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ABSTRACT

The major hurdle in transderma' drug delivery is the barrier property of stratum

corneum. This barrier can be overcome by using electroporation. Eh!droporation

involves the application of exponentially decaying high vottage pulses of short

duration, which results in a transient increase in skin's permeability. This application

of electroporation in transdermal drug delivery is at its earty stages of development

and needs to be studied in detail.

Objeetiv..:

1) To optimize the electroporative transdermal drug delivery by investigating the

following:

i) relationship between U...- (voltage drop applied across th4:t pulse delivery

electrodes) and U_ (voltage drop across skin).

Ii) effect of electrode design on U_.

iii) inftuence of U_, pulse iength ('t), and number of pulses on the transdennal

delivery of a model ftourescent molecule, i.e., terazosin hydrochloride (TRZ).

2) To investigate safety issues related to eJectroporative delivery by studying the

fo'lowing:

i) reversibility of skin's enhanced penneability

ii) histological changes in the skin due to electroporation

In-vitro experiments were performed using freshly excised skin from hair1ess

rats, assembled in aaJStom.designed cells. Gene Pu"'l1 (Bic Rad, CA, USA) fitted



with custom designed AglAgCI electrodes was used for generating exponentially

decaying electroporation pulses. Tektron~- 5111 storage oscilloscope (Oregon,

USA) was used for measuring the vcMtage drop across the skin {U....J and the current

ftowing across the skin. TRZ was detected using HPLC with fluorescent detector.

R..uttl: Use of eIectroporation significantly increased the transdermal delivery of

TRL For example, electroporative delivery with 20 pulses of U_ = 500 V, t =

20ms resulted in 15 times increased transdermal delivery of TRZ. as compared to

passive diffusion. A U_ of 300 V (corresponding U_ 66 V) seemed to be the

minimum voftage required to make a significantenhancementeompared to the control.

The delivery of TRZ increased with an increase in U_, pulse length and number

of pulses. However, In order to maintain skin safety while achieving a reasonable

increase in the permeability of skin the upper limit forU~ anc1 pulse length seem

to be SOOV (U_ 88 V)and 20 ms, respectively. At U_ of 600 V and at pulse

length 60 ms the damage to the skin seems to be v8fY apparent. The U_ values

were about 1/2 to 1/5 thatofU_depending onthe vortage used. 8ectrode design

and area also had profoUnd etrects on transdermal drug delivery. The pH,

macroscoptc, and mtcroscopic changes associated with the skin after pulsing indicate

that the use ofa large electrode would rrunimize the: damage to the skin in comparison

to a small electrode.

Conclusion.: EJectroporative transdermal delivery of TRZ was markedly influenced

by U......, pulse length, number of pulses and electrode design. These factOfS can

be controlled to make this technique efficient and safe.
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l. Introduction

1.0 Drug delivery systems

The prtncipal obfectjve of any drug delivery system is to promptfy attain a

predictable therapeutic quantity of drug at a proper site in the body and maintain a

desired concentration. The optimized drug delivery system is intended to produce

maximum simultaneous safety, effectiveness, and reliability. Additionally. it should be

poss;be to manufacture the drug delivery system on a large scale with reproducible

product quality (YOf'k 1992). Reproduci~ product quality requires physical and

chemical stability, any necessary preservation against microbial contamination,

unifonn dosage, acceptability to users which includes both the patients and the

prescribers, suitable packaging and labelling. The need for novel, advanced drug

delivefY systems is justified by the need to optimize therapy arto circumvent problems

in drug absorption ormetabolism. The sustained-release products were first marketed

during the late 19405 and early 1950$ as a major new class ofphannaceutical product

in which the product design was intended to modify and improve the drug perfonnanc:e

by increased drug duration ofaction as weB as reduced dosing frequency. FolJowing

this, the tetm"controlled drug ddiverJ came into existence in the mid- to late-1960s

to desaibe a new concept ofdosage fonn design which also invoNed controlling and

retarding drug dissolution from the dosage fonn with the additional objectives of

sustained drug action, improved safety, efficiency, andenhanced bioavailability. In the

19705 a new concept of drug product design and administration appeared called the



-U-rapeutic system-. Three types of therapeutic systems have been proposed:

passive preprogrammed therapeutic systems. active externally programmed or

controlled therapeutic systems, and active self-programmed therapeutic systems.

Amongst these three systems the first one which contains a logic element

programmed to a predetermined delivery pattem (mostly constant zero order release)

are already in use. These systems are independent of all the physical, chemical and

biological processes. The second type ofsystems consists of logic elements capable

of receiving and Converting signals extemal to the body to control and property

modulate the drug release from the devk:e within the body. The third type ofsystems

have sensory elements which modulates the drug delivery corresponding to the

infonnation theygatherfrom the biological environment (Banker 1990). Atremendous

amount ofWOlk is presently being done to develop newer dosage forms and perfect

the various existing drug delivery systems in order to meet the g~ng eiinical

demand. A popular and very acceptable delivery system is the transdermal drug

delivery system.

1.1 Transdermal drug delivery systems

There are a variety of routes available for drug delivery corresponding to a

number of biological membranes in the human body: buccal, nasal. and vaginal

mucosa. the gastrointestinal tract including rectum and c:ok>n. the eye and the skin.

Further to this there also exists parenteral delivery, including implants and targeted



delivery. Among all these routes, the transdermal route has received considerable

attention in the recent times due to its convenience, accessibility, and simplicity in

comparison to other routes. The practise of application of drugs to the skin for

systemic absorption and action is an age old approach but has caught more attention

with the introduction and the success ofthe transdermal nitroglycerin ointment products

in themar1c:et.

Transdermal delivery (TOO) can be defined as the delivery of drugs through

intact skin to reach the systemic circulation in quantities sufficient to achieve a

therapeutic dose. Some of the primary dosage forms associated with transdermal

route are: ointments, creams, pastes, plasters, powders, aerosols, lotions, transc:lermal

patches, solutions, and iontophoretic devices (Ansel 1995). With products like creams

and ointments it is more difficult to control the drug dosage, and there is an additional

disadvantage ofsmearing ofthe preparation. In contrast, the transc:lermal patches can

not only lead to a controned release of the drug, but are also relatively carefree with

improved patient ~ceeptabilityover the other conventional transc:lermal dosage forms

such as those mentioned above. Al2A corporation developed the first transdennal

drug delivery patch in 1980 for the systemic delivery ofscopolamine to control nausea,

and vomiting associated with motion sickness. Since then TDO has been recognised

as a viable and attractive dosage form, whose success and acceptability can be

measured by the numerous transdermal products in the market (table 1).



Table 1. Examples of currently marketed tl'anadermal drug delivery systems

ON. Company o..igntype

clonidine Boehringer·lngelheim four layered solid·state

laminate structure

estradiol Ciba-Geigy liquid fonn, fill and seal

laminate structure

etofenamate Bayer semi-solid amorphous

(cream, lotion etc.)

structure

nicotine leder1e peripheral adhesive

laminate structure

nitroglycerine 3M Riker Two layered solid-state

laminate structure
(Cleary 1996)



1.2 Clinically perceived benefits of transdermal drug delivery

There are several dinal benefits associated with mo. It is often associated

with improved patient acceptability over some conventional dosage forms due to the

ease of application and removal otthe dosage form, non·invasiveness. and reduced

incidences of side effects. This non-invasiveness also leads to a reduction in the

infection hazards associated with injection needles. The reduced incidences of side

etreets may be attributed to the fact that with TOO the plasma levels of the drugs can

be maintained at a certain desired level rather than the peaks and valleys seen with

the conventional oral dosage forms. IDD can be tailored to meet the requirements

of individual patients. It also results in the improved blo-availability of some of the

orally administered drugs due. to elimination of variables like hepatic first·pass

metabolism, degradation of drugs caused by the: GIT (GastrcHntestinal tract) pH,

enzymes, etc. Despite all the advantages mentioned above, rnD delivery is feasible

for only a few drugs due to the barrier function of skin.

1.3 The skin and its berner function

The skin is one of the most extensive and readily accessible organs of the

human body. Although it provides a great degree ofphysicaJ protection and integrity,

the principal role of the skin is to keep harmful agents out and water in. The $kin

consists of the following main layers: epidermis, dermis and hypodermis (figure 1).



Most of the skin's barrier resides in the stratum corneum (homy layer): a very

thin (10-15 IJm in thickness) outermost layer of skin. It consists of approximately

fifteen cell layers. The upper 3-5 layers are constantly undergoing desquamation and

are called stratum disjunctum. The lower layers of stratum corneum (stratum

compactum) are thicker, more regularly and densely packed and have resemblance

to the lower viable epidermis. Stratum compactum has higher density of

comeodesmosomes (polar structures interconnecting the comeocytes of the stratum

comeum and contributing to stratum corneum cohesion). These structures need to

be proteolysed for desquamation (Schaefar et at 1996).

Stratum corneum was earlier described as a heterogenous two compartment

--brick and mortar"model. in which the keratin rich cells (comeocytes or horny cells)

are embedded in lipid-laden intercellular domains (Elias 1983). This layer was

considered essentially inert. Later findings showed that Stratum corneum is

catabolically active and that the intercellular domains are basically a heterogenous

mixture of lipids. enzymes. and membrane glycoconjugates, etc.· having both

hydrophilic and hydrophobic lamellae. These findings show that stratum corneum is

not inert (Elias 1991). The interceJlularlipidswith their unique arrangement as ordered

muftilayers have an important role in the barrier's impermeability (Potts et at 1991).

These lipids form the only continuous domain in the stratum corneum and follow a



Figure 1. Representation of the anatomical structures found In

mammalian skin. (The stratum comeum, the outennost layer. provides the

primarytransdermal transport barrier of most compounds. The epiden:nis is avascular

and hence the drugs must reach the circulation in the dermis for systemic

administration.)



tortuous path that penetrates the stratum corneum, a stru<:turaJ feature which

contributes to the barrier properties of the skin. They are mainly derived from

exocyt:osis of the keratinocytes. In the granular layer of the epidermis. the lamellar

granu~move to the periphery of the keratinocytes and fuse with the cell membrane.

Subsequently, the content of these lamellar granules gets discharged into the

intercellularspace. The discharged material in the granular layer retains the shortdisk

like structure which it had in the lamellar granules. However, these disks start to

undergo edge-to-edge fusion and result in the broad, and multilamellar sheet like

structure, that forms a continuous domain, by the time they reach the stratum corneum

(Madison et a!. 1987). Sebaceous secretions a/so contribute to the fonnation of the

intercellular lipids atthough their contribution is much lesser than that derived from the

exocytosis of keratinocytes.

The 100 pm thick viable epidermis (directty bebw stratum corneum) is

responsi)Ie for the synthesis of the stratum corneum. As ·the cells move from the

basal layer to the horny layer there is a shift from the polar lipids to neutral lipids and

almost complete bss ofphospholipids. The conversion into the neutral lipids is a step

toward the barrier formation. The lipid content of the stratum corneum is unique in

ccmparison to the cellular membranes and other epidermal stnJctures. The stratum

eomeumhas 15% water, 70% protein and 15% lipid. Among lipids, ft.hasneutrallipids



(7D-80%), ceramides (15-20%), cholesterol sulfate (2·5%) and has virtually no

phospholipids (Franz et a!. 1992). Feingold and workers have shown that barrier

perturbation results in an increased biosynthesis of sterol and fatty acid in the

epidermis. leading to the lipid replenishment in the stratum corneum. Transepidermal

water loss appears to be the critical regulator of this entire process (Grubauer et a!.

1989). There is a sequential increase in transepidennal water loss as the stratum

corneum is slowly stripped showing that all of the stratum corneum is involved in

providing barrier to diffusion (Bommannan et al. 1990).

The inhibition ofthe enzymes involved in the synthesis ofceramide, ch~sterol,

and free fatty acids leads to an impaired barrier function (Feingold et at 1990, and

Holleran et al. 1993). Hence, the lipid composition of the stratum corneum appears

to be a key determinant of the biological action of this membrane. Recent work has

shown that the aqueous dispersion of ceramide, cholesterol, and palmitic acid

(representing the lipid portion of the stratum corneum) have a complex phase

behaviouras a function oftemperature and pH (Bouwstra et a'- 1997). Such ceramide

dispersions, even in the presence of a considerable mole fi'aeticn of cholesterol, can

fonn crystalline lamellar structures between room temperature and 40°C. The

majority of the crystalline cholesterol is not in a separate phase. Above 40 °C a fluid

lamellarptlase results which is completely reversible with temperature. The precursor



lipids for the stratum corneum (determined by the change in the lipid composition m

the mammalian epidefmis), consist of more typical membrane lipid classes such as

phosphoglycerolipid and sphingolipids (specially sphingomyelin and

monoglycosylceramides). Sphingomyelin under the similar dispersion conditions as

mentioned for ceramides was found to form a fluid lamellar phase. Hence, the

existence of the crystalline structures may be important for unique physical properties

such as epidermal baniar function.

Although the "'tercellular lipids have a major role in the stratum corneum's

impermeability, thft'" role in the tissue cohesion is rmited (Bisset et 31. 1987, and

Chapman etal. 1991). The tissue cohesoo of the horny layer is contributed mostfy

to the intercellular junctions and associated comeocytes (Skerrow et al. 1989 and

lundstrOm etal. 1990). The stratum corneum acts as the rate controlling barrier to the

transdermal permeation of both lipophilic and hydrophilic drugs. 80th proteins and

lipids in the stratum c:omeum could resist drug permeation. The protein and lipid

regions In the stratum corneum form polar and nonpolar pathways, respectivety. The

penneation through the lipid pathway occurs by the dissolution and diffusion of the

drug in the lipids of the stratum corneum. Correspondingty, the permeation through

the polar pathway takes place by partitioning into protein regions swollen by water

(Franz et at 1992). Eartier, Barry had proposed that both the polar as well as

10



non~rpathways fordrug permeation reside within the intercelllJlarlipids. According

to him. the dominant pathway of the polarmolecules resides in ttle aqueous region of

the lipids, with the nonpolarpathway residing within the lipid chains ofthe hydrophobic

region (Bany 1987). Recently. using tracers (hydrophilic and hydrophobic) for nonnal.

undisturbed skin and/or after permeation-enhancement (with occlusion, vehicle

enhancers, a lipid synthesis inhibitor. sonophoresis, and ionbophoresis) the pore

penneation pathwayformo~1eswas studied (Menon 1997). It has been found that

regardless of their polarity or the permeation-enhancement method, tracers got

localised to discrete lacunar domains embedded within the e:xtracellular lamellar

membrane system. The discontinuous microdomains, or lacuna... dilatations, arise at

sites ofdesmosomal dissolution within the extracellular lamellae (Hou et al. 1991).

These lacunar domains were discontinuous under basal conditions but appeared to

gain structural continuity with penneation-enhancement by lateral expansion. It has

been proposed that permeabilization results in transient coalescence into an

merconnected network across the stratum corneum. Hence, the extracellular lacunar

domainsappearto comprise the pore pathwayforpermeation ofmaolecules aaoss the

stratumcomeum.

The stratum corneum is considered to have a moktcula. size constraint on

penetration. As the size of the penneant inaeases over 80(1.1000 Daltons the

11



penetration of molecules decreases dramatically (Wester et at 1985). The epidermis

has gap (Salomon et aJ. 1988, and Brissette et at 1994) and adherence junctions

(Kaiser et a!. 1993). Gap junctions, thou9h not prevalent. facilitate the intercellular

diffusion of low molecularweight substances which suggests that there is a functional

interconnection between the keratinocytes. There are no tight junctions found in the

stratified epidermis that could prevent the diffusion of molecules. The desmosomes

and adherence junctions form a barrier to the transcellular diffusion of very large

molecules within the epidermis.

Besides the stratum corneum. theepidermis has three other layers. i.e., stratum

basale. stratum spinosum and stratum granulosum. "f!l8se layers represent different

stages of the keratinocytes differentiation and result in the formation of the stratum

corneum. The dermal-epidermal junction is not uniform and in fact. it undulates to

form papillae which inaease the surface area between these two layers. This junction

is made up offoursub-Iayers: intra-epidermal plane. lamina lucida. lamina densa. and

sublamina densa. The lamina densa consists of a dense network of interconnecting

proteins. The lamina densa is attached to the basal keratinocytes with an interacting

meshwork of laminin, entactinlnidogen and fibronectin (Martin et at 1987, Yurchenco

et at 1990) and to the dermis by larger anchoring fibrils composed of type VII

collagen. This dense network of interconnecting proteins reduces the flux of large
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(>40.000 Daltons) but not small molecules. Hence, the dermal-epidermal junction

does not represent the primary barrier to the diffusion of compounds. Below the

dennal-epic:lermal junction is the dermis. This layer fonns the bulk of the skin and

determines its tensile strength, elasticity, and provides physical support for extensive

nerve and vascular networks. Appendages that originate from the dennis often

penetrate into the horny layer and represent the sites for penetration ofdrugs into the

body. The appendages like hair follicles and sweat glands are srtes of physical

discontinuity in the stratum corneum which serve as a penetration pathway. These

appendages account for only 0.1~1% of the surface area of the skin and only 0.01­

0.1% of the skin volume. These shunt pathways are belIeved to be important for

molecules which have a slower percutaneous absorption and are believed to play an

important roM! in iontophoretic transdennal transport. The vascularnetworkofthe skin

does not reach the epic:lermis. As a result, the drugs need to reach the vasculature

in the dennis for systemic absorption. Undertying the dennis is the hypodermis which

is basicaDy a layer of adipocytes arranged in 5obu1es. The intracellular fat droplets

here may act as a depot for hydrophobic compounds that penneate the stratum

corneum and pass the vascular netwonc: in the dennis without getting absorbed.

However, the hypodermis has an extensive vascular network and hence molecukts

reaching it can be considered as getting distributed throughout the body.
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Skin has a refatively lipophilic stratum corneum and a relatively hydrophilie

viable skin (epidermis and dermis). Hence, partitioning of a hydrophilic drug into the

stratum corneum and partitioning of a lipophilic drug out of the stratum corneum and

into the dermis arethe rate determining steps for skin penetration. Besides the stratum

corneum, proteolytic enzymes in skin form the other majortransdermal delivery barrier

which could inactivate some peptide drugs like enkephalins, insulin, etc. Proteolytic

enzyme activity including leucine aminopeptidases. and endopeptidases is present in

the Triton X-1 00 extracts of human skin fibroblasts (Homsy et al. 1988). Amidon and

cowor1<ers reported that at neutral pH, the enzymatic activity in the skin was so strong

thatthey observed no flux ofleucine-enkephalin in the receptorcompartment, whilethe

donor concentration also decreased very rapidly (Choi et al. 1990). This suggests that

the enzymatic barrier of the skin cannot be completely undermined as such while

planning transdermal delivery for peptide and protein drugs.

1.4 Transdermal drug delivery enhancement

TOO delivery is onty feasible for a few drugs due to the barrier function of skin.

Generally small, potent, uncharged and lipophilic molecules, but with a certain degree

ofwater solubility, are good models for transdermal delivery. To extend the spectrum

of drugs that can be delivered transdennally, a number of enhancement techniques

have been tried out:
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1.4.1 Chemical enhancers

Franz et aJ. have defined chemical enhancers as compounds which by their

presence in the stratum corneum are able to alter the flux of the desired drug either by

alteration of the strabJm corneum structure or by increasing the drug concentration in

the skin (Franz et at 1992). In addition to enhancing the delivery of the drug, the

enhancer needs to be systemically nontoxic, nonirritating and should not produce any

pharrnac:::obgical responses. Its actions are expected to be reversible, prompt, and

with a predictable duration of action.

Firstancl foremost, hydration ofthe stratum corneum such as that caused by the

occlusive transdel"nl4ll patches has been shown 10 result in the decrease in the barrier

function in a majority of cases. This has been well demonstrated in the case of many

penetrants, including esters of salicylk: acid (Wurster et al. 1961), and corticosteroids

(McKenzie et al. 1962). Additionally,sodium pyrrolidone carboxytate which is believed

to be the principal humectant in its rote as a natural moisturizing factor for the skin

(BaITY 1983) has been tried out for its posstlle role in enhancing the skin transport of

molecuJes. Although the et'l'ectiYeness of this molecule in transdennaJ delivery

enhancement has not been as encouraging, its analogs i.e., 2·pyrrolidone and N·

methyl-2-p~idonehave shown to increase the transport of steroids (Bennett et al.

1984) and aspirin (Southwell et at 1984). Besides hydration, a number of solvents,
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detergents. oils etc have been tested fortheirenhancement property. Surfactants like

decylmethyl sulfoxide are known to ad preferentially as enhancers on the polar

pathways (Cooper 1982). Azone (1-dodecytazacycloheptan-2-one; laurocapram) has

been shown to be a very effective enhancer ofskin permeability. In fact this molecule

had been designed and synthesiZed specifically for this purpose. Alone is believed

to ad by an ion-pairing mechanism for the permeants and a single dose of azone is

capabkt of enhancing the aubsequent doses of penneant for at least 5 days. This

molecule is effective enhancer ofa number of hydrophilic and hydrophobic molecules

(Stoughton et at 1983). Addrtionalfy, unsaturated fatty acids like cis-9- and cis­

11~decenoic acids (Golden et al. 1987) and short chain alcohols like ethanol

(Ghenem et at 1987) generally result in the enhanced penneation of lipophilic solutes.

The usefulness ofethanol as a penneation enhancerhas been demonstrated by its c0­

administration with estradiol (Campbell etaI1934). In fact, due to fears oftoxieity. only

ethanol has been approved as a chemical enhancer by the Health Protection Branch

(HPB) tift now. The chemical enhancer.> are believed to mainly act by disrupting the

stratum corneum lipid structure (Hadgraft et at 1989 and Smith et at 1995).

Interestingty. the transdem1a1 delivery of lipophilic molecules has also been shown to

be enhanced by incorporation in liposomes. The topical application of the drug·kladecl

liposomes promotes delivety of the active ingredient to local tissues and, may also

reduce systemicdrug levels. The result of the topical application ofliposomes was first
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reported by Mezei and Gulasekharam (1980) in which triamcinolone acetanide

entrapped within dipalmitoylphosphatidylcholine-cholesterol multilamellar vesicles

resulted in significantly enhanced drug levels in the rabbit dermis and epidermis along

with reduced blood and urine levels. Similarty, lidocaine applied on the forearm of

human volunteers has been found to produce greater local anaesthetic effect in the

Iiposomal form than in the cream form (Foldvari et at 1990). A number of parenteral.

Iiposomal formulations are presently in clinical bials. The rapid progress in Iiposome

technology that has been made in the past few years suggests that topical liposomal

products have a promising Mure.

1.4.2 Physical enhancers

Some of the physical enhancement techniques like iontophoresis,

phonophoresis, and electroporation have also been tested for delivery enhancement

Another physical enhancing method which was also tested eanier involves the

controlled removal of the stratum comeum using pulsed laser light. The stratum

corneum is removed without a significant damage to the undertying epidermis, with the

use of a proper wavelength, pulse-tength energy, and pulse rate (Nelson 1990).

1.4.2.8 Iontophoretic transdermal drug delivery

A lot of work has been done on the transdermal drug delivery enhancement
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using iontophoresis. Iontophoresis has been defined as the ·process or technique

which involves the transport of ionic (charged) molecules into the tissue by the

passage ofa direct electric current through an electrolyte solution containing the ionic

molecules to be delivered using an appropriate electrode polarity" (Banga et at 1988).

Iontophoresis has the advantage that it can be used to deliver ionic drugs, which have

a poor passive transdermal absorption and require chemical enhancers which can be

irritating or sensitizing to the immune system. The driving forces for the iontophoresis

of charged molecules are believed to be electrorepulsion and electroosmosis.

Electrorepulsion involves a charged drug dissolved in an electrolyte solution

surrounding an electrode of similar polarity and when electromotive force is applied.

molecules get repelled into the subjacent tissue. The iontophoretic delivery of neutral

molecules is intrinsically linked with electtoosmotic water flux (Gangarosa et al. 1980.

and Srinivasan et 811. 1989). The major pathways for iontophoretic drug delivery are

believed to be appendageal pores including the sweatduets and hairfollicles (Burnette

1988). A dot...jike pattern overthe sweat gland openings has been observed following

the iontophoresis of a charged dye in human skin. showing the contribution of the

sweat glands in iontophoretic drug delivery (Abramson et a!. 1940). Lee and

coworkers observed that in case ofcultured skin models, which have no appendages,

the paraceUular route provides the path of least resistance to ions traversing the skin

(Lee et al. 1996). However, they also found that the appendageal routes form the
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major transport pathways in hair1ess mouse skin. Iontophoresis is used in the

tre.bnent of hypertlydrosis (Grice et aL 1972. and Sloan et al. 1986) and for the

diagnosis ofcystic ftltosis (Gibson et al. 1959). lontocaine·, an )ontophoretic system

for the transdermal delivery of lidocaine has been recently patented by lomed Inc.

Iontophoresis is being presently studied foe transdermal delivery of a number of small

drug molecules foreommercial use. HO'INeVer, the success ofthe iontophoreticdelivety

of large-molecular-weight compounds such as peptides remains elusive because the

enhancement produced by iontophoresis is generally insufficient for macromolecules.

1.4.2.b Phonophoretic transclerrnal drug delivery

Phonophoresis (sonophoresis) invoNes the application ofultrasound energy for

enhancing transdermal drug delivery. The mechanical energy used in phonophoreSis

is obtained bypassing altemating currenttluough a piezoelectJiccrystal, which causes

it to vibrate. Physical therapists use uttrasound iordelivering topical anti-inflammatory

or kK:al anaesthetic agents, and forI~procedure (Barnett et al. 1994, Stewart

et at 1983. and NCRP Report No. 113). Clinically it is used at dose intensities below

2 W/crrf. treatment duration ranging between 5 and 20 min and with frequencies

usually lesser than 3 MHz. Phonophoresis has been used for the past fifty years.

however recent studies. that demonstrated therapeutically relevant delivery of

macromolecules with phonophoreais, have spal1c:ed a renewed interest (Mitragotri at
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at 1995a). Ultrasound produces two kinds of etrects on tissues - heating and

cavitation. In order to avoid over-heating, ultrasound is applied under therapeutic

conditions. VVhen used at lesser frequency or greater intensity than therapeutic,

ultrasound leads to excessive generation of gas bubbles often referred to as the

'cavitation effect'. The cavitation effects can lead to significant changes in the

biological tissues such as the skin. There is no agreement on the possible mechanism

of phonophoretic enhancement. It is generally believed that the thermal contribution

is limited. However, evidence of increased convection (e.g., acoustic mixing) and

cavitation mediated effects are possible explanations (levy et al. 1989. and Mitragotri

at at 1995).

1.4.2.c Bedroporative transdennal drug delivery

The application ofeIectroporation in transdennal delivery has been very recent

(Prausnitz et at. 1993). Electroporation has been defined as a method for reversible

permeabilization oflipid bilayers, involving the creation of transient aqueous pores, by

the appfteation ofan eiec:tric pUlse. Permeability and the eiectrical conductance of the

lipid bilayers (inetuding living cells, .rtificial spherical and pUlnarsystems) is increased

by many orders ofmagnitude. ElectToporation appears to be universal in lipid bilayers,

with onset independent of their exad. composition or structure. In fact. prior to the

recent (5 years ago) transdermal application. electroporation was already being used
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tOt'" a number of purposes including the enhancement of the uptake of molecules by

cells and tissues. For instance. eIectroporation is being widely used in molecular

biology as a method for gene transfection by introducing DNA into cells (Neumann et

at 1989, and Chang at at 1992). The transdennal work by Prausnitz and co-workers

(1993) was the first application of electroporation to a multilamellar and non­

phospholipid system.

There existsa clinical precedentforsafelyapptying eiectrical pulses ofhundreds

of volts with a duration of up to milliseconds to the skin. There are a number of

diagnostic and therapeutic applications. which while causing nerve stimulation also

lead to electroporation. These include: somatosensory-evoked-potential testing.

electromyography.funetionalelectricalstimulation. and transcutaneouseledrical nerve

stimulation (Prausnitz 1996b). EIectroporation has abo been used in combination with

chemotherapy (electrochemotherapy) for potentiation of the antitumour effects of

intramusctJlar1yadministeredbleomycin in nude micewfth subcutaneouslytransplanted

tumours (Miret at 1991) and in C3HJBi mice with spontaneous mammary carcinomas

(Belehradek et at 1991). In the subsequent clinical phase 1·11 trials, electrical pulses

were applied to permeation nodules of head and neck squamous ceO carcinomas in

patients to increase the uptake of the intravenously administered bolus doses of

bleomycin (Belehradek et af. 1993). The absence of toxidtY', good tolerance by

21



patients, and net antitumour effects (57% nodules had a complete cfinical response)

encouraged further work. RecenUy, intralesional bleomycin mediated

electrochemotherapy was tried out in 20 patients with basal cell carcinoma (Glass et

at 1997). In all, electrical pulses were delivered to 54 tumours. Complete responses

were observed in 53 (98%), and in majority ofthese (94%) after a single treatment with

no recurrences with around 18 months of observation.

BRsjl for the appljcation of eloctropol'ltipn jn gn."",! drug delivery

The stratum corneum Is • very thin layer with a very high resistance (resistivity

in the range of 100-5000 kO.cm~with the underlying skin exhibiting a much lower

resistance (resistivity around 0.1- 1.0 kO:.an2) (Chien et ar. 1993). This difference in

the resistivity Is expected to resutt in the concentration ofthe applied electric field in the

stratum corneum, with the other viable tissues exposed to much lower fields. Hence.

a field that is sufficient to cause eiectroporation in the stratum corneum may be

present, while a significantly lower field exists in the viable tissue which is insufficient

to electroporate them. Thus, it would seem that a natural targeting mechanism is

present where the greatest ektctric fields and perturbation occurs in the layers where

the greatest resistivities exist, and at the same time the already permeable and viable

parts of the skin would be affected Yef'f little.
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The ektctroporation thresh<»d for a single bilayer is in the order of 1 V (Tsang

1991 and Weaver 1993). Prausnitz and co-workers note that the presence of a few

hundred bilayers in the stratum corneum should then result in a threshold of a few

hundred volts, up to which long lasting changes in the skin should not be observed

(Prausnitz et aL 1993). Their ifl.vitrD data suggests that pulses at or below 100 V

(transdermal voltage) caused no long lasting changes in the skin. VYhereas voltages

higher than that result in changes in the skin that do not go tNl8y even after 18-24

hours. Additionally, their in-vivo work has shown that the fluxes did not increase with

increasing voltage, suggesting that the rate-limiting step is not affected (or influenced)

by applied voltage. This is in contrast to the in~vitrodata, where the transdermal drug

delivery is seen to keep increasing with an increase In the applied voltage.

Vanbever and ~ers have shown in their eartier in-vitro work that it is

possible to enhance the transdermal delivery of metoprolol using electroporation

(Vanbever et at 1994). They found that the delivery of metoprolol is affected by the

voltage, pulse length ('t), and number of Pulses. A small number of low voltage long

duration pulses were more efficient than a large number of high voltage-short duration

pulses (Vanbever et at 1995). Similarly, wortl: has been done on the transdermal

delivery of fentanyt whteh has shown that the wave form of the electric pulses is very

important (Vanbever et al. 1996). At. Ule same applied energy, the fentanyl

23



permeation-enhancement was greater with exponentially decaying pulses than the

square-wave pulses. Vanbever and C().Workers reported that electrophoresis and

diffusion through highly permeabilized 5100 led to a rapid transport. during pulsing and

according to them no efectroosmosis OCClJrs during electroporation (Vanbever et al.

1996a). If electrophoresis is assumed to be involved in eIectroporative bansdermal

drug delivery then the physicochemical properties of the molecule being transported

8$ well as the solution would be vefY important in drug delivery. Hence, care needs

to be tajc;en in choosing the formulation used for eMK:troporation. Recent in-vWo

delivery studies done by the same group have shown the potential of sldn

electroporation in rapidly achieving significant plasma levels of fentanyl in rats

(Vanbeveret al. 1998). The onset ofanalgesia was expedited to a few minutes by high

voltage pulsing compared with the several noursonset time seen with passivedelivery.

The onset of analgesia seen after etectroporative transdermal fentanyt delivery was

even more rapid than by iontophoretic delivery. 'The skin tolerance was examined

visually and scoring was done after pulsing {voltage values reported being U....-J at

15 pulses of 100 V-500 ms, 15 pulsesof250V~200msand 60 pulses ofSOOV·1.3 ms.

250 V appeared to cause a slightly increased redness while neither iontophoresis nor

pulsing at 100 and 500 V seemed to induce erythema. It is very important to note here

that the absence oferythema at 500 V is not surprising fookjng at the very small pulse

length used compared to the prolonged pulse tength used for 100 and 250 V. It has
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been reoentty reported that the application of long eIectroporation pulses led to a

decrease in the intensity of the lipid peaks observed in SAXS (Small Angle X-ray

scattering) and WAXS (Wide Angle X-ray scattering) as opposed to short pulses,

indicating that both inter1amellar and intralamellar structures were being affected

(Jadoul et a!. 1997). Correspondingty. 60 pulses of 500 V-1 ms caused onty a slight

decrease in the intensity values observed with SAXS and WAX.5. In a separate study

done using pig skin. it has been shown that when a single pulse with a U_ of 0

(control), 500, Of 1000 V was administered before a eurrent density ofeither 0.4 01'0.8

mA/r;rn2was applied for 30 minutes, erythemaand edema (mostsevere at 0.8 mAlcnr)

were observed at all pulse vottage values (Potts et at 1995). Gross and light

microscopic evaluation showed that eIectropofation did not cause any skin damage

that has not been seen with iontophoresis alone. The onty detmal alterations that were

seen with eIectroporation are mild intraepidermal vacuolization and a transient

erythema.

Prausnitz: and coworkers have shown that eledroporation ~s to a rapid

transdennal transport involving steady state lag times and onset time ofminutes which

indicates that rapid temporal control of transport is possible (Prausnitz et al. 1994).

Transdennal delivefy enhancement ofdrugs through the skin has been shown to occur

with each pulse (Chen et aI. 1998).
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1.5 EnMncement techniques used in conjunction with e5ectroporation

The permeability barrier of the skin is very high for a number of drugs. To

overcome this barrier, a strong physical force such as electroporation needs to be

used. The strongest of these forces that can be used is likely to be limited by their

adverse physiological effects. For instance, electroporatiYe pulsing conditions such as

voltage, pulse length and pulse numbercan only be increased fortransdennal delivery

enhancement to a point. beyond which it may be hannful. This forms the limitation of

eleeuoporation in transdermal dnJg delivery. Many of the transdennat drug delivery

enhancement techniques have a different route of action and hence if used in

synergism may be more effective, while being safe. Some of the different techniques

hied out in conjunction are described below:

1.5.1 Iontophoresis and electroporation

Although both iontophoresis and eectroporation involve eMK:tric fields, their

basic mode ofaction diffefs (prausnitzetal. 1993). Iontophoresis basicalty acts on the

drug and moves the molecules across the skin surface by electrophoresis and/or

electroosmosis. Any changes that occur in the skin structure occur only 8S a

secondary effect (Hadgraft et at 1989). However, electroporation causes large

changes in the permeability and the conductance of the skin. Hence, for

eiectroporation the e'ectric field is believed to act by aeating aqueous pores in the skin
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and molecules are speculated to move through these pores by diffusion,

electrophoresis and/or electroosmosis. It has been recently shown that there is no

iontophoretic enhancement ofdrug delivery when black rat snake skin was used in the

in·vffro studies as opposed to the human skin (Chen et at 1998). However, the use

ofektctroporation caused an enhanced drug delivery with both snake and human skin

samples in the same study. Snake skin lacks hair follicles while iontophoresis is known

to cause transport through hair follicles and sweat ducts. This explains the absence

of iontophoretic delivery in the snake skin. This also shows that iontophoresis and

eIectroporation have drtrerent routes ofdrug delivefy. As has been mentioned earlier,

the route for iontophoretic drug delivery is believed to be appendagea!. Recently, it

has been shown that electroporative transdermal delivery occurs through localized

transport regions (UR) in the epidermis which do not correspond to the appendages

(Pliquett et al. 1996). Interestingly, the LTR's have been found to be localized in the

area of the heat-stripped skin corresponding to the dermal papillae (troughs of the

epidermis) and no lTR's appeared in the Rete pegs (crests of the epidermis). After

applying lower voltage pulses (transdermal voltage < 80 V) the edges show more

fluorescence. than the interiors of the keratinocytes in the l TR·s. However, after high

voltage pulsing (transdermal voltage> 160 V) the ffuorescence of the edges and

interiors of the keratinoc:ytes are indistinguishabie. This shows that pulsing at high

vobge was found to resort in the creation of the aqueous pathways that pass through
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the keratinocytes. The l TR's were found to occur at and above the transdermal

voltages of 75 V. The numberof l TR's were found to increase with the increase in the

applied voftage (between 75 V and 160 V) but in spite of the voltage used, their

apparent initial diameter was 10 IJm. An increase in the numbef"ofpulses increased

the diameter of the l TR's to apprarinately 40-80 fJOl. It is important to note that the

increase in the number of LTR's created after the third pulse at a constant voltage was

very limited.

Work has been done to compare the ;~vitro tranadermal delivery obtained by

iontophoresis alone, with the delivery seen with iontophoresis following a single

electroporation pulse (Tamada et al. 1993). The latter had a significantly increased

delivery as compared to iontophoresis alone. This shows the potential of combining

these two techniques for drug delivery enhancement

1.5.2 Chemical enhancers and alectroporation

It has been found that the transdermal eIec:troporative delivery of a highly­

charged macromolecule (heparin) remained partially eJevated fOf several hours after

high voltage pulsing (Prausnitz at al. 1995). Most heparin molecules are bog enough

to span the five to six ~ipid bilayer membranes that separate comeocytes within the

stratum corneum. Hence it is quite possible for a finear macromolecule such as
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heparin to enter the aqueous pathways created by the high voltage pulsing and after

the flux of the smaller, co-transported ions and molecules by either inaeasing the

pathway life time or providing charge within the pathway that can attracVrepel co­

transported species (Weaveret at 1997). This "foot in the door" hypothesis has been

proposed even for some single bilayer membranes such as those inYOlYed in the cell

membrane electroporation evveaver 1993 and Sukharev et al. 1992). The possibility

of heparin getting entrapped in the transport pathways while further enhancing

transport delivery comes from the fact that heparin did not enhance the passive or

iontophoretic drug defivery.

In the wor1t mentioned above, heparin is enhancing its own transdermal

eJectroporatiYe drug delivery due to its "foot in the door" action. Besides heparin, a

numberofother macromolecules I.e., dextran-sulfate, neutral sutfate. and poIy.lysine

have also been tried out as elec:troporative transdemlal transport enhancers for

mannitol Nanbeveret al. 1997). Eledroporation by itseff enhanced the transdennal

delivery of mannitol by approximately two on:fefS of magnitude white the presence of

a macromolecule enhanced the delivery of mannitol up to five fold. Macromolecules

with greater charge and size have been found to be more effective in enhancing

transdermal transport. ThesemacromolecularchemicalenhancelS differfromthe ones

that are utiliZed in the passivede'ivery. The traditionalfy used chemical enhancers like
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