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ABSTRACT

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

comeum. This barrier can be by using
involves the ication of i ing high voltage pulses of short
duration, which results in a ient i in skin's ility. This icati

of electroporation in transdermal drug delivery is at its early stages of development
and needs to be studied in detail.

Objectives:

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

i) relationship between U (voltage drop applied across the puise delivery
electrodes) and U, (voltage drop across skin).

i) effect of electrode design on U,

jii) influence of Ueseq. pulse length (z), and number of pulses on the transdermal

delivery of a model ie. il ide (TRZ).

2) To investigate safety issues related to ive delivery by ing the
following: ’
i) ity of skin's

ii) histological changes in the skin due to electroporation
In-vitro experiments were performed using freshly excised skin from hairless
rats, assembled in a custom-designed cells. Gene Pulser® Il (Bio Rad, CA, USA) fitted



with custom i Ag/AgCI was used for
pulses. T ix®- 5111 storage oscilloscope (Oregon,
USA) was used for measuring the voitage drop across the skin (U..,) and the current

flowing across the skin. TRZ was detected using HPLC with fluorescent detector.
Results: Use of i igni i the delivery of

TRZ. 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 Uy Of 300 V (corresponding U, 66 V) seemed to be the

voltage req to the control.
The delivery of TRZ increased with an increase in Upeumg, 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 for U yeamse and pulse length seem
to be 500V (U, 88 V)and 20 ms, respectively. At Uy of 600 V and at pulse
length 60 ms the damage to the skin seems to be very apparent. The U, values
were about 1/2 to 1/5 that of U s depending on the voltage used. Electrode design
and area also had effects on drug delivery. The pH,

ic, and mi i i with the skin after pulsing indicate

that the use of a large electrode would minimize the damage to the skin in comparison
to a small electrode.
i i delivery of TRZ was markedly influenced

DY U gerce: PUISE length, number of pulses and electrode design. These factors can
be controlled to make this technique efficient and safe.
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L. Introduction
1.0 Drug delivery systems
The principal objective of any drug delivery system is to promptly 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
afety i and reliabilit iti itshould be

Y.

possible to manufacture the drug delivery system on a large scale with reproducible

product quality (York 1992). Reproducible product quality requires physical and

stability, any Y pi ion against
uniform dosage, acceptability to users which includes both the patients and the
prescribers, suitable packaging and labelling. The need for novel, advanced drug

delivery systems is justified by the need to optimize therapy or

indrug ion or It The
during the late 1940s and early 1950s as a major new class of pharmaceutical product

inwhich design was i ify and imp
by increased drug duration of action as well as reduced dosing frequency. Following
this, the term “controlled drug delivery” came into existence in the mid- to late- 1960s
to describe a new concept of dosage form design which also involved controlling and
retarding drug dissolution from the dosage form with the additional objectives of

d ion, i i d ioavailability. Inthe

1970s a new concept of drug product design and administration appeared called the
1



“therapeutic system™. Three types of therapeutic systems have been proposed:
passive preprogrammed therapeutic systems, active externally programmed or
and active self- ic systems.

Amongst these three systems the first one which contains a logic element
programmed to a predetermined delivery pattemn (mostly constant zero order release)

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

biological processes. The second type of sy consists of logit capable
of receiving and converting signals extemal to the body to control and properly
modulate the drug release from the device within the body. The third type of systems

have sensory elements which modulates the drug delivery corresponding to the

y gather from the biologi i (Banker 1990). A
amount of work is presently being done to develop newer dosage forms and perfect
mcvnﬁmsemﬁngdmgdeﬁvewsysbnsinmdermmectmegmyvingdhw
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 colon, the eye and the skin.

Further to this there also exists p: delivery, i ing i and targeted
2



delivery. Among all these routes, the route has

attention in the recent times due to its i ibility, 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 i d thy of!

in the market.

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

intact skin to reach the ic it ion in it ient to achieve a

therapeutic dose. Some of the primary dosage forms associated with transdermal
route are: ointments, creams, pastes, plasters, powders, aerosols, lotions, transdermal

patches, i and i ic devices (Ansel 1995). With products like creams

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

ofthe p i In contrast, the patches can

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

improved patient acceptability over the other conventional transdermal dosage forms

such as those mentioned above. ALZA i the first
drug delivery patch in 1980 for the systemic delivery of scopolamine to control nausea,
and vomiting associated with motion sickness. Since then TDD has been recognised

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

by the p in the market (table 1).



Table 1. of drug delivery systems
Drug Company Design type
idil i four layered solid-state
laminate structure
estradiol Ciba-Geigy liquid form, fill and seal
laminate structure
etofenamate Bayer ssemi-solid amorphous
(cream, lotion etc.)
structure
nicotine Lederle 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 clinical benefits associated with TDD. Itis often associated

with i patient ity over some i dosage forms due to the

ease of application and removal of the 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
effects may be attributed to the fact that with TDD 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. TDD can be tailored to meet the requirements
of individual patients. It also results in the improved bio-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 (Gastro-intestinal tract) pH,
enzymes, etc. Despite all the advantages mentioned above, TDD delivery is feasible

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

1.3 The skin and its barrier function

The skin is one of the most extensive and readily accessible organs of the
human body. Although it provides a great degree of physical protection and integrity,
the principal role of the skin is to keep harmful agents out and water in. The skin

consists of the ing main layers: epi is, dermis and is (figure 1).




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

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

fifteen cell layers. The upper 3-5 layers are i ion and
are called stratum disjunctum. The lower layers of stratum comeum (stratum
compactum) are thicker, more regularly and densely packed and have resemblance

to the lower viable i It Stratum t 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 for i etal. 1996).

Stratum was earlier ibed as a two
-“brick and mortar"model, in which the keratin rich cells (coreocytes or horny cells)
are embedded in lipid-laden intercellular domains (Elias 1983). This layer was

considered essentially inert. Later findings showed that Stratum comeum is

catabolically active and that the i d ins are ically a

mixture of lipids, and gly j etc. "having both
philic and ic | llae. These findings show that stratum comeum is

notinert (Elias 1991). The il lipids with their unique ordered

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

These lipids form the only continuous domain in the stratum corneum and follow a
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mammalian skin. (The stratum comeum, the outermost layer, provides the
primary transdermal transport barrier of most compounds. The epidermis is avascular

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

administration.)



tortuous path that the stratum a feature which

contributes to the barrier properties of the skin. They are mainly derived from
exocytosis of the keratinocytes. In the granular layer of the epidermis, the lamellar
granules move to the periphery of the keratinocytes and fuse with the cell membrane.

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

space. The di: material in the layer retains the short disk
like structure which it had in the lamellar granules. However, these disks start to

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

d by the tit y reach
et al. 1987). i also to the ion of the
lipids although their ibution is much lesser than that derived from the

exocytosis of keratinocytes.

The 100 pm thick viable epidermis (directly below stratum comeum) is
responsible for the synthesis of the stratum comeum. As the cells move from the
basal layer to the homy layer there is a shift from the polar lipids to neutral lipids and
almost loss of ipids. The ion into the neutral lipids is a step

toward the barrier formation. The lipid content of the stratum corneum is unique in
to the cellular and other epi The stratum

comeum has 15% water, 70% protein and 15% lipid. Among lipids, it has neutral lipids



(15-20%), sulfate (2-5%) and has virtually no

ids (Franz et al. 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 i in the stratum Ti
water loss appears to be the critical regulator of this entire process (Grubauer et al.

1989). Thereis a ial i in i water loss as the stratum

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

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

Theinhibition of th i in
and free fatty acids leads to an impaired barrier function (Feingold et al. 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 i ion of i and palmitic acid

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

as afunction of d pH etal. 1997). Such ceramide

even in the ofa i mole fraction of cholesterol, can

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

majority of the cry i is notin a sep. phase. Above 40 °C a fluid

lamellar pl whichis with The



lipids for the stratum comeum (determined by the change in the lipid composition in
the mammalian epidermis), consist of more typical membrane lipid classes such as

and ingolipi i i in and

in 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 barrier function.

Although the intercellular lipids have a major role in the stratum comeum’s
impermeabilty, their role in the tissue cohesion is limited (Bisset et al. 1987, and
Chapman et al. 1991). The tissue cohesion of the homy layer is contributed mostly

to the junctic and i et al. 1989 and
Lundstrém etal. 1990). The stratum cts as the rate ing barrier to the
of both i and hy ilic drugs. Both proteins and

lipids in the stratum comeum could resist drug permeation. The protein and lipid

regions in the stratum form polar and nonp: i The
permeation through the lipid pathway occurs by the dissolution and diffusion of the

drug in the lipids of the stratum C: i the ion through
the polar pathway takes place by partitioning into protein regions swollen by water
(Franz et al. 1992). Earlier, Barry had proposed that both the polar as well as



nonpolarp drug inthe i fipids.

to him, the i pathway of the polar resides in the aqueous region of

the lipids, with the nonpolar pathway residing within the lipid chairs of the hydrophobic

region (Barry 1987). ly, using y ilic and hy ic) for normal,
undisturbed skin and/or after i (with ion, vehicle
a lipid is inhibitor, is, and i is) the pore

permeation pathway for molecules was studied (Menon 1997). It: has been found that
regardless of their polarity or the permeation-enhancement rmethod, tracers got
localised to discrete lacunar domains embedded within the extraceliular lamellar

system. The di il It ins, or lacunar dil i arise at

sites of i lion within the (Hou et al. 1991).

These lacunar domains were di i under basal i but to

gain with by lateral i Ithas

been that ilization results in i into an

network. the stratt Hence, the lacunar

domains appt pore p y for of across the
stratum comeum.

The stratum is i to have a size int on

penetration. As the size of the permeant increases over 80®-1000 Daltons the

1



of i (Wester et al. 1985). The epidermis

has gap (Salomon et al. 1988, and Brissette et al. 1994) and adherence junctions
(Kaiser et al. 1993). Gap junctions, though not prevalent, facilitate the intercellular
diffusion of low molecular weight 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.

the i i ther layers, i.e., stratum
basale, stratum spinosum and stratum granulosum. These layers represent different
stages of the keratinocytes differentiation and result in the formation of the stratum
comeum. The dermal-epidermal junction is not uniform and in fact, it undulates to
form papillae which increase the surface area between these two layers. This junction
is made up of four sub-fayers: 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

of laminin, in/nic and in (Martin et al. 1987, Yurchenco
et al. 1990) and to the dermis by larger anchoring fibrils composed of type Vil

collagen. This dense network of interconnecting proteins reduces the flux of large

12



(>40,000 Dattons) but not small Hence, the dermal-epi junction
does not represent the primary barrier to the diffusion of compounds. Below the
dermal-epidermal junction is the dermis. This layer forms the bulk of the skin and
determines its tensile strength, elasticity, and provides physical support for extensive

nerve and vascular that origit from the dermis often

penetrate into the homy layer and represent the sites for penetration of drugs into the
body. The appendages like hair follicles and sweat glands are sites of physical
discontinuity in the stratum comeum 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

rolein it i The vascular network of the skin

does not reach the epidermis. As a result, the drugs need to reach the vasculature

in the dermis for i ion. L ing the dermis is the hypodermis which
is basically a layer of adipocytes arranged in lobules. The intracellular fat droplets
here may act as a depot for i that the stratum
comeum and pass the vascular network in the dermis without getting absorbed.

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

reaching it can be as getting di the body.




Skin has a ively i ilic stratum and a i ydrophili
viable skin (epidermis and dermis). Hence, partitioning of a hydrophilic drug into the

stratum and itioning of a lif ilic drug out of the stratum comeum and

into the dermis are the rat ining steps for skin ion. Besides the stratum

comeum, proteolytic enzymes in skin form the other major transdermal delivery barrier

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

enzyme activity i ing leucine amit {{ and i is presentin
the Triton X-100 extracts of human skin fibroblasts (Homsy et al. 1988). Amidon and

coworkers reported that at neutral pH, the enzymatic activity in the skin was so strong

that they observed no flux of | i linin the receptor
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 Transdemmal drug delivery enhancement
TDD delivery is only feasible for a few drugs due to the barrier function of skin.

small, potent, and lij il but with a certain degree

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

of drugs that can be deli a number of

have been tried out:

14



1.4.1 Chemical enhancers

Franz et al. have defined i as which by their

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

of the stratum orby i ing the drug ion in
the skin (Franz et al. 1992). In addition to enhancing the delivery of the drug, the

enhancer needs to be i nontoxic, irritating and should not produce any

pharmacological responses. Its actions are expected to be reversible, prompt, and

with a predictable duration of action.

Firstand ion of such as that caused by the
occlusive transdermal patches has been shown to result in the decrease in the barrier

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

esters of salicylic acid (Wurster et al. 1961), and corticosteroids
al. 1962). A sodium i

to be the principal humectant in its role as a natural moisturizing factor for the skin
(Barmy 1983) has been tried out for its possible role in enhancing the skin transport of

molecules. Although the i of this in delivery
enhancement has not been as encouraging, its analogs i.e., 2-pyrrolidone and N-
methyl-2-pyrrolidone have shown to increase the transport of steroids (Bennett et al.

1984) and aspirin (Southwell et al. 1984). Besides hydration, a number of solvents,



detergents, oils etc have been tested for their like

decylimethyl sulfoxide are known to act preferentially as enhancers on the polar

pathways (Cooper 1982). Azone (1 2- 4 has
been shown to be a very i of skin ility. In fact this
had been i and i i for this purpose. Azone is believed

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

capable of ing the doses of for at least 5 days. This

is effective of a number of ilic and

(Stoughton et al. 1983). Additionally, unsaturated fatty acids like cis-9- and cis-
11—octadecenoic acids (Golden et al. 1987) and short chain alcohols like ethanol

tal. 1987) resultin the ion of lipophilic solutes.

The ethanolas a i b by its co-
administration with estradiol (Campbell etal 1984). In fact, due to fears of toxicity, only

ethanol has been asa i by the Health Protection Branch

(HPB) till now. The chemical enhancers are believed to mainly act by disrupting the
stratum comeum lipid structure (Hadgraft et al. 1989 and Smith et al. 1995).
Interestingly, the transdermal delivery of lipophilic molecules has aiso been shown to
be byi ion i l The topical application of the drug-loaded

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

reduce systemicdrug levels. The result of the topical application of liposomes was first

16



reported by Mezei and Gulasekharam (1980) in which triamcinolone acetonide

within di i i i i vesicles

resulted in significantly enhanced drug levels in the rabbit dermis and epidermis along
with reduced blood and urine levels. Similarly, lidocaine applied on the forearm of
human volunteers has been found to produce greater local anaesthetic effect in the
liposomal form than in the cream form (Foldvari et al. 1990). A number of parenteral-

are in clinical trials. The rapid pregress in liposome

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

products have a promising future.

1.4.2 Physical enhancers

Some of the physical i like

and ion have also been tested for delivery enhancement.

Another physical enhancing method which was also tested earlier invoives the

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

is removed wif a signif damage to the i i is, with the

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

1.4.2.a lontophoretic transdermal drug delivery

A lot of work has been done on the drug delivery



using iontophoresis. lontophoresis has been defined as the “process or technique

which involves the of ionic ) into the tissue by the

passage of a direct electric current through an electrolyte solution containing the ionic

to be deli using an i polarity” (Banga et al. 1988).

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

a poor passive ion and require i which can be

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

of charged are i to be ion and
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 ji tissue. The it ic delivery of neutral

is intrinsi linked with ic water flux etal. 1980,

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

believed tobe poresiii ing the and hairfollicles

1988). A dot-like pattern over the 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 al. 1940). Lee and
coworkers observed that in case of cultured skin models, which have no appendages,
the paracellular 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 hairless mouse skin. lontophoresis is used in the
treatment of hyperhydrosis (Grice et al. 1972, and Sloan et al. 1986) and for the
diagnosis of cystic fibrosis (Gibson et al. 1959). lontocaine®, an iontophoretic system
for the transdermal delivery of lidocaine has been recently patented by lomed Inc.

is is being studied for delivery of a number of small

drug molecules for commercial use. However, th ofthe i i ivery

of larg ight such as peptides remains elusive because the
by it is it il ient for

1.4.2.b Phonophoretic transdermal drug delivery

F is) involves tht lication of gy for

enhancing transdermal drug delivery. The mechanical energy used in phonophoresis

is ined by i i ic crystal, which causes
itto vibrate. Physical ists use for ing topical anti-i Yy
or local lic agents, and for i (Bamett et al. 1994, Stewart

et al. 1983, and NCRP Report No. 113). Clinically it is used at dose intensities below
2 W/cm?, 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

with is, have sparked a renewed interest (Mitragotri et




al. 1995a). Ultrasound produces two kinds of effects on tissues - heating and
cavitation. In order to avoid over-heating, ultrasound is applied under therapeutic

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

leads to i ion of gas bubbles often referred to as the
effect. The itation effects can lead to significant changes in the
biological tissues such as the skin. There is no on the possible
of i Itis believed that the thermal contribution
is limited. However, evi of it ion (e.g., acoustic mixing) and
effects are possibl ions (Levy et al. 1989, and Mitragotri
etal. 1995).

1.4.2.c Electroporative transdermal drug delivery
The ication of ion in delivery has been very recent

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

permeabilization of lipid bilayers, ii ing the creation of i pores, by

the ion of an electric pulse. P and the i of the

lipid bilayers (including living cells, artificial spherical and planar systems) is increased

by many orders of i i to be uni in lipid bilayers,
with onset independent of their exact composition or structure. In fact, prior to the
recent (5 years ago) i ion was already being used
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for a number of i ing the of the uptake of molecules by
cells and tissues. For instance, electroporation is being widely used in molecular
biology as a method for gene transfection by introducing DNA into cells (Neunann et

al. 1989, and Chang et al. 1992). The work by itz and rk
(1993) was the first lication of tion to a il and non-
phospholipid system.

The i ini safely

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

ic and i licati which while causing nerve stimulation also

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

and
stimulation (Prausnitz 1996b). Electroporation has also been used in combination with
for iation of the antit effects of

in in nud

tumours (Mir et al. 1991) and in C3H/Bi mice with mammary

(Belehradek et al. 1991). In the subsequent clinical phase I-Il trials, electrical pulses
were applied to permeation nodules of head and neck squamous cell carcinomas in
patients to increase the uptake of the intravenously administered bolus doses of
bleomycin (Belehradek et al. 1993). The absence of toxicity, good tolerance by
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patients, and net antitumour effects (57% nodules had a complete clinical response)
encouraged further work. Recently, i i
electrochemotherapy was tried out in 20 patients with basal cell carcinoma (Glass et

al. 1997). In all, electrical pulses were delivered to 54 tumours. Complete responses
were observed in 53 (98%), and in majority of these (94%) after a single treatment with
no recurrences with around 18 months of observation.

Basis for the lication of tion in drug delivery

The stratum comeum is a very thin layer with a very high resistance (resistivity
in the range of 100-5000 kQ.cm?) with the underlying skin exhibiting a much lower

resistance (resistivity around 0.1- 1.0 kQ.cm?) (Chien et al. 1993). This difference in

the resistivity it to result in the lion of the applied i inthe
stratum cormeum, with the other viable tissues exposed to much lower fields. Hence,
a field that is ient to cause ion in the stratum comeum 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 electric 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 very littie.
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The electroporation threshold for a single bilayer is in the order of 1 V (Tsong
1991 and Weaver 1993). Prausnitz and co-workers note that the presence of a few
hundred bilayers in the stratum comeum 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 in-vitro data suggests that pulses at or below 100 V

(transdermal voitage) caused no long lasting in the skin. gt
higher than that result in changes in the skin that do not go away even after 18-24
hours. Additionally, their in-vivo work has shown that the fiuxes did not increase with

voltage, ing that the rate-limiting step is not affected (or influenced)
by applied voltage. This is in contrast to the in-vitro data, where the transdermal drug

delivery is seen to keep increasing with an increase in the applied voitage.

Vanbever and co-workers have shown in their earlier in-vitro work that it is
possible to enhance the transdermal delivery of metoprolol using electroporation
(Vanbever et al. 1994). They found that the delivery of metoprolol is affected by the
voltage, pulse length (z), 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 al. 1995). Similarly, work has been done on the transdermal
delivery of fentanyl which has shown that the wave form of the electric pulses is very

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

23



permeation-enhancement was greater with exponentially decaying pulses than the

ql pulses. and rkers reported that electrophoresis and
diffusion through highly permeabilized skin led to a rapid transport during pulsing and
to them no is occurs during electroporation (Vanbever et al.

1996a). If electrophoresis is assumed to be involved in electroporative transdermal

drug delivery then the i i ies of the being
as well as the solution would be very important in drug delivery. Hence, care needs
to be taken in ing the ion used for i Recent in-vivo

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

electroporation in rapidly achieving significant plasma levels of fentanyl in rats

(Vanbeveretal. 1998). The onset of i to a few mi by high
voltage pulsing with i with passive delivery.
The onset of ia seen after i fentanyl 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 s at
15 pulses of 100 V-500 ms, 15 pulses of 250 V-200 ms and 60 puises of 500 V-1.3 ms.
250 V appeared to cause a slightly increased redness while neither iontophoresis nor

pulsing at 100 and 500 V seemed to indi Itis very i to note here
that the absence of erythema at 500 V is not surprising looking at the very small pulse

length used compared to the proionged pulse length used for 100 and 250 V. It has
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been recently reported that the ication of long ion 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,
that both i and il were being affected

(Jadoul et al. 1997). Correspondingly, 60 pulses of 500 V-1 ms caused only a slight
decrease in the intensity values observed with SAXS and WAXS. In a separate study
done using pig skin, it has been shown that when a single pulse with @ U, of 0
(control), 500, or 1000 V was administered before a current density of either 0.4 or 0.8

mA/em? for i dl 0.8 mA/cm?)

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

showed that ion did not cause any skin damage
that has not been seen with i is alone. The only i were
seen with electroporation are mild il i ization and a

erythema.

Prausnitz and coworkers have shown that electroporation leads to a rapid
transdermal transport involving steady state lag times and onset time of minutes which
indicates that rapid temporal control of transport is possible (Prausnitz et al. 1994).
T livery of drugs through the skin has been shown to occur

with each pulse (Chen et al. 1998).
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15 Z used in conjunction with

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

dv iological effects. Fori i ising itions such as

voltage, pulse length and pulse number can only be increased for transdermal delivery
enhancement to a point, beyond which it may be harmful. This forms the limitation of
electroporation in transdermal drug delivery. Many of the transdermal 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

tried out in conjunction are described below:

1.5.1 lontophoresis and electroporation

igh both it is and ion involve electric fields, their

basic mode of action differs itz etal. 1993). lontophoresis basically 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 as a
secondary effect (Hadgraft et al. 1989). However, electroporation causes large

in the ity and the of the skin. Hence, for

electric field is belit to act by creating aqueous pores in the skin
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and molecules are speculated to move through these pores by diffusion,
and/or is. It has been recently shown that there is no

iontophoretic enhancement of drug delivery when black rat snake skin was used in the
in-vitro studies as opposed to the human skin (Chen et al. 1998). However, the use

of lion caused an 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
electroporation have different routes of drug delivery. As has been mentioned earlier,
the route for iontophoretic drug delivery is believed to be appendageal. Recently, it
has been shown that electroporative transdermal delivery occurs through localized
transport regions (LTR) in the epit iis which do not to the

(Pliquett et al. 1996). Interestingly, the LTR's have been found to be localized in the
area of the heat-stripped skin cormresponding to the dermal papillae (troughs of the
and no LTR’s app in the Rete pegs (crests of the epidermis). After

applying lower voitage pulses (transdermal voltage < 80 V) the edges show more
fiuorescence, than the interiors of the keratinocytes in the LTR’s. However, after high
voltage pulsing (transdermal voitage > 160 V) the fluorescence of the edges and

interiors of the i are i i This shows that pulsing at high

voltage was found to resuit in the creation of the aqueous pathways that pass through
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the keratinocytes. The LTR's were found to occur at and above the transdermal
voltages of 75 V. The number of LTR'’s were found to increase with the increase in the
applied voltage (between 75 V and 160 V) but in spite of the voitage used, their
apparent initial diameter was 10 um. An increase in the number of pulses increased

the diameter of the LTR's to il 40-80 pm. Itis ir 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 the in-vitro delivery i 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 electroporation
It has been found lhatmetransdevmlslod'mporaﬁvedeiveryofahighry-
charged i i partially elevated for several hours after

high voltage pulsing (Prausnitz et al. 1995). Most heparin molecules are long enough

to span the five to six lipid bilayer that within the

stratum comeum. Hence it is quite possible for a linear macromolecule such as
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heparin to enter the aqueous pathways created by the high volitage pulsing and aiter
the flux of the smaller, ions and by either i ing the

pathway life time or providing charge within the pathway that can attract/repel co-
transported species (Weaver et al. 1997). This “foot in the door” hypothesis has been

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

( 1993 and etal. 1992). The possibility

of heparin getting in the while further enhancing

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

iontophoretic drug delivery.

In the work mentioned above, heparin is enhancing its own transdermal
electroporative drug delivery due to its “foot in the door” action. Besides heparin, a

number of other macromolecules i.e., dextran-sulfate, neutral sulfate, and poly-lysine

have also been tried out as e i for
( etal. 1997). ion by itself the

delivery of mannitol by approximately two orders of magnitude while 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

Th

thatare utilized in the passive delivery. The traditi used i like
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