoxic and considered as safe for topical
use. Pimecrolimus 1 % cream (Elidel® cream,
Valeant Pharmaceuticals International, USA),
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tretinoin 0.02 % cream (Renova® cream, Valeant
Pharmaceuticals International, USA), and fluo-
rouracil 1 % topical cream (Fluoroplex®, Aqua
Pharmaceuticals LLC, USA) are some examples
of topical pharmaceutical formulations using fatty
alcohols and/or fatty acids as penetration enhancers
or cream base ingredients. Vivelle-Dot® (Novartis,
USA) estradiol transdermal patch uses oleic acid
as a permeation enhancer. Isopropyl palmitate is
a component of pluronic lecithin organogel (PLO)
base, and this base has been widely used for trans-
dermal delivery of several drugs belonging to anti-
emetics, antihistaminics, and anti-inflammatory
agents (Willis-Goulet et al. 2003; Richards et al.
2006; Krotscheck et al. 2004). Alpha-lipoic acid,
a ring-containing fatty acid, is an active pharma-
ceutical ingredient (API) for treating photodam-
ages of the skin and is deemed safe as a topical
agent (Matsugo et al. 2011; Segall et al. 2004;
Beitner 2003). Fatty alcohols and fatty acids have
been extensively investigated to characterize their
interactions with the stratum corneum (SC) and
to describe their effects in modulating the skin
barrier function (Williams and Barry 2012). This
chapter deals with the utility of fatty alcohols, fatty
acids, and their esters as promising percutaneous
penetration enhancers for topical and transder-
mal delivery of drugs. The role of vehicle or other
ingredients from the formulation on the enhance-
ment effects of the topical or transdermal formula-
tion and their skin irritation potential has also been
discussed.

9.2  General Overview

Most fatty acids are straight-chain compounds
with carbon chain lengths between 2 and 24.
Medium chain (C6—C10) and long chain (C12—-
C24) fatty acids are utilized as skin penetration
enhancers. Fatty acids with unsaturated carbon
atoms and branched carbon chains, as well as fatty
acid esters reported as skin penetration enhancers,
are listed in Table 9.1. These have been used as
penetration enhancers mainly for lipophilic drugs
and to a lesser extent for hydrophilic permeants

Table 9.1 Fatty acids reported in the literature as skin
penetration enhancers

Carbon
Chemical name atoms M. Wt.
(A) Saturated fatty acids
Linear hydrocarbon chain
Butyric acid 4 88.1
Pentanoic acid (valeric acid) 5 102.1
Hexanoic acid (caproic acid) 6 116.1
Octanoic acid (caprylic acid) 8 144.2
Nonanoic acid (pelargonic acid) 9 158.2
Decanoic acid (capric acid) 10 172.3
Dodecanoic acid (lauric acid) 12 200.3
Tetradecanoic acid (myristic 14 228.4
acid)
Hexadecanoic acid (palmitic 16 256.4
acid)
Octadecanoic acid (stearic acid) 18 284.4
Eicosanoic acid (arachidic acid) 20 412.5
Docosanoic acid (behenic acid) 22 340.5
Tetracosanoic acid (lignoceric acid) 24 368.6
Branched hydrocarbon chain
Pentan-2-oic acid (isovaleric acid) 5 102.1
2,2-Dimethyl pentanoic acid 7 130.2
(neoheptanoic acid)
2,2-Dimethyl heptanoic acid 8 158.2
(neononanoic acid)
2,2-Dimethyl octanoic acid 10 172.3
(neodecanoic acid)
2-Heptyl undecanoic acid 18 284.4
(isostearic acid)
(B) Unsaturated fatty acids
cis-9-Tetradecenoic acid 14:1 226.4
(myristoleic acid)
cis-9-Hexadecenoic acid 16:1 254.4
(palmitoleic acid)
All cis-9,12,15-octadecadienoic  18:3 278.4
acids (a-linolenic acid)
All cis-6, 9 and 18:3 278.4
12-octadecatrienoic acids
(y-linolenic acid)
All cis-9, 12-octadecadienoic 18:2 280.4
acids (a-linoleic acid)
cis-11-Octadecenoic acid 18:1 282.4
(asclepic acid)
cis-6-Octadecenoic acid 18:1 282.4
(petroselinic acid)
trans-9-Octadecenoic acid 18:1 282.4
(elaidic acid)
cis-9-Octadecenoic acid (oleic acid) 18:1 282.4

(continued)
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Table 9.1 (continued)

Carbon
Chemical name atoms M. Wt.
All cis-5, 8, 11, and 20:4 304.5
14-eicosatetranoic acid
(arachidonic acid)
cis-11-Eicosenoic acid (gondoic  20:1 310.5
acid)
cis-13-Docosenoic acid (erucic ~ 22:1 338.6
acid)
(C) Fatty acid esters
Ethyl ethanoate (ethyl acetate) 4 88.11
Methyl propionate (methyl 4 88.11
propylate)
Butyl ethanoate (butyl acetate) 6 116.16
Methyl pentanoate (methyl 6 116.16
valerate)
Diethyl decanedioate (diethyl 14 258.36
sebacate)
Methyl laurate 15 214.34
Ethyl oleate 20 310.51
Isopropyl decanoate 13 214.35
Isopropyl myristate 17 270.45
Isopropyl palmitate 19 298.50
Sucrose laurate 24 524.6

and peptides (Williams and Barry 2012). Table 9.2
provides examples of drugs with various physico-
chemical properties utilizing fatty acids and their
esters as penetration enhancers. In many cases, the
vehicles, for example, propylene glycol (PG) and
ethanol, have strong influence on the efficacy of
fatty acids in enhancing the skin permeation of
drugs. A number of patents describing the utility
of fatty acids and their esters or alcohols as
enhancers in transdermal formulations have been
reported; some examples are given in Table 9.3.
These patents describe topical formulations
containing different therapeutic agents.

Fatty alcohols have generally lower melting
points and are more polar than corresponding fatty
acids. Table 9.4 presents some frequently reported
fatty alcohols as skin penetration enhancers. It is
generally believed that they increase the diffusivity
and partitioning of drugs across the skin by disrupt-
ing the highly ordered structure of the lipids of the
skin barrier. The penetration enhancement is a con-
sequence of interactions of fatty alcohols with the

polar head group region, which results in the
increased fluidity of the alkyl chains (Brian and
Walters Brain and Walters 1993). It is difficult to
classify fatty alcohols and fatty acids in terms of
their efficacy as penetration enhancers, as their
enhancement effect is dependent on the physico-
chemical properties of both the drug molecule and
the enhancer. The influence of n-alkanols, alkyl pyr-
rolidones, alkyl diols, and alkyl dimethylamides as
skin permeation enhancers on the permeation of
steroid molecules was studied by Higuchi and
coworkers (Warner et al. 2001; Kim et al. 1992;
Yoneto et al. 1995). They demonstrated that the
enhancer potency of these four homologous series
was the same when enhancers of the same alkyl
chain length were compared, i.e., the contribution
of the hydroxyl, pyrrolidone, diol, and dimethylam-
ide groups to the enhancer’s potency was the same.
This implies that the enhancer potency of fatty alco-
hols depends on their alkyl chain, and the contribu-
tion of the polar head group may not be very
significant (Warner et al. 2001; Kim et al. 1992;
Yoneto et al. 1995). These observations are in con-
trast to what has been reported in the study on per-
meation enhancement effects of fatty acids and
alcohols on melatonin penetration across porcine
skin (Kandimalla et al. 1999; Andega et al. 2001).
Clear differences between different fatty acids and
corresponding alcohols were noted in the above
studies. Studies on the skin permeation enhance-
ment abilities of lauric acid and lauryl alcohol indi-
cated substantial difference between these two
compounds; lauric acid showed 30-fold higher flux
of naloxone through human skin as compared with
lauryl alcohol (Aungst et al. 1986). Similarly, oleic
acid and lauric acid induced a 3.5 and tenfold higher
permeation of ondansetron HCl as compared to
oleyl alcohol and lauryl alcohol, respectively (Gwak
et al. 2004). In another study, oleic acid provided a
severalfold higher skin permeation of diclofenac
sodium as compared to oleyl alcohol (Kim et al.
2008). All these studies indicate that fatty acids are
more potent penetration enhancers than fatty alco-
hols. However, oleyl alcohol showed 1.5-fold higher
skin permeation of zolmitriptan than oleic acid from
a transdermal patch (Subedi et al. 2011).
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Table 9.3 Fatty alcohols/acids reported as skin penetration enhancers in the patent literature

Drug
Ondansetron

Interferon a2b (IFNa2b)

Rasagiline

Norethindrone acetate

Buprenorphine

Alprazolam

Testosterone

Rotigotine

Table 9.4 Fatty alcohols reported as skin penetration

enhancers

Chemical name
(A) n-alcohols

1-Decanol (capric alcohol)

Fatty acid/fatty
acid ester

3 % Oleic acid

Palmitic
acid-IFNa2b
Conjugate (1:20)
Oleic acid
Linolenic acid

6 % Oleic
acid+12 %
linolenic acid

10 % oleic acid

1 % Lauric acid

5 % Lauryl
alcohol

+5 % isopropyl
myristate

10 % isopropyl
myristate

1-Dodecanol (lauryl alcohol)
1-Tetradecanol (myristyl alcohol)

1-Hexadecanol (cetyl alcohol)

1-Octadecanol (stearyl alcohol)

(B) Iso-alcohols

10-Methyl-1-hendecanol (isolauryl alcohol)

12-Methyl-1-tridecanol (isomyristyl

alcohol)

14-Methyl-1-pentadecanol (isopalmityl

alcohol)

16-Methyl-1-heptadecanol (isostearyl

alcohol)

Vehicle

Propylene glycol;
ethanol

0.1 % methyl cellulose
gel

Polyacrylate-Eudragit
E100
Patch

Duro-Tek: ethyl
cellulose matrix

Propylene glycol

Propylene glycol

Adhesive matrix patch

Adhesive (BIO-PSA®
7-4302) (patch)

Important claims
31-fold high
permeation across
human cadaver skin
Eightfold high
cutaneous deposition

1000 pg/48 h through
mice skin

Good adhesiveness and
low skin irritation was
claimed. The system
acts by push-pull
mechanism

Sevenfold higher
permeation across
human cadaver skin
45-fold higher
permeation across
guinea pig skin
1.7-fold higher
permeation through
human epidermis

2.6-fold higher
permeation through
guinea pig skin

Patent reference
Cho et al. (2001)

Foldwari et al.
(2002)

Deng et al.
(2012)

Carrara (2001)

Sharma et al.
(1993)

Carrara et al.
(2010)

Anigbogu et al.
(2006)

Wang et al.
(2008)

M. Wt.

158.28
186.34
214.39
242.44
270.50

186.34
214.39

242.44

270.50

9.3  Fatty Alcohols

Ethyl alcohol has been widely employed as a
penetration enhancer in several marketed topical
and transdermal formulations [e.g., Estraderm®
patches (Novartis, USA), AndroGel® gel (AbbVie
Inc., USA), Estrasorb® topical emulsion (Medicis
Pharmaceutical Corp., USA), and Nimulid® gel
(Panacea Biotec Ltd., India)] and is often the sol-
vent of choice in transdermal patches. Ethyl alco-
hol can be used up to 74 % in transdermal gels
such as testosterone gel (AndroGel®) and estra-
diol gel (Estrogel®) (Accessdata.fda.gov). The
penetration enhancement effect increases with
the increase in ethanol volume fraction up to 60 %
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Table 9.5 Steady-state flux (pg/cm?*h=+SD) values of
thalidomide and its N-alkyl analogs from a series of

Table 9.6 Steady-state flux values of melatonin across
rat and porcine skin using saturated fatty acids

n-alcohols

Steady-state flux (pg/cm?*h+SD)

Rat Pig
Melatonin flux (pg/cm?h)  Melatonin (pg/cm?h)
Control 5.29+0.21 Control 5.34+0.59

Nonanoic acid 20.31+1.92
Decanoic acid 34.38+2.43

Nonanoic acid 7.77+0.55
Decanoic acid  18.79+1.59

Vehicle Thalidomide  N-methylthalidomide
Methanol (C1) 0.147+0.005 4.498+0.220
Ethanol (C2) 0.066+0.053 2.819+0.391
Propanol (C3)  0.039+0.002 0.822+0.096
Butanol (C4) 0.037£0.016 0.813+0.196
Pentanol (C5)  0.039+0.014 0.722+0.034
Hexanol (C6)  0.028+0.007 0.468+0.037
Heptanol (C7)  0.029+0.002 0.250+0.016
Octanol (C8) 0.035+0.010 0.185+0.003
Nonanol (C9)  0.036+0.018 0.174+0.008
Decanol (C10) 0.018+0.001  0.351+0.220
Undecanol (C11) 0.010+£0.003  0.223+0.040
Dodecanol (C12) 0.025+0.004 0.172+0.030

Goosen et al. (2002)

volume fraction for estradiol and 80 % volume
fraction for testosterone, above which a reduction
in the permeation rate was observed (Kim et al.
2000; Altenburger et al. 1998). Furthermore,
lipid vesicles with high ethanol content are tai-
lored for enhanced transdermal delivery of active
agents (Godin and Touitou 2003).

Goosen et al. (2002) reported that short chain
alkanols (C1 to C6) were better in enhancing the
permeation of methyl thalidomide than medium
chain alkanols (C7 to C12). The steady-state flux
was highest with C1 (methanol), and the flux
decreased linearly with the increase in the carbon
chain length of alkanol up to C6 (hexanol). The
medium chain alkanols (C7 to C12) showed a
parabolic relationship (Tables 9.5 and 9.6)
between the flux of methyl thalidomide and the
carbon chain length of the alkanol with peak per-
meation rate at C10 (decanol). Sloan et al. (1998)
reported that the flux of theophylline from a pro-
pylene glycol vehicle across hairless mouse skin
was the least for methanol (C1); increased almost
480-fold by pentanol (C5); further increased by
hexanol (C6), heptanol (C7), octanol (C8), and
nonanol (C9) to a peak level to 656-fold; and then
decreased to tenfold by undecanol (C11).

The enhancement effect of unsaturated fatty
alcohols with one, two, or three double bonds
(oleyl alcohol, linoleyl alcohol, linolenyl alcohol,

Undecanoic 45.33+2.72 Undecanoic 23.70+2.64
acid acid

Lauric acid 32.30+1.70 Lauric acid 2498+1.45
Myristic acid ~ 18.75+0.68 Moyristic acid  17.29+1.31

Kandimalla et al. (1999)

respectively) and saturated fatty alcohols (C8 to
C14) on melatonin permeation across porcine
and human skin was studied (Andega et al. 2001).
Linoleyl alcohol with two double bonds showed
highest permeation-enhancing effect among the
three unsaturated fatty alcohols, both in porcine
and human skin. However, a decrease in the per-
meation was observed with the fatty alcohol with
three double bonds (linolenyl alcohol). However,
it has been found that the fatty alcohols which
provided greater permeation of melatonin (deca-
nol, undecanol, and dodecanol) also produced
greater transepidermal water loss (TEWL), skin
blood flow, and erythema in hairless rats
(Kanikkannan and Singh 2002). Octanol and
nonanol were found to be the most useful enhanc-
ers for the transdermal delivery of melatonin con-
sidering their lower skin irritation and a
reasonably good permeation enhancement effect.
The influence of 10 % saturated alcohols (C8 to
C18) in PG on the flux of naloxone through the
human skin was studied (Aungst et al. 1986).
A parabolic effect of alkyl chain length with C12
being most effective was demonstrated. It was
also shown in the same study that with an increase
in the number of double bonds in the C18 fatty
alcohol, the permeation of naloxone increased.
When alkanols were administered in isopro-
pyl myristate as a vehicle, the enhancement
potency for benztropine mesylate permeation
increased linearly with increasing the carbon
number of the alcohol present in the binary mix-
ture (Gorukanti et al. 1999). In case of a polar,
nonelectrolyte permeant, nicotinamide, penetra-
tion enhancement versus alkanol chain length
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profile across hairless mouse skin was parabolic
with a peak permeation rate at C6 (Kai et al.
1990). The authors suggested that the principal
mechanism by which alkanols enhance percuta-
neous absorption of polar penetrants is by extrac-
tion of SC intercellular lipids. Medium chain
aliphatic alcohols (C8—C12) enhanced the per-
meation of both hydrophilic and lipophilic model
drugs (6-carboxyfluorescein and indomethacin)
through excised rat skin (Seki and Morimoto
2003). The enhancing effects of the aliphatic
alcohols for 6-carboxyfluorescein and indometh-
acin decreased with the increase in carbon chain
length. This study indicates that the aliphatic
alcohols can be used as permeation enhancers for
both hydrophilic and lipophilic drugs. Biphasic
fluxes (initial high flux followed by a lower flux)
were noted for melatonin permeation across rat
skin with various saturated and unsaturated fatty
alcohols (Kandimalla et al. 2009).

The influence of hydrocarbon chain branching
or positioning of polar head group (—~OH) in the
alkyl chain on the permeation enhancement effect
was also examined. The effects of x-heptanol,
x-octanol, and x-nonanol (where x is the position
of the hydroxyl group ranging from 1 up to 5) on
the transport of a probe permeant, corticosterone
across hairless mouse skin was investigated. The
enhancer potencies of 2-alkanol, 3-alkanol,
4-alkanol, and 5-alkanol were approximately
1.9-, 2.6-, 3.1-, and 3.9-fold lower, respectively,
than those of 1-alkanols of the same molecular
formula. This suggests that the branched chain
alkanols have lower enhancer potency than
1-alkanols of the same molecular formula, i.e.,
the potency decreases as the hydroxyl group
moves from the end of the chain toward the cen-
ter of the enhancer alkyl chain. Branching of the
alkyl chain reduces the ability of the enhancer to
effect lipid fluidization in the SC lipid lamellae at
the target site (Chantasart et al. 2004).

9.4  Fatty Acids

Fatty acids have been extensively studied as skin
penetration enhancers for the development of
successful topical and transdermal delivery

systems of different classes of drugs. Structurally,
fatty acids consist of an aliphatic hydrocarbon
chain and a terminal carboxyl group. Generally
C6 to C14 saturated fatty acids have been widely
reported as skin penetration enhancers. Also,
oleic acid, a C18 unsaturated fatty acid, is one of
the most extensively studied penetration enhanc-
ers among the fatty acids (Yu et al. 2001; Fang
et al. 2003a, b; Hathout et al. 2010; Zakir et al.
2010)

There are several reports on the effect of car-
bon chain length of fatty acids on the skin perme-
ation enhancement of drugs. The enhancement
effect of fatty acids on the permeation of piroxi-
cam was studied in rat skin, and it decreases lin-
early with increasing carbon number of saturated
fatty acid from 12 to 18 (Hsu et al. 1994).
Similarly, the permeation-enhancing effect of
saturated fatty acids for melatonin through
excised hairless mouse skin decreased with the
increase in the carbon chain length from C12 to
C18 (Oh et al. 2001). In another study, skin per-
meation rate of melatonin across excised rat skin
increased C11, and then the permeation rate
decreased (Kandimalla et al. 1999). Among a
series of saturated fatty acids investigated as per-
meation enhancers for propranolol in rabbit skin,
C12 and 14 saturated fatty acids were the most
potent agents in increasing the permeation of
propranolol from gel formulations (Ogiso et al.
1990). Among C8, C12, and C14 saturated fatty
acids, C12 acid was found to be the optimum per-
meation enhancer for flurbiprofen across rat skin
(Chi et al. 1995). In another investigation, the
skin permeation of albuterol across hairless
mouse skin was studied using 0.5 % hydroxyl
propyl cellulose gel (Klucel®, Hercules
Incorporated, USA) containing C10, C12, and
C14 acids as penetration enhancers. The formula-
tion containing C12 acid and albuterol in 2:1
molar ratio enhanced the skin permeation by at
least 3.0-fold albuterol as compared to other fatty
acids (Chisty et al. 2002).

It has been proposed that acids with a certain
chain length, i.e., around 12 carbons, possess an
optimal balance between partition coefficient and
affinity to the skin (Ogiso 1990). Shorter chain
fatty acids would have insufficient lipophilicity
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for the permeation into the skin, whereas longer
chain fatty acids would have much higher affinity
to lipids in the SC thereby retarding their own
permeation and that of other permeants. This
suggests that the mode of action of saturated fatty
acids as enhancers is dependent on their own per-
meation across the stratum corneum/skin (Tanojo
et al. 1997; Aungst et al. 1990).

It has been well established that unsaturated
fatty acids are more potent permeation enhancers
than the saturated species (Oh et al. 2001). Chi
et al. (1995) compared the permeation enhance-
ment effects of saturated and unsaturated fatty
acids for flurbiprofen. Among saturated fatty
acids (C10, C12, and C14 fatty acids), only C12
acid was effective as a penetration enhancer. The
permeation rate of flurbiprofen increased by
18-fold with the addition of linolenic acid
(C18:3). The other unsaturated acids (oleic, pal-
mitoleic, linoleic, and arachidonic acid) showed
less potent enhancing effect for flurbiprofen.
Fang et al. (2003a, b) evaluated the efficacy of
unsaturated fatty acids for the enhancement of
flurbiprofen permeation through mouse skin.
Unsaturated fatty acids (linolenic, linoleic, oleic)
provided the greatest enhancement of flurbipro-
fen permeation compared to terpene class of
enhancers. The flux of flurbiprofen increased
with the increase in the number of double bonds
of the unsaturated fatty acid (linolenic acid >lin-
oleic acid>oleic acid). However, oleic acid pro-
duced higher skin retention of flurbiprofen than
the other unsaturated fatty acids.

Gwak et al. (2004) investigated the effects of
different penetration enhancers (fatty acids and
fatty alcohols) on the in vitro permeation of ondan-
setron hydrochloride across hairless mouse skin.
The greatest flux was attained by unsaturated fatty
acids; the enhancement factors with the addition of
3 % oleic acid or linoleic acid to propylene glycol
were about 1250 and 450, respectively. Saturated
fatty acids failed to show a significant enhancing
effect. In another study by Gwak et al. (2002), uti-
lizing the same experimental design, reports that
the enhancement factors for tenoxicam with the
addition of oleic acid or linoleic acid to PG were
348 and 238, respectively, whereas the saturated
fatty acids (lauric, capric, and caprylic acids) had
no effect on the skin permeation of tenoxicam.

Oleic acid has been shown in numerous studies to
be an effective skin permeation enhancer (Dimas
et al. 2004; Thomas and Panchagnula 2003;
Valjakka-Koskela et al. 2000; Giannakou et al.
1998), while stearic acid usually showed no
permeation-enhancing effect (Oh et al. 2001).
Oleic acid in association with PG has been found
to be a very potent enhancer for venlafaxine in a
carbomer gel base (Baek et al. 2012). Furthermore,
it has been reported that penetration of hydrophilic
fluorescent nanoparticles into the skin can be
greatly enhanced by the addition of oleic acid,
which can be used for therapeutic purposes (Lo
et al. 2012). Oleic acid modified chitosan nanopar-
ticles increased the deposition of a peptide with 11
amino acids (known as Spantide II) and ketopro-
fen by severalfolds as compared to unmodified
nanoparticles (Shah et al. 2011).

As the number of double bonds in fatty acids
increased from one (oleic acid) to two (linoleic
acid), there was a substantial increase in the flux of
naloxone. However, an increase in the number of
double bonds to three (linolenic acid) did not
increase the flux further (Aungst et al. 1986).
Golden et al. (1987) evaluated the effects of position
and configuration of unsaturated (18:1) fatty acids
using porcine SC and a vehicle containing 0.15 M
fatty acid in ethanol. The cis isomers were effective
permeation enhancers, whereas the corresponding
trans isomers had less or no enhancing effect.

The effect of the number of double bonds (in
cis-conformation) in straight chain polyunsatu-
rated acids on the permeation of para-
aminobenzoic acid was studied in human SC
(Tanojo et al. 1997). Compared to a monounsatu-
rated fatty acid, polyunsaturated fatty acids — lin-
oleic, linolenic, and arachidonic acids with,
respectively, 2, 3, and 4 double bonds — produced
a significantly higher increase in the permeation
of para-aminobenzoic acid. However, there was
no significant difference in effects among the
polyunsaturated fatty acids. Carelli et al. (1992)
also reported that the enhancement of flux of
alprazolam by linoleic acid (two double bonds)
was greater than that of oleic acid (one double
bond) through hairless mouse skin. In contrast,
Morimoto et al. (1996) reported that the flux of
indomethacin was unaffected by the number of
double bonds.
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An earlier investigation showed that among
unsaturated fatty acids, oleic acid is an effective
skin penetration enhancer for polar and nonpolar
drugs (Barry 1987). Cis unsaturated fatty acids
(viz., oleic acid, linoleic acid, and linolenic acid)
have been reported to form separate domains
within SC lipids, which effectively decrease
either diffusional path length or the resistance
(Ongpipattanakul et al. 1991).

The combination of fatty acids and iontopho-
retic delivery can result in enhanced permeation of
many drugs. It has been suggested that skin
appendages play important role in electro trans-
portation for ionic drugs. Since fatty acids enhance
permeation by selective perturbation in the inter-
cellular lipids of the SC and ions are known to take
the path with less resistance, combined use of ion-
tophoresis and fatty acids is an alternative that
researchers have used to increase the permeation
of not only low molecular weight drugs but also
high molecular weight proteins such as insulin and
several small peptides (Bhatia and Singh 1998;
Bhatia et al. 1997; Rastogi and Singh 2005).

9.5  Fatty Acid Esters

Methyl or propyl esters of medium chain fatty acids
(C8-C12) enhanced the permeation of 6-carboxy-
fluorescein (hydrophilic) and indomethacin (lipo-
philic) through rat skin. Although the relationship
between the structure and skin permeation-
enhancing effect of the fatty acid esters used in this
study is not yet fully understood, they are possible
candidates for permeation enhancers for hydro-
philic and lipophilic drugs (Seki and Morimoto
2003). Song et al. (2001) investigated the effects
of oleic acid and of a group of chemically related
cis- (ricinoleic acid) and trans- (ricinelaidic acid)
12-monohydroxylated derivatives and their cor-
responding ethyl and methyl esters on the skin
permeation of a hydrophobic (hydrocortisone)
and hydrophilic (5-fluorouracil) model drug using
excised hairless mice skin. Whereas the addition
of oleic acid markedly enhanced the transdermal
flux of both drugs relative to PG alone (hydrocor-
tisone approximately 1800-fold; 5-fluorouracil
approximately 330-fold), the addition of a cis- or

trans-12-monohydroxylated analog of oleic acid
resulted in only a small flux increase (threefold
for hydrocortisone and sevenfold for 5-fluoroura-
cil). On the other hand, the methyl and ethyl esters
of cis- and trans-12-hydroxy-9-octadecenoic acid
exerted a much greater enhancing effect (up to
720-fold for hydrocortisone and up to 74-fold
for 5-fluorouracil) than the corresponding parent
fatty acids.

The effects of a series of polyol fatty acid
esters (Sefsol®, Nikko Chemicals Co. Ltd., Japan)
on diclofenac permeation through rat skin were
investigated (Takahashi et al. 1996; 2001).
Among four monoesters and one diester of sef-
sol, all monoesters except the glyceryl monoester
enhanced the percutaneous permeation of diclof-
enac. The highest enhancement was observed
with propylene glycol monocaprylate.

Different sucrose fatty acid esters were used as
penetration enhancers in methacrylic polymer-
based transdermal patches using metoprolol as a
model drug. The release and permeation model
studies indicated that shorter fatty acid chain
length sucrose esters increased the drug release
about tenfold than the patch with no enhancer
(Csdka et al. 2007).

Isopropyl myristate is one of the widely studied
esters among esters of fatty acids. This and other
esters generally act by partitioning themselves in
the ordered lipid domains of the SC (Karande and
Mitragotri 2009). Binary combinations of isopro-
pyl myristate and short chain alkanols show trans-
dermal flux enhancement of estradiol when
compared to alkanols alone (Goldberg-Cettina
et al. 1995). A binary combination of isopropyl
myristate and n-methyl pyrrolidone (25:75) sig-
nificantly improved lidocaine flux across human
skin showing an enhancement of 25-fold over iso-
propyl myristate alone (Lee et al. 2006).

Chemical Modification
of Drugs with Fatty Acids
and Fatty Acid Esters

9.6

Yamamoto et al. (2003) synthesized three novel
lipophilic derivatives of phenylalanyl-glycine
(Phe-Gly), C4-Phe-Gly (butyric acid conjugate),
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C6-Phe-Gly (caproic acid conjugate), and
C8-Phe-Gly(caprylic acid conjugate) by chemi-
cal modification. The effect of acylation on the
stability, permeability, and accumulation of Phe-
Gly in rat skin was investigated. The stability (in
skin homogenates) and permeability of Phe-Gly
was improved by chemical modification with
fatty acids, and this enhanced permeability of
Phe-Gly due to acylation may be attributed to the
protection of Phe-Gly from enzymatic degrada-
tion in the skin and the increase in the partition of
Phe-Gly into the SC. Of all the acyl-Phe-Gly
derivatives, C6-Phe-Gly was the most permeable
compound across the skin with twofold higher
permeation than the parent peptide (Phe-Gly).

Setoh et al. (1995) studied in vitro perme-
ation of tetragastrin and various fatty acid con-
jugates of tetragastrin through rat skin. The
permeation of tetragastrin across intact skin was
improved by chemical modification with acetic
acid and butyric acid. However, tetragastrin and
caproyl-tetragastrin did not permeate across
intact skin. The stability of tetragastrin in skin
homogenate was also significantly improved by
chemical modification with fatty acids. Various
fatty acid ester derivatives of cycloserine were
synthesized to improve skin permeation of
cycloserine (Thorsteinsson et al. 2002). The
skin permeation of cycloserine across the hair-
less mouse skin increased 20-fold by the fatty
acid esters compared to unmodified parent drug
indicating their potential use in the treatment of
various skin infections.

Yahalom et al. (1999) synthesized analogs of
gonadotropin-releasing hormone (GnRH) with
various aliphatic acids (C2, C6, C12, and C18
acids) to improve the transdermal delivery of
GnRH. The transdermal penetration of the pep-
tides was evaluated by in vivo functional experi-
ments in rats. According to these studies, the
efficiency of penetration is gradually lowered
increasing the hydrocarbon chain length of the
conjugate peptide, in the order of C2, C6, C12,
and C18. The skin permeation of the peptide dra-
matically decreased by the attachment of a fatty
acid to GnRH, either due to significantly
increased molecular weight or due to substantial
conformational changes.

Skin permeation and accumulation profiles of
ketorolac stearate (C18:0), a model of a highly
lipophilic fatty ester as local topical agent, were
studied. No permeation and minimal skin accu-
mulation of ketorolac stearate could indicate a
possibility for designing safer topical agents
without systemic absorption (Bhandari et al.
2008). Similarly, ketorolac linoleate (C18:2),
oleate (C18:1), and stearate (C18:0) esters were
found to be highly lipophilic, chemically stable,
and enzymatically susceptible (to hydrolysis) in
hairless mice skin and did not permeate into the
receptor solution, indicating their safe use as
local topical agents without their systemic
absorption (Bhandari et al. 2007).

Morphine propionate and morphine enanthate
prodrugs were more lipophilic than morphine,
and these prodrugs enhanced transdermal drug
delivery by two- and fivefold, respectively, as
compared to morphine (Wang et al. 2010).

Penetration Enhancement
Mechanisms

9.7

Fatty alcohols and fatty acids act as permeation
enhancers due to their interaction with the skin bar-
rier by one or more of the following mechanisms.

9.7.1 Lipid Disruption at

the Intercellular Level:

The Enhancer Disrupts Sc
Lipid Organization, Making It

Permeable to Drugs

The lipids of SC are mainly ceramides, choles-
terol, and free fatty acids. The acyl chain length
of ceramides and free fatty acids is between C22
and C26. Cholesterol is present in small amounts
(typically 2-5 % w/w of total lipids). The inter-
cellular lipids are arranged in an ordered struc-
ture of multiple bilayers of polar and nonpolar
regions. Several studies have demonstrated that
fatty acids increase the fluidity of SC lipids by
disrupting the packing order of alkyl chains of
lipids in SC (Chantasart et al. 2004; Aungst et al.
1990; Jasti and Abraham 1998).
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Unsaturated fatty acids at 5 % w/v in ethanol
(oleic acid, linoleic acid, linolenic acid) induced
perturbation or increased bilayer fluidity of SC as
observed by Fourier transform infrared spectros-
copy (Jain et al. 2002). Oleic acid is readily
absorbed into SC and increases rotational move-
ment of the hydrocarbon chains and decreases the
order of bilayer structure (Francocur et al. 1990;
Gay et al. 1989). It was also proposed that oleic
acid disrupts the packed structure of the intercel-
lular lipids because of the incorporation of its cis
double bond. In contrast, the corresponding C18
saturated compound, stearic acid, even though is
a major component of SC is not efficient enough
to increase the fluidity of ceramides (Neubert
et al. 1997). This explains why oleic acid is a sig-
nificantly more effective permeation enhancer
than stearic acid.

9.7.2 Fatty Acids Form Solvated
Complexes or Molar Addition
Compounds (lonic
Compounds) and Permeate
Through the Skin
Simultaneously with Drugs

The transdermal delivery of tamoxifen and lino-
lenic acid from borage oil across human skin was
monitored. Initial uptake of vehicle into the SC
would be a consequence of the miscibility of the
vehicle and the intercellular lipids of the SC. The
dermis is polar in nature compared to the SC
which is reach in lipids, and it is generally per-
ceived as a barrier to the ingress of highly lipo-
philic molecules. From the relatively high
amounts of both tamoxifen and linolenic acid
that permeated the skin, it appears that the driv-
ing force of the vehicle was sufficient to over-
come the dermis as a barrier. From this, it appears
that the rate of permeation of linolenic acid and
tamoxifen from the oil was linked to that of sol-
ute via a fixed solvation cage, rather than discrete
molecules (Karia et al. 2004). When nonsteroidal
anti-inflammatory drugs (NSAIDs), ibuprofen or
ketoprofen, were applied to pig ear skin in a fish
oil vehicle, similar high fluxes of ibuprofen or
ketoprofen concomitant with eicosapentaenoic

(EPA) and docosahexaenoic (DHA) acids were
obtained (Heard et al. 2003). In the same study, it
was found that the rate of permeation of NSAID
was linked to the rate of permeation of EPA and
DHA in the fish oil, suggesting permeation
involved fixed NSAID/triacylglycerol com-
plexes. Consequently, the permeation rates
observed pertain not only the permeant but also
the overall solvated complex.

Stott et al. (2001) demonstrated the formation
of 1:1 molar addition compounds of propranolol
with lauric or capric acid from their binary mix-
tures (as determined by FT-IR). The addition
compounds are formed by interaction between
the carbonyl group of the fatty acid and the amino
group of the fB-blocker, to form a salt. The oppo-
sitely charged species of the salt have been shown
to permeate the human epidermal membrane by
an ion-pair mechanism. Green and Hadgraft
(1987) reported similar findings suggesting the
formation of ion pairs between metoprolol or
oxprenolol and lauric and oleic acids.

9.7.3 Fatty Acids Increase
the Diffusivity
and Partitioning of Drugs
and Vehicles in/Through Sc

The permeation of a drug into/through the skin is
influenced by: (1) permeation of vehicle into SC
and (2) affinity of drug to the vehicle. If the vehi-
cle permeates the skin readily and the drug has
high affinity to the solvent, the permeation
through the skin can be increased by “solvent
drag mechanism” (drug-vehicle permeating
together) (Aungst et al. 1990). Propylene glycol
(PG) is able to permeate the skin better than min-
eral oil. The PG-fatty acid mixtures are able to
permeate the skin better than MO-fatty acid mix-
tures. Also, the permeation of PG-long-chain
fatty acid mixture is less than the PG-short-chain
fatty acid (Wang et al. 2004). While PG-palmitic
acid localized in the SC lipids, PG-myristic acid
was able to penetrate the deeper epidermal layers
of the skin (Cotte et al. 2004). This indicates a
mutual increase in the permeation of fatty acids
and propylene glycol under the influence of each
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other, and this explains “the solvent drag mecha-
nism.” In a recent study, it has been determined
that fatty acids act as permeation enhancers
mainly through the enhancement of permeant
partitioning into the intercellular lipid domain of
the SC (Ibrahim and Li 2010).

A “push-pull mechanism” of enhancement by
fatty acids (combination of lauric acid and oleic
acid) was proposed for steroidal hormones, like
estradiol, testosterone, and norethindrone (Carrara
2001). It is possible that fatty acids are mainly dis-
tributed to the SC because of their lipophilicity,
where they interact with the SC lipids causing a
“pull effect” for the drug. Further, fatty acids that
remain within the formulation alter the thermody-
namic activity by affecting the solubility of the
active agent within the formulation causing a “push
effect.” The use of combination of penetration
enhancers of the same chemical family resulted in
sustained and controlled percutaneous absorption
of the drugs from an adhesive matrix formulation.
Various enhancers, such as fatty acids (saturated,
unsaturated), glycerides, and nonionic surfactants,
were incorporated in the loratadine-EVA matrix to
increase the rate of skin permeation of loratadine
from an EVA matrix. The drug and enhancer con-
centration of the matrix were not revealed. Fatty
acids generally provided higher flux values as com-
pared to other classes of enhancers. Myristic and
linolenic acids enhanced flux by 3.3- and 3.9-fold
higher flux values as compared to the matrix patch
with no enhancer (Cho et al. 2009).

9.8 Formulation Considerations

Many studies in the past have assessed the
permeation-enhancing activity of compounds as a
result of placing the pure enhancer or its solutions
onto the skin surface. This may not be relevant to
the incorporation of an enhancer into a transder-
mal system, and that must be designed such that
both the active drug and enhancer are released
into the skin. During the pre-formulation stage of
transdermal product development, the concentra-
tion of the enhancer, its chemical constitution, and
its compatibility with polymer or gel components
must be evaluated by the development scientist.
The enhancers to be incorporated into the final

transdermal devices should possess the following
attributes: (1) compatible with formulation ingre-
dients and device components, (2) chemically
stable in the system, (3) promote drug release
from the system and be also released to act on the
skin to reduce its barrier function, and (4) non-
irritating, non-sensitizing, non-phototoxic, and
pharmacologically inert.

Fatty acids, fatty alcohols, and fatty acid esters
attracted a lot of attention as some of these com-
pounds are classified as generally recognized as
safe (GRAS) by Food and Drug Administration
(FDA). Few examples of GRAS status com-
pounds include oleic acid, stearic acid, oleyl
alcohol, cetyl alcohol, stearyl alcohol, isopropyl
palmitate, isopropyl myristate, ethyl oleate, etc.

Despite the knowledge that fatty acids are
generally irritant, there are several patents which
propose their use in transdermal drug delivery
and ways to minimize the skin irritation
(Table 9.3). The fatty acids may be skin irritants
in their undiluted form, but the skin irritation can
be suppressed in the diluted form in the formula-
tion and by means delivering the enhancer in a
controlled release dosage form such as transder-
mal patch (Hille et al. 1993). One of the require-
ments for transdermal patches is the stability of
the drug as well as enhancer during the shelf life
of the patch. Transdermal systems with a multi-
ple layer design may contain nonhomogeneous
distribution of the enhancer. In some cases, the
enhancer will migrate into different layers in the
entire matrix until equilibrium is established.

The technological aspects of fatty acids and
alcohols in transdermal formulations have not
been systematically investigated. There are not
many papers dealing with the incorporation of
fatty acids and alcohols into transdermal patches.
A polyacrylate or polyisobutylene adhesive patch
containing saturated or unsaturated fatty acids
(C6-C18) and estradiol or estradiol/progestin
mixture as active drugs was described (Gonella
1997). This patent claims a non-irritating patch
for a three-day delivery of hormones in the hor-
mone replacement therapy. A novel formulation
of a monolithic transdermal patch comprising a
combination of fatty acids and/or fatty alcohols
as penetration enhancers was described (Carrara
2001). This patent claims that a combination of
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oleic and lauric acid acts as the most adequate
composition for enhancing the skin permeation
for many active agents. It was also claimed in the
patent that a combination of fatty acid(s) and/or
fatty alcohol(s) with different chain lengths as a
penetration enhancer provides controlled drug
permeation rates at all application times.

Fatty alcohols (5 % oleyl alcohol and lauryl
alcohol) were incorporated as penetration enhanc-
ers into monolithic adhesive matrix type patches
containing 20 % captopril. These enhancers pro-
vided at least twofold higher permeation rates as
compared to oleic acid, dimethyl sulfoxide,
N-methyl pyrrolidone, and Transcutol (Park et al.
2001). Oleic acid and propionic acid were incorpo-
rated into a transdermal patch formulation contain-
ing physostigmine (Jenner et al. 1995; Kochinke
et al. 1994). It was shown that inclusion of oleic acid
allowed the amount of physostigmine and the size
of the transdermal patch to be substantially reduced,
while maintaining effective drug delivery rates. The
formulation containing oleic acid was nonirritant to
guinea pigs when applied to the skin for 48 h.

Different fatty alcohols and fatty acids were
incorporated at 5 % w/w into acrylic adhesive
transdermal patches of melatonin. Decanol,
myristyl alcohol, and undecanoic acid provided
significantly higher drug flux values through
hairless rat skin than patches without enhancers
(Kanikkannan et al. 2004).

A meloxicam transdermal patch comprising
fatty acid derivatives (sorbitan fatty acid deriva-
tive, a polyglyceryl fatty acid derivative, a poly-
ethylene glycol vegetable oil ester) in an acrylic
polymer coated on a backing layer has been
described (Choi 2007). Transdermal delivery sys-
tem comprising glycopyrrolate and a combination
of fatty acids or esters (such as oleic and lauric
acid esters) in an adhesive polymer matrix to treat
sialorrhea has been described (Dillaha 2008).

9.9  Skin Irritation Potential

Many fatty acids and their esters are generally rec-
ognized as safe (GRAS) as mentioned in section 8§
and have been used in personal care products, topi-
cal and transdermal products. However, many
fatty acids and alcohols are reported to cause skin

irritation (Kozema et al. 1998). Studies on a series
of saturated and unsaturated fatty acids of different
chain lengths under occlusive patch test revealed
that the saturated fatty acids of carbon chain length
C8 to C12 and C18 dienoic unsaturated fatty acid
(linoleic) were most harmful irritants to human
skin (Stillman et al. 1975). In general, unsaturated
fatty acids cause more skin irritation than saturated
fatty acids (Tanojo et al. 1998; Boelsma et al.
1997). A recent study demonstrated that unsatu-
rated fatty acids at an extremely low concentration
(0.0015 % in propylene glycol) induced the pro-
duction of prostaglandin-E2 (Fang et al. 2003a, b).
Furthermore, unsaturated fatty acids increased
interleukin-1 alpha, interleukin-8, and interleu-
kin-8 mRINA levels in cultured epidermis (human
skin equivalent), whereas saturated fatty acids
were not effective (Boelsma et al 1996). It was
also shown that a low level of oleic acid (0.01-
0.03 %) is capable of elevating interleukin-1a and
interleukin-la mRNA levels in the living epider-
mal cell layers in submerged keratinocyte cultures
(Boelsma et al. 1996). Oleic acid has been reported
to cause changes in the morphology of the
Langerhans cells that are located in the super basal
layer of the epidermis and play a key role in the
initiation and coordination of the T-cell-mediated
immune response. Their depletion from the epi-
dermis can cause skin immunosuppression
(Touitou et al. 2002).

Application of a 5 % oleic acid/propylene gly-
col vehicle to the skin of six human subjects for
6 h resulted in a minor irritation; however, severe
irritation occurred with a 20 % oleic acid/propyl-
ene glycol vehicle (Loftsson et al. 1987). A5 %
oleic acid in 66.6 % ethanol (gelled with hydroxyl
propyl methyl cellulose) induced significant his-
topathological changes (collagen fiber swelling,
inflammatory cell infiltration, and subepidermal
edema) in rat skin (Narisetty and Panchagnula
2004). An aqueous vehicle containing 10 % oleic
acid was applied to the skin of nude mice for 24 h
under occlusion and resulted in ulcerative erup-
tions, hyperplasia, and edema of the epidermis
and inflammation of the dermis. While 10 %
oleic acid was severely irritating to nude mice
skin, 10 % oleyl alcohol induced no discernible
change in the histological appearance of the skin
(Lashmar et al. 1989).
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Aungst (1995) stated three approaches to sep-
arate the skin irritation of fatty acids from their
permeation-enhancing effects: (1) to control the
concentration and delivery of fatty acids; (2)
selection of less irritating fatty acids, e.g., myris-
tic acid; and (3) inclusion of other ingredients in
the vehicle to overcome the skin irritation induced
by fatty acids, e.g., glycerin, vitamin E, and squa-
lene. As described in the previous section, there
are several patents utilizing fatty acids as skin
penetration enhancers in the transdermal formu-
lations, and these were claimed to be effective
and non-irritating to the skin.

Conclusion

Fatty alcohols, fatty acids, and their esters are
effective in enhancing the skin permeation of
several classes of drugs. Many compounds
belonging to these classes are approved by
FDA for the use in topical and transdermal
products. Saturated fatty acids and alcohols of
medium chain length (in particular, capric lau-
ric and myristic) and unsaturated fatty acids or
alcohols (oleic, linoleic, and linolenic) are fre-
quently reported to be more -effective.
However, formulations that showed maximum
permeation also showed skin irritation.
Therefore, the selection of a compound, its
concentration, and controlled release dosage
form are of crucial importance in overcoming
skin irritation. Fatty acid esters and fatty acid
ester prodrugs also have been frequently
reported for enhancing transdermal delivery
of drugs. The effects of fatty acids and fatty
alcohols are highly dependent on the vehicle,
with propylene glycol generally providing
maximum permeation enhancement.
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10.1 Introduction

Topical drug delivery remains very important in the
methodologies available for the administration of
drugs, whether it be for dermatological, transdermal
or transcutaneous use. Much has been written over
the last 30 years about the penetration enhancer
approach to increasing the delivery of therapeutic
agents across the skin. The driving force is simple —
mammalian skin has evolved to be remarkably effi-
cient at presenting a biological, chemical and
physical barrier between our bodies and the external
environment. This means that for the majority of
otherwise useful therapeutic substances, the
amounts deliverable across the skin are insufficient
to attain therapeutic responses. Although recent
research has tended to focus upon physical meth-
ods, such as iontophoresis and microneedles, pas-
sive or chemical penetration enhancement remains
the preferred option on grounds of simplicity and
the lack of trauma inflicted to the skin.
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Many articles have been published that
describe the delivery of xenobiotics into and
across the skin as facilitated by alkanols (some-
times simply referred to as alcohols), and many
others have provided us with mechanistic pro-
cesses that have become widely accepted and
form the basis of current wisdom in the area. The
distinction between a penetration enhancer and
an enhancing vehicle is unclear, although a vehi-
cle is generally taken to mean the solvent or sol-
vents in which the drug is initially dissolved in
the formulation process. A penetration enhancer
can be defined simply as a chemical additive for-
mulated in a system that provides elevated deliv-
ery of a drug relative to the same system lacking
the additive. Whereas many chemical penetration
enhancers tend to be long chain non-volatile sub-
stances, e.g. l-dodecylazacycloheptan-2-one
(Azone®) and oleic acid, most vehicles enhanc-
ing drug penetration tend to be small, low boiling
point fluids. Ethanol comes into this category.
The subject of skin penetration and penetration
enhancement has been documented in numerous
review articles and books (Williams and Barry
2004; Benson 2005).

This chapter seeks firstly to review the major
findings on the use of ethanol and alcohols as
chemical penetration enhancers. Secondly, cur-
rent wisdom regarding mechanisms is consid-
ered. Finally, alternative mechanistic perspectives
are proposed based on the often overlooked fact
that it is not only the active drug that can pene-
trate skin, but also solvents — a reality that is
seldom discussed within the field.

10.2 Ethanol and Other Alcohols
in Topical Delivery

Solvents such as ethanol and propylene glycol
are frequently used as enhancers or enhancing
vehicles — they are not only penetration enhanc-
ers, but also have good solvating power and are
thus frequently used as co-solvents, typically to
increase the concentration of a lipophilic drug in
an applied formulation. However, polar/ionic
actives have also been used (Kurihara-Bergstrom
et al. 1990). A great deal has been reported on the

use of these enhancers, which are usually added
in low concentration (e.g. <10 %) to the drug for-
mulation (Table 10.1); other times they are
applied to the skin as pretreatments (Tanojo et al.
1999; Santoyo and Ygartua 2000; Ibrahim and Li
2009).

The skin penetration-enhancing capability of
ethanol has been recognised for a long time. The
ability to properly compare between published
articles is hampered by different groups using
different skin penetration models; however, the
capability of ethanol to transform drug delivery
potential can be exemplified in the paper by
Heard and Screen (2008). It was found that the
permeation of mefenamic acid across porcine
skin was enhanced from ‘below limit of detec-
tion’ from polyethylene glycol (PEG) 400-
0.83 pg cm™2 h™! by the addition of 10 % ethanol,
even though both solutions were saturated; hence,
equal fluxes would have been anticipated. A satu-
rated solution of mefenamic acid in hexadecyltri-
methylammonium bromide (cetrimide) provided
a value of only 0.1 pg cm™ h~! indicating no pen-
etration enhancement arising from the use of this
compound.

Ethanol and other alkanols have been success-
fully used as penetration enhancers to enhance
the flux of levonorgestrel, estradiol, hydrocorti-
sone and S-fluorouracil across excised skin
(Friend et al. 1988). Ethanol was also used to
study the penetration of estradiol using a human
skin in vivo flap model (Pershing et al. 1990) and
nitroglycerine across human epidermis in vitro
(Berner et al. 1989). Fang et al. (2008) studied
the synergistically enhanced percutaneous pene-
tration of tetracaine from a carbomer gel with
menthol and ethanol — interestingly, enhanced
permeation correlated with enhanced analgesia in
human volunteers, indicating successful delivery
across the epidermis to the dermis. The enhanced
transdermal delivery of tamoxifen and bioactive
polyunsaturated fatty acids, e.g. y-linolenic acid,
has been achieved from liquid formulations con-
taining borage oil with ethanol and 1,8 cineole
(Ho et al. 2004). The enhancing properties of
ethanol when used alongside other excipients
have been studied, for example, Verma and Fahr
(2004), who found synergism involving ethanol
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and phospholipids when used for the topical
delivery of cyclosporin A, and Wang et al. (2008),
who found that the skin penetration enhancement
of aminophylline from cream formulations con-
taining a range of essential (rosemary, ylang-
ylang, lilacin and peppermint oils) and plant oils
(jojoba oil, corn germ oil and olive oil) was less
than that when ethanol only was used, although
the enhancement level was not stated.

In recent years, the skin has been examined as
a portal of the delivery of macromolecules — mol-
ecules that are far larger than those usually con-
sidered deliverable by this route. It seems that
enhancement by ethanol is important in such
studies, which tend to use larger volumes of etha-
nol than typically seen in skin penetration experi-
ments. Nanosomes (nanoscale liposomes) have
been used to encapsulate small interfering RNA
(siRNA), a large biomolecule with high cutane-
ous therapy potential. The overall nanosome—
siRNA complex was found to penetrate freshly
excised human skin and enter keratinocytes when
ethanol was used, at a concentration of 30 %
(Geusens et al. 2010). Ethanol, at 40 %, has been
used recently to enhance the penetration of
isothiocyanate-labelled bovine serum albumin
(FITC-BSA) up to 86 pm into porcine skin from
a cream formulation (Jaimes-Lizcano et al.
2011). Kim and Oh (2011) investigated the ionto-
phoretic delivery of calcitonin (32-amino acid
linear polypeptide hormone) from microemul-
sions containing isopropyl myristate or oleic acid
across full-thickness hairless mouse skin, with a
70 % ethanol level proving superior.

It has also been suggested that the consump-
tion of ethanol via alcoholic beverages can render
the consumer with skin that is more permeable to
the ingress of xenobiotics (Brand et al. 2007).
Male Wistar rats were gavaged with ethanol, and
the skin permeation of paraquat, dimethyl for-
mamide (DMF), 2,4-dichlorophenoxyacetic acid
(2,4-D) and N,N-diethyl-m-toluamide (DEET)
was determined. Increases in permeation rate
were attributed to ethanol-induced changes in per-
oxidation of lipids and transepidermal water loss.

Propylene glycol has also been widely used
as a penetration enhancer or a component of
an enhancing vehicle; it also has a long history

of use in cosmetics by virtue of its humectant
properties, and the safety of this and other gly-
cols in cosmetics has recently been supported
(Fiume et al. 2012). In topical drug delivery,
propylene glycol generally tends to be used in
relatively low levels, e.g. <20 %, although a
concentration of 40 % aqueous propylene gly-
col was found by Priborsky et al. (1987) to be
optimum for the in vitro transdermal delivery of
insulin. However, another early paper claimed
that the enhancement of levonorgestrel using
neat (100 %) propylene glycol was about the
same as water (Friend et al. 1988). Propylene
glycol has been used to formulate hydroxypro-
pyl methylcellulose (HPMC) nanoparticles, with
pranoprofen permeation across hairless mouse
skin increasing with propylene glycol content,
although that of piroxicam did not (Ikeda et al.
2012). Santos et al. (2012) found that propylene
glycol increased the permeation of fentanyl by
a factor of 3 in comparison with other solvents
despite having the same thermodynamic activ-
ity — a result which was attributed to a mecha-
nism of permeation enhancement for propylene
glycol that was different from octyl salicylate
and isopropyl myristate.

Mixtures of ethanol and propylene glycol
80:20 have also been used as enhancing vehicles.
Levang et al. (1999) found that the flux of acetyl-
salicylic acid through porcine skin increased with
increasing concentrations of ethanol in the sol-
vent systems, with a maximum flux obtained
with 80 % ethanol in combination with 20 % pro-
pylene glycol, beyond which (i.e. 100 % ethanol)
there was no further increase in the flux. However,
at such high concentrations delipidisation also
occurs as noted in the same article.

Although ethanol and propylene glycol are the
most frequently reported alcohols used as pene-
tration enhancers, others have also been used.
Like ethanol, methanol also has excellent solu-
bilising properties; however, it rarely features as
a vehicle/enhancer in topical delivery due to its
toxicity. There is a small number of papers where
methanol has been used. One example is
Hostynek et al. (2001) who used methanol as a
vehicle to characterise the penetration of nickel
salts in the human stratum corneum, by tape
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stripping. Isopropanol (IPA) and isopropyl
myristate (IPM) were used as vehicles to study
the penetration of physostigmine through excised
human skin (Pardo et al. 1991). The highest per-
meability coefficient was seen from the [PA—IPM
mixture exhibiting the highest solvation effect
(see Sect. 10.6). The same solvent system was
later used by Liu et al. (2009) who found that the
solubility of estradiol in the stratum corneum was
enhanced 35 times by increasing the concentra-
tion of isopropyl alcohol, from neat 0 to 100 %;
estradiol diffusivity in the stratum corneum also
increased by 8 times from 100 % isopropyl
myristate to 50 % isopropyl alcohol. A relatively
unusual glycol, 1,2-pentanediol, was claimed to
be a more effective enhancer than water, ethanol
or propylene glycol (or mixtures thereof) in the
study of caffeine permeation across full-thickness
pig ear skin (Duracher et al. 2009). However, at a
level of 5 % 1,2-pentanediol, a flux of
15.49+2.58 pg cm™ h™! was in fact statistically
the same as the flux of 14.20+4.27 mg cm= h™!
obtained by propylene glycol-ethanol (25:25 %
in water).

Alcohol chain length and branched-chain
alcohols have also been investigated. In the paper
by Friend et al. (1988), a range of linear alkanols
were used to examine the flux of levonorgestrel
across excised rat skin, which increased from
ethanol to butanol, then diminished in the order:
pentanol, hexanol and octanol. A similar trend
was seen with secondary alkanols, where the
steady-state flux was highest for 2-butanol, with
2-propanol and 2-pentanol giving lower values.
Generally, the flux of levonorgestrel was lower
for secondary alkanol relative to the correspond-
ing primary alcohol. Propylene glycol performed
similar to water, which was low relative to all the
alcohols. The paper also compared the perme-
ation of levonorgestrel in pure ethanol across rat
skin with that across human cadaver skin, finding
that the latter was approximately lower by a fac-
tor of 4. Chantasart et al. (2004) used hairless
mouse skin to determine that branched-chain
alkanols have lower enhancer potency for corti-
costerone than the 1-alkanols of the same molec-
ular formula; the potency decreases as the
hydroxyl group moves from the end of the chain

towards the centre of the enhancer alkyl chain.
The authors introduced the ‘isoenhancement’
parameter, being the aqueous concentrations for
which different enhancers induce the same extent
of permeant transport enhancement (E) across
the stratum corneum. The isoenhancement con-
centrations of 2-alkanol, 3-alkanol, 4-alkanol and
5-alkanol to induce E=10 were 1.9-, 2.6-, 3.1-
and 3.9-fold higher, respectively, than those of
the 1-alkanols of the same molecular formula.

To conclude, alcohols have a long track record
of providing substantial enhancements in the
delivery of drugs across the skin. However, it is
difficult to define an overarching value for the
level of this enhancement due to the great
variability in different experimental set-ups
reported in the literature (Table 10.1). The extent
to which enhancement occurs depends on many
factors, including the type of alcohol used, amount
of alcohol in the formulation, drug concentration
in the donor, chemical potential, amount dosed
onto the skin, occlusion/non-occlusion and the
in vitro model membrane used — there are reports
using the human stratum corneum, human epider-
mis, dermatomed human skin, full-thickness
human skin, pig skin and rat skin.

10.3 Current Rationalisation
of Skin Penetration
and Enhancement

To begin to rationalise the capability of ethanol
and other alcohols to produce skin penetration
enhancement, we need to consider the major
approaches currently expounded to rationalise
skin penetration. These are briefly considered
below, followed with a brief commentary on how
such theories relate vehicle/enhancer absorption.

10.3.1 Fickian Diffusion
Classical considerations of skin permeation have
their roots in the laws of diffusion as described by

Fick’s first law

dm /dt=DC,P | h (10.1)
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where the flux (dm/df) is governed by the diffu-
sion coefficient of the drug in the stratum
corneum (D), the dissolved effective concentra-
tion of the drug in the vehicle, (Cy), the partition
coefficient between the formulation and the stra-
tum corneum (P) and the membrane thickness
(h). The molecules move in response to a thermo-
dynamic force arising from a concentration gra-
dient. Penetration enhancers may increase the D
of the drug in the stratum corneum (modulate the
barrier nature of the stratum corneum), may act
to increase the effective concentration of the drug
in the vehicle (e.g. acting as an anti-solvent) and
could improve partitioning between the formula-
tion and the stratum corneum (e.g. by altering the
solvent nature of the skin membrane to improve
partitioning into the tissue) or by decreasing the
skin route/thickness (e.g. by delipidisation).
Solvent effects have long been known to be of
importance. Fick’s second law (where x is the
length) illustrates that diffusion causes the con-
centration of the permeant to change with time.

5C 15t=D (52c /5x2) (10.2)

10.3.2 Chemical Potential

It has been suggested that skin penetration rates
are maximal when the drug is at its highest ther-
modynamic activity (Higuchi 1962). The theory
suggests that if two or more formulations are
compared for delivering drug X across the skin,
as long as X is at same thermodynamic activity
(e.g. both at saturation), the two formulations
are directly comparable in terms of the deliv-
ery of the solute. Kadir et al. (1987) referred
to a ‘push’ mechanism for the delivery of the-
ophylline from vehicles containing alkanoic
acids, based on the consideration of solubility
parameters and the tendency of a solute to exit
from a high chemical potential environment.
Essentially, the vehicle cannot accommodate any
more solute and is at the very point of expelling
drug molecules, or ‘pushing’ them into an adja-
cent receiving domain, i.e. the stratum corneum.
Such a scenario is generally short lived, but

may be sustained by the incorporation of excess
drug particulates. Santos et al. (2012) found
that propylene glycol significantly increased the
permeation of fentanyl in comparison to octyl
salicylate and isopropyl myristate despite hav-
ing the same thermodynamic activity. In super-
saturated systems, greater flux levels may be
achieved because the amount of drug per unit
volume is above that ordinarily obtainable due
to the presence of an additive that prevents the
formation of crystalline drug — an antinucleant
(Moser et al. 2001). This essentially increases
donor drug concentration in the applied drug
formulation as per Fickian transport. However,
in such cases there is the implicit assumption
that the solute dissociates entirely from the for-
mulation and penetrates the skin once applied
onto the skin, i.e. the vehicle remains confined
to the point of application.

10.3.3 Mathematical Prediction

Perhaps the most commonly used mathematical
model to estimate drug flux is the semi-empirical
relationship developed by Potts and Guy (1991).
This equation formulates an empirical relation-
ship between permeability coefficient (K,) and
two simple measurable characteristics of the per-
meant: the octanol-water partition coefficient
(K,) and the molecular weight (MW).

LogK, =0.71log K, —0.006IMW —2.72
(10.3)

The equation teaches us that as log k. increases,
the permeability also increases, whereas the
greater the molecular weight, the smaller the K,

This equation was the first to use a wide-
ranging database of permeability coefficients.
The model works reasonably well, and the K|, can
be calculated from the equation very easily, par-
ticularly if one considers that the octanol-water
partition coefficient K, can be readily measured
in vitro or computed from the structure of the
compound. To avoid confusion and to simplify
interpretation, permeation data from aqueous
solutions alone are used.
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10.3.4 Drug-Skin Interaction

The influence of hydrogen bond interactions has
been investigated, based on the premise that a dif-
fusing drug molecule encounters and interacts
with skin components (Pugh 1999). Typically,
the intercellular space which drugs pass through
contains a complex arrangement of lipids, the
main components being long chain fatty acids,
ceramides and cholesterol. Such processes look
beyond simplistic partitioning events and con-
sider potential reciprocal interactions, such as the
functionality of the permeant and the —-COOH
groups of the fatty acids and the —OH groups and
amides on the ceramides. Increasing the number
of H-bonding groups on a permeant is believed to
decrease flux by causing dermal retardation due
to the interactions with skin components. The
lipophilicity of a solute is recognised as a major
determinant for partitioning into the stratum cor-
neum from aqueous solutions, although it is pro-
posed that H-bonding is a major determinant of
solute diffusion across SC. It is claimed that dif-
fusion is related to the number of H-bonding
groups on the permeant, and the presence of 1, 2
or 3 H-bonding groups successively reduces the
diffusion coefficient. Du Plessis et al. (2001)
determined that the stratum corneum was pre-
dominantly an H-bond donor environment with
donor-acceptor effects in the ratio 0.6:0.4, which
indicated propensity to retard the diffusion of
H-bond-donating permeants.

10.3.5 Non-accounting
for the Alcohol Enhancer/
Vehicle

A commonality among each of the above
approaches is that permeation of ethanol or other
solvent in the vehicle cannot easily be accounted
for and is therefore essentially ignored. Fickian
diffusion theory was developed on the assump-
tion that the membrane was an isotropic media;
however, the skin is a complex heterogeneous tis-
sue and is also prone to modulation by applied
substances. Furthermore, it cannot account for
changes in donor concentration that occur as a

consequence of the concurrent permeation of the
vehicle. Similarly, thermodynamically equal for-
mulations of a drug rarely result in the antici-
pated equal skin permeation fluxes — if the
absorption of the solvent from one formulation
differs substantially to that of the other, then ther-
modynamic activity becomes of questionable rel-
evance. Mathematical predictors, such as the
Potts—Guy equation, are limited to aqueous vehi-
cles, even though water can also exert a drag
effect (Sect. 10.5.2), although this is not covered
in this chapter. Finally, drug—skin component
theories, such as those involving hydrogen bond-
ing, do not account for other types of interactions,
such as n-n (Heard et al. 2005), and ignore the
fact that the solute is already engaged in intermo-
lecular interactions with molecules of the
solvent.

10.3.6 Current Mechanistic Theories
Concerning Alcohols

As water-miscible co-solvents, ethanol and other
glycols can markedly increase the solubility of
lipophilic compounds in aqueous vehicles and
thus provide increased flux in line with Fickian
diffusion. Friend et al. (1988) proposed a mecha-
nism for permeability enhancement of levonorg-
estrel by alcohols based upon alcohol structure
and solubility. Co-solvency effects are well
known and exemplified in Fig. 10.1. Even in the
absence of other processes, it is clear from Fick’s
first law that significant increases in donor phase
concentrations would be expected to result in
elevated fluxes across the skin.

However, numerous papers have attempted
to elucidate the mechanisms of action of ethanol
and propylene glycol in terms of modulations to
skin lipid domains. Tanojo et al. (1999) used dif-
ferential scanning calorimetry (DSC) analysis to
examine the human stratum corneum, where pro-
pylene glycol (as a pretreatment) interacted with
lipids, especially those with low melting points,
causing a depression in their phase transition
temperatures. Levang et al. (1999) used Fourier
transform infrared (FTIR) spectroscopy to ration-
alise the permeation of acetylsalicylic acid across
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Fig.10.1 Co-solvency as a means to increase the solubility, thereby donor phase concentration, of caffeine in aqueous
propylene glycol and aqueous ethanol vehicles (n=3+SD) (Houston D et al. 2011)

porcine ear epidermal membranes from a range of
alcohol-based vehicles. It was determined that the
flux of acetylsalicylic acid increased with increas-
ing concentrations of ethanol in the solvent sys-
tem. The maximum flux of acetylsalicylic acid
was obtained with 80 % ethanol/20 % propylene
glycol, with no further enhancement of flux at a
level of 100 % ethanol. FTIR analysis revealed
that increasing concentrations of ethanol in the
solvent systems decreased peak height and peak
area under both asymmetric and symmetric C-H
absorbances until 80 % ethanol/20 % propylene
glycol. Further increases in the concentration of
ethanol (i.e. 100 % ethanol) did not correspond-
ingly decrease the peak heights and areas under
asymmetric and symmetric absorbances. The
overall conclusion was that 80 % ethanol/20 %
propylene glycol enhanced the percutaneous
absorption of acetylsalicylic acid by perturbing
(or fluidising) the macroscopic barrier integrity
of the stratum corneum and through a loss of
stratum corneum lipids. Dias et al. (2008) also
used FTIR to determine that the uptake of solvent
(i.e. the higher alkanols hexanol, octanol, deca-
nol) was proportional to C-H shift and that lipid
disorder was induced by all alkanols examined
and proportional to the amount of vehicle pres-
ent in the skin. Anandson et al. (2009) later used
attenuated total reflectance FTIR (ATR-FTIR) to
show a strong correlation between the distribu-
tion of lipids and drugs within the stratum cor-
neum, whilst noting the homogenous distribution

of ethanol in the stratum corneum. Vaddi et al.
(2002) used data from a combination of FTIR and
DSC to propose a mechanism for the enhanced
permeation of haloperidol across the human stra-
tum corneum in vitro. They used vehicles con-
taining three different terpenes (5 %) in 50 %
ethanol. It was concluded that the terpenes dis-
rupted the lipid bilayer and extracted the lipids
and that ethanol also extracted lipids without flu-
idising the lipids, and its effect on the stratum cor-
neum remained almost similar in spite of changes
in the treatment time and the amount of ethanol
used. Raman spectroscopy has been used to study
molecular interactions between ethanol (also
limonene, dimethyl sulfoxide) and skin ceramide
organisation (Tfayli et al. 2012). The effects of
the three penetration enhancers were varied, with
ethanol presenting no effect on ceramide III and
9, although it decreased the strength of the polar
interactions for ceramide 5 and VI and increased
the presence of strong H-bonds for CER 1, 2 and
IlIb. However, the earlier paper by Bommanan
et al. (1991) found no evidence by ATR-FTIR of
lipid disorder caused by the application of neat
ethanol to the skin and instead suggested that
lipid leaching was the dominant mechanism.

In studies on the bioelectrical potential mea-
surement of ions across the skin, ethanol and
propylene glycol were found to reduce the per-
meation barrier of the stratum corneum so that
ions in an electrolyte gel penetrate more readily
into the skin (Ng et al. 2009). It was further found
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that for the gel with higher percentage of ethanol,
lower minimum skin electrode impedance value
was obtained. Propylene glycol did not demon-
strate this effect. van der Merwe and Riviere
(2005) found that ethanol and ethanol/water mix-
tures altered the stratum corneum through lipid
extraction, rather than through disruption of lipid
order. The application of finite doses of an etha-
nolic solution to the skin is believed to result in
the evaporation of the majority of ethanol mole-
cules, a scenario that has been associated with
drug supersaturation and thus higher chemical
potential (Sect. 10.3.2) or simply drug precipita-
tion at the skin surface.

Observations of lipid leaching/delipidisation
do not sit well with other claims suggesting that
lipid and barrier modulations caused by topically
applied alcohols are reversible (Tfayli et al.
2012) and within a relatively short timescale,
e.g. within 24 h as reported by Bommanan et al.
(1991). Part of the problem here relates to the
time it takes for new stratum corneum to be
regenerated from stratum basale, which is
approximately 4 weeks. Generally, it is clear that
the use of very high concentrations of alcohol
should be avoided. Using porcine skin homoge-
nates, Van Hulst et al. (1998) demonstrated that
ethanol and 2-phenoxyethanol affected skin met-
abolic processes. Delipidisation of the skin by
neat alcohol, as exemplified in the work of
Bommanan et al. (1991), will render the barrier
in a compromised state in an in vivo situation,
leading to excess water loss. Indeed, treatment
with ethanol is an important and routine step in
the dehydration of skin for immunostaining pur-
poses (Thomas et al. 2007). In this context, the
assertion that alcoholic vehicles do not result in
skin trauma may not be entirely true.

To conclude, numerous papers have proposed
mechanisms for the penetration enhancement
action of ethanol and other alcohols — typically
this involves increasing the donor permeant con-
centration and some element of modulating the
lipid domains of the stratum corneum bilayers.
However, what is absent from the aforemen-
tioned mechanistic propositions is the fact that
alcohols and other solvents have the propensity
to permeate skin and therefore behave as perme-
ants in their own right.

10.4 Penetration of Alcohols
Across the Skin

For reasons that are self-evident, the delivery of
the formulated active agent is the main concern in
investigations into topical drug delivery. However,
a question posed in a number of papers has con-
cerned the ‘fate’ of the vehicle and/or enhancer,
although in most articles this is limited to the
deposition of solvent within (and not beyond) the
stratum corneum. Full answers to such questions
can only be found by determining their delivery,
preferably as part of a mass-balance exercise, to
include analysis of receptor phases. There can
only be 3 possibilities: evaporation, absorption or
remaining at the region of application, as illus-
trated by Pendlington et al. (2001). In this review
we focus on absorption, although in reality a
combination of each of these processes is likely
to occur, which will vary depending on the
amount of formulation dosed onto the skin and
the volatility of the vehicle components.

10.4.1 Evidence for Skin Penetration
of Alcohols

The issue of absorption of solvent into the skin
was recognised at least as far back as 1964, where
dimethyl sulfoxide was found to penetrate bio-
logical membranes including skin (Horita and
Weber 1964). However, the first major publica-
tion on the use of alcohols in topical delivery was
by Flynn et al. (1981), who used a range of
alkanol homologs to determine the permeability
of mouse skin strata. A number of studies contain
statements indirectly alluding to the skin penetra-
tion of alcohols, such as ethanol ‘appeared to be
homogeneously distributed in the SC’ (Andanson
et al. 2009).

Dose-dependent permeation of ethanol was
reported across full-thickness porcine skin from
PEG400 gels (Heard et al. 2006) (Fig. 10.2) and
demonstrated that even at ~5 % level, commonly
used in skin penetration evaluations (Verma and
Fahr 2004), a steady state is established for the
permeation of ethanol across the skin, confirming
that although employed as an excipient, the sub-
stance in fact behaves like any other permeant.
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Fig. 10.2 Concentration-dependent steady-state flux of
ethanol across porcine ear skin (Heard et al. 2006)

Interestingly, porcine skin was found to be 5-13
x more permeable to ethanol than to 1,8-cineole,
even though both were used at the same levels.
In other work, Kramer et al. (2007) studied the
amount of ethanol absorption from infinite doses
of hand rubs in human volunteers: 12 volunteers
applied three different hand rubs, containing
95 % (hand rub A), 85 % (hand rub B) and 55 %
ethanol (hand rub C; all w/w). For hygienic hand
disinfection, 4 mL was applied 20 times for 30 s,
with 1 min break between applications. For sur-
gical hand disinfection, 20 mL of each hand rub
was applied to the hands and arms up to the level
of the elbow 10 times for 3 min, with a break
of 5 min between applications. The median of
absorbed ethanol after hygienic hand disinfection
was 1365 mg (A), 630 mg (B) and 358 mg (C).
The ethanol absorbed was 2.3 % (A), 1.1 % (B)
and 0.9 % (C). After surgical hand disinfection,
the median of absorbed ethanol was 1067 mg (A),
1542 mg (B) and 477 mg (C). The proportion of
absorbed ethanol was 0.7 % (A), 1.1 % (B) and
0.5 % (C). The highest median acetaldehyde con-
centration after 20 hygienic hand disinfections
was 0.57 mg/L (hand rub C, after 30 min) and
after 10 surgical hand disinfections 3.99 mg/L
(hand rub A, after 20 min). It was concluded that
the absorption of ethanol was below toxic levels.
However, Pendlington et al. (2001) found that
most of the ethanol from a finite, 5 pL, applied

dose of alcohol-based deodorant spray evapo-
rated from the skin, with a half-life of ~12 s.
However, the level of ethanol penetrating the skin
through porcine skin in vitro was greater in diffu-
sion cells that had been occluded than cells that
had not been occluded, highlighting the effect of
evaporation on determining ethanol flux.

Propylene glycol was reported by Hoelgaard
and Mgllgaard (1985) to ‘easily’ permeate the
human skin in vitro. A decade later, Bendas et al.
(1995) studied the skin penetration of glucocor-
ticoids from binary propylene glycol/water mix-
tures and noted that propylene glycol penetrates
rapidly into the artificial acceptor and into
excised human skin. The amount of propylene
glycol to penetrate the skin from an applied finite
dose was found to vary as a function of film dry-
ing time (Bowen and Heard 2006). Fasano et al.
(2011) determined the dermal penetration of
undiluted monopropylene glycol and dipropyl-
ene glycol in vitro using human abdominal skin
under conditions of infinite dose application —
the steady-state fluxes were 97.6 and
39.3 pg cm™ h7!, respectively. Guo et al. (2010)
used the biophysical technique of optical coher-
ence tomography to quantify the amount of pro-
pylene glycol in human skin.

In summary, there is much evidence that
ethanol and other alcohols are readily absorbed
into and through the skin. It is therefore per-
tinent to ask how the permeation of an alcohol
across the skin is related to the permeation of a
co-formulated drug.

10.5 Simultaneous Skin
Permeation of Solute
and Alcohol in the Vehicle

Although reports of the simultaneous skin per-
meation of solvent and drug solute are relatively
uncommon, the notion is far from novel.

10.5.1 Reported Observations

In one of the earliest paper to consider simultane-
ous permeant and vehicle permeation across the
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skin, Hoelgaard and Mgllgaard (1985) ascribed
the skin penetration-enhancing effect of metroni-
dazole by propylene glycol to a ‘carrier—solvent’
effect, having noted the rapid permeation of pro-
pylene glycol across the skin. Interestingly, the
addition of Azone® had the effect of reducing
permeation lag time for both the metronidazole
and propylene glycol. Kadir et al. (1987) later
observed that when theophylline was applied to
the skin in 1.5 % solutions in various alkane car-
boxylic acids and their mixtures, propionic acid
enhanced penetration of theophylline due to ‘pro-
moting its solubility in the skin-propionic acid
medium through the pull effect’. It was proposed
that the push/pull effects could operate jointly,
although no empirical evidence was provided for
the localisation of alkane carboxylic acids within
the skin. Berner et al. (1989) used aqueous etha-
nol vehicles to increase nitroglycerine flux across
the skin, also noting high ethanol skin perme-
ation that was far greater than reported previ-
ously. ‘Symmetric’ ethanol (in both donor and
receptor phases) and ‘asymmetric’ (ethanol in
donor phase only) models were used by Liu et al.
(1991) to demonstrate that ethanol enhances the
stratum corneum transport of estradiol and of
itself by increasing the respective diffusion coef-
ficients when used at lower concentrations (less
than 50 %) and by both increasing the diffusion
coefficients and decreasing a ‘membrane activity
coefficient” when used at concentrations of
50-75 %.

Bendas et al. (1995) studied the skin penetra-
tion of glucocorticoids from binary propylene
glycol/water mixtures. It was found that hydro-
cortisone penetration increased with increasing
propylene glycol content in the formulation. In
the knowledge that propylene glycol penetrates
rapidly into the artificial acceptor and into the
excised human skin, it was proposed that a drag
effect was responsible. In the case of the more
lipophilic hydrocortisone, 17-butyrate penetra-
tion was thermodynamically driven, up to 40 %
propylene glycol, but at higher levels the drag
transport mechanism dominated. Squillante et al.
(1998) studied the co-diffusion of propylene gly-
col and dimethyl isosorbide (DMI) in relation to
nifedipine penetration across hairless mouse

skin. After 24 h 57 % of propylene glycol and
40 % of DMI had permeated across the skin with
nearly linear permeation between 4 and 18 h, and
the relative order of permeation was propylene
glycol>DMI > nifedipine. It was concluded that
‘nifedipine flux was dependent on concomitant
solvent permeation’. Having determined that
high solvent (including polyethylene glycols 200
and 400) uptake promoted the partitioning of
methylparaben into human stratum corneum
enabling the solute to exist within the solvent
fraction/solvent-rich areas inside the skin in a
concentration equivalent to that in the bulk sol-
vent/vehicle, Oliveira et al. (2012) further
acknowledged that this may also ultimately
impact on the diffusion coefficient of the solute
across the skin.

In vitro experimentation was borne out with
in vivo clinical effects in a paper by Fang et al.
(2008), who studied the synergistically enhanced
percutaneous penetration of tetracaine and skin
analgesia upon the application of a carbomer gel
containing 4 % tetracaine together with menthol
and ethanol. Tests in mice showed a synergisti-
cally increased penetration-enhancing effect of
menthol and ethanol on the anaesthetic effect of
the tetracaine gel in volunteers. The gel with 5 %
menthol and 70 % ethanol possessed the shortest
anaesthesia onset time, the longest anaesthesia
duration and the strongest anaesthesia efficacy.
This last paper is important as it establishes that
clinical effects reflect in vitro studies.

10.5.2 Terminology

The articles mentioned in Sect. 10.5.1 thus pro-
vide compelling evidence for the concomitant
skin penetration of alcohol enhancers alongside
the main active solute. Various terms have been
coined to account for such observations.
Co-permeation involves the diffusion of both sol-
ute (solvated) and solvent molecules. In a satu-
rated solution, the solute and its solvated solvent
molecules penetrate only, as all the solvent mol-
ecules are engaged in maintaining the state of
saturation. However, if a subsaturated solution is
applied, then the solvated solute AND solvent
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molecules may permeate. The lower the degree
of saturation is, the greater is the amount of sol-
vent that is available to permeate independently.
However, it is not easy to deconvolute the ethanol
that permeates the skin as discrete or free mole-
cules from those which are associated with solute
molecules.

The solvated solute will be a larger entity, and
so it is likely to be the smaller solvent that perme-
ates first. This would have the effect of establish-
ing a more favourable partitioning environment
thus permitting increased diffusion of the solvated
complex both into the skin and beyond — this can
be considered as the Pull or Drag effect (the term
‘carrier—solvent’ effect was used by Hoelgaard and
Mgllgaard 1985). The drag effect can be seen as an
extension of co-permeation, where the diffusion of
the solvent is facilitating the free solvent by, in

effect, washing it through the tissue. Whereas both
ethanol and propylene glycol provide a drag effect,
it is clear that the former is more effective than the
latter (Fig. 10.3). The permeation of theophylline
correlated negatively with the permeability coeffi-
cients of the donor carboxylic acids (Kadir et al.
1987), whereas the undetectable permeation of
mefenamic acid from a saturated solution in
PEG400 was indicative of the minimal permeation
enhancing/drag effect associated with this excipi-
ent (Heard and Screen 2008). The enhancement
trend was thus: ethanol>propylene gly-
col>PEG400 - interestingly this corresponded
with boiling point, 78.4, 188.2>250 °C.

In addition to ethanol and propylene glycol, it is
important to emphasise that the same considerations
may apply to other vehicles and enhancers, includ-
ing water that may be present in an applied dose.
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10.6 Rationalising Pull/Drag/
Co-permeation Mechanisms

Given that drug and vehicular alcohol can perme-
ate the skin simultaneously, it is pertinent to con-
sider the relationship between the two.

10.6.1 Drug Dissolution
and Solvation Shells

It is useful at this point to remind ourselves that
the formulation of drugs into solutions, creams,
gels and patches invariably involves the dissolu-
tion of solid drug in a solvent as an initial step of
the preparation process. This occurs because
there is thermodynamic favourability for drug
molecules to associate with molecules of a sol-
vent rather than other drug molecules — alcohols,
in particular ethanol and methanol, are very
effective at this. Solvent—solute interactions
involved in alcohol solvation can involve hydro-
gen bonding, van der Waals forces and ion—dipole
and dipole—dipole forces. Solvent molecules can
solvate charges/partial charges of a solute because
they can orient the polar moiety (e.g. hydroxyl
groups in alcohols) towards corresponding moi-
eties on the solute (Fig. 10.4), and different

solvents may do so in different manners in a pro-
cess generally referred to as solvatochromism.
However, solvation will be thermodynamically
favoured only if the overall Gibbs energy of sol-
vation is decreased, compared to the Gibbs
energy of the separated solvent and solid drug;
overall the free energy must be negative for net
dissolution to occur and establish solvation shells.
The group of Perlovich has published a number
of papers on the dissolution characteristics of
drugs in various solvents including alcohols
(Perlovich et al. 2003; 2004). Using solution cal-
orimetry, the Gibbs free energy of the solvation
of a range of nonsteroidal anti-inflammatory
drugs in a range of alcohols has been determined
(Perlovich and Bauer-Brandl 2004). For example,
the dissolution of naproxen in ethanol, this has
been determined to require 47.3 kJ mol-..

The state of saturation (i.e. solubility) can be
considered as the amount of solvent molecules
required to solvate a given mass of the solute.
Above this (and in the absence of other factors,
e.g. an anti-nucleating agent), no more molecules
of solvent are available to dissolve further mole-
cules of the solute. This can be more readily con-
ceptualised in a single solvent — however, the
scenario becomes far more complicated when
binary, tertiary or more co-solvent systems are
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Fig.10.4 Representation of the dipolar moiety of a permeant molecule solvated with alcohol molecules, based on the
attraction of reciprocal partial charges 6~ on oxygen atoms and &* on hydrogen atoms
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Fig.10.5 Representation of solvation shell arrangements
for a permeant in a saturated solution (S* is a solute or
permeant molecule bearing a positive charge)

used due to preferential solvation/solvatochromic
effects (Farajtabar et al. 2011). A solvation shell is
a complex of a solute plus the solvent molecules
interacting with it to maintain its state of solution;
solvent molecules in an inner shell are more tightly
bound than those of an outer shell, which can be
considered metastable. Such complexes have been
studied by IR spectroscopy, where shifts in bond
absorbances have been found to correspond with
hydrogen bonding (Kumar and Keyes 2012). In a
saturated solution such complexes are adjacent to
each other (Fig. 10.5); at subsaturation there will
be free solvent in between, the amount of which
depending on the degree of saturation (Fig. 10.6).
Pardo et al. (1991) noted that the highest per-
meability coefficient of the delivery of physostig-
mine through excised human skin from isopropyl
alcohol-isopropyl myristate mixtures was from
the mixture exhibiting the highest solvation
effect, giving additional evidence that physostig-
mine penetrates through the skin, possibly in
combination with isopropyl alcohol.

10.6.2 Uptake of Solvation Shells
and Free Solvent into Skin

When applied to the skin, a formulation is con-
fronted by the diverse elements that constitute

Positively charged solute
Inner hydration shell

Fig. 10.6 Representation of the solvation shell arrange-
ment of a permeant dissolved at subsaturation (S* is a sol-
ute or permeant molecule bearing a positive charge)

the stratum corneum. These include the relatively
vast areas of proteinaceous corneocytes, the rela-
tively limited domains of intercellular lipids and
water (either resident within normally hydrated
skin or appendageal efflux). Generally, the sol-
vated drug complex must remain intact unless
interactions between the drug molecule and other
species present are more favourable; perhaps the
most notable possibility is water that exists at
the skin surface or within the stratum corneum.
However, this is dependent upon the energies
of solvation involved, the stoichiometric avail-
ability of water molecules and the tendency of
the water to approach the complex, e.g. it would
be unfavourable for polar water to approach a
drug solvated in an oily excipient. The events
occurring when a molecule solvated in a shell of
alcohol (solvent) molecules partitions from one
medium (e.g. topical formulation) into a second
medium (e.g. skin) were described by Perlovich
and Bauer-Brandl (2004). Solute-partitioning
scenarios, in terms of solvation shell transit,
from the vehicle into the skin are depicted in
Fig. 10.7: (i) partitioning of the solute within the
complete solvation (alcohol) shell — most likely
where the skin is saturated with solvent; (ii) par-
titioning of the solute with weekly bound outer
solvation shell stripped, e.g. by interaction with
other compounds; (iii) partial replacement of
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Interface

Vehicle

iii

Fig.10.7 Representations of solute (S*) partitioning sce-
narios, in terms of solvation shell transit, from vehicle into
the skin: (i) partitioning of the solute within the complete
solvation shell; (ii) partitioning of the solute with weekly
bound outer solvation shell stripped; (iii) partial replace-
ment of weekly bound outer shell with skin electrolytes or
other components; (iv) complete replacement of weekly
bound outer shell with skin electrolytes or other compo-
nents (Perlovich and Bauer-Brandl 2004)

weekly bound outer shell with skin compounds
or other components; and (iv) complete replace-
ment of weekly bound outer shell with skin com-
pounds or cellular components. Thus, a drug/
solute in solution will be engaged in interac-
tions with molecules of the solvent. Any further
interaction between solvated solute and other
materials (e.g. skin components) is therefore
unlikely unless thermodynamically favourable.
The reader is referred to the work of Perlovich
and Bauer-Brandl (2004), who published an in-
depth study of drug solvation in relation to parti-
tioning and passive transport.

10.6.3 Linear Relationships Between
Permeation of Alcohol
and Drug

The following papers have generally reported
linear relationships between the permeation of
the active permeant and the enhancer, i.e. as the
rate of permeation of active increases, so does

that of the enhancer and vice versa (Heard et al.
2003). Berner et al. (1989) used aqueous etha-
nol vehicles to increase nitroglycerin flux across
the skin, also noting high ethanol skin perme-
ation, and that the flux of nitroglycerin across
skin was linear with the ethanol flux. In a study
involving simple formulations of mefenamic
acid in PEG400 with either ethanol or 1,8-cine-
ole, it was demonstrated that the steady-state
flux of each enhancer was linearly linked to that
of the drug (Heard et al. 2006). Figure 10.3
shows the correlation between the fluxes of mef-
enamic acid versus ethanol in PEG400 and mef-
enamic acid versus 1,8-cineole in PEG400. The
correlation coefficients were 0.988 and 0.999,
respectively, whilst the permeation from
PEG400 alone (control) was below the detection
limit. The plot for 1,8-cineole is generally in the
expected direction, with the Y-axis intercept
almost at 0. However, for ethanol the intercept
does not pass through 0, and at low ethanol con-
tents, a process other than drag-facilitated diffu-
sion occurs, possibly leaching of non-covalently
bound amphiphilic stratum corneum lipids. In
recent work the permeation of caffeine from
saturated solutions in ethanol/water mixtures
has been examined (Houston D et al. 2011),
where the permeation rates of caffeine and etha-
nol were clearly linked as evidenced by the high
correlation (Fig. 10.8) and similar to previous
observations for mefenamic acid and ethanol
(Heard et al. 2006) (Fig. 10.8). However,
whereas the bulk solvent used in the earlier
work was PEG400 (Heard et al. 2006) with poor
permeation enhancing properties, the latest
work used water which permeates the skin rela-
tively readily; furthermore, linear penetration
enhancement of both caffeine and water was
shown from the aqueous solution (0 % ethanol).
Based on the previous discussion, it is likely
that a pull effect occurs with a simple water
vehicle (not considered in this chapter).

The observed linearity implies a fixed rela-
tionship between the amount of alcohol and
drug permeating the skin. Thus, the issue of
quantitating the relationship becomes relevant,
although there are very few examples in the lit-
erature where this has been attempted. The
simultaneous permeation of ketoprofen and
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Fig.10.8 Correlation of caffeine flux vs. ethanol flux in relation to vehicle ethanol content: 0, 5, 10, 20 and 30 % etha-
nol/water v/v across porcine skin in vitro (n=_8, £SEM) (Houston D et al. 2011)

propylene glycol across pig ear skin from
hydroxypropyl cellulose gel formulations under
simulated finite/in-use conditions was investi-
gated in an attempt to model a simple topical
formulation in the process of drying (Bowen
and Heard 2006). Figure 10.9 shows relation-
ships between the cumulative moles of ketopro-
fen and propylene glycol permeated from the
tested gels at 24 h and 48 h timepoints. The
decrease in the delivery of propylene glycol rel-
ative to the increase in delivery of ketoprofen
was linear across the gel formulations. Although
a simple gel system, it was nevertheless a chal-
lenge to effectively mimic the processes taking
placing in the drying film. For example, Reid
et al. (2009) later found evidence of transient
supersaturation of the active (beclomethasone
dipropionate) following the drying of ethanol

from applied films, although the paper did not
account for any ethanol that might permeate
skin and drag some drug with it. Clearly, much
work remains to be done to further establish the
permeation of solvated complexes completely
through the skin.

Seemingly in contrast to the above, Liu et al.
(1991) demonstrated that ethanol enhances the
stratum corneum transport of estradiol and of
itself, although they concluded that permeant flux
is not simply linear with the co-transported
enhancer in general. Again, it is worth making
the distinction between those ethanol molecules
permeating as part of a solvated complex and
those that are permeating independently under
their own concentration gradient. Such factors
would result in lack linearity, with an excess in
terms of the ethanol permeated.
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and 48 h. Gel I - V: 90.9, 88.5, 84.7, 75.4, 38.1 % propylene glycol in polyethylene glycol 400

Conclusions 2. Upon application to the skin, interaction

Based on a summation of the preceding dis- with and modulation of skin lipids, possi-

cussions, we are now in a position to define a ble leaching of lipids if alcohol content is

new composite model to account for the skin high.

penetration enhancement arising from the use 3. Permeation of free solvent which is not

of alcohols: engaged in solvating the permeant, but is being

delivered across the skin independently.

1. Dissolution of solute in vehicle and enhancer, 4. Co-permeation of solvated drug solute

establishment of solvation shells and elevated and free alcohol molecules, along the

donor phase concentration of drug. concentration gradient, in the skin that is
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enriched or even saturated with free alco-
hol providing higher partitioning environ-
ment (pull effect).

5. Interaction of solvated complex with skin
components and diffusional barriers
within the skin tissue which acts to retard
permeation.

Finally, pick up a book or review article on
the subject of skin penetration enhancement,
and a statement to the effect ‘penetration
enhancement is caused by modulations in the
lipids of the stratum corneum’ will invariably
be found. It is hoped that having read this arti-
cle, the reader will be inspired to consider that
such processes may not provide a complete
picture, as the mechanism of enhancement, by
in particular ethanol and other alcohols, must
be extended to include the permeation of the
enhancer itself. Moreover, the importance of
alcohol vehicle uptake into the skin has been
seriously overlooked, and there are clearly
issues relating to intoxicating issues of topi-
cally applied formulations that contain appre-
ciable quantities of ethanol, e.g. alcohol hand
rubs. Studying the skin permeability of vehi-
cles and enhancers in tandem with the active
compound, although simplistic, sheds addi-
tional valuable light on the complex processes
involved in skin permeation enhancement
mechanisms. However, unless one takes the
trouble to assay diffusion cell receptor fluids
for all permeants, the presence and potential
significance of all species may be missed. It
is hoped that such practice will become more
widespread.
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11.1 Introduction

Dermal and transdermal delivery of drugs is lim-
ited by poor drug permeability which in turn is
attributed to the stratum corneum which serves as
a rate-limiting lipophilic barrier against the
uptake of chemical and biological agents and the
loss of water (Fang et al. 2003; Shah 1994).

Use of penetration enhancers (or sorption pro-
moters) is the most common approach to mitigate
stratum corneum permeability (Williams and
Barry 1989; Benson 2005; Vavrova et al. 2005;
Barry 2004). In recent years, efforts have been
directed at identifying safe and effective penetra-
tion enhancers from natural and synthetic sources
(Williams and Barry 1991). Terpenes are one
of the most extensively studied classes of chemi-
cal penetration enhancers. Terpenes of natural
origin have a GRAS (generally regarded as safe)
status with the Federal Drug Administration
of the USA, which offer advantages over other
traditional enhancers such as alcohols, fatty
acids, 1-dodecylazacycloheptan-2-one (Azone®),
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sulfoxides, and pyrrolidones (Thakur et al. 2006;
Fox et al. 2011). In general, they have less sys-
temic toxicity and skin irritancy in addition to hav-
ing good penetration-enhancing abilities (Cornwell
et al. 1996). Terpenes have reversible effects on
the lipids of the stratum corneum. A number of
terpenes have been shown to enhance percutane-
ous absorption of both lipophilic and hydrophilic
drugs. However, proper selection of terpenes based
on the functional groups, values of the logarithm
of partition coefficient (log P), and metabolic dis-
position is important for the optimum sorption-
promoting effect (Sapra et al. 2008).

In this chapter we present the classification of
terpenes, factors affecting the activity of terpenes
as penetration enhancers, and discussion on the
utility of terpenes and essential oils as penetra-
tion enhancers.

11.2 Terpenes

Terpenes are described as compounds that are
basically constituents of an essential oil and con-
tain carbon and hydrogen atoms with or without
oxygen (Pinder 1960). Terpenes are one of the
most extensively studied classes of chemical pen-
etration enhancers. They have received consider-
able interest in dermal and transdermal delivery
of drugs with a wide range of physicochemical
properties (Thakur et al. 2000).

11.2.1 Classification of Terpenes

The carbon skeletons of most terpenes are built
up by the union of two or more isoprene (CsHy)
units. Figure 11.1 shows the chemical structure
of an isoprene unit (Pinder 1960; Torssell 1983).
Terpenes can be classified according to the num-
ber of isoprene units in the molecule as illustrated
in Table 11.1.

On the basis of a number of carbon rings
present in the structure of the terpene, it can be
subdivided into “acyclic,” “monocyclic,” and
“bicyclic” categories (Thakur et al. 2006; Pinder
1960). Acyclic monoterpenes can be regarded
as derivatives of 2,6-dimethyloctane, while

CH,4

Isoprene

H,C

Fig.11.1 Isoprene unit

Table 11.1 Classification of terpenes according to the
number of isoprene units (Thakur et al. 2006; Aqil et al.
2007; Torssell 1983)

Number of

isoprene units  Number of

(n) carbon atoms Type of terpene

2 C10 Monoterpenes
(Cl()Hlﬁ)

3 C15 Sesquiterpenes
(CisHay)

4 C20 Diterpenes (CyHs,)

5 C25 Sesterterpenes
(C25H40)

C30 Triterpenes (CsoHyg)
8 C40 Tetraterpenes (CsHga)
>8 >C40 Polyterpenes (CsHg),

monocyclic monoterpenes are derivatives of
cyclohexane containing isopropyl substituents.
Bicyclic monoterpenes are arranged in more than
one aromatic ring, which contains the same num-
ber of carbon atoms. Sesquiterpenes are present
as acyclic, monocyclic, bicyclic, tricyclic, and
tetracyclic structures and are mostly found in
higher plants. The subdivision of each category is
given in Figs. 11.2, 11.3, 11.4, and 11.5 (Thakur
et al. 2006; Pinder 1960; Torssell 1983).

11.2.2 Factors Influencing
the Activity of Terpenes
as Penetration Enhancers

The activity of terpenes as penetration enhancers is
primarily associated to their chemical structure as
well as the physicochemical properties of the per-
meant drug (Aqil et al. 2007), as discussed below.

11.2.2.1 Size and Chirality
The size of a terpene is an important factor in
determining its enhancing capacity. Smaller
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Fig.11.2 Types of acyclic

Acyclic terpenes

terpenes

Acyclic monoterpenes

Acyclic diterpenes Acyclic triterpenes

(Alcohol) (Alcohol) (Hydrocarbon)
Eg. ceraniol, Nerol& Phytol Squalene
linalool
Fig.11.3 Types of Monocyclic monoterpenes
monocyclic monoterpenes
Hydrocarbons Alcohols Ketones Oxides
Limonene Terpinol Menthone Cineol
Thymol Carvomenthone
Carvacrol Carvone
Fig.11.4 Types of bicyclic Bicyclic monoterpenes
monoterpenes l l l l
Hydrocarbon Oxygenated derivatives Ketones Peroxide
Car-3-ene, o-thujene  Verbenol, verbenone Camphor & Ascaridole
a-pinene & B-pinene fenchone

Fig.11.5 Types of

Sesquiterpenes

sesquiterpenes 1

Hydrocarbon

Bisabolene,azulenes, (+)longifolene,
B-caryophyllene & (+)aromadendrene

terpenes are more active sorption enhancers than
larger terpenes (Williams and Barry 2004). The
stereoisomers of terpene also affect the enhance-
ment potential of particular molecules. The (-)
enantiomer of a terpene has been observed as a
more effective penetration enhancer than the cor-
responding (+) racemate or the (+) isomer (Monti
et al. 1995).

11.2.2.2 Degree of Unsaturation

It has been reported that smaller alcoholic ter-
penes with a higher degree of unsaturation are
good candidates to enhance the permeation of
hydrophobic drugs (Ghafourian et al. 2004). The
terpenes with a minimal degree of unsaturation,
like 1-menthol and 1,8-cineole, are good sorption
promoters for polar and water-soluble drugs (Jain
et al. 2002).

1

Alcohol
Farnesol,nerolidol, (-)guaiol,
(+)Cedrol & (-)o- bisabolol

11.2.2.3 Lipophilicity

High lipophilicity is an important structural fea-
ture for terpenes as sorption promoters for lipo-
philic drugs (Ghafourian et al. 2004). The
hydrocarbon and nonpolar terpenes (e.g., limo-
nene) are reported as more potent enhancers for
lipophilic drugs (indomethacin) than oxygen-
containing polar terpenes (1,8-cineole, carvone)
(Nagai et al. 1989; Okabe et al. 1989) and vice
versa (Narishetty and Panchagnula 2004).

11.2.2.4 Boiling Point and Energy

of Vaporization
The skin permeation-enhancing capacity of a ter-
pene is inversely related to its boiling point, for
example, cineole, with boiling point of 173 °C, is
reported to be a more effective enhancer compared
to terpenes with higher boiling points (carvone,
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230 °C; pulegone, 224 °C; menthone, 210 °C;
a-terpineol, 217 °C; and menthol, 215 °C) for skin
permeation of zidovudine (Narishetty and
Panchagnula 2004).

The energy of vaporization of terpenes also
shows an inverse relationship with respect to
their permeation-enhancing ability. Terpenes
with lower energies of vaporization show greater
permeation-enhancing properties than those with
higher energies of vaporization toward hydro-
philic drugs, for example, cyclic ether terpenes,
such as anethole and cineole, are good enhancer
candidates for the hydrophilic drug, 5-fluorouracil
(Ghafourian et al. 2004).

11.3 Application of Terpenes
as Penetration Enhancers

The application of various individual terpenes
and essential oils in the area of transdermal drug
delivery is discussed below, and a summary is
given in Table 11.2.

11.3.1 Geraniol

Geraniol is a monoterpenoid alcohol and also
known as rhodinol. The oil of rose and palmarosa
oil are rich sources of geraniol. It also occurs in
small quantities in geranium, lemon, citronella,
and many other essential oils. It is commonly used
in perfumes for its roselike odor. Godwin and
Michniak have investigated the effect of 11 mono-
terpenes (including geraniol, limonene, menthone,
terpinen-4-ol, a-terpineol, 1,8-cineole, carvone,
verberone, fenchone, p-cymene, neomenthol) on
percutaneous absorption of three different model
drugs with varying lipophilicities (caffeine, hydro-
cortisone, and triamcinolone acetonide) (Godwin
and Michniak 1999). Terpenes were applied in
propylene glycol to mouse skin. Geraniol provided
a 16-fold increase in the permeation of caffeine
compared to caffeine without permeation
enhancer, and no significant increase in perme-
ation of hydrocortisone and triamcinolone aceton-
ide was observed, though the other terpenes were
not as effective for the delivery of hydrocortisone.

The addition of tetra hydrogeraniol (THG), which
is a chief chemical constituent of rose oil, in a gel
containing S-fluorouracil has been investigated
(Hanif et al. 1998). It has shown a markedly
enhanced permeability of 5-fluorouracil with a
maximum flux obtained at a concentration of § %.

11.3.2 Linalool

It is a naturally occurring alcohol terpene obtained
from the fruits of Coriandrum sativum with many
commercial applications. The majority of applica-
tions are based on its pleasant scent. It is found in
many flowers and spice plants, such as coriander
seeds. Vaddi et al. compared the penetration
enhancement capacity of linalool with carvacrol
and terpineol using haloperidol (HP) as model
drug in neat propylene glycol, a widely used vehi-
cle for dermatological preparations. The solubility
and flux of HP were increased by all terpenes over
control. Out of three terpenes they claimed lin-
alool as the best possible enhancer for transdermal
delivery of HP followed by carvacrol and terpin-
eol. Fourier transform Infra red spectroscopy
(FT-IR) and differential scanning calorimetry
(DSC) techniques suggested that the interaction of
terpenes with stratum corneum lipids may be the
reason for permeation enhancement (Vaddi et al.
2002a, b).

11.3.3 Limonene

Limonene is a lipophilic hydrocarbon terpene,
obtained from the lemon peel of Citrus limon. It is
a chiral molecule, and biological sources produce
one specific enantiomer: D-limonene ((+)-limo-
nene). Racemic form is known as dipentene.
Limonene was found to be the best penetration
enhancer when compared with bisabolol, 1,8-cin-
eole, ethanol, polyethylene glycol 600, sorbitan
monolaurate (Span® 20, Sigma Aldrich, USA),
and oleic acid, using sumatriptan succinate as the
model drug (Femenia-Font et al. 2005). The trans-
dermal therapeutic system containing nicardipine
hydrochloride gives not only increased bioavail-
ability but also prolonged steady-state concentra-
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Table 11.2 Applications of various terpenes in transdermal drug delivery

Chemical
Type Terpene formula  Permeant Description
Acyclic monoterpenes
Alcohol Geraniol C,0H ;3O Caffeine A 16-fold increase in permeation of caffeine is
reported as compared to steroid (Godwin and
Michniak 1999)
Linalool C0H;sO  Haloperidol It is reported as the best enhancer for
transdermal delivery of HP followed by
carvacrol and terpineol (Vaddi et al. 2002a, b)
Labetalol Basil oil containing alcoholic terpenes is reported
as a promising penetration enhancer for TDD of
labetalol (Monti et al. 2009)
Monocyclic monoterpenes
Hydrocarbon Limonene  C;oHg Sumatriptan succinate Limonene was reported as a better enhancer
than a-bisabolol and 1,8-cineole for
sumatriptan succinate (El-Kattan et al. 2011)
Nicardipine 4 %(w/w) limonene in nicardipine therapeutic
hydrochloride system was found to increase bioavailability and
prolonged steady-state concentration
(Nokhodchi et al. 2007)
Butylparaben, mannitol It effectively enhances the permeation of
lipophilic but ineffective for hydrophilic drug
(Vaddi et al. 2002a, b)
Ondansetron The optimum transdermal permeation was
hydrochloride observed with 3 % w/w of limonene followed by
3 9% wiw of nerolidol and 8 % w/w of carvone
(Krishnaiah et al. 2008)
Alcohol Terpinolene C,;,His Dapiprazole Terpinolene acts as an effective enhancer for
the transdermal delivery of dapiprazole
through mouse skin (Monti et al. 1995)
Menthol C0HO  Buspirone hydrochloride Menthol yielded the highest flux in comparison
to cineole and terpineol (Ghafourian et al.

2004)

Imipramine It showed better penetration enhancer than
hydrochloride terpineol menthone, pulegone, carvone, etc.
(Jain et al. 2002)

Methotrexate It has been reported that the combination of

menthol with methotrexate in vesicular gel
base improved the penetration into the skin and
drug in the skin (Nagle et al. 2011)

Ketones Carvone CoH;4,O Nicardipine A threefold increase in the bioavailability of
hydrochloride NHCL across rat skin was observed (Hanif
et al. 1998)
Tamoxifen Carvone significantly enhances the permeation

of tamoxifen followed by cineole, thymol, and
menthol (Krishnaiah et al. 2003)

Lysozyme Smaller terpene containing ketone (carvone,
fenchone, and verbenone) have showed
maximum preserving conformational stability
and biological activity of lysozyme in a
transdermal formulation (Liu et al. 2011)

(continued)
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Table 11.2 (continued)

Chemical
Type Terpene formula  Permeant Description
Oxide Cineole C0H;sO  Propranolol Cineole was found as the best penetration
hydrochloride enhancer than menthol and propylene glycol
for the permeation of propranolol
hydrochloride across rat skin (Amnuaikit et al.
2005)

Chlorhexidine Eucalyptus oil (10 %.v/v) in combination with

digluconate 2 % (w/v) CHG in 70 % (v/v) isopropyl
alcohol would significantly increase the
amount of CHG which penetrate into the skin
(Ahad et al. 2011)

Synthetic peptide Menthone, carveol, and cineole along with
ethanol were tested for permeation of synthetic
peptides.

Cineol in 50 % ethanol solution has given
maximum enhancement (Cornwell and Barry
1994)

Valsartan It is reported as safe and potential penetration
enhancer for enhancement of skin penetration
of lipophilic drug (Ahad et al. 2011)

Ofloxacin, lidocaine Cineol is found to be more effective and safer
enhancer than menthol and D-limonene for
moisture-activated patches containing lidocaine
and ofloxacin (Song et al. 2009)

Bicyclic monoterpene

Peroxide Ascaridole C;(H40, 5-Fluorouracil Ascaridole reported as comparable to
1,8-cineole and more effective than ylang-
ylang oil and anethole (Williams and Barry
1989)

Sesquiterpenes

Alcohol Nerolidol CsHyO  Nicardipine It is reported as good candidate for the

hydrochloride, enhancement of hydrophilic drugs than of

hydrocortisone, lipophilic drugs (Cornwell and Barry 1994)

carbamazepine,

tamoxifen

Farnesol C;sH,sO  Diclofenac sodium A 78-fold increase in permeation of DS was

tion when 4 % (w/w) limonene was incorporated
in a 2 % (w/w) hydroxypropyl cellulose gel
(Krishnaiah et al. 2002). Limonene enhances
the permeation of lipophilic (butylparaben) and
amphiphilic (6-mercaptopurine) compounds, but
is ineffective for hydrophilic compounds, such as
mannitol (Koyama et al. 1994). Another gel for-
mulation was developed using various terpenes,
like limonene, linalool, and cineole at (5 % v/v),
in propylene glycol (Lim et al. 2006). This has

provided by farnesol (0.25 %,v/v) followed by
carvone, nerolidol, menthone, limonenoxide
(Krishnaiah et al. 2006)

improved permeation of haloperidol by 26.5-fold
when used with limonene and reduced the lag
time.

The combination of 5 % w/v of D-limonene in
30 % ethanol and 20 % propylene glycol is
reported as the more effective enhancer system
for permeation of midazolam (a lipophilic drug)
compared with control (ethanol and propylene
glycol only) (Ota et al. 2003). Elsewhere, limo-
nene (2 % v/v in propylene glycol) is claimed to
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be a better skin penetration enhancer than oleic
acid (10 % v/v in PG or transcutol) for the percu-
taneous delivery of dihydrotestosterone, another
lipophilic drug through hairless mouse skin
(Clarys et al. 1998). Zhao and Singh have studied
the effect of three terpenes (eugenol, limonene,
and menthone) at 5 % concentration in combina-
tion with 50 % propylene glycol (PG) in enhanc-
ing permeation of tamoxifen through porcine
epidermis. Of the above terpenes, limonene
showed the greatest improvement in the perme-
ation of tamoxifen. The extraction of lipid from
stratum corneum was the suggested mechanism
of action (Zhao and Singh 2000).

In one study, terpenes from four different chem-
ical classes, namely, hydrocarbons (D-limonene),
alcohols (geraniol), epoxides (a-pinene oxide),
and cyclic ethers (1,8-cineole) were studied to
pretreat third-degree burn eschar from abdomi-
nal and lower external burns before the applica-
tion of silver sulfadiazine. The permeation flux
of the antimicrobial drug, silver sulfadiazine, was
increased, and the highest enhancement ratio was
observed for limonene (about 9 times the normal
flux), followed by geraniol (5.5 times), eucalyp-
tus oil (4.7 times), and a-pinene oxide (4.3 times).
The lag time was significantly (20 %) decreased
in case of limonene, whereas the other terpenes
showed a negligible increase in permeation lag
times. The increased permeation of silver sulfa-
diazine can be attributed to the increased partition
of the drug in the presence of terpenes into the
eschar. When terpenes are applied on intact skin,
both the diffusion coefficient and partitioning are
increased (Moghimi et al. 2009).

Liu et al. investigated microemulsion systems
composed of terpenes, polysorbate 80, cosur-
factants, and water as transdermal delivery vehi-
cles for curcumin. Limonene, 1,8-cineole, and
a-terpineol were used in the study. The result
showed that curcumin permeation rates in the lim-
onene microemulsion were 30- and 44-fold higher
than those of 1,8-cineole and a-terpineol micro-
emulsions, respectively (Liu et al. 2011). Okyar
et al. have investigated the influence of different
terpenes (D-limonene, menthol, and nerolidol) on
the percutaneous penetration of tiaprofenic acid
from 1 % carbomer (Carbopol® 940, BF Goodrich

Chemical Co. Cleveland, OH, USA)-based gel
formulations in an ex vivo experiment in rat skin.
D-limonene was reported as the most outstanding
penetration enhancer among the other terpenes.
It was further corroborated by in vivo study in
rats. The result showed that the AUC,_4(h) was
increased by about tenfold by the addition of 5 %
D-limonene to the formulation (Okyar et al. 2010).
In another study, Krishnaiah et al. investigated
the in vitro transdermal permeation of ondanse-
tron hydrochloride from a hydroxyl propyl cellu-
lose (HPC) gel using nerolidol, carvone, and
limonene as penetration enhancers. The transder-
mal permeation of ondansetron hydrochloride
was increased in the presence of terpenes, and the
optimal permeation was obtained with 3 % w/w
of nerolidol (175.3%3.1 pg/cm?h), 8 % w/w of
carvone (87.4+ 1.6 pg/cm?h), or 3 % w/w of limo-
nene (181.9+0.9 pg/cm?h). It was concluded that
HPC gel drug reservoir systems with 3 % w/w
nerodilol or 3 % w/w limonene act as optimal for-
mulations in fabrication of membrane-controlled
transdermal therapeutic system (TTS) of ondan-
setron hydrochloride (Krishnaiah et al. 2008).

11.3.4 Menthol

Menthol is obtained from flowering tops of
Mentha piperita. It occurs in nature as (—)-men-
thol. Its melting point is 42—45 °C, and it is fre-
quently used in antipruritic creams and as an
upper respiratory tract decongestant (Bruneton
1999). Menthol along with limonene has been
reported as the most effective penetration
enhancer. It has been used as an enhancer for
transdermal delivery of variety of drugs includ-
ing imipramine hydrochloride (Jain et al. 2002),
caffeine, hydrocortisone, triamcinolone (Godwin
and Michniak 1999), propranolol hydrochloride
(Amnuaikit et al. 2005), and zidovudine
(Narishetty and Panchagnula 2004, 2005).
Synergistic effects of terpenes and iontophoresis
when used together have also been reported in
the literature. Terpenes, such as menthol, cineole,
and terpineol, have been shown to increase the
flux of buspirone hydrochloride by more than
200-fold compared to a 15-fold increase when
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using iontophoresis alone. Of the abovemen-
tioned terpenes, menthol yielded a higher flux
compared to cineole and terpineol (Al-Khalili
et al. 2003).

When compared with other terpenes, viz., ter-
pineol, menthone, pulegone, carvone, etc., men-
thol has been reported as a more potent penetration
enhancer and is comparable to cineole for skin
permeation enhancement of imipramine hydro-
chloride (Jain et al. 2002). Menthol also seems to
be a better penetration enhancer than (+)-limonene,
(-)-linalool, and carvacrol for the transdermal
delivery of propranolol hydrochloride. In one
study (Kuntaetal. 1997), four terpenes (L-menthol,
(+)-limonene, (-)-linalool, and carvacrol) at three
different concentrations (1, 5, and 10 % (w/w))
were investigated for their ability to enhance per-
meation of propranolol hydrochloride in a mouse
skin model. The permeation of propranolol was
not affected by increasing the concentration of ter-
pene from 5 to 10 % (w/w), with the exception of
linalool which shows anexaggerated concentration-
dependent effect. Among the above terpenes,
menthol (1 %, w/w) was claimed to be the best
penetration enhancer, as it showed relatively (flux
value 122 pg/cm?h) higher skin permeation with a
shorter lag time than the other compounds. Fujii
et al. compared the permeation-enhancing effect
of L-menthol with p-menthane-3,8-diol (MDO), a
metabolite of L-menthol, through Yucatan
micropig skin using antipyrine (a hydrophilic
drug) and indomethacin (a lipophilic drug) as
model drugs. They concluded that both L-menthol
and MDO have a similar enhancing effect on the
skin permeation of indomethacin, while MDO
exhibited a lower effect on percutaneous transport
of antipyrine (Fujii et al. 2004).

On the basis of differential scanning calorimetry
(DSC) and Fourier transform infrared spectroscopy
(FT-IR) studies (Jain et al. 2002; Zhao and Singh
1998, 1999), it was proposed that the major mecha-
nism of action of menthol as a permeation enhancer
is the disruption of the hydrogen bond network at
the head groups of ceramides in the lipid bilayers of
the stratum corneum. DSC and FT-IR techniques
are commonly employed for the determination of
the mode of action of terpenes on the permeation of
actives through the skin (Naik and Guy 1997).

Usually, terpenes enhance drug permeation by one
of the following three mechanisms: disruption of
the highly ordered lipid structure of the stratum cor-
neum (Godwin and Michniak 1999; Vaddi et al.
2002a, b; Zhao and Singh 1998; Barry 1991),
increased drug diffusivity, or increased drug parti-
tioning into the stratum corneum (Berry 1987; Cal
etal. 2001). The increased electrical conductivity of
skin tissues and thereby opening the polar pathways
within the stratum corneum has been postulated as
another mode of action for terpenoids (Walker and
Smith 1996). The mechanism of permeation
enhancement induced by terpenes, such as men-
thone and limonene in combination with ethanol,
was studied by FT-IR using propranolol hydrochlo-
ride as the permeant and porcine epidermis. The
study revealed that the above enhancers showed a
decrease in the peak area and height for both sym-
metric and asymmetric C—H stretching absorbance
in comparison with untreated skin, indicating that
the aforementioned terpenes act by stratum cor-
neum lipid extraction (Zhao and Singh 1999). This
mechanism was later corroborated by using tamoxi-
fen as a model drug (Zhao and Singh 1998).

Nagle et al. investigated the potential benefits
of combining menthol with methotrexate MTX in
a vesicular gel base. They evaluated the antipsori-
atic efficacy of the formulations and observed that
menthol not only improved the penetration and
dermal availability of MTX, but also rendered it
more effective with greater patient acceptability
(Nagle et al. 2011). Song et al. investigated the
effects of terpenes (cineole, l-menthol, and
D-limonene) on the release and permeation of
ofloxacin and lidocaine from moisture-activated
composite patches. It was found that 0.33 % cine-
ole in the gel base provided the highest permeation
flux (77.7£25.3 pg/cm(2)/h) of lidocaine. The
permeation of lidocaine was also enhanced by
I-menthol, while D-limonene failed to increase the
permeation rate of lidocaine (Song et al. 2009).

11.3.5 Carvone
Carvone is found naturally in many essential oils,

but is abundant in caraway seed (Carum carvi)
oil. It is used in aromatherapy and alternative



11 Terpenes and Essential Oils as Skin Penetration Enhancers 181

medicine. A threefold increase in bioavailability
of nicardipine hydrochloride across rat skin was
reported by Krishnaiah et al. when carvone (8 %,
w/w) was incorporated in a hydroxypropyl cel-
lulose (HPC) gel (Krishnaiah et al. 2003). In
another study, Gao and Singh compared the effect
of four cyclic terpenes (carvone, 1,8-cineole,
menthol, and thymol) used in combination with
50 % ethanol, on the transdermal delivery of
tamoxifen across porcine epidermis. Carvone
enhanced the permeation of tamoxifen more than
cineole, thymol, or menthol. Disruption of inter-
cellular lipid structure of the stratum corneum
was suggested as the possible mechanism of
action of carvone as a penetration enhancer (Gao
and Singh 1998).

Varman and Singh have investigated the
effects of terpenes (e.g., limonene, p-cymene,
geraniol, farnesol, eugenol, menthol, terpineol,
carveol, carvone, fenchone, and verbenone) on
the conformational stability and biological activ-
ity of a model protein lysozyme. The smaller ter-
penes containing ketones with low lipophilicity
(log K,,~2.00) were optimal for preserving con-
formational stability and biological activity of
lysozyme in a transdermal formulation contain-
ing terpenes as permeation enhancers (Varman
and Singh 2012).

11.3.6 Cineole

Cineole is a cyclic ether and a monoterpene, also
known by a variety of synonyms: 1,8-cineole,
limonene oxide, cajeputol, 1,8-epoxy-p-
menthane, 1,8-oxido-p-menthane, and eucalyp-
tol. It is the primary chemical constituent of
Eucalyptus globulus and other species of
Eucalyptus. When compared with menthol in
propylene glycol used as a penetration enhancer
for propranolol hydrochloride across rat skin,
cineole was reported to be the more efficient
enhancer (Amnuaikit et al. 2005). In another
study (Narishetty and Panchagnula 2004) the
mechanism of cineole and other oxygen-contain-
ing monoterpenes (menthol, menthone, pule-
gone, a-terpineol, and carvone) on percutaneous
absorption of zidovudine across rat skin was

investigated. Cineole was again reported as the
most effective enhancer. It was suggested that the
possible mechanism of permeation enhancement
of zidovudine by terpenes was modification of
skin barrier properties by forming hydrogen
bonds with lipid head groups of stratum corneum
(SC) lipids. Terpenes had no effect on the parti-
tion coefficient and thermodynamic activity of
the drug.

Narishetty and Panchagnula investigated by
DSC and attenuated total reflectance Fourier
transform infrared spectroscopic (ATR-FT-IR)
studies the effect of 1,8-cineole and menthol on
stratum corneum lipids and permeation of zid-
ovudine across human cadaver skin (Narishetty
and Panchagnula 2005). Both enhancers, applied
at 5 % (w/v) in 66.6 % ethanol as a vehicle,
improved the flux of zidovudine across human
cadaver skin. DSC and ATR-FT-IR analysis
revealed that 1,8-cineole and menthol enhanced
permeation of zidovudine by transforming stra-
tum corneum lipids from a highly ordered ortho-
rhombic perpendicular subcellular packing to a
less ordered, hexagonal subcellular packing.
Both terpenes showed effects on both lipid alkyl
tails and polar head groups, as indicated by
reduction in transition temperature (Tm) and blue
shift in non-hydrogen-bonded amide I stretching
frequency, respectively. These findings suggested
that the above terpenes mainly act at polar head
groups and break interlamellar and intralamellar
hydrogen bonding networks (Narishetty and
Panchagnula 2005).

Recently, Raman spectroscopy has been used
to investigate the interaction of terpenes and
human skin (Williams et al. 2006). It is a versatile
and nondestructive method to study the skin, and
it provides advantages over infrared spectroscopy
for examining this type of naturally hydrated tis-
sue. A marked change in the C-H stretching
region was observed by the Raman spectrum of
the 1,8-cineole-treated excised full-thickness
human skin. The application of 1,8-cineole onto
excised skin altered the stratum corneum lipid
domain, producing interfacial defects between
ordered and disordered domains, allowing
increased drug delivery through the tissue
(Williams et al. 20006).
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Seven novel terpenes, namely, iso-eucalyptol,
p-citronellene, valencene, rose oxide, safranal,
lavandulol acetate, and prenol, were studied as
potential penetration enhancers for the delivery of
valsartan through rat skin and human cadaver skin
(HCS) with reference to the established terpene
eucalyptol. Among all terpenes, iso-eucalyptol
showed the maximum enhancement through rat
skin (enhancement ratio (ER)=7.4) and HCS
(ER=3.60) over control (Ahad et al. 2011).

Seung et al. have investigated the transdermal
penetration of three synthetic peptides in the pres-
ence of terpenes together with ethanol (EtOH)
(i.e., menthone/EtOH, carveol/EtOH, or cineole/
EtOH). Cineole was the most effective enhancer
for all three peptides tested. The maximum ER of
approximately 2 was achieved by cineole in 50 %
ethanol solution (Ham et al. 2007).

11.3.7 Ascaridole

Ascaridole is a peroxide functional group bearing
bicyclic monoterpene. It is the primary constitu-
ent of the oil of Chenopodium or Mexican Tea
(Chenopodium ambrosioides). Its penetration-
enhancing activity has been investigated using
5-fluorouracil as the model drug, and it was found
to be comparable to 1,8-cineole and more effec-
tive than ylang-ylang oil and anethole (Williams
and Barry 1989).

11.3.8 Terpinolene

Terpinolene is most commonly used in the fra-
grance and textile industries. Monti et al. investi-
gated the permeation of dapiprazole base (DAP-B)
using different penetration enhancers including
terpenes ((—) o-bisabolol, (+) «-bisabolol,
L-carvone, D-limonene, L-limonene, mircene,
a-pinene, terpinolene, and eucalyptol) in a series of
liquid and semisolid vehicles, through hairless
mouse skin (Monti et al. 1995). Terpinolene caused
maximum skin permeation of DAP-B from liquid
vehicles, whereas D-limonene was the most active
enhancer in semisolid vehicles followed by (-)
a-bisabolol, L-limonene, terpinolene, and a-pinene.

11.3.9 Nerolidol

Nerolidol is a naturally occurring sesquiterpene
found in essential oils of many types of plants
and flowers. It is also known as peruviol.
Nerolidol is present in neroli, ginger, jasmine,
lavender, tea tree, and lemon grass. It is used as a
flavoring agent and in perfumery. It is also cur-
rently being investigated as a skin penetration
enhancer for transdermal delivery of therapeutic
drugs. It seems to act by increasing the diffusion
coefficient of drugs, such as 5-fluorouracil
(Cornwell and Barry 1994).

In another study (El-Kattan et al. 2011),
nerolidol was reported as the most efficient pen-
etration enhancer out of four different terpenes
(fenchone, thymol, D-limonene, and nerolidol)
with respect to four model drugs with differing
lipophilicities: nicardipine hydrochloride, hydro-
cortisone, carbamazepine, and tamoxifen. These
terpenes were found more effective at enhancing
the penetration of hydrophilic rather than lipo-
philic drugs.

The effect of terpenes (nerolidol, carvone, and
anethole), on permeation of selegiline hydrochlo-
ride across rat skin, has also been investigated.
Nerolidol provided a 3.2-fold increase in perme-
ation of the above drug across rat skin in com-
parison to control (Krishnaiah et al. 2006). The
amphiphilic structure of nerolidol is attributed to
its permeation-enhancing activity, which is suit-
able for the alignment within the lipid lamellae of
the stratum corneum, thus disrupting its highly
organized packing (Cornwell and Barry 1994).

11.3.10 Farnesol

Farnesol is a sesquiterpene alcohol, present in
many essential oils, such as citronella, neroli,
cyclamen, lemon grass, tuberose, rose, musk,
balsam, and tolu. It is used in perfumery to accen-
tuate the odors of sweet floral perfumes. It has
been reported that farnesol (0.25 %, v/v) was the
best skin permeation enhancer for diclofenac
sodium, with respect to other terpenes (Nokhodchi
et al. 2007). The permeation-enhancing activity
was found to be in the following order: farnesol
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>carvone >nerolidol >menthone >limonenoxide.
However, at 2.5 % (v/v) nerolidol was found to
be the best candidate with a 198-fold increase in
the permeability coefficient of diclofenac sodium
followed by farnesol with a 78-fold increase in
permeation.

11.4 Application of Essential Oils
as Penetration Enhancers

Essential oils are volatile, odoriferous substances
obtained from flowers, fruits, leaves, and roots of
certain plants. Essential oils are consisting of
mixtures of many diverse and unique chemical
compounds (Fox et al. 2011). The components of
essential oils (Pinder 1960; Betts 2001; Dudareva
et al. 2004) can generally be classified as:

» Terpenes and terpenoids

e Nitrogen- and sulfur-containing compounds
(e.g., allylisothiocyanate found in mustard oil)

e Aromatic compounds, which are benzene
derivatives (e.g., eugenol which is the main
constituent of clove oil)

* Miscellaneous compounds (includes long-
chain unbranched substances)

The penetration-enhancing effect of several
individual terpenes (as discussed earlier in the
chapter) isolated from essential oils has been
extensively investigated, while reports of use of
essential oils per se as skin sorption promoters
are also found in literature and presented in
Table 11.3.

11.4.1 Eucalyptus Oil

Eucalyptus oil can be obtained from numerous
species of the Myrtaceae family, which includes
Eucalyptus  citriodora,  Eucalyptus  dives,
Eucalyptus globulus, FEucalyptus polybractea,
and Eucalyptus radiata. It is extracted by steam
distillation from the leaves (Essential Science
Publishing 2006). The main chemical compo-
nents of eucalyptus oil are a-pinene, -pinene,
a-phellandrene, 1,8-cineole, limonene, terpinen-4-ol,

aromadendrene, epiglobulol, piperitone, and globu-
lol (http://en.wikipedia.org/wiki/Eucalyptus_oil).
The penetration-enhancing activity of eucalyptus,
Chenopodium, ylang-ylang, and anise essential
oils has been evaluated in excised human skin
using 5-fluorouracil as a model drug. Eucalyptus
and Chenopodium oils were the most effective
drug permeation enhancers, which exhibited
almost a 30-fold increase in drug permeability
coefficient, followed by ylang-ylang with an
approximately 8-fold increase. Anise oil proved
to be the least effective permeation enhancer
among the above essential oils (Williams and
Barry 1989).

Eucalyptus oil enhanced the penetration of
chlorhexidine (2 % w/v in 5-50 % v/v of euca-
lyptus oil) into the dermis and lower layers of the
epidermis. The combination of 10 % (v/v) euca-
lyptus oil with 2 % w/v of chlorhexidine in 70 %
(v/v) isopropyl alcohol significantly enhanced
the skin penetration of chlorhexidine 2 min after
application compared to a solution of chlorhexi-
dine in isopropyl alcohol or neat chlorhexidine
(Karpanen et al. 2010).

11.4.2 Niaouli Oil

Niaouli oil is extracted by steam distillation from
the leaves and twigs of Melaleuca quinquenervia,
of the Myrtaceae (myrtle) family (Essential
Science Publishing 2006; Stewart 2005). The main
chemical constituents of niaouli oil are 55-70 %
1,8-cineole (oxide) and limonene (monoterpene),
7-15 % o-pinene (monoterpene), 2—6 % p-pinene
(monoterpene), and 2-6 % viridiflorol (sesquiter-
pene) (Essential Science Publishing 2006; Stewart
2005). It is useful for treating respiratory/sinus and
urinary tract infections, allergies, and hyperten-
sion (Essential Science Publishing 2006).

Monti et al. evaluated six essentials oils (caju-
put, cardamom, melissa, myrtle, niaouli, and
orange oil) using estradiol as a drug model. All
essential oils were used at 10 % (w/w) concentra-
tion in propylene glycol (PG). Among the oils,
niaouli was found to be the best penetration
enhancer for estradiol (Monti et al. 2002, 2009).
Further, four main terpene components of niaouli
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Table 11.3 Application of various essential oils as penetration enhancers

Essential oil
Eucalyptus oil

Niaouli oil

Turpentine oil

Alpinia
oxyphylla oil

Sweet basil

Tulsi oil

Source

Eucalyptus
citriodora,
Eucalyptus dives,
Eucalyptus
globulus,
Eucalyptus
polybractea,
Eucalyptus radiata

Melaleuca
quinquenervia

Coniferae spp.

Alpinia oxyphylla

Ocimum basilicum

Ocimum sanctum

Chemical
constituents
a-Pinene, b-pinene,
limonene,
1,8-cineole
terpinen-4-ol

8-Cineole (oxide)
Limonene, a-pinene,
B-pinene, viridiflorol

B-Pinene a-pinene
carene, camphene,
dipentene, and
terpinolene

Low-polarity
fraction estragol,
copaene azulene,
B-bisabolene
o-panasinsen,
p-cymene high-
polarity fraction
1H-cycloprop[e]
azulene,
a-panasinsen,
germacrene B,
humulene
6,7-epoxide
Estragol linalool
eugenol and
1,8-cineole

Oleanolic acid,
ursolic acid,
rosmarinic acid,
eugenol, carvacrol,
linalool

Permeant
5-Fluorouracil

Chlorhexidine

Estradiol

Flurbiprofen

Indomethacin

Indomethacin

Labetalol
hydrochloride

Flurbiprofen

Description

Eucalyptus and Chenopodium
oil have shown a 30-fold
increase in drug permeability
coefficient followed by
ylang-ylang and anise oil
(Williams and Barry 1989)

Eucalyptus oil (10 % v/v) with
isopropyl alcohol (70 % v/v)
significantly enhanced the skin
penetration of chlorhexidine
compared to a solution of
chlorhexidine/isopropyl alcohol
alone (Karpanen et al. 2010)

Niaouli oil was found to be
more effective than cajuput,
cardamom, melissa, myrtle and
orange essential oils for
enhancing the transdermal
penetration of estradiol (Monti
et al. 2009)

5 % (v/v) turpentine oil was
found to give maximum
transdermal penetration rate and
significantly more effective than
tulsi oil at the same
concentration

(Charoo et al. 2008)
High-polarity fraction of

A. oxyphylla essential oil was
more efficient in enhancing the
skin permeation of
indomethacin at concentrations
of 3 and 5 % than the lower-
polarity fraction (Fang et al.
2003)

It was reported that the skin
permeation of indomethacin
was more with the low-polarity
fraction (Fang et al. 2004)
Basil oil was the most effective
penetration enhancer followed
by camphor, geraniol, thymol,
and clove oil (Jain et al. 2008)
The significant enhanced skin
penetration was observed at

5 % v/v of tulsi oil when added
to a binary mixture of propylene
glycol-isopropyl alcohol
(30:70 % (v/v))

(Charoo et al. 2008)

(continued)
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Table 11.3 (continued)

Chemical
Essential oil Source constituents
Cardamom oil  Elettaria a-Terpinyl acetate
cardamomum 1,8-cineole, linalool
linalyl acetate
limonene
Peppermint oil  Mentha piperita Menthol (34-44 %),

menthone (12—

20 %), menthofurane
(4-9 %), 1,8-cineole

(2-5 %), pulegone
(2-5 %), menthyl
acetate (4—10 %)

Black cumin oil Cuminum cyminum Cuminaldehyde,
y-Terpinene,
B-pinene,
p-mentadienal,
p-cymene

Fennel oil Foeniculum vulgare trans-anethole

fenchone (ketone),

linalool 3-5 %
a-pinene, 2-5 %
methylchavicol

oil were investigated, i.e., 1,8-cineole, a-pinene,
a-terpineol, and D-limonene individually at a
10 % (w/w) concentration in PG. 1,8-cineole was
reported as the best skin permeation promoter for
estradiol (Monti et al. 2002).

It was demonstrated that the same essential
oils (such as niaouli oil) from different plant
sources do not necessarily yield similar skin pen-
etration enhancement results. Niaouli oil (10 %
(w/w)) from four different sources increased the
transdermal flux of estradiol through hairless
mouse skin from 41.50- to 84.63-fold compared
to the control group, which consisted of vehicle
containing PG and estradiol (Monti et al. 2009).

Permeant Description

Prednisolone An acetone extract of cardamon
seed was A better skin
penetration enhancer of
prednisolone than Azone®
(Yamahara et al. 1989).

Indomethacin, With a 1 % (v/v) concentration

diclofenac, and of cardamom oil, it was found

piroxicam that the highest penetration

index was observed for
piroxicam, followed by
indomethacin, and then
diclofenac (Huang et al. 1995)

Peppermint oil showed the most
significant effect on skin
integrity, and the percutaneous
penetration of benzoic acid was
found protective at the lower
concentrations of 0.1 % and

1.0 % (v/v) as compared to
eucalyptus oil and tea tree oil
(Nielsen 2006)

Black cumin oil (5 % v/v) was
Black cumin found to be a
better penetration enhancer with
an enhancement factor of 6.40
for carvedilol, when compared
to clove oil, eucalyptus oil, tulsi
oil, oleic acid and Tween 80
(Amin et al. 2008)

The percutaneous penetration
flux for TZN with skin
pretreatment by 10 % essential
oils was found highest for
fennel oil followed by
eucalyptus oil, citronella oil,
and mentha oil (Das et al. 2006)

Benzoic acid

Carvedilol

Trazodone
hydrochloride

These results confirmed that the reason of differ-
ences in the biological effects of plant materials
is due to their source from which they are
obtained, which leads to differences in the chem-
ical composition of plants.

11.4.3 Turpentine Oil

Turpentine oil is obtained after distillation of the
resin that is secreted by conifers (Coniferae spp.).
It is composed of terpenes, mainly the monoter-
penes a-pinene and B-pinene with lower amounts
of carene, camphene, dipentene, and terpinolene
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(http://en.wikipedia.org/wiki/Turpentine).
Turpentine oil at 5 % v/v concentration shows an
additive effect with the binary solvent vehicle of
propylene glycol—isopropyl alcohol [30:70 %
(v/v)] on the skin permeation rate of flurbiprofen.
At a concentration of 5 % (v/v), turpentine oil
provides higher transdermal penetration rate of
fluribiprofen than tulsi oil at the same concentra-
tion. When the above binary solvent vehicle was
used alone, a significantly lower lag time was
found for flurbiprofen flux across the skin
(Charoo et al. 2008).

11.4.4 Alpinia oxyphylla Oil

Alpinia  oxyphylla belongs to the ginger
(Zingiberaceae) family and is used in oriental herbal
medicine (Lee et al. 1998). Essential oils extracted
from A. oxyphylla are divided into a lower-polar-
ity fraction and a higher-polarity fraction (Fang
et al. 2003). The lower-polarity fraction contains
eight sesquiterpenes (including estragol, copaene,
1H-cycloprop[e]azulene, himachal-2,8-diene, azu-
lene, octahydro-1,8-dimethyl-7-(2-methylethenyl)-
naphthalene, p-bisabolene, o-panasinsen), which
are mostly hydrocarbon constituents except for
the oxygenated constituent estragol and one cyclic
monoterpene (p-cymene). The high-polarity frac-
tion consists of seven sesquiterpenes (including
1H-cycloprop[e]azulene, octahydro-1,8-dimethyl-
7-(2-methylethenyl)-naphthalene, ~ a-panasinsen,
germacrene B, humulene 6,7-epoxide, cis-o-
copaene-8-ol, and nootkatone).

It is reported that the high-polarity fraction of
A. oxyphylla essential oil at concentrations of 3
and 5 % was more efficient in enhancing the
ex vivo permeation of indomethacin through dor-
sal skin of Wistar rats than the lower-polarity
fraction. The results were assessed after pretreat-
ment with the two fractions of the essential oil
(3 % (v/v)) in carboxymethylcellulose hydrogels
(for 1 or 2 h). The permeation of indomethacin
was significantly enhanced, and decrease in the
lag time was also found. The skin deposition of
indomethacin was enhanced nearly fivefold after
the pretreatment, indicating that direct action of
essential oil on the skin governs the enhanced

absorption of indomethacin rather than the
release behavior of the vehicle (Fang et al. 2003).

11.4.5 Sweet Basil and Tulsi Oil

Sweet basil oil is obtained from the leaves, stems,
and flowers of Ocimum basilicum (Lamiaceae or
Labiatae family) through steam distillation. The
main constituents of this oil include methylchavi-
col (estragol) (40-80 %, phenol), linalool
(5-10 %, alcohol), eugenol (1-10 %, phenol),
and 1,8-cineole (1-7 %, oxide). This essential oil
has numerous medicinal properties such as anti-
inflammatory, antispasmodic, muscle relaxant,
antiviral, and antibacterial (Essential Science
Publishing 2006; Stewart 2005).

The ex vivo skin permeation effect of basil
essential oil extract was investigated by Fang et al.
using Franz diffusion cells and dorsal skin of
Wistar rats. The low-polarity fraction of the above
oil contained predominantly estragol (aromatic
ether), followed by squalene (triterpene) and the
sesquiterpenes o-bergamotene and 6-muurolene.
Phytol (diterpene) was the most occurring com-
pound in the high-polarity fraction along with the
other terpenes such as d-linalool, estragol, and
butylated hydroxytoluene. A hydrocarbon sesqui-
terpene (+)-epi-bicyclosesquiphellandrene was
also present. The low-polarity fraction provided a
more efficient penetration of indomethacin into
the skin (Fang et al. 2004).

Jain et al. investigated the effect of some
essential oils and terpenes on the penetration of a
hydrophilic drug labetalol hydrochloride across
rat abdominal skin. They found that basil oil was
the most effective penetration enhancer followed
by camphor, geraniol, thymol, and clove oil. A
synergistic effect of the vehicle system (ethanol-
water, 60:40) and terpenes was observed. Lag
time of labetalol hydrochloride was also signifi-
cantly decreased in the following order: camphor
<basil oil <geraniol <thymol <clove oil <vehicle
<water (Jain et al. 2008).

Tulsi oil is obtained from Ocimum sanctum
which is part of the Lamiaceae family. Some of
the main chemical constituents of tulsi oil are
oleanolic acid, ursolic acid, rosmarinic acid,
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eugenol, carvacrol, linalool, p-caryophyllene
(about 8 %), p-elemene (11.0 %), and germacrene
D (about 2 %) (Padalia and Verma 2011).

Charoo et al. investigated the penetration-
enhancing potential of tulsi and turpentine oil
applied in a binary solvent mixture of propylene
glycol-isopropyl alcohol (30:70 %, v/v) on trans-
dermal delivery of flurbiprofen across the rat
abdominal skin. The flux enhancement factor with
turpentine oil and tulsi oil was 2.4 and 2.0, respec-
tively, at 5 % (v/v) concentration beyond which
there was no significant increase in the flux. The
bioavailability of flurbiprofen was reported to
increase by 2.97, 3.80, and 5.56 times with trans-
dermal patch formulation without enhancer, tulsi,
and turpentine oil containing formulations, respec-
tively, compared to orally administered flurbipro-
fen in albino rats (Charoo et al. 2008).

11.4.6 Cardamom Oil

Cardamom oil is obtained from Elettaria cardamo-
mum (cardamom) which is part of the ginger
(Zingiberaceae) family. The main constituents of
this oil include a-terpinyl acetate (4555 %, ester),
1,8-cineole/eucalyptol (1624 %, oxide), linalool
(4-7 %, alcohol), linalyl acetate (3—7 %, ester), and
limonene (1-3 %, monoterpene). It is used as an
antispasmodic, antiparasitic, and expectorant agent
(Essential Science Publishing 2006; Stewart 2005).
One study showed that an acetone extract of carda-
mom seed (E. cardamomum) effectively enhances
the dermal penetration of prednisolone across
abdominal mouse skin. The acetone extract was
composed of two fractions which were separated,
and the fractions were identified as acetyl terpineol
(d-o-terpinyl acetate) and terpineol (d-a-terpineol).
These fractions were found to be better skin pene-
tration enhancers for prednisolone than Azone®
(1-dodecylazacycloheptan-2-one) (Yamahara et al.
1989).

In another study, permeation-enhancing ability
of cardamom oil (distilled from the seed of
Amomum cardamomum) was investigated ex vivo
through rabbit abdominal skin. The oil induced
enhanced penetration of indomethacin, diclofenac,
and piroxicam (Huang et al. 1995). It was found

that the enhancing effects of cardamom are depen-
dent on its concentration, with a 1 % (v/v) concen-
tration being more effective than 0.5 % (v/v). The
penetration index or enhancement ratio of the
drugs was determined at pH 5.8 and pH 7.4.
Cardamom oil used at 1% provided the highest
penetration index for piroxicam, followed by indo-
methacin and then diclofenac. A shorter lag time
was also observed for the permeation of indometh-
acin and diclofenac across the skin (Huang et al.
1995). Further, in vivo studies showed that a
30 min pretreatment of rabbit abdominal skin with
cardamom (5 % v/v) increased 67.09 times the
peak area of the plasma concentration time curve
of piroxicam (AUC 0-24 h) when compared to
nontreatment. In addition, an absolute bioavail-
ability of 83.23 % was obtained. Results after a
60 min pretreatment were not significantly differ-
ent from that after a 30 min pretreatment (Fox
et al. 2011; Huang et al. 1996).

11.4.7 Peppermint Oil

Peppermint oil is extracted from the stems, leaves,
and flower buds of the plant Mentha piperita
(Lamiaceae or Labiatae family) by steam distilla-
tion. The important constituents of the oil include
menthol (34—44 %, phenolic alcohols), menthone
(12-20 %, ketone), menthofurane (4-9 %, fura-
noids), 1,8-cineole (eucalyptol, 2-5 %, oxide),
pulegone (2-5 %, ketone), and menthyl acetate
(4-10 %, ester) (Essential Science Publishing
2006; Stewart 2005). It is used to relieve pain, to
control appetite, to stimulate digestion/gallblad-
der function, and as an anti-inflammatory, anti-
tumoral, antiviral, antibacterial, and antiparasitic
agent. Nielsen has investigated the effect of three
natural oils (eucalyptus oil, tea tree oil, pepper-
mint oil) on the skin integrity and the percuta-
neous penetration of benzoic acid when applied
topically in relevant concentrations. In vitro
permeation studies in human breast or abdomi-
nal skin were performed by applying the natural
oils in 0.1, 1.0, or 5.0 % (v/v) concentrations in
aqueous solutions containing 1 % (v/v) poly-
oxyethylene sorbitan monolaurate (Tween® 20,
Sigma, Steinheim, Germany), 0.9 % (w/v) NaCl,
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and tritiated water (*H,O) (Nielsen 2006). The
flux of *H,O is indicative of the integrity of the
skin with a high flux value suggesting damage
to the skin (Nielsen 2006). This study indicated
that peppermint oil showed the highest effect on
skin integrity, and when used at the lower con-
centrations of 0.1 and 1.0 % (v/v) it was found
protective (protects penetration) against the
percutaneous penetration of benzoic acid (lipo-
philic). The protective effect of peppermint oil
on the penetration of benzoic acid was find to
diminish at increasing concentrations of pepper-
mint oil (Nielsen 2006).

11.4.8 Black Cumin Oil

Black cumin essential oil is obtained by steam
distillation from the seeds of Cuminum cyminum
of the Apiaceae or Umbelliferae family (http://
www.essentialoils.co.za/essential-oils/black-
pepper.htm). It is useful as an immune stimulant,
digestive aid, liver protectant, antioxidant, anti-
inflammatory, antitumoral, and antiviral. Its main
chemical components include cuminaldehyde
(1622 %, aldehyde), y-terpinene (16-22 %,
monoterpene), P-pinene (12-18 %, monoter-
pene), p-mentadienal (25-35 %, aldehydes), and
p-cymene (3-8 %, monoterpenes) (Essential
Science Publishing 2006; Stewart 2005). It was
shown in excised rat abdominal skin that black
cumin oil (5 % v/v) was a better penetration
enhancer with an enhancement factor of 6.40 for
carvedilol compared to clove oil, eucalyptus oil,
tulsi oil, oleic acid, and polyoxyethylene sorbitan
monooleate (Tween® 80, Sigma, Steinheim,
Germany) (Amin et al. 2008).

11.4.9 Fennel Oil

Fennel oil is extracted by steam distillation from
the crushed seeds of Foeniculum vulgare, which
is sweet fennel of the Apiaceae or Umbelliferae
family (http://www.essentialoils.co.za/essential-
oils/fennel.htm). Its key components are 60—80 %
trans-anethole (phenolic ester), 12-16 % fen-
chone (ketone), linalool (alcohol), 3-5 %

o-pinene (monoterpene), and 2—5 % methylchavi-
col (phenol) (Essential Science Publishing 2006;
Stewart 2005). It is used as a digestive aid, anti-
septic, antispasmodic, antiparasitic, and analgesic
agent. It also has anti-inflammatory and antitu-
moral characteristics and can increase metabo-
lism (Essential Science Publishing 2006). Das
et al. have investigated the enhancing effect of
several essential oils (fennel oil, eucalyptus oil,
citronella oil, and mentha oil) on the percutaneous
absorption of trazodone hydrochloride (TZN).
The oils were applied on the skin membrane in
three different ways: included in the transdermal
device, as a pretreatment, or both. Results showed
that pretreatment of the skin with essential oils
increases the flux values of TZN compared with
the values obtained when the same essential oils
were included in the transdermal devices. The
percutaneous penetration flux for TZN with skin
pretreatment by 10 % essential oils was found
highest for fennel oil followed by eucalyptus oil,
citronella oil, and mentha oil. The amount of TZN
retained in the skin after pretreatment with essen-
tial oils was found to be very similar in all cases
and much higher than in the experiments without
skin pretreatment (Das et al. 2006).

11.5 Terpenes:Vehicle
Interactions

Ethanol and propylene glycol, themselves being
the established skin penetration enhancers, have
been used with terpenes for synergistic sorption-
promoting effect by many workers (Obata et al.
1991; Okabe et al. 1992; Kobayashi et al. 1994,
Cornwell and Barry 1995; Vaddi et al. 2002a, b).

Yamane and coworkers investigated the effects
of propylene glycol/water co-solvent systems
and terpene penetration enhancers (1,8-cineole,
menthone, (+)-limonene, and nerolidol) on the
absorption rate of 5-fluorouracil using excised
human skin. Co-application of each terpene in
propylene glycol co-solvent systems at saturation
has been found to increase drug flux significantly.
Terpenes activity depended on the propylene gly-
col content in the vehicles. It was reported that
the formulations containing the terpenes in 80%
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propylene glycol systems showed maximum
fluxes (Yamane et al. 1995).

Vaddi et al. investigated the in vitro perme-
ation of haloperidol (HP) through human skin in
the presence of various alcoholic terpenes (carva-
crol, linalool, and alpha-terpineol) at 5 % w/v in
propylene glycol (PG). Linalool showed greatest
increase in the permeation of HP followed by
carvacrol and terpineol. HP permeation with lin-
alool was predicted to reach a therapeutic plasma
concentration (Vaddi et al. 2002a). In another
study, Vaddi and coworkers reported the in vitro
permeation of haloperidol (HP) in the presence
of limonene oxide and pinene oxide used at
5 % w/v concentration in 50 % v/v ethanol and
100 % v/v propylene glycol (PG). The enhance-
ment activity of these terpenes was higher in
50 % v/v ethanol than in 100 % v/v PG. In
50 % v/v ethanol, terpenes presented the required
therapeutic plasma concentration and daily per-
meated amounts of the drug. Limonene oxide
showed higher enhancement in both solvents as
compared to pinene oxide, which was attributed
to its less bulky structure (Vaddi et al. 2002b).

Godwin and Michniak compared the sorption-
enhancing effects of various monoterpenes on the
skin of hairless mice using three different model
drugs (caffeine, hydrocortisone, and triamcino-
lone acetonide [TA]) with varying lipophilicities.
Terpenes were applied at 0.4 M in propylene gly-
col (PG) to mouse skin. The model drugs were
applied as suspensions in PG 1 h following
enhancer pretreatment. The combination of ter-
penes in PG provided significant enhancement of
the permeation of caffeine through mouse skin.
They concluded that the combination of terpenes
with PG can significantly increase the transder-
mal penetration of the hydrophilic drug caffeine
and the polar steroid hydrocortisone (Godwin
and Michniak 1999).

11.6 OtherTerpenes
and Essential Oils

Carvacrol, or cymophenol, is a constituent of
the oil of thyme and oil obtained from pepper-
wort and wild bergamot. Thymol is a monoter-

pene phenol, found in oil of thyme, with strong
antiseptic properties. It is also called “hydroxy
cymene.” Anethole or trans-anethole is an aro-
matic compound that accounts for the distinc-
tive “licorice” flavor of anise, fennel, and star
anise. Carvacrol, thymol, and t-anethole are
reported to be as effective as reference ter-
pene (L-menthol) in enhancing the transport of
both zidovudine and pentamidine (Hashida and
Yamashita 1995; Kararli et al. 1995). Another
group of investigators studied the effects of
chemical enhancers (alcohols and fatty acids)
and sonophoresis on the transdermal perme-
ation of tizanidine hydrochloride (TIZ) across
mouse skin. TIZ formulated as a suspension in
50 % v/v aqueous ethanol containing 5 % v/v
citral showed maximum enhancement. Citral,
or 3,7-dimethyl-2,6-octadienal or lemonal,
is either of a pair or a mixture of terpenoids
with the molecular formula C,;H,O. The two
compounds are double bond isomers, known
as geranial (citral A) and neral (citral B). The
major source are oils obtained from lemon
myrtle (90-98%), Litsea citrata (90 %), Litsea
cubeba (70-85 %), lemongrass (65-85 %),
lemon tea tree (70—80 %), Ocimum gratissimum
(66.5 %), Lindera citriodora (about 65 %), and
Calyptranthes parriculata (about 62 %). A syn-
ergistic effect was reported when sonophoresis
was applied in the presence of chemical enhanc-
ers (Mutalik et al. 2009).

The impacts of bicyclo-monoterpene pro-
moters (i.e., borneol and camphor) on the
in vitro permeation of ligustrazine (LGT)
through the hairless porcine dorsal skin were
also reported. The use of borneol led to greater
penetration of ligustrazine across porcine
skin compared to camphor. It was shown that
the permeation enhancement mechanism of
bicyclo-monoterpenes on ligustrazine perme-
ation included extracting and disordering lip-
ids of the stratum corneum, which involved the
shift changes in C—H stretching and H-bonding
action between enhancers and ceramides. As
to the penetration-enhancing capability of
bicyclo-monoterpenes, the hydroxy groups
were more effective than the ketone groups
(Zhang et al. 2010).
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Conclusion
The enhancement of passive diffusion of the
medicinally active substances through the skin
barrier has been the greatest challenge for
transdermal scientists all over the world. The
use of chemicals (solvents) as skin permeation
enhancers has been the most traditional
approach of all the penetration enhancement
strategies. Synthetic solvents may provide bet-
ter enhancement potential than some of the
natural substances, but the former can be irritat-
ing and toxic to the skin. Hence natural enhanc-
ers have been the most desirable candidates for
enhancing percutaneous drug delivery.
Terpenes and essential oils present such a
class of natural penetration enhancers, which
have shown to be able to significantly enhance
the penetration of both hydrophilic and lipo-
philic substances with little or no adverse
cutaneous effects, and they have been granted
GRAS status by FDA. Many new terpenes and
essential oils have been investigated recently,
including B-citronelline, valencene, rose
oxide, safranal, and prenol. More important
investigations can be expected in this promis-
ing category of penetration enhancers in the
ensuing times for improved dermal and trans-
dermal drug delivery.
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12.1 Introduction

The skin is one of the most effective routes
among the penetration barriers. Percutaneous
absorption includes the passage of the drug mol-
ecule from the skin surface into the stratum cor-
neum as a result of a concentration gradient and
subsequently its diffusion through the stratum
corneum and underlying epidermis and dermis
into the blood circulation. The skin in contact
with penetrant molecules behaves as a passive
barrier. The greatest resistance to the penetration
of drugs is provided by the stratum corneum, and
it is the rate-limiting step in percutaneous absorp-
tion. Penetration enhancers are substances that
assist in the absorption of the penetrant through
the skin. This is achieved by temporarily dimin-
ishing the impermeability of the skin. Ideally,
these substances should be pharmacologically
inert, nontoxic, nonirritating, nonallergenic,
compatible with the drug and excipients, odor-
less, tasteless, colorless, and inexpensive and
have good solvent properties. They should not
cause the loss of body fluids, electrolytes, and
other endogenous materials. After their removal,
the skin should immediately recover its barrier
properties (Sinha and Kaur 2000).

There are several methods for modifying the
barrier properties of the stratum corneum in order
to enhance drug penetration and absorption
through skin (Singh and Choudhury 2007).
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One of the methods includes the use of chemi-
cal penetration enhancers, which may act by one
or more of three main mechanisms (Barry 1983):

1. By disrupting of the highly ordered structure
of stratum corneum lipids

2. By interacting with intercellular proteins

3. By improving partitioning of the drug, co-
enhancer, or solvent into the stratum corneum

The type of enhancer employed has a signifi-
cant impact on the design and development of the
product.

Transcutol® or diethylene glycol monoethyl
ether (DEGEE) is a liquid that has a long his-
tory of use in cosmetic and over-the-counter
topically applied products. DEGEE is the official
United States Pharmacopeia name for this sol-
vent, while cosmetic products list this substance
on their labels as ethoxydiglycol in accordance
with the International Nomenclature of Cosmetic
Ingredients (INCI) Dictionary. Both official
names refer to the pharmaceutical/cosmetic sol-
vent having the trade name TRANSCUTOL. The
first FDA-approved prescription formulation
containing Transcutol® was 5 % dapsone topical
gel. Also some other topical formulations that
contain Transcutol® have been approved recently
or are currently under development. It is expected
that in the foreseeable future, this excipient will
be a part of a considerable number of dermatics
(Osborne 2011).

In this chapter, some of most important physi-
cochemical properties of Transcutol® will be
reviewed, as well as its application, pharmacol-
ogy, and toxicity.

12.2 Physicochemical Properties
of Transcutol

Transcutol® is in liquid state. Its molecular formula
is Ce¢H,4,0; (CH;CH,OCH,CH,O0CH,—CH,0OH)
and its chemical name is 2-(2-ethoxyethoxy) etha-
nol [CAS Number 111-90-0]. Figure 12.1 shows
the structure formula of Transcutol®.

Transcutol® has been used as an industrial sol-
vent for many years under the trade names

Ho O

Fig.12.1 Structure of Transcutol®

Table 12.1 Some of the important physicochemical
properties of Transcutol

Property

Physical state Liquid

Appearance Colorless

Odor Mild odor, fruity odor
Molecular weight 134.18

Class Glycol ether

Melting point =76 °C

Boiling point 192-202 °C

Vapor pressure 14 mmHg at 20 °C
Vapor density 4.64

Specific gravity 0.988 at 25 °C

Viscosity 3.85cPat25°C

Flash point 93 °C

Water solubility 100 g/100 g H,O at 25 °C
Stability Stable under ordinary condition,

hygroscopic

Carbitol™ © (Dow Chemical Company, USA),
Dioxitol® (Shell Oil Company, Houston, USA),
Ethoxydiglycol® (Lotioncrafter, Washington,
USA), Solvolsol® (JiangSu RuiJia Chemical Co.,
Ltd, China), and Dowanal DE® (Alibaba Group,
Hangzhou, China).

Transcutol® is compatible with some common
used solvents such as ethanol, propylene glycol, and
oleic acid, but it is not miscible with vegetable oils
or mineral oil. The industrial grades of this solvent
are contaminated with ethylene glycol and diethyl-
ene glycol. Toxicology studies on Transcutol®
revealed that prior to the 1990s, the used material
that had a purity of 98 %, showing some adverse
effects being attributed to the toxicity of ethylene
glycol being present in Transcutol® as impurity.
Normally, in preparation of pharmaceutical prod-
ucts, USP-NF grades of Transcutol® should contain
no more than 50 p/g 2-methoxyethanol, not more
than 160 p/g 2-ethoxyethanol, not more than
620 p/g ethylene glycol, and not more than 150 p/g
diethylene glycol. Thus, pharmaceutical Transcutol®
has >99.9 % purity (Osborne 2011).

Some of Transcutol® important physicochem-
ical properties are shown in Table 12.1.
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12.3 Application

Transcutol® was applied in several commercial
formulations and also in many studies as a main
ingredient (as an excipient or active excipient
with the role to help/increase the drug penetra-
tion) of formulations. As mentioned above, the
first FDA-approved prescription formulation
containing Transcutol® was 5 % dapsone topical
gel (Aczone®, Allergan, USA).

Transcutol® was added as a co-surfactant
(Mandal and Mandal 2011; Solanki et al. 2012;
Goyali et al. 2012; Javadzadeh et al. 2007) and
penetration enhancer to many formulations,
which were further investigated in different stud-
ies. Transcutol® seems to be very attractive as a
penetration enhancer due to its non-toxicity, bio-
compatibility with the skin, miscibility with polar
and nonpolar solvents, and optimal solubilizing
properties for a large number of drugs (Barakat
et al. 2011). Many studies have shown that a
permeant’s solubility in the skin was enhanced
by Transcutol® without significantly influencing
its diffusivity in the skin (Osborne 2011). This
effect, leading to the formation of an intracutane-
ous depot of the investigated permeant proves that
Transcutol® is able to increase the reservoir capac-
ity of the stratum corneum for some permeants.

On the other hand, Transcutol® is a hygro-
scopic compound that can absorb water from the
skin. Then, by maximizing their thermodynamic
activity due to a change in their solubility,
improved skin penetration of certain drugs could
be expected (Ritschel and Hussain 1988; Biliak
et al. 1993).

It is frequently used in dermal formulations,
transdermal delivery systems, and ocular and
also intranasal delivery systems. It is often used
in the formulation of nanoemulsions for transder-
mal or oral drug delivery systems. Because it
spreads easily without streaking, Transcutol® is
used in sunless tanning products, which contain
high concentrations of Transcutol® (20-40 %)
and can be applied frequently to large skin sur-
face areas (Osborne 2011). In a wide range of
hair-coloring products that are rinse-off products,
it is also contained. Although some of these prod-
ucts are known to be irritating, Transcutol® itself

is not considered as irritant substance. However,
Transcutol® may promote the delivery of skin
irritant excipients that are contained in the
product.

In the following section, we are going to
review the application of Transcutol® in different
fields.

In the study of Mura et al. (2011), the ability
of Transcutol® to produce elastic vesicles with
soy lecithin (SL) and the influence of the obtained
vesicles on in vitro transdermal delivery of min-
oxidil were investigated. For this mean, penetra-
tion enhancer-containing vesicles (PEVs) were
prepared using Transcutol® aqueous solutions
(5-10-20-30 % v/v) as hydrophilic phase. SL
liposomes, without Transcutol®, were used as
control. Transdermal delivery of minoxidil was
studied by in vitro diffusion experiments through
pig skin. Results of in vitro diffusion experiments
showed that Transcutol®-containing PEVs are
able to deliver minoxidil to deep skin layers with-
out any transdermal permeation.

In the similar study (Mura et al. 2009) for
in vitro transdermal delivery of minoxidil, PEVs
were prepared as dehydrated-rehydrated vesicles
by using soy lecithin and different amounts of
three  penetration enhancers, Transcutol®,
Labrasol®, and cineole. As control, soy lecithin
liposomes, without penetration enhancers, were
used. In this study, in vitro diffusion experiments
were done through newborn pig skin. Results
showed that more deformable vesicles than con-
ventional liposomes with a good drug entrapment
efficiency and stability were obtained in all the
used penetration enhancer-containing formula-
tions. In vitro skin penetration data revealed that
PEVs were able to give a statistically significant
improvement of minoxidil deposition in the skin
without any transdermal delivery in comparison
with classic liposomes and penetration enhancer-
containing drug ethanolic solutions.

In an attempt to formulate a transdermal deliv-
ery system of celecoxib (CXB), Transcutol® was
used as a co-surfactant to prepare a nanoemulsion
(Baboota et al. 2007). In nanoemulsion formula-
tions, when using a single surfactant, transient
negative interfacial tension and fluid interfacial
film are rarely achieved, and usually there is a
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need for the addition of a co-surfactant. The
bending stress of the interface decreases in the
presence of co-surfactant and allows the interfa-
cial film sufficient flexibility to take up different
curvatures required to form a nanoemulsion over
a wide range of compositions. Thus, the co-
surfactant selected in this study was Transcutol®
with the HLB value of 4.2. Therefore, by combi-
nation of Transcutol® with other surfactants such
as Tween 80, thermodynamically stable O/W
nanoemulsions of CXB were prepared for trans-
dermal drug delivery. Obtained formulation
showed improved transdermal delivery of
CXB. Compared to CXB gel, permeability
parameters like steady-state flux, permeability
coefficient, and enhancement ratio were signifi-
cantly increased in nanoemulsions. This was
because of presence of permeation enhancers like
Sefsol® 218 (propylene glycol mono caprylic
ester), Triacetin® (glycerol triacetate), Tween® 80
(polysorbate 80), and Transcutol®.

Barakat et al. (2011) used Transcutol® for
the preparation of indomethacin-loaded nano-
emulsion for transdermal delivery. They used
Transcutol® as a co-surfactant and also gained from
its penetration-enhancing ability. Franz diffusion
cell with rabbit skin as permeation membrane was
used for ex vivo skin permeation studies. A signif-
icant increase in the permeability parameters such
as steady-state flux (22.61+3.45 pg/cm?/h), per-
meability coefficient (0.22x 10-2+£0.0003 cm/h),
and enhancement ratio (8.939) was observed in
optimized nanoemulsion formulations compared
with the conventional indomethacin gel. The anti-
inflammatory effects of nanoemulsion formula-
tions showed a significant increase in percent
inhibition value after 4 h when compared with
conventional indomethacin gel on carrageenan-
induced paw edema in rats. Transcutol®, by
increasing the drug solubility, primarily acted
as a cosolvent, promoting indomethacin release
from the formulation. Therefore, the concentra-
tion gradient of the drug was increased, support-
ing the passage of larger amounts of the drug into
the stratum corneum. Transcutol® allowed greater
solubilization of the drug in the aqueous phase of
the skin as well (Artusi et al. 2004; Baroli et al.
2000; Barry 1987).

In another study, percutaneous permeation of
tetrahydropalmatine (THP) was assessed using
different transdermal enhancers, i.e., N-methyl-2-
pyrrolidone (NMP), Transcutol®, and Span 80 at
the concentration of 3 % w/w (Li et al. 2011).
Vertical Franz diffusion cell was used for trans-
dermal penetration of THP through excised rab-
bit skin and in vitro release of THP across
transparent Cellophane® tests. The results showed
that Transcutol® had a slightly lower promoting
effect compared with N-methyl-2-Pyrrolidone
(NMP). The enhancement order for enhancers
was NMP > Transcutol®> control>Span 80. The
most excellent penetration enhancer was NMP,
which had the Qsg, up to 118.19 pg/cm?, provid-
ing an almost 2.69-fold increase in permeation
amount, followed by Transcutol® with a 1.68-
fold increase.

Transdermal delivery of testosterone was also
improved by preparing microemulsion formula-
tion using Transcutol® as co-surfactant (Hathout
et al. 2010). In this study in vitro testosterone
transdermal delivery is evaluated across porcine
skin in Franz diffusion cells. Testosterone was
delivered successfully across the skin from the
microemulsions examined, with the highest flux
achieved (4.6 0.6 ug cm™2h™") from a formulation
containing 32 % Transcutol®. The microemulsions
considered offer potentially useful vehicles for the
transdermal delivery of testosterone.

A reservoir-type transdermal patch for deliv-
ery of ketorolac was developed, which contained
Transcutol® as a penetration enhancer (Amrish
and Kumar 2009). Investigating the in vitro per-
meation of ketorolac across rat skin, it was
observed that Transcutol® possessed higher
penetration-enhancing ability than DMSO and
d-limonene in the concentration of 5 % w/w.
DMSO demonstrated a flux of 27.97 pg/cm?h.
There was an enhancement of 1.55 times.
Transcutol® showed a flux of 29.72 pg/cm?h
with ER 1.65. These amounts for d-limonene are
18.89 pg/cm?/h and 1.05 respectively.

Synergic effect of Transcutol® and Azone® in
order to increase transdermal penetration of
sodium naproxen from Pluronic® F-127 (Sigma-
Aldrich, Steinheim, Germany) containing gels
was investigated by Escobar-Chaves et al. (2005).
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It was found that the combination of these two
penetration enhancers, Azone® (1.7 % v/v) and
Transcutol® (24.7 % v/v), in Pluronic® F-127 gels
enhanced sodium naproxen penetration through
human skin in vivo, with enhancement ratios of
up to twofold compared with the formulation
containing only Transcutol®. These results were
confirmed by transepidermal water loss (TEWL)
and attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy, suggesting a
synergic action for Azone® and Transcutol®.

Harrison et al. (1996) analyzed the mecha-
nism of penetration enhancement of Transcutol®
and Azone® as well known potent penetration
enhancers. For this reason, changes in the diffu-
sivity and solubility of a model permeant
(4-cyanophenol) induced by the aforementioned
penetration enhancers were investigated in vitro
in human stratum corneum using ATR-FTIR
spectroscopy. These results were compared to the
effects of the enhancers on permeant’s flux
obtained using simple Franz-type diffusion cells.
It has been shown by both methods that the
enhancers increased the flux of cyanophenol
across human skin in vitro. In addition, it has
been demonstrated by ATR-FTIR that these
enhancers are likely to exert their effects by dif-
ferent mechanisms. It was suggested that Azone®
reduces the diffusional resistance of the stratum
corneum and Transcutol® increases the solubility
of the penetrant in this skin layer.

The transdermal permeation of sodium diclof-
enac was improved using Transcutol® in combi-
nation with other enhancers (Escribano et al.
2003). In vitro permeation studies were carried
out using human skin as a membrane. The high-
est permeation values were obtained with the lig-
uid formulation which contained Transcutol®
59.2 %, oleic acid 14.9 %, and d-limonene 5 %
(w/w) as permeation enhancers. The anti-
inflammatory activity of this formulation was
also compared with that of a semisolid formula-
tion on carrageenan-induced paw edema in rats.
As expected from in vitro results, the selected
formulation showed higher activity in compari-
son with the semisolid formulation. When tested
on rabbits locally in a 72-h trial, no skin irritation
was seen. These results suggest that topical deliv-

ery of sodium diclofenac with a penetration
enhancer such as Transcutol® may be an effective
treatment for both dermal and subdermal
injuries.

In a study done by Shokri et al. (2012), only
burst penetration of piroxicam through the skin
was observed from enhancer-contained emulgel
formulation in comparison with free enhancer
emulgel one. In this study a suitable emulgel for-
mulation of piroxicam was prepared and its per-
cutaneous permeation was investigated using
Wistar rat skin and diffusion cells. The effect of
three penetration enhancers, 2-hydroxyethyl
octadecanoate (Myrj®52), cineole, and
Transcutol®, with different concentrations in gel
formulation on transdermal permeation of the
drug was also evaluated. In all concentrations of
applied Transcutol® in the formulations, any
transdermal permeation enhancement of drug
was shown. Significant enhancement of the flux
(9.92-fold) was obtained from the emulgel base
(without enhancer) compared to the hydroalco-
holic gel. Myrj® 52 at the concentration of 0.25 %
showed the highest enhancement ratio.
Transcutol® only in concentrations higher than
0.25 % w/w showed burst transportation of the
drug through the skin.

In the study performed by Javadzadeh and
Hamishekar (2011), a 2 % w/w concentration of
Transcutol® in gel formulation showed higher
enhancement efficacy in transdermal delivery of
methotrexate than common gel formulation.
Concerning the potential toxicity related with
systemic administration of methotrexate (MTX),
a topical formulation might be superior for the
treatment of psoriasis and other hyperprolifera-
tive skin disorders. Insufficient percutaneous
penetration of this drug is one of the presumed
reasons for the lack of therapeutic effectiveness
of topical MTX formulations in psoriasis. In
order to enhance skin penetration of MTX, topi-
cal gel formulations were prepared using three
types of surfactants (anionic, cationic, and non-
ionic) in different concentrations (0.5, 1 and 2 %
w/w). The results showed that SLS (sodium lau-
ryl sulphate) and alkyl benzyl dimethyl chloride
did not show a significant enhancement effect on
the penetration of MTX. In contrast, Transcutol®
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was able to enhance the penetration of MTX and
a higher enhancement ratio was obtained with
2 % (w/w) concentration of Transcutol® than free
enhancer base gel formulation. Transcutol®
showed a flux of 0.926 pg/cm?/min with ER 3.40.
The flux for base gel formulation was 0.272 pg/
cm?/min.

Finasteride percutaneous absorption into
receiver compartment was also promoted using
Transcutol® in the study performed by Javadzadeh
et al. (2010). Finasteride is a specific inhibitor of
typell Sa-reductase by irreversibly binding to the
enzyme and inhibiting the conversion of testos-
terone to dihydrotestosterone (DHT). In vitro
permeation experiments in rat skin revealed that
cationic and anionic surfactants used in various
concentrations did not show any enhancement
effect on the drug permeation. However,
Transcutol® increased significantly the percuta-
neous penetration/permeation of finasteride.
Transcutol® in a concentration of 025 %
increased skin permeation of the drug nearly 3.6
times in the first 15 min. The highest enhance-
ment ratio was gained in the presence of 1 %
Transcutol. In this study, among the different
topical finasteride formulations that prepared
using three kinds of surfactants with different
concentrations, Transcutol® 1 % showed the
highest enhancement ratio.

The influence of Transcutol®, alone or in com-
bination with propylene glycol (PG), on clonaz-
epam permeation through an artificial membrane
and excised rabbit ear skin from carbomer hydro-
gels was investigated by Mura et al. (2000).
Results showed an increase of drug permeation
as a function of Transcutol® concentration (10—
50 % w/w) in the formulations without propylene
glycol.

Then Transcutol® is an excellent enhancing
carrier for clonazepam, giving up an increase of
about 3.4 (artificial membranes) or 2.3 (rabbit ear
skin) times the flux rate as compared with that of
the gel base. Moreover, when Transcutol® was
used in combination with PG, a further increase
in the flux rate was obtained, up to 6.3 times
greater than gel base for the formulation contain-
ing 10 % w/w of Transcutol® and 40 % w/w of
PG (rabbit ear skin). The proposed mechanisms

for the enhancement of drug permeation mainly
appear to be related to the solubilizing properties
of Transcutol®, combined with its ability to
increase drug cutaneous retention and to the pen-
etration and carrier properties of PG across the
skin.

The ability of Transcutol® as penetration
enhancer to promote dermal delivery of tretinoin
in liposomes formulation was evaluated by
Manconi et al. (2011a). These vesicles were pre-
pared by adding enhancers to conventional phos-
phatidylcholine vesicles (control liposomes). The
influence of the obtained vesicles on transdermal
delivery of tretinoin was studied by ex vivo diffu-
sion experiments through newborn pig skin.
Main result of these experiments was an improved
cutaneous drug accumulation and a reduced
transdermal tretinoin delivery. Amount of treti-
noin accumulated into the whole skin and perme-
ated through the skin at the end of the experiment
(8 h), local accumulation efficiency values(drug
accumulated into the skin/drug permeated
through the skin ratio), and transdermal flux (J)
for Transcutol®-containing formulations were
13.4 pg/cm?, 0.76 pg/cm?, and 14 and 95 pg/
cm?/h respectively.

Shishu et al. (2009) developed microemulsion-
based formulations for topical delivery of acyclo-
vir. Transcutol®, eucalyptus oil, and peppermint
oil were used as permeation enhancers. In vitro
permeation studies through mice skin were per-
formed using Franz diffusion cells. Results
showed that the optimum formulation containing
2.5 % Transcutol® as the penetration enhancer
showed 1.7-fold enhancement in flux and perme-
ation coefficient as compared to marketed cream
and ointment formulation. In vivo antiviral stud-
ies were performed in female Balb/c mice against
induced herpes simplex virus I infection. A single
application of microemulsion formulation con-
taining 2.5 % Transcutol® given 24 h post-injection
resulted in complete suppression of development
of herpetic skin lesions.

The pharmacokinetic and bioavailabil-
ity of fenoterol, a B, adrenergic agonist from
Transcutol® contained liquid formulation, were
studied to determine the feasibility of enhanced
transdermal delivery (Elshafeey et al. 2011).



12 Transcutol® (Diethylene Glycol Monoethyl Ether): A Potential Penetration Enhancer 201

Fenoterol has been widely used to treat asth-
matic patients. For comparison, control matrix
with fenoterol without any enhancer was also
tested. The tested formulations were applied to
the shaved back skin of rabbits. Blood samples
were collected for 24 h and the plasma concentra-
tions of fenoterol were determined. The results
showed a maximum concentration of fenoterol
in plasma of 514.8 ng/ml after application of the
Transcutol® contained liquid formula while its
AUC,., amounted to be 485,972 ng-min/ml with
a dose of 3 mg/kg, which is significantly higher
than that obtained after application of the con-
trol formulation without any enhancer. These
values for control formulation were 20.2 ng/ml
and 20,715 ng-min/ml respectively. Therefore,
the transdermal systems containing Transcutol®
as the enhancer will offer an efficient drug deliv-
ery system for the treatment of bronchial asthma.

Fini et al. (2008) assessed microemulsion sys-
tems containing Transcutol® for topical application
of hydrocortisone acetate (HCA). The formula-
tions were tested for the permeation of HCA across
an animal membrane. The microemulsion formula-
tion promoted permeation across an ex vivo mem-
brane, examined by means of a Franz cell when
compared with gel and ointment formulations
without enhancer. Microemulsion formulation
showed flux of 133 pg/cm?h of the drug, since it
contained almost 40 % Transcutol®, a permeation
enhancer. Gel and ointment provided lower flux (2
and 0.4 pg/cm?>h respectively). Transcutol® is pres-
ent in the microemulsions and it is well known that
it significantly increases the percutaneous penetra-
tion of various active substances.

Quercetin  (3,3',4",5,7-pentahydroxyflavone)
has several pharmacological effects: antioxidant
activity, induction of apoptosis, modulation of cell
cycle, antimutagenesis, and anti-inflammatory
effect. Oxidative skin damages and the inflam-
matory processes induced by solar UV radiation
were inhibited by quercetin in topical formula-
tions. In the study of Chessa et al. (2011), querce-
tin (2 mg/mL) was loaded in vesicular penetration
enhancer-containing vesicles (PEVs), prepared
using a mixture of lipids and one of four selected
hydrophilic penetration enhancers: Transcutol®,
propylene glycol, polyethylene glycol 400, and

caprylocaproyl macrogol 8-glyceride (Labrasol®)
at the same concentration (40 % of water phase).
The influence of PEVs on ex vivo quercetin
transdermal delivery was evaluated using Franz-
type diffusion cells, newborn pig skin, and con-
focal laser scanning microscopy. Results showed
that drug delivery is affected by the penetration
enhancer used in the PEVs’ formulation. All
PEVs promoted quercetin deposition in the three
main skin strata, showing the same behavior in
all samples: the lowest drug accumulation in the
stratum corneum, the highest in the epidermis,
slightly higher in the dermis than in stratum cor-
neum, and significantly lower in receptor fluid
than in epidermis.

In the similar study, a microemulsion of quer-
cetin for the cutaneous release was prepared
using Transcutol® (Censi et al. 2011). An aque-
ous phase, containing 40 % Transcutol® as solu-
bilizing agent and permeation enhancer, was
emulsified with oil phase and cosolvent. The
in vitro quercetin permeability into and through
the abdominal hairless pig skin was determined
by vertical Franz’s cells.

The highest cumulative amount permeated
through the skin was shown for quercetin dis-
solved in Transcutol®. A good permeation is also
observed for quercetin dissolved in the micro-
emulsion (drug dissolution rate are 0.163 and
0.105 pg cm= min~2 respectively), confirming the
potential ability of this formulation to promote
the skin delivery of quercetin. On the contrary,
mixtures not containing Transcutol® demon-
strated poor quercetin permeability (0.029 pg
cm~2 min~2 of drug dissolution rate). This study
demonstrated that Transcutol® played a major
role in acting as absorption promoter for querce-
tin through the membranes.

Manconi et al. (2011b) used Transcutol® in the
form of penetration enhancer-containing vesicles
(PEVs) as carriers for transdermal delivery of
diclofenac, in the form of either acid (DCF) or
sodium salt (DCFNa). Soy phosphatidylcholine
and aqueous solutions containing different con-
centrations of Transcutol® were used for prepara-
tion of PEVs. Newborn pig skin was applied for
transdermal delivery test using conventional lipo-
somes and a commercial gel as controls.
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Obtained results showed that drug accumula-
tion and permeation were closely related to
Transcutol®  concentration. By increasing
Transcutol® concentration, drug deposition into
the dermis and diclofenac delivery through the
skin improved. The mean amount of the drug per-
meated after 8 h from conventional liposomes
was 16.6 and 7.2 pg/cm? for DCF and DCFNa,
respectively, while 2.1 pg/cm? of DCFNa was
delivered by the commercial gel. Highest drug
permeation was provided by PEVs through the
skin in comparison with the control, and the per-
meation enhancement was directly proportional
to the Transcutol® concentration. DCFNa perme-
ation from 20 to 30 % Transcutol®-PEVs
increased dramatically up to 60 pg/cm? after 8 h.

The ability of Transcutol® on the in vitro per-
meation of carvedilol from saturated solutions
across porcine skin was investigated by Gannu
et al. (2008). Excised porcine ear skin was
applied for skin permeation studies using Franz
diffusion cells. Phosphate-buffered saline
(pH 7.4) solution containing 40 % v/v polyethyl-
ene glycol 400 was used as control. The flux of
carvedilol from formulations that contain
Transcutol® as enhancer (5 % w/v) was 7.6 times
higher than that observed using the control. The
control sample showed a flux of 0.33 pg/cm?/h.
The present study suggests that Transcutol® at a
5 % w/v may be used as a potential penetration
enhancer for transdermal delivery of carvedilol.

Skin accumulation of clobetasol propionate and
mometasone furoate was also increased by the use
of 20 % Transcutol® as a penetration enhancer
(Senyigit et al. 2009). Pig ear skin was used for
in vitro permeation experiments as barrier. The for-
mulations tested were chitosan gels, sodium deoxy-
cholate gels and commercial creams of drugs.

Cazares-Delgadillo et al. (2005) found that
sucrose esters (SEs) were effective when com-
bined with Transcutol®. In this study they investi-
gated the effect of sucrose esters (laureate and
oleate) in combination with Transcutol®, on the
permeation of lidocaine (a weak base) as a func-
tion of vehicles’ pH value. Porcine ear skin was
used as the barrier membrane. According to their
results, in the absence of an enhancer, lidocaine
flux increased from pH 5 to 9 with a corresponding

increase in the level of the unionized base.
However, when the skin was pretreated with 2 %
laureate in Transcutol® (2 %), drug permeation
was higher at pH 5.0 and 7.0 than at 9.0. A differ-
ent trend was observed in experiments with 2 %
oleate in Transcutol® (2 %), where skin flux was
maximal at a more basic pH, when the degree of
ionization is low. The results propose that sucrose
laureate enhances the penetration of the ionized
form of the drug (12-fold greater flux), whereas
sucrose oleate is more effective in promoting per-
meation of the unionized species.

According to the previous studies which
showed that Transcutol® increased significantly
the percutaneous penetration of several drugs,
particularly if used in combination with suitable
surfactants (Watkinson et al. 1991; Touitou et al.
1994), Cézares-Delgadillo et al. concluded that
the presence of a co-solvent, i.e., Transcutol® in
this case, promoted the absorption of the surfac-
tant into the skin, favoring its interaction with the
stratum corneum lipids. Furthermore, it has also
been reported that the addition of a cosolvent
may lead to a change in the solubility of a solute,
altering its thermodynamic activity and conse-
quently the skin/vehicle partition coefficient
(Mura et al. 2000).

As mentioned above, the addition of a cosol-
vent promotes the penetration of a surfactant into
the skin, favoring its interaction with the stratum
corneum lipids. Transcutol® has been used as a
cosolvent because it can influence the partition-
ing behavior of a drug or a co-enhancer into the
tissue (Mura et al. 2000).

Atenolol, griseofulvin, clebopride, dexameth-
asone, and ivermectin are pharmaceutical actives
listed as being successfully formulated using
Transcutol® (Osborne 2011). In these topical for-
mulations, Transcutol® is reported to be a highly
effective solubilizer, enabling high drug loading
leading to improved skin permeation.

In another study (Liu et al. 2006), the effect of
Transcutol® on the corneal permeability of drugs
was investigated in vitro, using isolated rabbit
corneas. The ocular irritation of Transcutol® was
also tested in rabbits in vivo. The results showed
that in the presence of Transcutol®, at a concen-
tration of 0.005-0.03 %, the maximum increase
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in the apparent permeability coefficient (P,,,) was
1.5-, 1.5-, 3.0-, and 3.3-fold for ribavirin, gati-
floxacin, levofloxacin hydrochloride, and enoxa-
cin, respectively, compared to formulation that
was free of enhancer. However, this value was
reduced for oxaprozin in the presence of
Transcutol®. The results of the ocular irritation
studies showed that Transcutol® was non-irritant
in the concentrations studied (0.005-0.03 %), but
at a concentration of 0.05 %, a slight irritation
was seen. It was also found that no visible ocular
damage or abnormal clinical signs involving the
cornea, iris, or conjunctivae were observed at all
used concentrations. It was concluded that
Transcutol® as an enhancer may have potential
clinical benefits in improving the ocular drug
delivery of hydrophilic compounds.

The bioavailability of nitrendipine (NDP), a
potent antihypertensive molecule, was enhanced
using Transcutol® as solubilizer through formu-
lating a nanoemulsion for its intranasal delivery
(Jain and Patravale 2009). In vivo absorption
studies showed that NDP absorption from the
nanoemulsion had a rapid onset of action and a
relative bioavailability of 60.44 %, which was
significantly greater than the marketed oral
tablets.

12.4 Biomedical Effects
and Toxicity

In the non-clinical safety assessment of potential
new drugs, the formulation must be done in a
manner that used vehicle show any, little, or at
least acceptable effects.

Although some of the products containing
Transcutol® as an ingredient are known to be irri-
tating, Transcutol® itself is not considered as an
irritant substance. However, Transcutol® may
promote the delivery of other skin irritant excipi-
ents that are contained in the product.

In December 2006, the Scientific Committee
on Consumer Products (SCCP) concerned a view
on Transcutol®. An excellent toxicological evalu-
ation summary of Transcutol® was provided by
this opinion. Evaluation on animals showed that
Transcutol® produces little hematotoxicity.

According to the two negative in vivo mutagenic-
ity studies and the structure of the substance,
SCCP adopted that it will not have relevant muta-
genic potential. A series of Gattefosse (Gattefosse
Company, French) reports mentioned in the
SCCP review indicate that (1) neat Transcutol®
dosed at 0.020 mL per about 50 mm? of human
volunteer skin was well tolerated, and (2) no
pathological irritation or sensitization reaction
significant to a cutaneous intolerance was noted.

SCCP issued an opinion on the percutaneous
absorption of Transcutol® according to the three
in vitro studies (Osborne 2011). Based on these
results, a significant amount of Transcutol®
applied to the skin can enter the systemic circula-
tion. Fortunately, Transcutol®’s low systemic tox-
icity is in a border of safety score of 102 (MOS
score is the nonobserved adverse effect level
divided by the systemic exposure dose following
topical application). This MOS score means that
after applying a 2 % Transcutol®-emulsified for-
mulation, blood levels of Transcutol® are about
100 times lower than the blood level at which it
causes first observable adverse effects. Although
some products such as hair dyes and sunscreens
may have MOS scores above 500, the primary
requirement for drugs is that the MOS must be
above 1 (Osborne 2011).

However, when Transcutol® is used for the
oral or intraperitoneal route, this compound can-
not be considered as inert excipient and more
pharmacology or toxicology studies are required
(Delongeas et al. 2010; Budden et al. 1979). In
the study of Budden et al., Transcutol® was
screened in vivo for its acute toxicity, influence
on the behavior, and sedative and muscle relaxant
properties in mice. Based on their obtained
results, it was recommended not to exceed a
certain concentration (i.e. 0.7 % (w/v)) in the
intraperitoneal preparations used for drug screen-
ing tests (Budden et al. 1979).

Conclusion

Transcutol® is a safe and well-tolerated sol-
vent that is applied as an inactive ingredient/
excipient in cosmetic products and also in pre-
scriptional dermatics for many years as a co-
surfactant and a penetration enhancer. This
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substance tends to penetrate the skin after
topical application. Many studies have shown
that the permeant’s solubility in the skin is
enhanced by Transcutol® without significantly
influencing its diffusivity in the skin. The abil-
ity of Transcutol® to dissolve poorly soluble
active pharmaceutical ingredients in suitable
solvents makes it a highly useful pharmaceuti-
cal excipient. Transcutol® itself is not consid-
ered as an irritant substance. Transcutol® in
the skin of human volunteers was well toler-
ated, and no pathological irritation or sensiti-
zation reactions were reported. This solvent is
a promising component for many cosmetic
products as well as prescriptional dermatics.
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13.1 Introduction

Over the last 30 years, skin has been considered
as a vital route for the delivery of various types of
drugs incorporated into different topical formula-
tions, including ointments, creams, gels and skin
patches, to induce local or systemic effects. On
the other hand, unwanted absorption of chemicals
(into systemic circulation) to which skin may
become exposed to in everyday life may lead to
toxicity and health risks (Bataller et al. 2000;
Belsey et al. 2011). As a result, the European
Commission regulation known as REACH
(Registration, Evaluation and Authorisation/
Restriction of Chemicals) requires extensive risk
assessment of all existing chemicals, including
exposure via dermal contact (Commission of the
European Communities 2003). Whether it is the
barrier or the target, permeation of compounds
through skin is an important consideration and
focus of extensive research.
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Skin has become one of the innovative focuses
for research in drug delivery with many drugs
being evaluated for transdermal or dermal systems
(Som et al. 2012). The preference of this type of
drug delivery over oral or other routes of delivery
is due to many promising advantages associated
with drug delivery through the skin. These include:

* A better control of blood levels

* A reduced incidence of systemic toxicity

* Absence of hepatic first pass metabolism

» Suitability for patients suffering from gastro-
intestinal problems

* Better patient compliance (non-invasive, pain-
less and simple application)

e Easy and quick termination of therapy by
removal of the formulation from the skin

» Ease of use in non-responsive patients, uncon-
scious or comatose

* Absence of harmful effect of GI tract on drugs

Despite the many advantages mentioned here,
drug delivery via the skin is not a simple task; the
outermost layer of the skin, the stratum corneum
(SC), is a barrier both to water transport out of the
body and to inward chemical permeation. Many
strategies have been suggested in order to over-
come the low permeation of drugs through the
skin. A popular approach is the use of chemical
penetration enhancers or accelerants in topical
drug delivery systems in order to reduce reversibly
the permeability barrier of the SC (Barry 1983).

Topical drug formulations are normally com-
binations of different chemical substances
which produce the final medicinal product.
Formulation ingredients can alter the skin pen-
etration of a compound by affecting the barrier
properties of the skin or by changing the parti-
tioning of the compound into the SC (Riviere
and Brooks 2011). In addition, a step forward
has been achieved in understanding, modelling
and predicting the effect of complex mixtures
(Ghafourian et al. 2010a, b; Samaras et al.
2012). The topical formulations are often a mix-
ture of various components dispersed/dissolved
in a hydrophilic or a lipophilic vehicle also
called a base. A vehicle can be a single compo-
nent, e.g. water, or a mixture of components,

e.g. water and ethanol, and it can play a very
important role in the penetration of a chemical
through the skin. According to Roberts et al.
(2002), vehicles can affect skin permeability by
a range of mechanisms including delipidisation,
dehydration, fluidisation, and desmosome dis-
ruption in the SC and also by changing the
polarity of the formulation mixture which can
change the penetrant solubility and partitioning
into SC. Generally, modification of organic
vehicles has the potential to enhance maximal
drug flux. In case there are components in the
vehicle that can interact with the intercellular
lipids of the SC, then it is possible that perme-
ation may be enhanced or suppressed (Davis
et al. 2002). A vehicle can promote the penetra-
tion of a chemical into the skin by having low
solubility for the penetrant. Hence, in this way a
chemical will not be retained in the vehicle
(Baker 1972). This is because the partition coef-
ficient of a drug between the skin and the vehi-
cle generally decreases as the drug solubility in
the vehicle rises. Polar co-solvent mixtures,
such as propylene glycol with water, may pro-
duce saturated drug solutions and so maximise
the concentration gradient of the drug across the
SC (Barry 2007; Wiechers 2005), although they
may also affect SC directly.

Apart from the vehicle in which the drug is con-
tained, two major components in pharmaceutical
preparations are surfactants and chemical penetra-
tion enhancers (Roberts et al. 2002). Chemical pen-
etration enhancers, otherwise known as accelerants,
absorption promoters or simply as penetration
enhancers, are chemicals that enhance the penetra-
tion of topically applied drugs (Williams and Barry
2004). When designing a transdermal drug formu-
lation, it is highly important to first identify chemi-
cals that significantly enhance drug penetration
through the epidermis and at the same time do not
irritate or damage the skin. The important properties
of such chemical permeation enhancers have been
referred and described by Barry (1983) and
reviewed recently by Williams and Barry (2004).
Some well-known enhancers are Azone®
(1-dodecylazacycloheptan-2-one or laurocapram),
pyrrolidones such as N-methyl-2-pyrrolidone (NMP),
isopropyl myristate (Engelbrecht et al. 2012), nicotinic
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acid esters (Le and Lippold 1995) and terpenes
(Nokhodchi et al. 2007; Kang et al. 2007).

This chapter will focus on the role of surfac-
tants in transdermal and topical delivery of drugs.

13.2 Properties of Surfactants

In terms of the chemical structure, surfactants are
composed of a lipophilic alkyl (or aryl chain)
group and a hydrophilic head group (Malmsten
2002), as shown in Fig. 13.1. Surfactants owe
their unique properties to this distinctive molecu-
lar feature.

The term surfactant comes from the phrase
‘surface-active agent’. Due to the distinctive
polar and lipophilic ends, when dissolved, these
molecules will gather at the surface of high sur-
face tension solvents such as water, with the polar
head facing water and lipophilic tail looking
towards the air. This surface activity will reduce
the surface tension of the solvent and, by the
same mechanism acting at solid/liquid interfaces,
will improve wettability of solid surfaces.

At low concentrations, surfactants may be dis-
solved in the water medium and gather at the sur-
face in a non-associated form. If the concentration
of the surfactant in water is above a certain limit,
then it becomes energetically favourable for
aggregates to form. In this case, the surfactant
molecules will join together with the hydropho-
bic tails facing each other and the polar heads
facing water. This structure is known as micelle,
and the concentration in which micelles are

Non-pIIar tail
( \
,_//

Polar head

Fig. 13.1 Schematic representation of a surfactant; the
non-polar tail consists of a straight or branched hydrocar-
bon or fluorocarbon chain often containing 8—18 carbon
atoms

formed is known as the critical micelle concen-
tration (CMC). Depending on the polarity of the
solvents, micelles can be in different configura-
tions, as shown in Fig. 13.2. It should be noted
that micelles are in dynamic equilibrium with the
unaggregated surfactant molecules in the solu-
tion and theoretically at concentrations above
CMC the concentration of unaggregated mole-
cules will remain constant. Most surfactant mol-
ecules that undergo self-association in water
form an isotropic solution phase (Anderson et al.
1989). The micelles may have various sizes and
shapes, but as a rule of thumb for surfactants with
a single hydrocarbon chain, the aggregates are
approximately spherical and are formed of
roughly around 100 monomers (Rosen and
Kunjappu 2004). This aggregation number is
obviously the mean value of the micelle size dis-
tribution. Aggregates that are much smaller than
the mean aggregation number (sub-micellar
aggregates) are significantly less energetically
favourable, and therefore, they exist in much
lower concentrations in the system (Nagarajan
and Ruckenstein 1991).

For any surfactant the balance between hydro-
philic and lipophilic regions of the molecules
(hydrophilic-lipophilic balance or HLB) can be a
useful measure in deciding the appropriate sur-
factant for a specific application. HLB is the ratio
of the size of the hydrophilic (or polar) region to
the total mass of the molecule as defined by
Griffin (1949, 1954). In Griffin’s method the
HLB for nonionic surfactants is calculated by the
equation below in which M, is the molecular
mass of the hydrophilic portion of the molecule
and M, is the total molecular mass (Griffin 1954):

M
HLB =20x —
M

t

According to this equation an HLB value of 0
indicates a completely lipophilic surfactant, and a
value of 20 corresponds to a completely hydro-
philic surfactant. All surfactants combine both
hydrophilic and lipophilic groups as shown in
Fig. 13.1. As a rule of thumb, a surfactant that has
a low HLB number below 9.0 is considered lipo-
philic, and one that has a high HLB number
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Fig. 13.2 Schematic —a-
representation of surfactants in

(a) polar and (b) non-polar

solvents

—

76

Micelle

above 11.0 is considered hydrophilic. Those in
the range of 9-11 are intermediate. For nonionic
surfactants the range of HLB is between 1 and
20, but for ionic surfactants due to the higher
strength of the hydrophilic regions, HLB scales
will need to consider not only the weight but also
the strength of the hydrophilic (and lipophilic)
regions (Davis 1957). In this case, the HLB value
can go beyond this range if the surfactant ionises.
For example, the anionic surfactant sodium lau-
ryl sulphate (SLS) has a HLB of 40.

Because of the unique functional behaviour of
surfactants, they have a wide range of applications
in pharmaceutical preparations. They can be used
as solubilising agents, dissolution enhancers, wet-
ting agents (in suspensions), stabilisers (in emul-
sions) and controlled flocculators in metered dose
inhalers. Surfactants also have applications in other
dosage forms such as tablets and capsules (Newton
et al. 1971) and suppositories (Hanaee et al. 2004)
to enhance the dissolution rate of poorly water-
soluble drugs. Furthermore, surfactants are known
to affect the permeability characteristics of several
biological membranes, including the skin (Florence
et al. 1994; Lopez et al. 2000a). Surfactants such as
phospholipids have been proposed as useful pene-
tration enhancers of low toxicity in topical formu-
lations (Kato et al. 1987).

——

Reverse micelle

13.3 Use of Surfactants in Topical
Formulations

Surfactants are used in topical formulations as
emulsifying agents in the preparation of creams
and lotions and other micro- and nanoemulsion
preparations. They are also used in monomeric
concentrations or concentrations above CMC as
penetration enhancers in drug delivery systems
such as skin patches (Mukherjee et al. 2005) and
gels (Raut et al. 2010). There are many reports of a
wide variety of surfactants enhancing the penetra-
tion of compounds across biological membranes
(Riegelman and Crowell 1958a, b, c; Aguiar and
Weiner 1969). Surfactants are used as penetration
enhancers or accelerants as they are capable of
promoting penetration of drugs into the skin, or
their permeation through the skin, by reversibly
reducing the skin barrier resistance. The ideal
properties of penetration enhancers including sur-
factants in order to be considered as penetration
enhancers in topical formulations are listed below:

e They should have a good chemical stability
and compatibility alongside other ingredients
in the formulation.

¢ They should be pharmacologically and chemi-
cally inert.
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* They should be non-toxic when applied on the
skin.

* They should be effective in low concentrations.

* They should show a rapid onset of action.

e They should have a reproducible and revers-
ible effect.

* Their effect on stratum corneum should be
reversible when they are removed from the
skin.

* They should be cost effective and affordable.

Below is a description of different types of
surfactants and examples of their use in topical
formulations.

13.3.1 Natural Surfactants

These are nonionic surfactants often derived
from sugars and fatty alcohols. The use of natural
surfactants, or ‘sugar surfactants’, received
increased attention in formulation development
as co-emulsifying agents for pharmaceutical for-
mulation development (Klang et al. 2010). These
surfactants are acetals that are obtained by con-
densation of glycosides such as saccharose and
glucose with fatty alcohols. Natural surfactants
which are non-toxic and readily biodegradable
include alkyl polyglucosides and sucrose esters
(Cazares-Delgadillo et al. 2005; Calderilla-
Fajardo et al. 2006; Csodka et al. 2007). Sucrose
esters are nonionic surfactants composed of fatty
acid esters of sucrose with different fatty acid

Dodecyl glucoside

Fig. 13.3 Chemical structures of two sugar surfactants

residues (Csdka et al. 2007). Figure 13.3 gives
chemical structures of a few such surfactants.

Natural surfactants have been used for the
enhancement of skin permeability for several
drugs including cyclosporine A (Lerk and Sucker
1993), oestradiol (Vermeire et al. 1996) and ibu-
profen (Csizmazia et al. 2011; Csizmazia et al.
2012) in hydrogel formulations; niflumic acid
(Bolzinger et al. 1998) and hydrocortisone
(Lehmann et al. 2001) in microemulsion formu-
lations; 4-Hydroxybenzonitrile (Ayala-Bravo
et al. 2003), lidocaine, ketoprofen (Okamoto
et al. 2005), lidocaine hydrochloride (Cézares-
Delgadillo et al. 2005) and propofol (Yamato
et al. 2009) in solutions; octyl methoxycinnamate
in a nanoemulsion formulation (Calderilla-
Fajardo et al. 2006); metoprolol (Csdka et al.
2007) and timolol maleate (El-Laithy 2009) in
TTS patch formulations; and vinpocetine in a
proniosomal formulation (El-Laithy et al. 2011).
In these formulations, there was often a remark-
able increase in the skin permeation of the formu-
lated drug upon incorporation of the sugar
surfactant. For example, the enhancement ratios
for lidocaine skin absorption was in the range
2.67-11.95 (Céazares-Delgadillo et al. 2005) and
for propofol was between 2.1 and 2.90 (Yamato
et al. 2009) for a variety of the sugar surfactants
investigated at 1 % concentration. In another
study, sugar surfactants were able to enhance
skin absorption of lidocaine and ketoprofen up to
2.75- and 1.62-fold, respectively, for the ionised
forms of the drugs (Okamoto et al. 2005).

Sucrose monostearate
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Cyclodextrins or cyclic oligosaccharides
(Fig. 13.4) are other sugar derivatives that have
been used in topical formulations. These com-
pounds are not commonly labelled as surfac-
tants but have surfactant properties (Bardi et al.
2000) and have been investigated as natural
emulsifying agents for the solubilisation of lipo-
philic drugs leading to improved drug penetra-
tion through the skin (Challa et al. 2005;
Loftsson et al. 2007). For example, cyclodex-
trins have been used to enhance the skin deliv-
ery of dexamethasone (Lopez et al. 2000a),
4-biphenylacetic acid (Arima et al. 1990), chlor-
amphenicol (Abdel Rahman et al. 1991), cipro-
floxacin and norfloxacin (Udupa and Bhat
1992), ethyl 4-biphenylyl acetate (Arima et al.
1990, 1998), hydrocortisone (Loftsson et al.
1994), indomethacin (Lin et al. 1994), nitro-
glycerine (Umemura et al. 1990), piroxicam and
flurbiprofen (Narasimha Reddy and Udupa
1993), prednisolone (Uekama et al. 1987), pros-
taglandin E; (Uekama et al. 1992) and sulpha-
nilic acid (Okamoto et al. 1986).

Modified cyclodextrins with differing water sol-
ubility may enhance the penetration of lipophilic
drugs by solubilising various drugs (Felton et al.
2002; Masson et al. 1999). Hydroxypropyl-p-
cyclodextrin and 2.6-di-O-methyl-p-cyclodextrin
are two examples of modified cyclodextrins that
have been evaluated for enhancement of transder-
mal drug absorption. Hydroxypropyl-p-cyclodextrin

Fig. 13.4 Chemical structure of a cyclodextrin

can increase transdermal flux of oxybenzone
through hairless mouse skin by 36.3-fold at the opti-
mum concentration of 10 % (Felton et al. 2002).
Percutaneous absorption of celecoxib through iso-
lated human stratum corneum and epidermis is also
increased in a concentration-dependent manner,
with 5 % w/v concentration of hydroxypropyl- and
dimethyl-p-cyclodextrin  showing the highest
enhancement of celecoxib flux by 6.32- and 7.13-
fold, respectively (Ventura et al. 2006). The effect of
several different cyclodextrins on the flux of hydro-
cortisone from aqueous vehicles containing hydro-
cortisone/cyclodextrin complexes (Loftsson and
Sigurdardottir 1994; Sigurdoardéttir and Loftsson
1995) indicates that maximum flux through the
hairless mouse skin is obtained when just enough
cyclodextrin is added to the vehicle to keep all
hydrocortisone in solution (Loftsson and Masson
2001).

13.3.2 Anionic Surfactants

Anionic surfactants are surfactants in which the
hydrophilic part carries a negative charge, as
shown schematically in Fig. 13.5.

This type of surfactants is the most widely
used class of surfactants in industrial applications
due to their relatively low cost of manufacture;
they are used in practically every type of deter-
gent. Anionic surfactants include carboxylates
(e.g. soaps), sulphates (e.g. sodium lauryl sul-
phate (SLS) also known as sodium dodecyl sul-
phate (SDS)), sulphonates (e.g. dioctyl sodium
sulphosuccinate) and  phosphate  esters.
Figure 13.6 shows chemical structures of some of
the most commonly used anionic surfactants as
chemical permeation enhancers in transdermal
drug delivery.

SLS has been shown to increase the skin pen-
etration of many drugs including ketotifen
(Kitagawa and Ikarashi 2003), diazepam (Shokri
et al. 2001), lorazepam (Nokhodchi et al. 2003),
propofol (Yamato et al. 2009), naloxone (Aungst
1986) and foscarnet (Piret et al. 2000). The
enhancement ratios as high as 11.30 and 9.3 have
been reported for skin permeation coefficient of
lorazepam (Nokhodchi et al. 2003) and diazepam
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Fig. 13.5 Schematic
representation of an anionic
surfactant

Hydrophobic region
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Fig. 13.6 Chemical structures of anionic surfactants

(Shokri et al. 2001), respectively, from aqueous
solutions containing 5 % SLS.

SLS is a skin irritant (Tupker et al. 1990). This
surfactant in combination with low-frequency
ultrasound has been shown to increase the trans-
dermal transport of polar chemicals, such as
mannitol (Mitragotri et al. 2000). The effect of
anionic surfactants on transdermal drug perme-
ation is known to be reversible since the skin tis-
sues return to normal condition upon removal of
this surfactant (Legen, et al. 2006; Scheuplein
and Ross 1970).

13.3.3 Cationic Surfactants

Figure 13.7 shows a schematic representation of
a cationic surfactant and some cationic surfactant
examples. Cationic surfactants, such as cetyltri-
methyl ammonium bromide (CTAB) and benzal-
konium chloride, are often quaternary ammonium
compounds with large lipophilic hydrocarbon
groups. These two cationic surfactants have been
used in transdermal formulations and have shown
potential to enhance the permeation of diazepam
(Shokri et al. 2001), lorazepam (Nokhodchi et al.
2003), haloperidol (Vaddi et al. 2001), sodium
nonivamide acetate (Fang et al. 1997) and methyl
nicotinate (Ashton et al. 1992). The skin perme-
ation of methyl nicotinate via human skin treated

Na* -o’s\\goo
a o)

Dioctyl sodium
sulfosuccinate

for 3 days with 1.5 % solution of CATB was
increased by 404 % in comparison with the solu-
tion without CTAB (Ashton et al. 1992). The
enhancement ratios reported for diazepam and
lorazepam in the presence of 1 % benzalkonium
chloride were 7.98 and 7.66, respectively. When
CTAB was used at 5 % w/v, the enhancement
ratio of lorazepam increased to 9.82. In case of
sodium nonivamide acetate, the reported
enhancement ratio was relatively low (1.63). This
could be due to the low concentration of CTAB
(0.2 % wiv) used.

Both anionic and cationic surfactants have the
potential to swell the SC and interact with inter-
cellular keratin (Williams and Barry 2004). It
should be kept in mind that both anionic and cat-
ionic surfactants have the disadvantage of dam-
aging human skin (Cooper 1984; Gershbein
1979; Farber et al. 1983).

13.3.4 Nonionic Surfactants

Nonionic surfactants are surfactants in which the
hydrophilic group is of non-dissociable type,
resulting in uncharged polar head group
(Fig. 13.8).

These surfactants could be considered as rela-
tively safe. It seems that the skin absorption of
some of these surfactants are not high which
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Fig. 13.7 Schematic representation of a cationic surfactant and chemical structures of two commonly used cationic
surfactants

O
wOo.
O\/i;oJ\/\/\/\/\/\
o) OH i
o’\); o0
HO\(/‘\ 0 O/\),OH
z y

W+X+Yy+2=20 =
Polyoxyethylene (20) sorbitan monooleate Sorbitan monooleate
(Tween 80°) (Span 80°)

Fig. 13.8 Schematic representation of nonionic surfactants and chemical structures of two representatives

reduces the safety risk. It has been shown that in vitro skin permeation study (Watkinson et al.
only ~0.5 % of the applied dose of the nonionic 1998). Also, in comparison to anionic and cat-
surfactant, nonoxynol, crossed human skin in an ionic surfactants, nonionic surfactants cause less
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irritation and are better tolerated (Effendy and
Maibach 2006; Bergh 1999).

Nonionic surfactants could be considered as
the most frequently used surfactants in drug
delivery (Som et al. 2012). Nonionic surfactants
demonstrate improved drug penetration through
the skin; however, such effect is dependent on the
physical state and concentration of the surfactant
(Walters and Hadgraft 1993). Generally, non-
ionic surfactants show only limited improvement
in drug delivery to the skin in comparison with
anionic surfactants (Williams and Barry 2004). It
has been reported that nonionic surfactants could
affect the skin barrier function (Lopez et al.
2000b; Fang et al. 2001) with mechanisms dis-
cussed in detail later in this chapter.

Polysorbates (polyoxyethylene (1) sorbitan
monooleate) (see Fig. 13.8) are safe nonionic
surfactants, which provide considerable increase
in drug permeation through the skin. Drugs such
as salicylic acid and sodium salicylate (Shen
et al. 1976), diazepam (Shokri et al. 2001), loraz-
epam (Nokhodchi et al. 2003), hydrocortisone
(Sarpotdar and Zatz 1986a), flufenamic acid
(Hwang 1983), tenoxicam (Endo et al. 1996),
diclofenac diethylamin (Mukherjee et al. 2005),
piroxicam (Shin et al. 2001), lidocaine (Sarpotdar
and Zatz 1986b), diltiazem HCI (Limpongsa and
Umprayn 2008) and ibuprofen (Park et al. 2000)
and alcohols, ethanol and octanol (Cappel and
Kreuter 1991) are examples of chemicals with
increased transdermal absorption following the
incorporation of polysorbates. There are also
other nonionic surfactants such as Brij 36T, Brij
35 and Pluronic 127 that have been used to
enhance the permeation of drugs such as methyl
nicotinate (Ashton et al. 1992) and atenolol
(Bhaskaran and Harsha 2000) through the skin.

Nonionic surfactants have been used in the
preparation of niosomes and proniosomes aimed
for transdermal drug delivery. These formula-
tions are discussed below.

13.3.4.1 Niosomes

Niosomes (nonionic surfactant vesicles) are pre-
pared by encapsulation of drugs into a vesicle
derived from nonionic surfactants, such as Tween
and Span series (Schreier and Bouwstra 1994).

Schematic representation of a typical niosome is
shown in Fig. 13.9. Niosomes have been used for
topical skin delivery of biopharmaceuticals such as
encapsulated DNA-encoding hepatitis B surface
antigen (HBsAg) (Vyas et al. 2005), tetanus toxoid
(Gupta et al. 2005) and insulin (Pardakhty et al.
2007). For instance, the topical niosomes contain-
ing recombinant HBsAg produce a comparable
serum antibody titre and endogenous cytokine lev-
els as the intramuscular and topical liposome for-
mulations, and therefore, it can be used as an
effective topical immunisation system (Vyas et al.
2005). The transdermal application of niosomes to
deliver small molecule drugs such as methotrexate
(Lakshmi et al. 2007), clobetasol propionate
(Lingan et al. 2011), minoxidil (Mura et al. 2007),
terbinafine HCI1 (Sathali and Rajalakshmi 2010),
nimesulide (Shahiwala and Misra 2002), lopinavir
(Patel et al. 2012) and chlorpheniramine maleate
(Varshosaz et al. 2005) was also reported.
Generally, niosomes show in vivo performance
similar to liposomes (Azmin et al. 1985; Rogerson
et al. 1988; Hofland et al. 1994). Howeyver, in com-
parison to liposomes, niosomes are more attractive
due to their better chemical stability and lower cost
(Hu and Rhodes 1999). Niosomes are able to carry
amphiphilic, hydrophilic and lipophilic drugs.

13.3.4.2 Proniosomes

Proniosomes were proposed and designed in an
attempt to overcome the stability issues of nio-
somes without compromising their properties.
Proniosomes (Fig. 13.9) are the dry state of nio-
somes which can be hydrated immediately before
their use to produce aqueous niosome dispersions
(Hu and Rhodes 1999). They can overcome prob-
lems such as aggregation, fusion and leaking of
chemicals from niosomes. Furthermore, pronio-
somes can provide additional convenience in
transportation, distribution, storage, dosing and
skin absorption (Shamsheer et al. 2011). The top-
ical application of proniosomes and niosomes
has been extensively reviewed and compared
(Mahale et al. 2012; Kumar and Rajeshwarrao
2011). Drug-loaded proniosomes have found
their application in different therapies including
the treatment of hypertension using proniosomal
gel containing perindopril (Kute et al. 2012),
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Fig. 13.10 Schematic representation of amphoteric surfactants and chemical structures of two synthetic amphoteric
surfactants and of phosphatidylcholine (a type of phospholipid)

inflammation and pain using meloxicam
(El-Menshawe and Hussein 2013) and hormonal
insufficiencies using estradiol (Fang et al. 2001).

13.3.5 Amphoteric (Zwitterionic)
Surfactants

Zwitterionic surfactants are surfactants in which
a single molecule shows both anionic and cat-
ionic dissociations depending on the pH of the

environment they are placed (Fig. 13.10). The
positive charge is carried generally by an ammo-
nium group, and the negative charge is often a
carboxylate. Common examples are dodecyl
betaine and sulphobetaine (Fig. 13.10).
Amphoteric surfactants are less frequent in
comparison to anionic, cationic and nonionic sur-
factants (Som et al. 2012). Amphoteric surfac-
tants include synthetic products such as dodecyl
betaines, alkyl sulphobetaines and natural prod-
ucts such as phospholipids. Phospholipids such
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as phosphatidylcholine can increase drug pene-
tration by increasing tissue hydration (Kogan and
Garti 2006) and interaction with the lipids of the
stratum corneum (Kirjavainen et al. 1999). It has
been shown that lecithin (which is mainly com-
posed of phospholipids) can enhance the in vitro
permeation of flavonoids to a significant extent
and the photoprotective activity of flavonoids in
human volunteers (Saija et al. 1998).

13.4 Comparison of Surfactants
as Penetration Enhancers

Surfactants may solubilise both the lipophilic
drug within the formulation and the lipids within
the SC (Williams and Barry 2004). Various types
of surfactants have been used in topical formula-
tions with a special interest in nonionic surfac-
tants due to the lowest toxicity and skin irritation
(Walters 1990). All types of surfactants lead to
skin protein denaturation and this may follow the
order: anionics > cationics > zwitterionics >
amine oxides > polyoxyethylene (POE) nonion-
ics (Miyazawa et al. 1984; Rhein et al. 1986). The
skin irritancy of anionics can be diminished by
the addition of positively charged materials such
as protein hydrolysates (Rosen and Kunjappu
2012). In general, reducing CMC will result in
reduced concentration of monomeric anionic sur-
factant (Hall-Manning et al. 1998) and hence the
skin irritation, which is mostly associated with
the concentration of monomeric surfactant in the
aqueous phase (O’Lenick 2005). In agreement
with this hypothesis, it has been observed that
addition of polymers that reduce CMC can reduce
the skin irritation of anionic surfactants
(Mannheimer 1961; Fevola et al. 2010).

It has been suggested that ionic surfactants
exert greater effects on the flux of compounds
than nonionic surfactants. For example, the
in vitro penetration of methyl nicotinate through
human skin is increased more by CTAB and SLS
(ionic surfactants) than by Brij 36T® (a nonionic
surfactant) (Ashton et al. 1992). These results
showed that the onset of action is faster with the
nonionic surfactants compared to ionic surfac-
tants, which are due to the slow penetration of

ionic surfactants into the skin. This supports the
hypothesis that in order to change the permeabil-
ity of SC, surfactants must first penetrate into the
skin to elicit any changes in the barrier function
(Ashton et al. 1992). Nonionic nonoxynol surfac-
tants (Watkinson et al. 1998) and anionic SLS
(Loden 1990) have been shown to permeate skin
in small quantities (less than 0.5 % and 3 %,
respectively, within 48 h). Higher permeation
enhancement by ionic surfactants could be
explained by the reports that ionic surfactants can
cause extensive damage to the skin and hence
cause a large increase in transdermal drug flux
(Gershbein 1979). According to Farber et al.
(1983) and Cooper (1984), in general cationic
surfactants are more damaging and cause a
greater increase in the drug flux than anionic sur-
factants, and anionic surfactants cause greater
enhancement and damage than nonionic surfac-
tants. Nonionic surfactants such as Brij 36T®
cause relatively little damage to the skin, and
their effect on transdermal flux is small (Hwang
and Danti 1983). In case of nonionic surfactants,
some examples of the most widely used surfac-
tants that are used for improving skin penetration
of drugs have been listed in Table 13.1.

Dalvi and Zatz (1981) found that skin perme-
ability was not increased by some nonionic sur-
factants in purely aqueous media. However,
Shahi and Zatz (1978) did report that Tween® 80
was responsible for enhancement of hydrocorti-
sone penetration from isopropyl alcohol:water
mixtures. Therefore, it is apparent that the nature
of the medium can influence the interaction
between nonionic surfactants and the skin barrier
(Sarpotdar and Zatz 1986b). Further investiga-
tions employing lidocaine solutions in propylene
glycol-water vehicles supported this assumption
(Sarpotdar and Zatz 1986a). It has been shown
that at concentrations of 0.5 and 1 % Tween® 80
increased the skin penetration of chlorampheni-
col 1.10- and 1.54-fold, respectively, from water
(Aguiar and Weiner 1969).

Amongst nonionic surfactants, polyoxyethyl-
ene alkyl ethers and esters have been shown to be
more effective enhancers of permeation than
polysorbates (Walters 1990). The activity of sur-
factants as penetration enhancers is dependent on
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Table 13.1 Examples of the most commonly used nonionic surfactants used as skin enhancer

Group
Polysorbates

Sorbitan esters

Polyoxyethylene
alkyl ethers

Chemical name
Polysorbates
polyoxyethylene
(20) sorbitant
monolaurate

Polyoxyethylene
(20) sorbitant
monopalmitate
Polyoxyethylene
(20) sorbitant
monostearate
Polyoxyethylene
(20) sorbitant
monooleate

Sorbitan
monolaurate

Sorbitan
monopalmitate

Sorbitan
monostearate

Sorbitan
monooleate

Polyoxyethylene
(4) lauryl ether

Polyoxyethylene
(23) lauryl ether
Polyoxyethylene
(10) lauryl ether

Polyoxyethylene
(2) cetyl ether
Polyoxyethylene
(20) cetyl ether

Polyoxyethylene
(2) stearyl ether

Polyoxyethylene
(20) oleyl ether

4ER is the enhancement ratio

Trade name HLB

Tween 20°

Tween 40°

Tween 60°

Tween 80°

Span 20®

Span 40®

Span 60®

Span 80®

Brij 30®

Brij 35®

Brij 36T®

Brij 52°

Brij 58°

Brij 72°

Brij 98®

16.7

15.6

14.9

15.0

8.6

6.7

4.7

43

9.7

16.9

53

15.7

4.9

15.3

Example application as transdermal permeation
enhancer®

Alfuzosin HCI permeation was increased 2.84- and
3.85-fold at the enhancer concentrations of 1 and 2 %,
respectively (Prasanthi and Lakshmi 2012)

The highest ER value of 5.08 was reported for
ascorbic acid when the concentration of the enhancer
was 5 % (Akhtar et al. 2011)

ER value of 6.44 was reported for captopril when 5 %
of the surfactant was used (Wu et al. 1996)

ER value of 5.10 was reported for captopril when 5 %
of the surfactant was used (Wu et al. 1996)

The ER values of 3.75 and 5.68 were reported for
lorazepam (Nokhodchi et al. 2003) and diazepam
(Shokri et al. 2001) at the surfactant concentration of
1 %. The highest ER of 15.22 was reported for
captopril via rabbit skin when 5 % surfactant was used
(Wu et al. 1996)

ER value of 4.39 was observed for diclofenac sodium
at the surfactant concentration of 3 % (Arellano et al.
1998)

ER value of 6.5 was reported for sumatriptan succinate
at 5 % concentration (Femenia-Font et al. 2005)

The presence of this surfactant caused an increase in
ER value of estradiol to 1.35 when it was used in
proniosomes (the amount of surfactant was 90 mg)
(Fang et al. 2001)

The surfactant increased the penetration of estradiol
from proniosome formulations with ER value of 2.12
(the amount of surfactant was 90 mg) (Fang et al. 2001)
ER value of 4.10 was observed for diclofenac sodium
at the surfactant concentration of 3 % (Arellano et al.
1998)

ER value of 1.58 was observed for ibuprofen at the
surfactant concentration of 15 % (Park et al. 2000)
ER value of 4.46 was reported for aceclofenac when
the concentration of surfactant was 2 %(Mohamad and
Jan 2012)

ER was 1.27 for mepivacaine permeation (Cho et al.
2011)

Permeation of methyl nicotinate in presence of 1.5 %
Brij 35T increased by 92 % from human skin (Ashton
et al. 1992)

No significant increase in the permeation of ibuprofen
was reported (Park et al. 2000)

ER value of 6.83 was reported for aceclofenac when
the concentration of surfactant was 2 % (Mohamad
and Jan 2012)

ER value of 1.61 was observed for ibuprofen at the
surfactant concentration of 15 % (Park et al. 2000) ER
value for prilocaine was 1.57 (Kang and Shin 2012)
ER value of 2.78 was observed for ibuprofen at the
surfactant concentration of 15 % (Park et al. 2000)
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the chemical structure, and both the hydrophobic
alkyl chain and the hydrophilic region are signifi-
cant (Walters et al. 1988). For instance, Walters
et al. (1988) have studied the effect of 15 surfac-
tants on skin absorption of methyl nicotinate and
showed that both the hydrophobic alkyl chain
and the hydrophilic ethylene oxide chain have
significant effect on the rate of methyl nicotinate
transport across hairless mouse skin. They
showed that the permeability of the drug from
aqueous solution was increased 100 % when
polyoxyethylene (10) lauryl ether (Brij 36T®)
was used, but the permeation rate of the drug was
unaffected when polyoxyethylene (10) isostearyl
ether was incorporated in the aqueous solution.
They concluded that nonionic surfactants with
greater than eight carbons and an ethylene oxide
chain less than 14 are able to increase the skin
permeation of the drug, whereas the branched
surfactants are ineffective.

Several studies have used quantitative meth-
ods to relate the effect of molecular structural
properties of the penetration enhancers to the
penetration enhancement effects (Ghafourian
et al. 2004; Kalhapure et al. 2012). These quanti-
tative structure activity relationships (QSARs)
have indicated that the optimum enhancer
property is different depending on the properties
of the permeating drug (Ghafourian et al. 2004).
More precisely, it was shown that for the rela-
tively hydrophilic drugs, 5-fluorouracil and
diclofenac sodium, less lipophilic enhancers
were the most active, and QSAR indicated the
possible involvement of intermolecular electron
donor-acceptor interactions either with skin com-
ponents or between the enhancer and the perme-
ating drug. This was in contrast to the skin
permeation promotion of more lipophilic drugs,
such as hydrocortisone, estradiol and benazepril
by enhancers, where a linear relationship between
enhancement activity and n-octanol/water parti-
tion coefficients of the enhancers was evident
(Ghafourian et al. 2004). Kang et al. (2007)
compared the skin penetration-enhancing ability
of 49 terpenes and terpenoids on the in vitro per-
meability coefficient of haloperidol through
excised human skin. They concluded that an ideal
terpene enhancer for haloperidol should possess

at least one or combinations of the following
properties: hydrophobicity, liquid state at room
temperature, possessing an ester or aldehyde but
not carboxylic acid functional group and neither
a triterpene nor tetraterpene.

Although nonionic surfactants can improve
the penetration of substances through biological
or skin membranes, several studies indicate that
this enhancement may be dependent on the nature
of the permeating drug and the model membrane
used in their studies (Chowhan and Pritchard
1978; Goodman and Barry 1989; Rigg and Barry
1990). For example, no significant enhancement
of S-flourouracil absorption was observed fol-
lowing Tween® 20 treatment of human and snake
skin, while for mouse skin, the permeation
increased significantly when the same formula-
tion of 5-flourouracil was used (Rigg and Barry
1990). In another study, the Wistar rat skin was
treated with different concentrations of Tween®
20 (1 and 5 % w/v in ethanolic solution) to
enhance the skin penetration of 5-fluorouracil
and antipyrine (Lopez et al. 2000b). Tween® 20
was not effective when used at 1 % concentra-
tion; however, it increased skin permeation of
S-flurouracil at 5 % concentration. Both concen-
trations of Tween® 20 were ineffective in enhanc-
ing the absorption of antipyrine. Tween® 20 has
also been shown to improve the absorption of
hydrocortisone and lidocaine through mouse skin
(Sarpotdar and Zatz 1986a, b), but it did not
enhance the penetration of naloxone (Aungst
etal. 1986). It is obvious from the above informa-
tion that there are conflicting results on the
enhancing effect of surfactants on the penetration
of drugs through various skin types. This also
depends on the nature of the permeating drug and
the solvent type.

13.5 Proposed Mechanisms
of Penetration Enhancement

Any increase in the transdermal absorption of
compounds may be due to the increased diffusiv-
ity within the SC or the increased partitioning of
compounds between the SC and the formulation
medium. Surfactants may interact with skin
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components or alter the saturation state of the
drug within the formulation. Several mechanisms
have been suggested to explain the interaction
between surfactants and the skin, and the result-
ing alteration of the skin permeability character-
istics. Some of these suggested mechanisms are
summarised below.

In order to change the barrier property of the
SC, surfactants need to penetrate this membrane
first. Surfactants may interact with protein com-
ponents and denature the SC proteins, or they
may interact with the lipid compartment and
increase its fluidity (Barel et al. 2009; Rhein et al.
1986). One hypothesis about the mechanism of
penetration enhancement by anionic surfactants
is that these surfactants, for example, alkyl sul-
phates, bind to epidermal proteins (Breuer 1979)
and this leads to increased anionic sites in the
membrane (Rhein et al. 1986) which may in turn
increase the hydration level (Walters and Hadgraft
1993) and therefore permeation rate of the drug.

In a recent thermodynamic study of the
hydrated skin samples without surfactants and in
the presence of sodium dodecyl sulphate
(anionic), cetyl trimethyl ammonium chloride
(cationic) and, the nonionic surfactant, lauryl
alcohol ethoxylated (12 mol ethylene oxide)
(LAE-120E), differential scanning calorimetric
results indicated that the anionic surfactant pro-
moted an elevation of the water content of the tis-
sue, while the cationic surfactant dehydrated the
skin and the LAE-120E provided a non-
significant interaction with the skin samples
(Baby et al. 2006). In an investigation using
sodium salts of n-alkyl sulphates with variable
carbon chain length (n=8-14), it was observed
that the anionic surfactants promote SC hydra-
tion in vitro and in vivo in healthy adult human
volunteers (Wilhelm et al. 1993). Although the
permeation of surfactants was not measured, it
was shown that the hydration was closely corre-
lated with the irritation potential of the investi-
gated compounds. The hydration and irritation
initially increased with increasing carbon chain
length, and the maximum response was obtained
for the C12 analogue (sodium lauryl sulphate)
(Wilhelm et al. 1993). It has been suggested that
within a specific class of surfactants, the extent of

swelling largely corresponds to the known irri-
tancy of these surfactants, but swelling may not
be the mechanism of irritancy by all surfactant
classes (Rhein et al. 1986). This is because irrita-
tion is more complex than just penetration and
involves an additional cascade of events after the
penetration of surfactant.

Interaction of surfactants with the SC proteins
as the main mechanism of penetration enhance-
ment has been challenged recently, by several
studies indicating minimal change in the relevant
region of the FTIR spectra of stratum corneum
samples (Walters et al. 2012). Secondary struc-
ture of proteins in the SC is commonly monitored
with amide I and amide II band contours between
1480 and 1730 cm™ in FTIR spectra (Mendelsohn
et al. 2006). After SLS treatment, only minor
changes are observed in this spectral region,
demonstrating minimal effect of SLS on keratin
structure in the SC (Saad et al. 2012; Mao et al.
2012).

Surfactants are believed to intercalate into
lipid bilayers of the SC (Almeida et al. 2010)
resulting in interfacial defects and structure dis-
ruption providing diffusional paths for applied
drug molecules (Hadgraft 2001). Some evidence
into this has been provided from membrane fluid-
ity studies following surfactant interactions with
erythrocyte lipid bilayer (Martinez et al. 2007).
Fluorescent anisotropy measurements using spe-
cific probes of known locations within the lipid
bilayer indicated alterations in the membrane flu-
idity on the external (but not internal) region of
the membrane by several cationic and anionic
amino acid-based surfactants. The surfactants
chain lengths were relatively short, between 8
and 14, which may explain the lack of deep
incorporation into the membrane bilayer of the
SC (Martinez et al. 2007).

Many publications concerning the effect of
surfactants on biological membrane permeability
describe a concentration-dependent behaviour
showing an increase in permeability at low sur-
factant concentrations, which decreases at higher
concentrations. Studies on the effect of surfactant
concentrations provide interesting mechanistic
insight. In one such investigation, the effect of
several surfactant concentrations was investi-



13 Surfactants as Penetration Enhancers for Dermal and Transdermal Drug Delivery 221

gated on the penetration of diazepam (Shokri
et al. 2001) and lorazepam (Nokhodchi et al.
2003) through rat skin in vitro. The surfactants
included Tween® 80 (nonionic), SLS (anionic),
CTAB (cationic) and benzalkonium chloride
(cationic). The plots of enhancement ratios
against concentration have been presented in
Fig. 13.11.

Figure 13.11 shows that in most surfactant
concentrations, the enhancement ratio is above 1
(enhancement effect of all surfactants). It can be
seen that enhancement ratio for both drugs
increases with surfactant concentration, but for
most surfactants, especially the nonionic surfac-
tant (Tween® 80), a reduction in enhancement
ratio can be observed at higher concentrations
and a concentration optimum is seen. Similar
observation has been made with different con-
centrations of several terpenes as the enhancers
of diclofenac sodium (Nokhodchi et al. 2007).
This reduction seen in Fig. 13.11 in the enhance-
ment ratio of surfactants (at about 2.5 %) was
attributed to the ability of the surfactant to form
micelles and the possibility of interaction
between micelles and the drugs (Shokri et al.
2001; Nokhodchi et al. 2003). At concentrations
below CMC, surfactant molecules exist as mono-
mers, which are able to penetrate the SC and
change the barrier property of this membrane.
Solubilisation of the drug molecules by surfac-
tant micelles may decrease the thermodynamic
activity of the drug and, hence, the driving force
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Fig. 13.11 Effect of various surfactants used at different
concentrations on skin penetration of lorazepam (right)
and diazepam (left); in the labels Tween® is Tween 80®

for the drug absorption. Therefore, the overall
effect of a surfactant on the rate of drug perme-
ation across a membrane will be a combination of
the influence of these two opposing effects, the
enhancing effect of the surfactant monomers and
the solubilising effect of surfactant micelles
(Walters and Hadgraft 1993; Nokhodchi et al.
2003).

Interestingly, Fig. 13.11 shows that, in case of
ionic surfactants, as the concentration of surfac-
tants increases from 2.5 to 5 % w/w the enhance-
ment ratios increase. According to the widely
accepted hypothesis, at concentrations above the
CMC of surfactants, the flux of the drug should
not increase further as surfactants are believed to
be absorbed as monomers and hence exert their
effect as monomers (Faucher and Goddard 1978;
Loden 1990). However, it has been observed for
SLS that, at concentrations that exceed the CMC,
the concentration of the surfactant within the epi-
dermis increases with the increase in the total
surfactant concentration in the solution contact-
ing the skin (Moore et al. 2003a). This observa-
tion may indicate that micellar SLS contributes to
drug penetration into the epidermis (Moore, et al.
2003b), or on the other hand, the sub-micellar
aggregates may be responsible for the increased
drug absorption at higher concentrations than
CMC concentrations (James-Smith et al. 2011).
Sub-micellar aggregates are aggregates of surfac-
tant in solution containing fewer monomers than
the aggregation number of the micelle, e.g.
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(The left and right figures were taken from Shokri et al.
(2001) and Nokhodchi et al. (2003) with permission from
Elsevier)
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dimers, trimers and other multimers (James-
Smith et al. 2007). Using ultrafiltration, the con-
centration of monomers and sub-micellar
aggregates has been determined and correlated
well with skin SLS concentration (James-Smith
et al. 2011). Other investigations have also shown
a dose-dependent damage to the skin by surfac-
tants at concentrations above the CMC (Loden
1990). This could be a reason for the increase in
drug flux at higher concentrations of ionic
surfactants.

13.6 Synergistic Effects
of Surfactants and Physical
Methods

Apart from the use of surfactants, there are sev-
eral other techniques to enhance the transdermal
delivery of drugs including physical methods
such as electroporation, sonophoresis and
microneedles; chemical methods such as the use
of prodrugs; and different salt forms and ion
pairs. Synergistic effects of a combination of
chemical enhancers and other enhancing tech-
niques have been investigated in order to increase
the transdermal absorption of drugs to the thera-
peutic levels. The main benefit of using a combi-
nation of two skin absorption enhancement
techniques is that most surfactants cannot be used
in high concentrations due to safety issues. By
combining with a second technique, it is possible
to reduce the surfactant concentration and yet
achieve the desired optimal absorption levels.
Combinations of chemical enhancers and ionto-
phoresis (Singh and Singh 1995; Bhatia et al.
1997; Oh et al. 1998; Wearley and Chien 1990;
Bhatia et al. 1997), chemicals enhancers and
electroporation (Wang et al. 1998; Weaver et al.
1997) and chemical enhancers and ultrasound
(Johnson et al. 1996; Mitragotri et al. 2000) have
been investigated. It has been shown that the use
of chemical enhancers combined with iontopho-
resis is a promising approach to enhance the per-
meation of various drugs across the skin, an
example being the study conducted by Oh et al.
(1998) on transdermal absorption of zidovudine.
Mitragotri (2000b) has extensively reviewed the

synergistic effects of chemical enhancers in com-
bination with other techniques. Most of the pub-
lished data shows that the concentration of
chemical enhancers can be decreased without
compromising their effectiveness on the adequate
delivery of drugs across the skin. Pretreatment
with surfactants prior to iontophoresis can sig-
nificantly improve drug bioavailability through
human skin, as shown for laureth-3 ethyloxylene
ether, laureth-7 ethyloxylene ether and sodium
sulphosuccinate (Li et al. 2005a). A drawback of
this method is the need for the equipment and
also the cutaneous side effects of iontophoresis
such as transient mild skin irritation (erythema
and oedema) that is increased with surfactant pre-
treatment (Li et al. 2005b). Recently, Silva et al.
(2011)  applied three nonionic  ether-
monohydroxyl surfactants with or without ionto-
phoresis to enhance the skin delivery of
ondansetron hydrochloride and diltiazem hydro-
chloride. They showed that the enhancing effect
of various nonionic surfactants depended on the
drug used (see Table 13.2). It was observed that
the combined use of the surfactants and ionto-
phoresis profoundly increased the flux value. For
example, the highest enhancement ratio of 420
for ondansetron hydrochloride was observed for
glycol monododecyl ether combined with ionto-
phoresis compared to passive drug permeation
without enhancer pretreatment, while in case of
diltiazem hydrochloride, octaethylene glycol
monododecyl ether produced the highest
enhancement ratio of 200. None of the surfac-
tants caused any significant skin damage indicat-
ing  their  suitability for  transdermal
formulations.

Combined with electroporation, the presence
of surfactants often leads to significantly higher
transdermal absorption of drugs. For example, it
has been shown that SLS improves the effi-
ciency of transdermal delivery of glucose and
dextrans of molecular weight 4 and 10 kDa in
combination with electroporation (Murthy et al.
2004). In electroporation, short high-voltage
pulses are applied on the skin which create
aqueous pathways across the SC. Dynamic elec-
trical resistance studies of the skin and the fluo-
rescent imaging of the so-called localised
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Table 13.2 Effect of nonionic surfactants alone and in combination with iontophoresis (0.3 mA for 8 h)

Diltiazem HCl

Enhancer Flux, (ug cm=2h')
Control (drug-loaded 0.71+0.26

hydrogel only)

Propylene glycol (PG) 0.55+0.06

Ethylene glycol 3.98+1.72
monododecyl ether in PG

Pentaethylene glycol 6.68+1.11
monododecyl ether in PG

Octaethylene glycol 3.57+0.90

monododecyl ether in PG

Concentration of the surfactants was 0.16 M

transport regions indicated that surfactants can
prolong the lifetime of these aqueous pathways
(Jiang et al. 2007). SLS was more effective than
Tween® 80 in prolonging the time of recovery of
the skin resistance. The effect of both surfac-
tants on transdermal permeation was concentra-
tion dependent and increased sharply with
increasing the concentration but slacked off
beyond their CMC (Jiang et al. 2007). It appears
that the presence of SLS during electroporation
helps in achieving the desired drug transport
with a lower electrical exposure dose (Murthy
et al. 2004), due to facilitating the SC barrier
disruption during pulse application and also due
to prolonging the lifetime of electropores cre-
ated by the pulse.

Surfactants can also be combined with low-
frequency ultrasound which leads to the forma-
tion of localised transport regions in the skin
being more permeable than the surrounding
regions of the skin (Kushner et al. 2004). It has
been demonstrated that the incorporation of
SLS during sonophoresis leads to enhanced
skin perturbation; therefore, desired level of
skin perturbation can be achieved by shorter
ultrasound exposure time (Kushner et al. 2007).
The combination of SLS and sonophoresis has
been shown to be an effective transdermal
delivery method for hydrophilic permeants,
urea, mannitol, raffinose and inulin (Kushner
et al. 2008) and hydrophilic macromolecules
such as gold nanoparticles and quantum dots
(Seto et al. 2010).

Flux surf + ionto

Ondansetron HCI

Flux surf + ionto

(ng cm™2h') Flux, (ug cm= h') (ng cm™>h')
123.24+12.7 0.043+0.14 16.35+3.46
102.09£12.5 0.41+0.27 14.57+2.78
166.25+33.9 1.12+0.21 22.66+3.76
181.58+24.7 4.59+0.78 20.79+3.20
199.00+25.6 2.00+0.69 15.24+3.36

13.7 Surfact