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ABSTRACT

Due to its numerous advantages, transdermal drug delivery has attracted considerable attention
in recent times. The protective barrier nature of the skin however limits the absorption of most
drugs across the skin. A variety of strategies are available for the modification of the drug
and/or vehicle or the composition of the stratum corneum (SC), the outermost layer of the skin,
to improve the absorption of most drugs. Furthermore, various techniques are available for
studying the effectiveness, mode of action and skin toxicity of the penetration enhancers. Most of
the earlier reviews have focused on a certain selected aspect of transdermal drug delivery. This
review presents a comprehensive account of various aspects of drug delivery by transdermal
route including the various chemical and physical penetration enhancers. It also discusses the in
vivo and in vitro methods of evaluating chemical enhancers, their mode of action and safety.

Key word: Chemical penetration enhancers; Permeation stueigsical penetration enhancers;
Transdemal drug delivery.

INTRODUCTION

The concept of application of medicinal substaneeke form of liquid, semisolid or solid to the
skin to treat diseases has been as old as humBiaiyever, over the last two decades there has
been renewed interest in the skin as a portal oy @i medicaments to the systemic circulation.
Systemic effect results from transdermal deliverypercutaneous absorption of sufficient drug
through the skin to the vasculature to produceagheutic systemic concentrations. This involves
the transfer of drug from the skin surface into sktratum corneum( SC), under the influence of
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concentration gradient and its subsequent diffusisough the SC and underlying epidermis,
through the dermis, and into the microcirculati@p [

In fact, the introduction of the first transdermpalch, Transdermal -Scop (developed in 1981 by
Alza, Mountain View, CA, USA), containing scopolarai (hyoscine) for motion sickness
brought about a tremendous interest in the usagetatt skin as a portal of entry into the
systemic circulation of the body in recent yeamve3al transdermal products followed into the
market place including transdermal devices contginnitroglycerin, clonidine , fentanyl,
nicotine, oestradiol, testosterone, lidocaamal diclofenac [2]. Additionally, this interestrche
reflected in the large size of the market. As atry2000 for instance, the worldwide transdermal
market was worth US$2billion [2] representing th@sisuccessful non-oral systemic drug
delivery system. More interesting is that this neéinkas dispersed amongst only eight approved
active agents.

Transdermal delivery of drugs offers a lot of adeges over other routes of drug delivery which
led to this burgeoning interest in this route icemt years. The merits include among others,
non-invasiveness, better patient compliance andnpial for continuous or controlled delivery.
It provides a convenience route of administrationd variety of clinical indications and there is
reversibility of drug application. Presently a &dtdrugs are under development for transdermal
drug delivery. Patients are eagerly waiting for gnahthe common drugs in form of transdermal
systems. Apart from the patches, it may be possibthe near future that patients will be seen
wearing transdermal systems in the form of displesdiattery operated wrist watches that will
be operated and controlled by microchips to delikierdrugs at the desired rates.

Despite the interests and the merits in this drelgvery system, only very few drug candidates
have been approved for transdermal delivery. Besiglan toxicity of the drug or drug
excipients, the major obstacle facing this routel@fvery is the barrier nature of the skin which
limits the number of molecules permeating it toyofdw that can meet certain criteria. Such
molecules should possess appigtprphysicochemical properties such as low melting point (<

150 IC), low molecular weight (<500 D) and intermedip®philicity (log P= 1-3) as well as
high potency (total daily dose < 10 mg). Only fewgk meet these criteria. Consequently,
several approaches have been established in anpatte overcome the barrier properties and
deliver most medicaments through the skin. Theyuge both the chemical and physical
enhancement strategies. The former strategy invglghemical methods include penetration
enhancers, pro-drugs, colloidal formulations, andessaturated systems. The latter strategy
involves physical methods, including phonophoreslsctroporation etc. More researches in
recent years have therefore been devoted towavdstigating the effect of numerous chemical
or physical or the combination of both enhancerstlmm skin permeability of most of the
common drugs especially those drugs that alreadse lpmoblems at their present route of
administration. Several percutaneous researchegtegt are available including vivo andin
vitro permeation studies.

In this review article, various aspects of transtdrdrug delivery including various enhancers

and permeation studies are considered. Methoddudfying enhancer mechanisms and skin
toxicity of enhancers are also discussed.
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2. Drug delivery acrossthe skin

Skin structure

The skin basically consists of three anatomica¢iayFigure 1:

* The epidermis, which is a thin, dry and tough ougser, itself made of several laye
consisting of two main parts: the stratum corne®@)(and the stratum germinativum; the rnr
superficial layer is the SC which is formed andtoarously replaced bthe basal layer of the
stratum germinativum;

* The dermis, which is the thick sensitive layer &fnsor connective tissue beneath
epidermis that contains blood, lymph vessels, sgkaitds and nerve endin

* The subcutaneous fatty layer, which contdatty layer and act as an insulator and depc
calories.
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Figure 1. Diagrammatic representation of the cross-section of the human skin.

Skin as a barrier to drug transport and routes oéipetration across the sk

The SC, viable epidermis and dermis offer barrigrspenetrating molecules. For a di
penetrating across the skin, the greatest resistenmet in the SC. It consists of keratiniz
flattened remnants of once actively dividing epidal cells. It is lygroscopic but impermeab
to water and behaves as a tough, flexible membf[aheThe SC is a compositionally ai
morphologically unique biomembrane forming a lametif kerati-filed corneocytes an
anchored in a lipophilic matrix. The lipids arethity packed as bilayers due to the high degre
hydrogen bonding. The lipids of this extracellufaatrix are distinct in many respects |

(1) they provide the only continuous phase (antusibn pathway) from the skin surface to
base of the SQ2) the composition (ceramides, free fatty acids eimolesterol) is unique amol
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biomembranes especially the absence of phosphs]ifd)l despite this deficit of polar bilayer-
forming lipids, the SC lipids exist as multilamelkheets; (4) the predominantly saturated, long-
chain hydrocarbon tails facilitate a highly ordenetér digitated configuration; (5) the formation
of gel-phase membrane domains as opposed to the msorl (and more fluid and permeable)
liquid crystalline membrane systems.

There are three potential pathways through whidg dnolecules in contact with the skin surface
can penetrate:- through the sweat ducts, through hir follicles and sebaceous glands
(collectively called the shunt or appendageal rpotedirectly across the SC. It is generally
agreed that as the appendages comprise a fractioeelfor permeation of approximately 0.1%,
their contribution to steady state flux of most ghuis minimal. Thus the SC is the most
important route for most drug skin penetration. @Gortionally, it is thought that lipophilic
compounds transfer preferably into the lipoidakroellular phase of the SC while relatively
more hydrophilic compounds transfer into the intthdar domain. However, more recent data
[4] have shown that the intercellular route is nownsidered to be the major pathway for
permeation of most drugs across the SC. Thus nideedechniques to optimize permeation to
drugs across the skin are directed towards maripaol®f solubility in the lipid dormain or
alteration of the ordered structure of this region.

3. Factor s affecting per cutaneous absor ption

Fick’s first law

Drug permeation across the SC obeys Fick’s finst (Bquation 1). Thus the equation helps in
identifying the ideal parameters involved in th#usiion of drug across the skin [4].

dm/dt= J=DEGP/H............ Equation 1,

where dm/dt or J is the steady-state flux, D isdifieision coefficient of the drug in the SC, H is
the diffusional path length or membrane thickn€sgs the partition coefficient between the SC
and the vehicle, Qs the applied drug concentration which is assutodze constant.

Molecules showing intermediate partition coeffictgeflog P octane/water of 1-3) have adequate
solubility within the lipid domains of the SC torpat diffusion through this domain whilst still
having sufficient hydrophilic nature to allow p#édhing into the viable tissues of the epidermis.
Furthermore, optimal permeability of drug across 8C, according to the equation, is influenced
by diffusion coefficient which has been demonstitatebe related to low molecular size and low
melting point which is related to solubility.

Other factors which affect percutaneous absormrerdiscussed below.

Hydration and temperature

Skin occlusion with wraps or impermeable plastic$ prevents the loss of surface water from
the skin and this causes increased level of hyarah the SC thereby decreasing the protein
network density and the diffusional path lengthisTihcreases skin penetration. Occlusion of the
skin surface also increases skin temperature b§C2r8sulting in increased molecular motion

and skin penetration.
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Biotransformation of drug in the skin

If the penetrating drug is subject to biotransfaiipraduring skin permeation (in fact, catabolic
activity of the viable epidermis is substantiatcdl and systemic bioavailability can be affected
drastically. This point was taken advantage of wB&ran and Bodor reportedly synthesized 7-
acyloxymethyl derivative of theophylline that digei through the skin far more efficiently than
theophylline itself but are biotransformed rapitthytheophylline [1]. Thus transdermal delivery
of theophylline can be enhanced this way.

Dermal clearance of drug

Blood flow limits the absorption of the drug frommetdermis. For instance, vasoconstrictor drug
administered through other routes can significaatfgct blood flow to the dermis hence dermal
clearance of the drug into the general circulation.

4. Selection of drug/ vehiclefor transder mal delivery

As stated earlier, the choice of drug is based lmn drug meeting the criteria of proper
physicochemical properties and high potency. Intewd the drug should be non irritant to the
skin. Generally, drugs that have problems in thgsent route of administration can be
considered for transdermal delivery [2].

Apart from the drug, the vehicle in which the diagresented to the skin is very important in
the transdermal delivery of the drug. In many chisituations, the rate-limiting step is the
diffusion of the drug from the formulation to thkirs surface. Diffusion of the drug from its
vehicle depend on the same diffusion parametegivas in Equation 1, hence there is need for
appropriate formulation of the drug in order proglwec transdermal product that has excellent
controlled release profile.

The factors to be considered in the selection tickes for transdermal drug delivery include:
stability of the vehicle; the vehicle should belsticat it will not chemically react with the drug
to alter the nature of the drug; the vehicle mustnbn-toxic or antagonistic to the host skin;
vehicle should allow a regulated and proper ditfasand controlled release of the drug.

When a drug does not possess the ideal physicocheproperties, manipulation of the drug or
vehicle to enhance diffusion becomes necessary.

5. Drug/vehicle modification for improved transder mal delivery

Drug modification approaches

Various approaches have been investigated for tbdifiation of the drug molecule for
improved drug delivery. Some of them are discussefbllows:

Pro-drug approach

This generally involves addition of a promoiety itcrease partition coefficient and hence
solubility and transport of the parent drug in tB€. Upon reaching the viable epidermis,
esterases release the parent drug by hydrolysreltheoptimizing solubility in the agueous
epidermis [5].
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Formation of ion-pairs

Charged drugs could be made to penetrate easdyghrthe skin by formation of lipophilic ion-
pairs. This involves adding an oppositely chargeecies to the charged drug, forming an ion-
pair in which the charges are neutralized so tiatcbmplex can partition into and permeate the
SC. These ion pairs dissociate in the aqueousevigpidermis releasing the parent drug which
can diffuse within the epidermis and dermal tiss#e46-fold increase in the steady- state flux
of ibuprofen ion- pairs across a lipophilic memladras been reported [4].

Drug complexation:

Complexation of drugs with cyclodextrins is anoth&@empt at modification of drug molecules
to enhance percutaneous absorption. Cyclodextfipearmaceutical relevance contain 6, 7, or 8
dextrose molecules(B, y- cyclodextrin) bound in a 1, 4 -configuratianform rings of various
diameters. The ring has a hydrophilic exterior &pdphilic core in which appropriately sized
organic molecules can form non-covalent inclusiomplexes resulting in increased aqueous
solubility and chemical stability.

Thermodynamic activity of the drug in vehicle

It has been reported that maximum skin penetratitmis obtained whendiug is at its highest
thermodynamic activity as is the caseairsupersaturated solution [4]. Supersaturatedisokit
can occur due to evaporation of solvent or by ngxafi cosolvents or by the addition of co-
excipients like phospholipids. However, the mosiomn mechanism in clinical practice is
evaporation of solvent from the warm skin surfadaclv probably occurs in many topically
applied formulations.

Eutectic systems

Eutectic system is a mixture of two components Wwhat a certain ratio, inhibit the crystalline
process of each other, such that the melting pufithe two components in the mixture is less
than that of each component alone. Thus meltingtpadia drug delivery system can be lowered
by formation of a eutectic system. The lower thdtimg point, the greater the solubility of a
material in a given solvent, including skin lipidgd hence skin penetration. This follows from a
regular solution theory. A number of eutectic sysecontaining a penetration enhancer as the
second component have been reported, for examplgarafen with terpenes, menthol and
methyl nicotinate; propranolol with fatty acids [4]

Vehicle modification approaches/formulations

In addition to the above methods investigated, retyaof encapsulating/carrier systems have
been evaluated for possible delivery of drugs ttan®sally. These include, among others,
liposomes, niosomes, ethosomes, and solid lipidpenticles.

Liposomes

Liposomes are colloidal particles formed as conteftimolecular layers that are capable of
encapsulating drugs. Phosphatidylcholine from sagber egg yolk is the most common

composition. Cholesterol is usually added to theposition to stabilize the structure thereby
generating more rigid liposomes. Most effectiveoipmes are those composed of lipids similar
to SC lipids, which are likely to most readily en&C lipid lamellae and fuse with endogenous
lipids.

685



PF Uzor et al J. Chem. Pharm. Res., 2011, 3(3):680-700

Niosomes

Noisomes are vesicles composed of non-ionic safdst They have been evaluated as carriers
for cosmetic applications and for transdermal aeglvof a number of drugs with promising
results [4].

Ethosmes:

Ethosomes are liposomes with high alcohol contap@ble of enhancing penetration to deep
tissues and the systemic circulation. It is progabat the alcohol fluidises the ethosomal lipids
and SC bilayer lipids thus allowing the soft, malite ethosomes to penetrate.

SLN and NLC

Solid lipid nanopatrticles (SLN) have recently beewestigated as carriers for enhanced skin
delivery of sunscreens, vitamin A and E, triptaligliand glucocorticoids [6]. It is thought that

their enhanced skin penetration is primarily duamoincrease in skin hydration caused by the
occlusive film formed on the skin surface by theNSkvhich reduces trans-epidermal water loss
(TEWL).

Apart from a nonspecific occlusion effect on peaigdn, penetration might also be affected by
the SLN and NLC (nanostructured lipid carriers)ntiselves, the high specific surface area of
nanometer sized SLN and NLC facilitates contacrafapsulated drugs with the SC [7].

Microemulsion and nanoemulsion

Microemulsions and nanoemulsions are thermodyraliyistable, transparent (translucent)

dispersions of oil and water stabilized by an ifserl film of surfactant and cosurfactant

molecules with microemulsion having droplet sizesob micron and nanoemulsion of the

droplet size of less than 100 nm [8-9]. These systare shown to improve drug solubility and

bioavailability. Surfactants are necessary to redtlee hydrophobic interaction between the
phases and maintain a stable emulsion [8]. Repante also shown that co-surfactants (usually
short chain alcohols) are necessary to maintaingkesphase [10].

6. Chemicals methods for the modification of stratum corneum barriers

The above approaches have focused more on the ioabaih of the drug or the vehicle
(formulations) to enhance the drug penetrationughothe SC. However, there is variety of
chemicals and methods to reduce barrier capahiitythe SC in order to promote skin
permeation.

Chemical enhancers-ideal properties
Penetration enhancers are as substances thatpai@leaf promoting penetration of drugs into
or through skin, by reversibly reducing the skimriea resistance. An ideal penetration enhancer
should have, among others, the following propeiftiés14]:

It should be pharmacologically and chemically inartd chemically stable, non-toxic, non-
irritant.

It should have a rapid onset of action, predictatileation of activity, as well as a
reproducible and reversible effect.

After it is removed from the skin, the SC shouldidléy and fully recover its normal barrier

property.
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It should have a solubility parameter similar tattbf skin.
No substance has been found to possess all thiepiageerties in spite of the fact that a variety
of compounds have been proposed as skin peneteailtamcers.

Classification of enhancers

Several classification systems have been useddnlitérature but classification of chemical
enhancers based on their chemical structures caorsdered as the most promising system in
comparison with the other categorizations. Tablshbws the types of chemical enhancers
classified using functional groups.

Table 1. Types of chemical penetration enhancers classified by functional groups and chemical structure[11]

Types Examples

Water water

Sulfoxides and similar | 400 isuifoxide, dimethylacetamide, dimethylfommide
compounds

Pyrrolidones 2-pyrrolidoné\-methyl-2-pyrrolidone, 1-lauryl-2-pyrrolidone
Alcohols ethanol, 1-octanol, 1-hexanol, 1-decalzalryl alcohol,
Glycols propylene glycol, butane-1, 2-diol, polygéne glycol 400
Urea and derivatives urea 1-dodecylurea, 1-dod&cyiethylurea,

Azone and derivatives Azone (laurocapram; 1-dode@dycloheptan-2-one),
Enzymes Acid phosphatase, calonase, papain

Iminosulfu S, Sdimethyl-N-(5-nitro-2-pyridyl) iminosulfurane,
Cyclodextrins 2-hydroxypropyl-3-cyclodextrin

Fatty acid esters cetyl lactate, butylacetate rigmyg myristate

Fatty acid alkanoic acids, oleic acid, lauric acapric acid
Surfactant sorbitan monopalmitate, sodium laurifase

Terpenes limonene, nerolidol, farnesol, carvonejthune

3-D-gluco pyranosyl-terminated oligodimethyl siloxangsalkyl-3-RD-gluco

Polymers pyranosyl-1,1,3,3-tetra methyl disiloxanes
Monoolein monoolein
Oxazolidinones 4-decyloxazolidin-2-one, 3-acetydebyloxazolidin-2-one

Some of these classes of enhancers are discussed he

Fatty acids

Fatty acids consist of an aliphatic hydrocarbonrclaad a terminal carboxylic acid group. Fatty
acids differ in their aliphatic chain length, whiisheither saturated or unsaturated, in the number,
position, and configuration of double bonds and rhaye branching and other substitue#ts.
wide variety of long chain fatty acids have a ptitdrutility as skin permeation enhancers. Most
studies on fatty acid penetration enhancers havastd on oleic acid {CH(CH,);CH=CH
(CH,)7COOH)}, a monounsaturated fatty acid with a chamastic lard-like odor.

Fatty acids have the potential to cause skin troitg which has led to limitation in their use. The
extent of skin irritation depends on concentratod type of fatty acids used [15-17].

Surfactants

Surfactants play an important role in many productsiuding pharmaceuticals, cosmetics, and
food formulations as solubilizers, detergents, mwgttagents, adhesives, emulsifiers and
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suspending agents [18]. They generally consistlgfaghilic alkyl or aryl chain together with a
hydrophilic head group. They can be classified ifdgar main categories according to the
presence of formally charged groups in the headinan (e.g. sodium laurylsulfate), cationic
(e.g. cetyltrimethyl ammonium bromide), nonionic .ge polyoxyethylene sorbitan
monopalmitate) and amphoteric (el-dodecylN, N-dimethylbetaine) [19]. It is generally
recognized that nonionic surfactants possess Hst texicity and skin irritation potential [20],
and therefore they have been widely investigatedkas penetration enhancers. Generally, the
investigation of enhancing abilities of nonioniafagtants has been focused on five principal
series of surfactants, which are polysorbates, itsorbesters, polyoxyethylene alkylethers,
polyoxyethylene alkylphenols and poloxamers [19heTenhancing ability of surfactants is
governed by several factors, including their fuoicéil groups, hydrocarbon chain length, degree
and position of unsaturation, physicochemical proge of permeants, nature of the vehicles,
and whether the surfactants are used alone omibic@tion [21-23].

Terpenes

Terpenes have received considerable attention rmstraéion enhancers because they appear to
have high percutaneous enhancing abilities, withh $&in irritancy and low systemic toxicity
[24]. Terpenes are a series of naturally occurcogpounds that are composed of hydrocarbons
and possibly oxygenated derivatives such as alseplatdehydes, phenols, ketones, oxides, and
esters. They are frequently found in plant esseoiland are composed of units of isopreng, C
Hg, in a head-to-tail orientation to form linear at&bor rings [25]. Example of terpenes include
p-menthane, menthone, and menthol, terpinen-4-dbher®ne, carvone, cineol, geraniol, thymol,
cymene, limonene, and nerolidol. The chemical siings of terpenes and the physicochemical
properties of the drugs play an important rolehi@ €énhancing activity of terpenes, as described
by Aqgil et al. [26]. In terms of skin toxicity, most terpene% agenerally recognized as safe
(GRAS), a status granted by the U.S. Food and Bwdministration (FDA). Okabet al., [27]

has demonstrated the safety of terpens on the skin.

Polymers

A polymer is a large molecule consisting of theetén of small, simple chemical units, called
monomers [28]. Based on their sources, polymersbeadlassified into two types, syntheétic or
natural polymers. The synthetic polymers includdyghylene glycol, polyvinyl alcohol,
polypropylene etc. while the natural polymers ig@icasein, gelatin, dextran and starch. Many
of them have been investigated for transdermavegliof drugs. Owing to their large molecular
weight, polymers enhancers are mostly retainechén 3C and do not significantly penetrate
deeper into the skin. Therefore, side effects aglnflammation or skin irritation are limited
[29].

Because of their safety, various types of polyntexge been synthesized and investigated for
their enhancing activity. These have included bksersum chloride and hexadecylpyridinium
bromide type polymers [29], polyethylene glycolfatimethylsiloxane (PEG/PDMS) block
copolymers with a cationic end-group [30-31]. Theséymers scarcely penetrated beyond the
SC of the skin, hence they are safe.
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Chemical retarders

Apart from the chemical enhancers, retarders hds@ laeen identified. Penetration retarders
may be useful in formulation where it is advantagetm minimize systemic absorption, such as
insect repellents and sunscreens. Examples of setarglers include some of Azone analogues.

Mechanisms for enhancer activity

Barry et al., have reportedly devised the lipid-protein paniing (LPP) theory to describe the
mechanisms bwhich enhancers effect skin permeability [4]. Thiesdude:

- Improvement of partitioning of a drug, co-enhanoe co-solvent into the SC;

- Disruption of the intercellular bilayer lipid stture;

- Interaction with the intracellular proteins oétBC.

Lipid disruption by chemical penetration enhancers

Many enhancers, such as Azone, DMSO, alcoholg, éafds and terpenes, have been shown to
increase permeability by disordering or ‘fluidisintpe lipid structure of the SC [4]. The
enhancer molecules form microcavities within tipgdliibilayers hence increasing the free volume
fraction and subsequent diffusion of the drug.

Interaction with keratin

In addition to their effect on SC lipids, chemicalsech as DMSO, decylmethylsulphoxide, urea
and surfactants also interact with keratin in tbeneocytes. The interaction and binding with
the keratin filaments may result in a disruptionoofler within the corneocyte which causes
increase in drug permeability. The enhancer mddscmay also modify peptide or protein
material in the lipid bilayer domain to enhancenpeability.

Increased partitioning and solubility in SC

A number of solvents increase permepattitioning into and solubility within the SC, hemn
increasing P in Fick’s equation (Equation 1). Ssolvents include ethanol, propylene glycol,
Transcutol® and N-methyl pyrrolidone.

Other mechanisms of enhancer action reported iedWid

Hydration

Water is the most widely used and safest methackctease skin penetration of both hydrophilic
and lipophilic permeants. Increased skin hydrationld alter permeant solubility and thereby
modify partitioning from the vehicle into the memhe and may also swell and open the
structure of the SC leading to an increase in patieh. Hydration can be improved by
occlusion with plastic films, paraffins, oils froemulsions etc. can improve hydration and hence
penetration rate. Drug delivery from many transdempatches benefits from occlusion.

Combined mechanisms

Fick’s law (Equation 1) shows that a combinatiorenhancement effects on diffusivity (D) and
partitioning (K) will result in a multiplicative &ct. Synergistic effects have been demonstrated
for many combinations of enhancers. Some enhaaceisherently by multiple mechanisms.

Generally, enhancement in the permeability of theydtan be achieved by altering any or all of
the three parameteB3, K, or h from the Fick’s law. The improvement of the drugyipeation
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could be due to an increased diffusion within tkie,san increased partitioning or a decrease in
diffusion path length. Some enhancers might affeet diffusion coefficient, whereas others
might affect the partition coefficient or the digion path length while some enhancers might
affect both diffusion coefficient and partition ¢baent.

Enhancement ratio (ER)
This is a term used to describe the activity ofesmancer. It can be used to compare the
activities of different enhancers which are usedtie same drug in a similar condition.

ER = drug permeability coefficient or flux afterremcer treatment/drug permeability coefficient
or flux before enhancer treatment.

7. Physical methods of penetration enhancement
Beside the chemical modifications of the drug, ekhor SC, a number of physical methods of
penetration enhancement have seen evaluated. @teas follows.

lontophoresis

lontophoresis is the process of enhancing the parareof topically applied therapeutic agents
through the skin by the application of electricremt[32].The drug is applied under an electrode
of the same charge as the drug, and an indifferemhter electrode is positioned elsewhere on
the body. The active electrode effectively rephks active substance and forces it into the skin
[33]. Other mechanisms have been proposed [34-BBjnsdermal iontophoresis has a wide
application including treatment of diseases andaekbn of analytes (such as glucose) from the
body [36-37]

Electroporation

Electroporation is another electrical enhancemesthod which involves the application of short
(microsecond or millisecond), high voltage (50-18@@s) pulses to the skin. The mechanism of
penetration is the formation of transient pores tduelectric pulses that subsequently allow the
passage of macromolecules from the outside of #le to the intracellular space via a
combination of processes such as diffusion andrelgitoresis. Macromolecules that have been
delivered by electroporation include: insulin,va&s, oligonucleotides and microparticles [38].

Microporation

Microporation involves the use of micro needled #r@ applied to the skin so that they pierce
only the SC and increase skin permeability. Miceedles are needles that are 10 to 200 um in
height and 10 to 50 pm in width [38]. Micro needtksnot stimulate the nerves, so the patient
does not experience pain or discomfort. They amallysdrug coated projections of solid silicon
or hollow, drug filled metal needles.

Heat

Heat enhances the skin permeation of drugs by asorg body fluid circulation, blood vessel
wall permeability, membrane permeability, and dsagubility, thus facilitating drug transfer to
the systemic circulation. When heat is applied, kimetic energy of drug molecules, proteins,
lipids, and carbohydrates is known to increasé&éncell membrane. Also, drug solubility both in
the patch and within the skin may increase withisa in temperature. Heat may also cause
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changes in physiochemical properties of patchesasmg, and increased hydration of skin, thus
increasing the permeation of drugs [39].

Sonophoresis

Sonophoresis involves the use of ultrasonic endogyenhance skin penetration of active
substances [40] especially at low frequency regifgs KHz < f <100 KHz). Ultrasound
parameters such as treatment duration, intensitigedength, and frequency are all known to
affect percutaneous absorption though frequendliesmost important [Mitragotri, 2004]. The
mechanism of transdermal skin permeation involles disruption of the SC lipids by the
formation of gaseous cavities, thus allowing thagdto pass through the skin [41]. Several
antibiotics have been delivered through this tegphai[42].

Needleless injection

This technique involves firing the liquid or solpérticles at supersonic speeds through the SC
[43]. It is a pain-free method of administration drigs to the skin. The mechanism involves
forcing compressed gas such as helium or nitrogesugh the nozzle with the resultant drug
particles entrained within the jet flow, reportedivaveling at sufficient velocity for skin
penetration [44].

Pressure wave

Pressure waves generated by intense laser radiai@onrender the SC as well as the cell
membrane permeable to molecules. Pressure wavdyispplied for a very short time (100ns-
1ps) and it is thought that the pressure waves frontinuous or hydrophilic pathway across
the skin due to expansion of lacunae domains irStbeApplication of pressure waves does not
cause any pain or discomfort and the barrier foncof the SC always recovers. Insulin and
caffeine have been successfully delivered throbghtechnique [45-46].

Magnetophoresis

The term, "magnetophoresis” was used to indicaplicgion of a magnetic field and acts as an
external driving force to enhance drug deliveryoasrthe skin. It induces alteration in the skin's
structure that could contribute to an increasesinmeability [47].

Radiofrequency

Radiofrequency involves exposure of the skin toga frequency alternating current of 100 KHz
that results in the formation of heat-induced michannels in the cell membrane. The drug
delivery rate is controlled by the number and degtmicro channels formed, which depends on
the properties of the microelectrodes in contathwhe skin during treatment [48]. Granisetron
HCI has been delivered by this means [49].

Most of the above devices are still been investigator possible clinical application in
transdermal delivery of many drugs which otherwisgnot penetrate the skin e.g. charged
species like amino acids, macromolecules etc. Thesetransdermal formulation technologies
have changed the paradigm that there are only adiey candidates for transdermal drug
delivery.
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8. Forms of transder mal products

This section gives an overview of the differentnfigrin which the final transdermal product can

be presented to the patient. In practice, the fosfmsansdermal products include: transdermal
patch, ointments, colloidal formulations such asdermal gel, emulsions, liposomes. Others
are electrically modulated devices, and mecharicatidulated devices.

While electrically and mechanically modulated degihave been discussed in earlier sections,
transdermal patches are discussed here.

Transdermal patches

The major products currently marketed for transdgriabsorption are the patches or the
transdermal drug delivery systems (TDDS). The eemg of adhesive TDDS permitted skin
residence times to increase from hours to days quilike ointments or gels. The matrix or
reservoir formulations employed in these TDDS giswvided for the maintenance of relatively
uniform concentrations of diffusible drug to ensuvetatively constant drug release rates. Skin
occlusion from water-impermeable backing film of D® further facilitates TDDS systemic
efficacy by increasing skin hydration and tempe®atwith a corresponding increase in the rate
and extent of skin permeation. The inclusion ofnskienetration enhancers also serves to
increase transport across the skin.

The functional parts of a patch, proceeding frora thisible surface inward to the surface
apposed to the skin are:-

a. an impermeable backing

b. a reservoir holding the active ingredient, tbgetwith release- controlling materials

c. an adhesive to hold the patch in place on tire sk

d. a protective cover that is peeled away befopdyapy the patch.

Most patches belong to one of two general types réiservoir system, and the matrix (or drug-
in-adhesive) systems.

Reservoir system

In the reservoir system, the drug reservoir is eddbd between an impervious backing layer and
a rate controlling membrane. The drug releases tmyugh the rate-controlling membrane

which can be micro porous or nonporous. In thervesecompartment, the drug can be in the

form of solution, suspension, or gel or dispersed isolid polymer matrix. The scopolamine

patch is an example of reservoir type.

Matrix system

In the matrix type, the active ingredient is digger entirely in the adhesive. Estradiol patch
(Climara®) is a typical patch of the matrix type. Anothemample for this type is Transtec ®,
bupremorphine containing slow-release matrix pétchtthe treatment of intermediate to severe
pain. The patch is able to control the drug dejivate and produce stable plasma concentration
[50].

9. Nature of transder mal studies

Transdermal studies can take the form of deternoinatf partition coefficients and prediction of
permeation constants from the values obtainedart equally involve the actual permeation
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studies either byn vitro or in vivo techniques to determine: (a) the permeation gradfl the
permeating chemical (b) the effect of the chemieahancers or formulations or physical
methods on the permeation profile of the permegnthe mechanism of action of the enhancers
(d) the skin toxicity of the enhancers.

Prediction of permeation constants from partitioroefficients

Permeability experiments have shown that hydra&d&s an affinity for both lipophilic and
hydrophilic compounds. The bifunctional solubilayises from the hydrophilic corneocytes and
the lipid- rich lamellar structures in the intetar space. Thus attempts to predict permeability
constants from oil: water or from solvent: watertpi@an coefficients have had limited success
[1]. There is therefore, need to carry out actiaktptaneous absorption studies to ascertain the
permeability profile of the drug being investigated

In vivo transdermal studies

The last phase in the transdermal absorption stuafi@ drug is thén vivo clinical studies on
humans. The conduct ah vivo studies in volunteers is closely regulated (Detlan of
Helsinki, 1964 as amended in 2004; the ICH Guidefor Good Clinical Practice, 1996) [11].
The study protocol should be approved by an etlioatmittee and the subjects have to give
written informed consent.

However, before this stag& vivo studies are carried out using experimental aninrats/
evaluation of a study of percutaneous absorptioanimals must take cognizance of species
variation. A group of researchef$] has investigated percutaneous absorption amddca
decreasing order of permeation, thus, rabbit>ratmes>man. Nevertheless, other studies have
shown that that data from these lower animals amparable to that of man [1] even though
such studies in animals eith@rvivo or in vitro can only be useful approximations of activity in
man. Thus most preclinical transdermal studies medeof small animals such as rats, mouse
because of their availability and ethical consitlerain human volunteers and human skin.

In vivo methods/techniques
Several methods are available ilovivo percutaneous studies. These are discussed below.

Plasma/ excreta measurement

In thein vivo studies, the substance is applied during a cepaiiiod to a specified area of the
skin site of volunteers/animal. The percutaneousogdtion can be assessed by analyzing the
parent chemical and/or its metabolite(s) in the $&yers or in biological media such as plasma,
urine or exhaled air [51-54]. The amount of a cleaihimeasured after dermal exposure is
compared to that after a reference exposure wikhaavn dose via, for example, intravenous
administration or inhalation.

Microdialysis

Microdialysis (MD) is a technique that measuresadlly applied chemical in the extracellular

space beneath the exposed skin site. The prinsifiased on the passive diffusion of a chemical
across the semi permeable membrane of a MD prathéstintroduced into the dermis parallel to

the exposed skin surface. The probe is slowly geduwith a tissue-compatible sterile buffer

(the perfusate) which mimics the blood flow. Moll=uable to pass the probe membrane will
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diffuse across the membrane into the perfusatectwts collected at timed intervals for the
analysis [55-56].

Tape stripping method (TS)

In vivo studies in recent years have made use of thesslpping method, which permits the
estimations of the concentration or amount of teegtrating species as a function of depth of
the SC. Generally a predetermined area of theiskexposed to a chemical for a certain period
of time. At the end of exposure, SC layers are redcsequentially by cellulose adhesive tape
strips. The amount of recovered substance in egod $trip is determined with an appropriate
analytical technique. It has been reported thaatheunt of the chemical in these SC layers gave
good estimate of the total amount of the chemibabebed into the systemic circulation [57-58].

Spectroscopic methods

A variety of spectroscopic methods have begplied in studyingin vivo penetration of
chemicals,and the vast majority of them are based orafid Raman vibrational spectroscopy
[59-60]. Presently, Fourier Transform Infra RedeAuated Total Reflection (FTIR-ATR) is the
most used spectroscopic technique for studyingtpeien kinetics, and different skin analyzers
based on this spectroscopic technique have becommercially available. In these devices, an
IR beam is emitted through an IR transparent ckystiaich is in contact with the skin sample.
During passage through the crystal, IR beam petestiato the sample before returning. As a
result, the radiated skin absorbs IR at frequenocesesponding to absorption spectrum of the
substance [61]. A penetrating chemical can be dgiethby measuring IR spectrum directly on
the skin [62]. FTIR-ATR has been extensively usedjuantify the absorption of various drugs,
pesticides, and other chemicals [63].

In contrast to FTIR-ATR techniques, Raman spectpgcrepresents a more recentvivo
approach for non-invasive determination of percetars penetration of chemicals. Development
of Confocal Raman Microspectroscopy (CRM) is oftigatar importance for wider application
of this technique.

In vitro/ permeationstudies

Actually, the evaluation of new chemical entitigdCES) and other drugs of which their
toxicities are indeterminate mandates theivitro testing. The studies of Scheuplein and Rose
and of Franz [1] demonstrate thatvitro studies of transdermal absorption under controlled
conditions are relevant tm vivo drug penetration. It would be advantageous to lusaan
cadaver skin forin vitro permeation studies but, in practice, for most @tigators, human
cadaver skin is not readily available. Thus anisgiah is frequently used fan vitro studies.
Weanling pig skin (skin from a pig that has recgmtéen weaned) is recognized as the closest
alternative to human cadaver skin in its permeigtalind lipid composition.

The equipment frequently used for timevitro permeation studies is the diffusion cell. Several
types of diffusion cells made out of glass, staslsteel or Teflon® have been designed. These
include vertical diffusion cells (side-by- sideyahz diffusion cells and flow-through diffusion
cells. Among these three types, the Franz cellhes most popular model for studying the
diffusion of permeant across the skin. In this eystthe intact skin or the epidermis is treated as
a semi permeable membrane separating two fluidan@dlie transport rate of a particular drug is
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evaluated by introducing the drug in solution oa 8C side of the membrane, then measuring
penetration by periodic sampling and analysis efftuid across the skin membrane. Permeant
analysis could be done using suitable analyticahrigjues which include: high performance
liquid chromatography (HPLC), liquid scintillatiozounting (if radiolabelled drug is available)
and ultraviolet (UV) or fluorescence spectroscopy.

Properties of the receptor solution such as temymeraand buffer composition can have
significant effect on drug permeation through ttén.s Typically, physiological saline or a
phosate-buffered solution maintained at 37 [1C is used, which simulates the temperature of the
human skin. Generally, antibiotics and preservatae added to the receptor solution to prevent
microbial growth, enzymatic degradation and to ifitabthe skin.

Permeation studies using the diffusion cell camXmeptionally labor intensive, time consuming,

and costly. As a result, novel techniques have lmreloped and proved to be valuable in

identifying new potential skin penetration enhascétese techniques include high-throughput
methods [64] and electrical resistance-based metf&&]. These two techniques can identify the

potential chemical enhancers by determining thegésa in electrical conductance of the skin or

the changes in electrical resistance of the skspectively. The effects of chemical enhancers
on the barrier properties of the skin can be ehteid by measuring these electrical changes in
the presence of potential penetration enhancetsadtbeen have demonstrated that the high-
throughput technique was over 100-fold more efficithan the more commonly used Franz

diffusion cell method in the discovery of penewatenhancer mixtures [11].

Concern with the use of excised skin

One concern in the use of excised skin, whethananor human is the variability in barrier
properties of excised skin. Factors responsible tfus variability are the source and
characteristics of the donor skin e.g. elapsee fimm death to harvesting of the skin, age and
gender of the donor, health of the skin prior te tfonor's death, exposure of the skin to
chemicals or mechanical treatment (e.g. shavingipping prior to harvesting of the skin) etc.
Also it has been shown that there is a regionalatian on skin permeability such that for
diffusion of a simple molecule through the skinamkr<palmar<arms<legs, trunk, dorsum of
hand <scrotal and post auricular<axillary<scalp TI]ese factors are considered in carrying out
transdermal studies using the excised skin.

Skin models
Apart from the animal or human skins, artificialirskmodels have been developed for
percutaneous studies. These include:-

Living skin equivalents and epidermal equivalents

Recently, the use of living skin equivalents andlepnal equivalents has become popular for
transdermal permeation and vitro toxicity studies. These comprise a bilayered systd
human dermal fibroblasts in a collagenous matri@rugvhich human coenocytes have formed a
stratified epidermis. These skin equivalents hawnynadvantages, including the ability to
eliminate animal experimentation. Also, they usemhn skin cells, which provide skin
properties similar to those found in native humlin.sAll the lipids found in the native human
skin are found in skin equivalents, but in reduge@ntities. These skin models have diverse
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permeability characteristics depending on the éssulture protocols. A group of researchers
compared the penetration of drugs through a ligkig equivalent, Wister rat skin, and human
cadaver skin and found the following order: livisgin equivalent> Wister rat skin> human
cadaver skin[66-67].

Other artificial membranes

Besides the above skin models, polymeric substandeother artificial membranes have been
used for transdermal experiments even through thessabranes lack the complex histological
structures present in the human skin.

Use of computer for percutaneous studies

Advances in the use of computer have given risertfc toin numero modeling or computer
simulation of percutaneous absorption. Here, whth &id of a computer, the formulator can
anticipate the effect of variables such as thektiess of the applied (vehicle) phase, alterations
in drug partitioning between the vehicle and the 8@l the frequency of reapplication on the
overall appearance of drug systemically as a fonabf time following topical application [1].

Methods for studying mechanism of action of enhamnge

Effects and mechanisms of action of chemical endranicave been investigated using a variety
of techniques. These include permeation studiespogamstrictor assay, differential scanning
calorimetry (DSC), infrared spectroscopy, X-rayfrdi€ttometry, and electron spin resonance
spectroscopy (ESR). Permeation studies have bseunssied in section previous section.

Differential Scanning Calorimetry (DSC)

A typically DSC thermal profile of hydrated huma@ & composed of four major endothermic
transitions, namely 1T T,, T3, and T,. The endotherm 11(35-42 [I1C) is attributed to the melting

of lipid/fat contamination of the samples and i¢ moportant in elucidating the mode of action
of chemical enhancers [11]. The endothermg60-77 [1C) and & (70-90 [IC) are attributed to
the melting of bilayer lipids, whereas the endatindi (95-120 [IC) is associated with protein
conformation [68-70]. Differences between lipidnséion temperatures of humans and animals
have been reported [70].The interaction betweenctiemical enhancers and the skin can be
examined by measuring the thermal transitions engtresence of the enhancers. The mode of
action of a variety of chemical enhancers (e. glastants and terpenes) has been evaluated by
the DSC technique [71].

Fourier transform infrared spectroscopy

Apart from its usen vivo evaluation of the effect of chemical enhancersroman volunteers,
FTIR spectroscopy can aldé® useful for studying the interaction between dbahenhancers
and the SC in excised animal skins. Marfythe infrared (IR) spectral bands of the & be
attributed to the lipid or protein molecular viboats. Some spectral regions of interest are the IR
peaks near 2856m-" and 2920 cnf-owing to symmetric and asymmetriwethylene group (H-
C-H) stretching, respectively. It has been suggeskat the main contribution to the C-H
stretching peaks of the SC was the absorbahtee hydrocarbon chains of the SC lip[68].
The FTIR spectral parameters that can be usétdasators of relative lipid acyl chain disorder
are a blue shifof C-H stretching absorbances, a bandwidth at 76#ghih ofthe C-H stretching
absorbances [71] andratio of the intensities of the C-H asymmetric agchmetricabsorbances
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[72]. Furthermore, the heightsnd areas of these C-H asymmetric and symmetrtching
absorbance peaks correspond to the amount of pids jpresent in the SC [11]. Thus any
extractionof the SC lipids by chemical enhancers resinlta decreased peak height and area of
these absorbancg&3].

While changes in the IR spectrum providéormation at the molecular level, transitionstive
DSC thermal profile provide information at the nasmopiclevel. These two techniques can
provide independent and complementary informatlmuathe structure of the SC [69,74].

Electron spin resonance spectroscopy (ESR)

Electron spin resonance spectroscopy (ESR) is @ fofr absorption spectroscopy used for
studying a variety of biological membranes. Likesmbiological membranes, the SC has no
paramagnetic components. Thus, a molecule witlalslesparamagnetic group, known as spin-
labeling agent, has to be specifically incorporatetth the lipid or the lipid part of the biological
membrane [11]. Generally, 5, 7, 12, and 16-doxghst acids, which are fatty acids with a
nitroxide free radical group, have been used ad Bpin-labeled reagents [75]. ESR technique
can provide information about phase transitions poldrity of microenvironments surrounding
the spin labels. In addition, molecular interacsionthin the SC can be obtained by using this
technique. The action of chemical enhancers orSthean be examined by measuring changes
in the ESR spectra of membrane-incorporated spielda ESR has been used to investigate the
mechanism of action of several penetration enhanicehuman SC such as Azone [75] and
surfactants [76].

X-ray diffractometry

Small and wide angle X-ray diffraction is valualale a tool for studying molecular interactions
and packing of molecules within the SC. It provideformation about the structure and
organization of biological lipid assemblies. X-rtgchniques have been used to elucidate the
mode of action of a variety of chemical enhancdisese include terpenes, Azone, and its
derivatives [77].

Vasoconstrictor assay

This is a vasoconstrictor or blanching test presipuused to evaluate the activity and
bioavailability of corticosteroid formulations bptesently has been applied for study the action
of chemical enhancers. The test has been usetdtdgs that can elicit a local vasoconstriction
effect, and therefore only a limited number of drig. g. corticosteroids) can be assessed by this
means [78-79]. As with FTIR spectroscopy, the bfamg test can be applied tm vivo
evaluation in human volunteers [11].

Methods for skin toxicity testing

The potential toxicity of some chemical enhancierst$ their uses in dermatological or cosmetic
preparations. The skin may interact with the clwainienhancers to induce several skin
responses, such as irritation, rashes, and infldlamavhen penetrating through the viable
epidermal layers of the skin. The skin irritationtgntial, and possible damage produced by the
application of the chemical enhancers can be asdd®s several techniques, includinmgvivo
Draize test methodn vivo histopathological examinatiom vivo laser Doppler velocimetryn

vivo bioengineering methods such as transepidermal wiaes (TEWL) and electrical
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capacitance [11]. Thim vivo methods can be carried out in human or animal nsoddle main
problem of human testing is the high cost. In thstmlecade, animal testing has been criticized
by animal-rights activists for being inhumane. $huvitro cell culture techniques have been
developed as alternative procedures for asseshmgskKin irritation responses. Several high
quality culture systems (i.e. EpiDerm and Episkiaye been constructed and evaluated [11, 80].

CONCLUSION

The delivery of drugs to the systemic circulatidmough the skin has been shown to be a
convenient means of drug administration. This nevieas presented several facets of this drug
delivery route and the various studies involveds Ihoped that many current drugs as well as
those that have been abandoned due to problemsiassowith their delivery route could be
considered for possible transdermal delivery basedhe information presented in this review
article.
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