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ABSTRACT

RAJKUMAR V. CONJEEVARAM
Electrically Modulated Transdermal Delivery of BetaBlockers
(under the direction of AJAY K. BANGA)

Beta-blockers like propranolol HCl, oxprenolol HCl,
timolol maleate, metoprolol tartrate and sotalol HCl could
have been good drug candidates for transdermal delivery in
some respects. However, they are limited by low passive
permeability and potential for skin irritation. The broad
aim of this work was to test the hypothesis that P-blockers
can be delivered through the skin by electric enhancement
methods and programmed delivery is feasible. Potential use
of a liposomal formulation to reduce skin irritation was
also tested.
Propranolol HCl was used initially to study the
feasibility of in vitro transdermal delivery across
hairless rat full thickness skin and human epidermis under
the influence of electrical enhancement techniques (EET)
(iontophoresis and/or electroporation). Propranolol in both
xviii
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solution and liposomal formulations was delivered across
the skin under the influence of EET. However, the passive
permation was very low. An increase in the current density
(iontophoresis) and pulse length (electroporation)
increased delivery, which was reversible when EET was
terminated. The drop in skin impedance observed, however,
was not reversible. No stereoselective permeation of (±)
propranolol enantiomers was found for in vitro studies.
The best EET protocols observed for propranolol were
applied to the other (5-blockers. Passive permeation was
higher with lipophilic (propranolol) and permeation induced
by EET was higher with hydrophilic (Sotalol) drugs. The
post iontophoretic and electroporation flux decreased in
the order of decreasing lipophilicity except for sotalol.
Pharmacokinetc study of the (5-blocker using hairless
rats found that therapeutic doses were delivered and volume
of distribution (Vd), clearance (Cl) and mean residence
time (MRT) for transdermal iontophoretic delivery were
greater than intravenous administration. The
stereoselective disposition (S/R-ratio) of all the racemic
drugs used were similar in both intravenous and transdermal
delivery, suggesting that there was no stereoselective
permeation across the skin. Skin irritation produced by
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propranolol base was significantly higher (p<0.05) than
the irritation produced by salt form of any drug, which was
significantly reduced (p<0.05) when formulated as
liposomes.
In conclusion, p-blockers can be delivered in
therapeutic amounts through the skin using EET. The flux
from liposomal and solution formulations was comparable.
Skin irritation was minimized by liposomal formulation.
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CHAPTER 1

INTRODUCTION

The p-blockers comprise a group of drugs that are
mostly used to treat cardiovascular disorders such as
hypertension, cardiac arrhythmia, or ischemic heart
disease. Each of these drugs possesses at least one chiral
center, and an inherent high degree of enantioselectivity
in binding to the p-adrenergic receptor. For P-blockers with
a single chiral center, the (-)-enantiomer possesses much
greater affinity for binding to the p-adrenergic receptors
than antipode. The enantiomers of some of these drugs
posses other effects, such as antagonism at alphaadrenergic receptors or Class III anti-arrhythmic activity.
However, these effects generally display a lower level of
stereoselectivity than the P-blocking activity. The broad
aim of this work was to test the hypothesis that drugs such
as p-blockers, which would be good transdermal candidates

1
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but for their skin irritation, low passive permeability and
the need for programmed delivery can be delivered by
electrically assisted delivery. Also, the use of liposomal
formulation to enhance transdermal delivery and/or reduce
the irritation of (3-blockers was investigated.

This work

investigates if therapeutically relevant doses of
propranolol HCl and other beta-blockers (Oxprenolol HCl,
Timolol Maleate, Metoprolol Tartrate and Sotalol HCl) can
be delivered through skin and modulated by iontophoresis
and/or electroporation. Propranolol is a nonselective 13blocker, which blocks the stimulation of both (3X and (32
receptors. It has been widely used in the treatment of
hypertension, angina pectoris, cardiac arrhythmias,
hypertropic obstructive cardiomyopathy, pheocromocytoma,
hyperthyroidism (Geffner and Hershman, 1992), anxiety
(Brantigan et al., 1982) and as a prophylaxis for migraine
(Pradalier et al., 1989; Diamond et al. 1982) . Oxprenolol
is a (3-blocker with intrinsic sympathomimetic activity.
Timolol is another potent, nonselective (3-adrenoceptor
blocking agent, which is 8-16 times more potent than
propranolol and is marketed as the maleate salt of the
levo-isomer.

Metoprolol is a (3i-selective adrenergic

antagonist, which lacks intrinsic sympathomimetic activity.
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It is almost completely absorbed after oral administration
but still has a relatively low bioavailability (50%) due to
first-pass metabolism.

(+)-Sotalol is a non-cardioselective

(3-adrenoceptor antagonist.

It is well absorbed after oral

administration and its bioavailability is close to 100 %
(Fiset et a l ., 1993a). It is included here since unlike
other p-blockers it is highly hydrophilic and will thus
contribute to a mechanistic understanding of transport
mechanisms in the class of drugs chosen for this project.
For propranolol and some other P-blockers such as
oxprenolol, timolol, and metoprolol, a drawback of oral
conventional formulations is that daily divided doses are
necessary due to short plasma half-life of 4-6 hours.
Thus, multiple dose schedules are required and may result
in patient non-compliance (Nace and Wood, 1987) .
The circadian effects of major cardiovascular and
cerebrovascular diseases result in an increased
vulnerability to conditions like myocardial ischemia,
cerebral ischemia, and myocardial dysfunction during the
early hours of the morning after awakening and rising.
Thus, therapy with p-blockers such as propranolol is
desired during the critical morning hours but
unfortunately, the drug may have limited effect during the
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period between 6 and 10 AM, when blood pressure is rising
to the maximum (Sirgo et al., 1988). This temporal
variation is also observed with other p-blockers.
The availability of a transdermal patch will provide
a long acting form to improve patient compliance and will
avoid the first-pass metabolism, which results following
oral delivery (Vlasses et al., 1985). Hence, it is of
importance to design a novel drug delivery system that can
administer the drug and maintain therapeutic efficacy when
heart rate and blood pressure are higher at appropriate
times of the day (Gottlieb, 1988). Transdermal drug
delivery has gained remarkably high patient acceptance in a
number of areas dealing with chronic pharmacotherapy.
Transdermal drug delivery has the potential to be a noninvasive, user-friendly method of delivering drugs at
steady or time varying rates. Due to the impermeability of
the stratum corneum, which is the main barrier for
transdermal delivery of drugs, only small quantities of
small lipid soluble molecules are able to pass through the
skin. The drugs that pass through skin exhibit lag times of
hours to days with steady state rates that are often subtherapeutic. There have been very limited investigations on
the transdermal absorption of propranolol (Green et al.,
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1989; Ogiso and Shintani, 1990; Hori et al., 1992; Maitani
et a l., 1993) and other J5-blockers (Kommuru et al. , 1999,
Kobayashi et al., 1997, Hirvonen et al., 1993 a,b).

These

studies have attempted to use penetration enhancers such as
fatty acids (Ogiso and Shintani, 1990), terpenes (Kommuru
et a l ., 1999, Zhao and Singh, 1999), and alkane or alkanols
(Hori et al. 1992).

However, the passive permeation

(without the use of chemical enhancers) of propranolol is
difficult as propranolol hydrochloride is a "hydrophilic"
permeant, while skin is more permeable to "lipophilic"
permeants. The transdermal delivery of propranolol from a
lipophilic system (de Mey et al., 1989 a,b) was not well
tolerated by the patch application studies done on human
volunteers. The hydrophilic system used by Krishna and
Pandit (1996) in an earlier study was tolerated better than
a lipophilic system demonstrating that hydrophilic systems
are better.
However, the technique of iontophoresis can readily
overcome these disadvantages as it expands the horizon of
transdermal delivery to "hydrophilic" permeants.
Furthermore, it can allow individualization of dosage by
adjusting the current parameters.

Iontophoresis involves

the application of a small amount of physiologically-
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acceptable direct current (d.c .) to drive ionic drugs into
the body (Banga and Chien, 1988; Cullander and Guy, 1992;
Sage, 1993).

By using an electrode of the same polarity as

the charge on the drug, the drug is driven into the skin by
electrostatic repulsion.

Iontophoretic delivery is one

promising means to effectively deliver (3-blockers in a
programmed fashion to take care of changes in heart rate,
blood pressure and prevent migraine. All the (3-blockers
selected are positively charged molecules at and below
physiological pH (Schoenwald and Huang, 1983) and since
they also have a small molecular size, they are an ideal
candidate for electrically assisted transdermal drug
delivery (EATDD). Another rationale behind the use of
transdermal delivery for these p-blockers is that they
undergo extensive first pass metabolism when given orally.
The transdermal route can also circumvent the drawback of
multiple dosing of these (3-blockers due to oral
administration.
Another electric enhancement technique, which could
work in conjunction with iontophoresis, is the use of an
electroporation pulse. Electroporation is a physical
transfection method in which cells are exposed to a brief
electrical pulse, thereby opening pores in the cell
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membrane, allowing DNA or other macromolecules to enter the
cell (Banga and Prausnitz, 1998).

Electroporation

reversibly permeabilizes lipid bilayers, and possibly
involves the creation of aqueous pores during the
application of an electric pulse.

The stratum corneum does

not contain any living cells, but it can still be
permeabilized by an electric pulse as electroporation is a
physical process based on electrostatic interactions and
thermal fluctuations within fluid membranes and no active
transport processes are involved. The use of
electroporation in conjunction with iontophoresis can
possibly enhance transport, allow rapid delivery of a bolus
dose, allow further control on modulation or
programmabi1ity of delivery, and expand the scope of
transdermal delivery. While iontophoresis can be used to
provide baseline levels, electroporation pulses can
potentially be applied to provide rapid boluses.
In a published report on iontophoretic delivery of
propranolol (Nanda and Khar, 1994), the feasibility of such
delivery was established. However, this study used regular
rats which would not be a good model for iontophoresis due
to a very high hair follicle density. Another study with
human epidermis used platinum electrodes and HPLC analysis
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was not done. Also, some of the pH values used (pH 9.4, pH
11.0) may be irritating to the skin (Singh et a l . 1992) .
None of these studies have used electroporation or a
combination of iontophoresis and electroporation for
transdermal delivery of (3-blockers.

Following iontophoretic

delivery of metoprolol to spontaneously hypertensive
rabbits, systolic pressure was reduced from a pre-treatment
pressure of 126 + 9 mm Hg to a post-treatment pressure of
86 + 11 mm Hg (P < 0.05) within two hours (Zakzewski and
Li, 1991). However, rabbit is not a good model for
iontophoretic delivery due to very high hair follicle
density. The use of chemical enhancers (Kanikkannan et a l .,
2000) could cause irreversible perturbation leading to skin
irritation. Skin irritation is mainly related to the amount
of drug permeating through the skin and the irritation was
mainly caused by the side chain rather than the aromatic
ring of the drugs (Kobayashi et al., 1997).
A liposome formulation could potentially overcome skin
irritation and there are literature reports that liposomes
can be useful in this regard (Schramlova et a l ., 1997b).
Liposomes are vesicles consisting of lipid bilayers
surrounding an aqueous space. They are biodegradable
systems that carry drugs in their aqueous environment, or
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the lipid bilayers, or bound to the surface (Schramlova et
al., 1997a). They may also reduce toxic side effects that
may arise from the high systemic drug absorption and target
the drugs to definite skin compartments. Liposomes have
been found to increase skin permeability and control the
penetration and deposition of drugs in the skin (Mezei and
Gulasekharam, 1980,1982). It is well known that liposomal
encapsulation decreases the life-threatening chronic and
acute toxicities of doxirubicin. A liposomal complex has
been shown to eliminate the vesicant properties of
doxorubicin following subcutaneous injection (Balazsovits
et al., 1989). Similar results have been reported with
another drug, novaminsulfon, which when encapsulated in
liposomes, novaminsulfon was similar to liposomes alone in
its irritation potential (Kadir et al., 1999) . There has
been very limited studies done on the permeability
characteristics of enantiomers of chiral molecules like (±)
propranolol across skin. There are conflicting reports
especially for propranolol about its stereoselective
permeation across the skin. There was no stereoselective
permeation of (+)-propranolol across hairless mouse skin
(Ahmed et al., 1996; Ahmed et al., 1997), human epidermis
(Heard and Brain, 1995; Suedee et al., 1999) and rat skin
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(Heard and Brain, 1993; Heard et al., 1993) found,
however, a report published by Miyazaki et al., (1992)
suggested that a stereoselective permeation does exist
across rat full thickness skin.

Specific Aims

1.

Optimize iontophoresis and electroporation electrical
parameters and formulation factors to deliver a
therapeutic dose (by extrapolating to a 5-10 cm2 patch)
of propranolol hydrochloride in vitro across hairless
rat skin within an hour. To demonstrate modulation of
delivery and show how it may be affected by any skin
depot, while also investigating recovery profile of
skin impedance for all protocols used. Develop
liposomal formulation and compare with solution
formulation, to check for delivery efficiency.

2.

Apply the best protocol observed for delivery of
propranolol to the other beta-blockers (oxprenolol
hydrochloride, timolol maleate, metoprolol tartrate,
and sotalol hydrochloride) for their in vitro delivery
across hairless rat skin. Some experiments will be
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done with human epidermis to compare the data
obtained from rat full thickness skin.
3.

Demonstrate in vivo delivery of the beta-blockers
listed in Aim 2 to hairless rats and minimize skin
irritation if observed.
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CHAPTER 2

LITERATURE REVIEW

Skin

Skin, the largest organ of the body, may be viewed
either as a natural protective barrier against penetration
of toxic exogenous compounds, physical assaults, excessive
loss of water and other essential compounds from the body,
or as a promising portal of entry of drugs to the systemic
circulation (Rolland, 1993). The skin is the most
accessible tissue of the body. It has a total surface area
of about 1.8 m2 for an average 70-Kg human and is comprised
of about 10 follicles, 12 nerves, 15 sebaceous glands, 10
sweat glands, 3 blood vessels and 3 X 106 cells per cm2 of
skin (Barry, 1983) .

Skin Structure
The skin can be considered as a trilaminate structure,
consisting of the outer, dense keratinized layer known as
12
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the stratum corneum (SC), followed by the viable
hydrophilic epidermis, followed by the dermis, which is
supported by vasculature (Green et al., 1989).
The SC is the outermost layer having no vasculature
and is also called the horny layer. It consists of 15-20
layers of flattened, keratinized dead cells and can be
represented by a brick-and-mortar model.

The "bricks" are

essentially composed of anucleate corneocytes containing
keratin filaments surrounded by an amorphous matrix of
sulfur rich proteins. The "mortar" fills the intercellular
spaces of the SC and mainly consists of multiple lipid
bilayers arranged in broad sheets (Madison et al., 1987).
Unlike biological membranes, lipids of the intercellular
lamellae do not contain phospholipids (Wertz et al., 1987),
but mainly ceramides, cholesterol, fatty acids and
cholesteryl esters. The intercorneocyte lipid bilayers
predominantly contain saturated lipids and are responsible
for the lipophilic nature of the SC. This, in turn, acts as
an effective barrier for the penetration of water and other
hydrophilic molecules. The epidermis, as a whole, is made
up of morphologically five different layers resulting from
the continuous differentiation of keratinocytes from the
basal layer (Figure 1). Thus, the epidermis is made up of
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EPIDERMIS

B
Figure 1: Structure of the skin. Key: 1- Stratum corneum;
2- Stratum lucidum; 3 - Stratum granulosum; 4- Stratum
spinosum; 5- Stratum basale or Stratum germinativum; 6Papillary dermis; 7- Reticular dermis; A- Hair follicle; 13Blood supply.

continuously changing cells from the basal layer (stratum
basale or stratum germinativum) to the stratum spinosum,
stratum granulosum, stratum lucidum, and finally to the
outermost stratum corneum (Rolland, 1993). The stratum
granulosum, a layer of the SC, acts as the primary barrier
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for water loss from the body (Elias and Friend, 1975). The
average distance a molecule would have to permeate to cross
the stratum corneum is estimated to be 1.5 x 10"5 m (Albery
and Hadgraft, 1979).
The dermis essentially consists of the blood vessels,
lymphatics and nerves along with the hair follicles and the
sweat glands. The dermis is divided into two layers, the
superficial papillary dermis and the denser, reticular
dermis. The blood supply in the dermis is particularly rich
and is of major importance, as it will readily remove
molecules that have penetrated the SC and viable epidermis
(Rolland, 1993) .
In disease states, the normal structure of the skin
may be altered. In the case of psoriasis, the epidermis
becomes hyperproliferative and the total turnover time from
the basal layer to shedding, takes place in just 4 days
compared to 28 days by healthy skin (Barry, 1983).

Skin Barrier
The stratum corneum forms a major obstacle for the
transfer of hydrophilic drugs across the epidermis (Elias
et al., 1977). For example, the skin permeation of
propranolol is reported to be controlled by the SC in the
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initial stages of skin permeation (Corbo et al., 1989).
The percutaneous absorption of water-soluble drugs maybe
1000 times more rapid when the SC is absent or is damaged
than when it is present and intact (Bronaugh and Stewart,
1985) .
However, the SC is not totally impermeable to
hydrophilic drug molecules, as polar channels exist within
the intercorneocyte spaces, and more precisely, in between
the lipid bilayers. Drugs can diffuse through the stratum
corneum via a transepidermal or a transappendageal pathway
(Figure 2).

Transepidermal drug penetration through the

stratum corneum can take place between the cells
(intercellular route) or through the protein-filled cells
(transcellular route).

For drugs to penetrate across these

pathways, the physicochemical characteristics, especially
the solubility, partition coefficient and diffusion
coefficient of the drug within these protein or lipid
phases are of importance (Rolland, 1993). The intercellular
route is accessed more by small organic molecules (Albery
and Hadgraft, 1979). In addition to the transepidermal
pathway, a 'shunt1 pathway (passage through the skin
appendages) may be of significance in several cases. A
significant appendageal diffusion may occur in spite of
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Inter-cellular route

T ans-appendageal route
Trans-cellular route

Figure 2: Schematic
showing
the
three
routes
for
transdermal permeation of drug molecules across the skin.

the small area occupied by the pilosabaceous units at the
surface of the skin (Rolland, 1993) . The transappendageal
route normally contributes only to a very limited extent to
the overall kinetic profile of transdermal drug delivery.
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Recently, it was shown that the penetration of retinoic
acid was greater through hairless guinea pig and less
through haired guinea pig skin, confirming that the
structure and composition of the stratum corneum is more
important than follicular density for passive permeation.
However, the hair follicles and sweat ducts can act as
diffusion shunts for ionic molecules during electrically
assisted delivery of drug transport.

Skin Permeability
Skin is an amphiphilic moiety; hence, the rate of
permeability is highly dependent on the physiological
properties of the drug molecule or penetrant. Drug
molecules that have strong charges do not yield good
passive transdermal delivery rates. The reason being the
highly charged molecules interact strongly with the charged
sites present on the skin and form an association. This
association results in a decreased diffusion coefficient of
the drug molecules across the skin and, thereby, decreases
the amount of drug transported (Phipps et. al., 1989).
However, for charged hydrophilic molecules, the lipophilic
SC represents the greatest barrier to skin permeation,
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while for charged relatively lipophilic molecules,
partitioning out of the SC would be the rate-limiting step.
However, if a drug can penetrate the SC without
forming a reservoir, the next step is to partition into the
aqueous-environment of the viable epidermis from the lipidrich domain (Green et a l ., 1989). Drugs with a suitable
octanol-water partition coefficient, i.e., a reasonable
solubility in both lipid and aqueous phases, will partition
really well into the epidermis after diffusion into the SC.
Once the drug reaches the epidermis, it will further
diffuse through the dermis where it will consequently enter
the bloodstream.

Skin Metabolism
The skin is known for its metabolic activities of
several compounds. The skin has inducible enzymes and
chemical compounds that may undergo single (first)- pass
metabolism in the skin (Bronaugh et al., 1989; Kao and
Hall, 1987; Kao et al., 1985). Little is known about the
metabolic capabilities of the skin towards endogenous
chemicals, xenobiotics and topically applied chemicals
(Bronaugh et al ., 1989; Kao and Hall 1987; Kao et a l.,
1985; Wester et a l ., 1983) . For example, 4 -hydroxy
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propranolol is formed when propranolol is given by the
transdermal (Ademola et al., 1993) and oral route (Vu et
al., 1983; Fitzgerald and 0'Donnell, 1971) , but not when
administered intravenously (Cleaveland and Shand, 1972).
Compounds that are metabolized extensively after systemic
administration may undergo little or no biotransformation
during its passage through skin. This may be due to
differences in the extent of metabolism (Bronaugh et a l .,
1989).

Skin Absorption in Experimental Designs
The in vitro diffusion cell absorption values have
frequently been found to correlate well with in vivo
results. Many animal skin models have been compared with
human skin for in vitro permeation studies. Some of the
animal skins used to evaluate the transdermal penetration
of drugs are snake (Hirvonen et a l., 1991) , nude mouse
(Hirvonen and Guy, 1997), hairless rat (Kobayashi et a l .,
1993), and rabbit pinna (Corbo et a l ., 1989). Kao et a l .
(1985) worked on a number of animal species like mouse,
rat, guinea pig, rabbit and marmosets.
The thickness of the SC is an important factor in the
skin absorption and contributes to species variation. Skin
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is a very complex organ. As mentioned previously, stratum
corneum, the outer most layer of the skin, is the ratelimiting barrier that any agent has to overcome to enter
the body. The composition and the thickness of this barrier
varies between different body locations. As a substitute to
human skin, researchers have used skins from various animal
sources (nude mouse, hairless mouse, hairless rat, pig,
snake ect). All of them have different permeation
characteristics compared to human epidermis. However, in a
review published by Cevc,

(1996), the thickness of the

stratum cornium (barrier thickness) of human skin (10-30 fim)
was found to be comparable to hairless rat skin (15.5 pm) .
In addition to the thickness variations, there may be
differences in the cutaneous metabolism between the species
(Kao et a l., 1985) .

Transdermal Drug Delivery

Considerable research interest has been on the
transdermal delivery of drugs using novel devices.
Transdermal drug delivery has the potential to be a noninvasive, user-friendly method of delivering drugs at
steady or time varying rates. Due to the impermeability of
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the stratum corneum, which is the main barrier for
transdermal delivery of drugs, only small quantities of
small lipid soluble molecules are able to pass through the
skin. The drugs that do pass through, however, exhibit lag
times of hours to days with steady state rates that are
often sub-therapeutic. It has been recognized for long that
the skin has its drawbacks as a route of drug
administration because of its poor permeability. In the
past few years, however, much effort has been spent to
develop transdermal dosage forms, which can create a
systemic effect. Drug therapy by percutaneous absorption
can be carried out in a simple way, as it has advantages
with respect to sustained drug release over a fairly long
time, avoiding gastrointestinal side effects as well as
first pass effect.
Even though the first transdermal system came into the
market more than 15 years ago, the range of molecules that
have been tested for suitability of delivery by this
technique remains limited. Eight drugs have been approved
by the Food and Drug Administration (FDA) in the United
States for transdermal delivery namely, scopolamine,
nitroglycerin, clonidine, estradiol, fentanyl, nicotine,
testosterone, and a contraceptive patch (norelgestromin /
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ethinyl estradiol). In addition, the FDA has approved a
combination drug-iontophoresis system (Iontocaine®) in the
United States (Merino et. al., 1997).
Various methods of enhancing transdermal drug delivery
have been investigated, such as using chemical enhancers
(Green et. al., 1989; Barry and Bennett, 1987; Cooper,
1984; Southwell and Barry, 1983), phonophoresis, i.e., the
use of ultrasound (Kost et. al., 1996; Mitragotri et. al.,
1995; Bogner and Banga, 1994; Tyle and Agrawala, 1989),
formulating the drug in the form of liposomes (Touitou et.
al., 1994; Mezei and Gulasekharam, 1980), prodrugs (Ahmed
et. al., 1995) , and electrical methods like iontophoresis
(Banga and Chien, 1988; Gangarosa et. a l ., 1978),
electroporation (Prasunitz et. al., 1993a) and
electroincorporation (Hofmann et. al., 1995).

Advantages of Transdermal Drug Delivery
There are several advantages of the transdermal
delivery of drugs, for example,
1.

It avoids the risks and inconvenience of parenteral
therapy.

2.

It prevents variation in the absorption and metabolism
of oral administration.
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3.

It increases therapeutic efficacy by bypassing
hepatic first-pass metabolism.

4.

It reduces the chances of over- or under- dosing by
continuous delivery of drug programmed at the required
therapeutic range.

5.

It permits the use of drug with a short biological
half-life.

6.

It provides a simplified therapeutic regimen, leading
to better patient compliance.

7.

It permits rapid termination of the medication if
needed, by simply stopping drug input from the
delivery system.

Transdermal Delivery Using Electric Current

Electrically assisted transdermal delivery by
iontophoresis and electroporation will be discussed in more
detail.

Iontophoresis
Iontophoresis can be defined as the movement of
charged and uncharged solutes across a tissue under an
electric potential gradient. Iontophoresis involves the
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application of a small amount of physiologicallyacceptable direct current (d.c.) to drive ionic drugs into
the body (Banga and Chien, 1988; Cullander and Guy, 1992;
Sage, 1993).

By using an electrode of the same polarity as

the charge on the drug, the drug is driven into the skin by
electrostatic repulsion.

The technique is not new and has

been used clinically in delivering medication to surface
tissues for several decades. However, its potential is
recently being rediscovered for transdermal systemic
delivery of ionic drugs including peptides and
oligonucleotides, which are normally difficult to
administer except, by parenteral route.
Iontophoresis is a non-invasive method that eliminates
the risk of getting an infection with injections. The side
effects are minimal and are usually limited to minor
transient skin irritations caused by the direct current
(Schmidt, 1993). The use of electric current to transport
ionized drugs through the skin has been shown to be
potentially promising. The goal was to reduce the barrier
properties of the skin and thereby enhance the transdermal
permeation of certain drugs (Banga and Chien, 1988). Most
of the earlier work on iontophoresis was conducted in
delivering ionized drugs locally into the surface tissues
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(Siddiqui et. al., 1985). Recently, iontophoretic delivery
has gone a step further in enhancing and delivering drugs
across the skin and into the systemic circulation (Banga,
1998) .
The transport of ions under the influence of an
uniform electric field is described by the Nernst-Planck
equation. When a concentration gradient and electric field
exist, the ionic flux is the linear sum that would arise
from each effect alone. The Nernst-Planck equation defines
the flux, J, of the ionic solute across a membrane by
passive diffusion due to the solute concentration gradient
(dc/dx) and as a result of an electric potential difference
(dE/dx) across the membrane. Mathematically, the flux, J,
is expressed as follows:

J = -D* dc
dx

_

D* c* Z* e* F * dE
R* T
dx

where, D = diffusion coefficient of the solute across
the membrane
c = concentration of ions
Z = valence
e = electron charge
F = Faraday's constant
R = Gas constant
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T = absolute temperature
When a species is uncharged (Z=0) or if no current is
applied (dE/dx = 0), the Nernst-Planck equation reduces to
J = -D* dc
dx
which is Fick's law of diffusion (Rivier and Heit, 1997).
A mechanistic model was proposed by Kontturi and
Murtomaki (1996), which considers steady state fluxes to
describe the transdermal transfer of drugs especially due
to iontophoresis. Transdermal flux may be due to the lipid
matrix and the aqueous pores. During iontophoresis, only
flux through the aqueous pores is enhanced, as the relative
permitivity of the lipid matrix is too low to allow the
existence of free ions, which could function as current
carriers. It is hypothesized that the transfer through the
lipid matrix takes place in three steps: (1) partition at
the skin/reservoir interface,

(2) diffusion through the

lipid matrix, and (3) desorption at the
subcutaneous/epidermis interface.
Potts and Guy (1992) have stressed the importance and
presence of aqueous pores in human skin. They concluded
that electroosmosis or streaming potential in human skin
would not take place if aqueous pores were not present. It
has been reported (Kontturi and Murtomaki, 1996) that a
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decrease in the membrane resistance is due to the passage
of electric current through the skin. This may be due to
irreversible changes in the permeability of skin. With
respect to hydration time, long hydration times can
facilitate skin damage and skin hydration should not exceed
24 hours to prevent skin damage.

Mechanisms of Delivery
The primary principle which governs the
enhancement of flux in iontophoresis is postulated to be
electrorepulsion which involves the repulsion of the drug
particle, charged similarly as the electrode, through the
skin as shown in Figure 3 (Merino et. al., 1997).
Electrorepulsion is not very effective with increasing
permeant size (Green et. al ., 1993). This path, followed by
the drug, involves the appendages present in the skin and
is also known as the shunt route (Cullander, 1992). The
passage of electric current through the skin during
iontophoresis has also been shown to be accompanied by flow
of water from the anode to cathode (Riviere and Heit,
1997). The process of electroosmosis and the transport
number effect explains this mechanism of movement of water.
At pH 4.0, the skin is negatively charged and the pores of
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the skin contain a double layer of positively charged
water (Merino et. al., 1997). When an electric field is
applied, these counter ions carry water molecules by a
mechanical effect from anode to cathode. This movement of
water from anode to cathode helps in the transport of drug
molecules across the skin.

Prerequisites of Iontophoresis
There are several conditions necessary for
iontophoretic delivery:
1.

The drug should be charged or modified

to carry charge

and the area to be medicated must be a body surface.
2.

The drug is applied under an electrode of similar
polarity i.e., negative ions are delivered by cathodal
(-ve) iontophoresis, and positive ions are delivered
by anodal (+ve) iontophoresis.

3.

A return electrode, opposite in charge to the drug is
placed at a different site on the body.

4.

The current is allowed to flow below the pain
threshold for an appropriate time.
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X^CATHODE^x
\ S i l v e r Silver Chloride^/

ANODE
Silver Wire
++++++++++++++++++

ELECTROREPULSION
Donor
SKIN

Current Pathway
Viable Epidermis
ELECTROOSMOSIS

Figure 3: Schematic diagram of the mechanism involved in
iontophoresis. Complete circles are drug ions being pushed
across the skin by electrorepulsion while the dotted
circles represent the drug ions penetrating the skin via
Electroosmosis from anode to cathode. The current pathway
between the anode and the cathode are well within the
viable epidermis and do not penetrate deep into the skin.

Characteristics of an Ideal Candidate
The ideal drug candidate for iontophoretic application
should have the following characteristics (Zakzewski et.
al., 1996) :
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1.

The drug must be charged, either positively or
negatively.

2 . The drug must be water-soluble.
3 . The drug should have a moderate molecular
4.

mass.

The drug should partition well in bothhydrophilic and
lipophilic environments.

5.

The drug should be relatively potent.

Factors Influencing Iontophoretic Drug Delivery
Factors that affect the iontophoretic delivery of
drugs are classified into physico-chemical factors and
electronics factors.
Physico-chemical factors
Charge. One of the main criterion for iontophoretic
delivery is that the drug molecule be positively or
negatively charged though non-ionic drug can be delivered
by making use of electroosmosis (Banga and Chien 1988). A
charge can be induced to a non-ionic drug either directly
or indirectly, by encapsulating them in liposomes (Kulkarni
et. al., 1996) .
Ionic carriers. All the ions present in the donor
solution would take part in the electric conductance when
an electric current is passed through the system. Thus, the
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presence of extraneous ions would obviously decrease the
transport of the drug ion. The extraneous ions, which are a
part of the buffer or other salt solutions, should be
minimized to an optimum level so as to increase the
delivery efficiency of the drug. The ionic valency of a
drug may significantly affect the delivery efficiency. The
mono robust ions (K+, Na+) have a better delivery efficiency
when compared to divalent ions like Mg2+ and Ca2+ (Phipps e t.
al., 1989; Burnette and Ongpipattanakul, 1987) .
Molecular size. Iontophoresis mainly depends upon
electroporation of appendageal linings to deliver the drugs
across and into the skin. It follows a porous pathway and,
thus, the degree of enhancement is size-dependent and as
the size of the molecule increases the flux decreases.
Drug concentration. As per the Nernst-Plank equation,
the flux of the drug ions across a membrane is directly
proportional to the concentration in the donor solution.
Many studies have investigated the effect of increasing
drug concentration to increase drug delivery by
iontophoresis. It is hypothesized that the iontophoretic
flux increases to a certain point after which the flux will
plateau or, in some cases, decrease. Iontophoresis of
lipophilic cationic p-blockers inhibit electroosmosis in a
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concentration dependent manner (Hirvonen and Guy, 1997).
Drugs carrying a positive charge and an adjacent
hydrophobic surface may alter the permselectivity of the
skin. The latter seems to anchor the molecule in the skin
and the counter ion charge to the skin's negative character
ensuring a tight association. Both lipophilicity and charge
are essential to significantly reduce drug delivery of
propranolol by electroosmosis (Hirvonen and Guy, 1997).
p H : The pH of the medium in which the drug molecule is
present is of considerable importance. Propranolol stays in
an ionized form at and below pH 7.4. The drug molecule is
highly unstable in alkaline pH and hence a strong buffer is
required so that pH changes do not occur. Propranolol is
most stable at pH 3.0 (Hirvonen and Guy, 1997) .
Electronic factors
Material and polarity of electrode. The choice of
electrodes is a critical factor in the success of
iontophoretic delivery. The material used for making the
electrodes should possess good conductance and should not
be a dermal allergen. Platinum is a good choice for an
electrode, but its use is limited due to the fact that it
causes electrolysis of water resulting in pH drifts. Using
a silver-silver chloride electrode would obviate this
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problem (Banga et. al., 1995) . The choice of deliveryunder an electrode depends on the polarity of the drug
molecule. For example, a positively charged drug molecule
is delivered under anode and a negatively charged molecule
under cathode.
Current density. Transdermal iontophoretic flux
increases with an increase in the current density. A study
by Ledger (1992) indicated that a current of 0.5 mA/cm2 was
well tolerated in humans. Green et. al . (1993) suggested
that the effects of iontophoresis on the skin are not fully
reversible. The reason may be due to the fact that the
current flow through the skin appendages creates
significant local heating which results in disorder of
adjacent intracellular stratum corneum lipids and an
increase in overall permeability of skin.

Several reports

have asserted that the time required for skin resistance
recovery is directly proportional to the time of current
application and current density (Inada et. a l ., 1994 and Oh
and Guy, 1995) .
Transdermal iontophoretic systems may be available in
the future as disposable, battery-operated wristwatch type
devices controlled by microchips to deliver drugs at the
desired rate. A hydrogel-type polymer could be used as the
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polymer base to obtain the desired conductivity to allow
electrical transport (Banga and Chien, 1993) .
Another electric enhancement technique, which could
work in conjunction with iontophoresis, is the use of an
electroporation pulse.

Electroporation
The application of short and intense electric pulses
to cells induces a transient and reversible change in the
plasma membrane so that the membrane becomes permeable to a
number of ionic molecules. This phenomenon is termed
electroporation or electropermeabilization (Miklavic et
al., 1998) or electroinsertion (Weaver, 1993) . Reversible
electroporation of biological membranes was recognized as a
means of delivering drugs across the living cells about 20
years ago. This method was based on the resilience of the
cell membrane to reseal after a pulse, which causes
temporary electric breakdown (Hui, 1998). The dielectric
breakdown of a lipid bilayer is reached at a transmembrane
potential of 0.5 V while that for a cell membrane is at 1 V
(Potts and Guy, 1992). Key electroporation variables
include pulse voltage, pulse duration, pulse rate and
number of pulses applied.
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Chizmadzhev et al. (1998) stated that there are two
current pathways through which drugs are delivered across
the skin, one of them is through the 1ipid-corneocyte
matrix while the other is via the skin appendages. The drop
in the skin resistance due to electrotreatment can be
explained by the electroporation of different substructures
of the SC. At relatively low voltages (< 30 V) the drop in
skin resistance is attributed to the electroporation of the
appendageal ducts. While at higher voltages (> 30 V) , an
additional drop in the skin resistance is seen, which is
due to the electroporation of the lipid-corneocyte matrix
as well (Chizmadzhev et al., 1998; Indenborn et al., 1997).
The SC consists of a lipid-corneocyte matrix crossed
by sweat glands and hair follicles. This lipid matrix is
reported to consist of approximately 70-100 lipid bilayers
arranged in a sequence (Madison et al ., 1987; Elias et al.,
1977). Hence, a transdermal voltage of approximately 1 V
will result in a potential drop of approximately 10 mV
across each layer, which is too small for electroporation.
The skin appendages have been shown to have regions of high
current density and two layers of epithelial cells line
each duct. When a voltage of close to 1 V is applied, a
potential drop of approximately 250 mV is being experienced
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by each epithelial cell membrane, which is sufficient for
electroporation. It was stated by Prausnitz et al . (1993)
and Pliquett et al. (1995) that the resistance drop which
occurred at voltages below 70 V was due to electroporation
of the multilamellar bilayer membranes of the SC. When the
applied voltage exceeded a threshold of 75 V (IV/ bilayer)
a prolonged electrical permeabelization of the SC resulted
(Vanbever et al., 1994; Prausnitz et al., 1993) .
Electrical movements play an important role in
assessing both the degree of aqueous pathways and the
extent of barrier recovery. In both cases, the electrical
measurements primarily reflect the transport of small ions
like Na+ or H+ and Cl". This transport usually involves
aqueous pores or channels (Prausnitz et. al ., 1996a).
Pliquette et al. (1995) reported that when a transdermal
voltage of -90 V or less was applied the electrical
recovery was almost 90% of the pre-pulse value while the
recovery rate was not appreciable and was quite variable
when the transdermal voltage exceeded 90 volts. The general
hypothesis is that aqueous pathways (pores) being formed in
the lipid barriers of the SC are due to high-voltage
pulsing (Pliquette and Weaver, 1996; Prausnitz et al.,
1993). Transcellular pathways also play an important role
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in the transport of molecules due to high-voltage pulsing
of skin (Prausnitz et al., 1996a; Edwards et al., 1995).
Skin electroporation takes place at high transdermal
voltages (> 80 V) and is associated with reversible changes
in the skin structure (Edwards et al., 1995,- Prausnitz,
1996a,b) .

This is in contrast to iontophoresis which

involves the use of relatively low transdermal voltages (<
10 V) to electrophoretically drive compounds across skin.
In addition to model compounds, some bioactive drugs have
been delivered transdermally by electroporation, such as
fentanyl (Vanbever et a l., 1996; Conjeevaram et al., 2002)
and metoprolol (Vanbever et al., 1994).
As the stratum corneum has a much higher electrical
resistance than other parts of the skin, an electric field
applied to the skin will concentrate in the non-viable
stratum corneum to induce electroporation.

In contrast,

the field will be much lower in the viable tissues, thereby
protecting the already permeable viable parts of the skin
(part of epidermis and all of dermis) and deeper tissues.

Mechanisms of Delivery
The actual mechanisms by which molecular transport occur
during electroporation is not yet clearly understood.
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However, some of the prime candidates include electrical
drift (electrophoresis), electroosmosis (electrically
driven flow), diffusion and endocytosis. The first three
mechanisms are stated to enhance the molecular transport of
water-soluble drugs if pores are involved (Weaver, 1993).
However, electrophoresis and electroosmosis would occur
only after the pores are created (Prausnitz et al., 1994).
The large increase in the transport of drug molecules due
to electroporation may be due to transient structural
changes in the intercellular lipid bilayers of the SC
(Pliquette and Weaver, 1996; Prausnitz et al., 1996b;
Pliquette et al., 1995; Weaver, 1993; Orlowski and Mir,
1993). The molecular events during electroporation mainly
revolve around the kinetics of opening and closing of the
membrane pores. The opening and closing of the membrane
pores occur as a result of rotation of lipid molecules that
form the pore walls (Gowrishankar et al., 1994) .

Applications of Electroporation
Electroporation has significant applications in the
field of biological research, biotechnology, and medicine.
Electroporation is a fascinating cell membrane phenomenon
with several existing biological applications and others
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likely. Electroporation is a physical transfection method
in which cells are exposed to a brief electrical pulse,
thereby opening pores in the cell membrane, allowing DNA or
other macromolecules to enter the cell (Banga and
Prausnitz, 1998). Although DNA introduction is the most
common use, electroporation of isolated cells has also been
used for (1) introduction of enzymes, antibodies, and other
biochemical reagents for intercellular assays (2) selective
biochemical loading of one size cell in the presence of
many smaller cells (3) introduction of virus and other
particles (4) cell killing under nontoxic conditions and
(5) insertion of membrane macromolecules into the cell
membrane. More recently, tissue electroporation has begun
to be explored, with potential applications including (1)
enhanced cancer tumor chemotherapy (2) gene therapy (3)
transdermal drug delivery and (4) non-invasive sampling for
biochemical measurements (Weaver, 1993).
In conclusion, an electrically-assisted delivery
system will be more expensive than a regular passive patch
but the costs will be eventually reduced by economy of
scale. Also, novel techniques are already being used for
cost control. For example, prototype patches developed by
Becton Dickinson have a reusable microprocessor, the most
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expensive part of the system.

The microprocessor can be

removed from the patch at the end and inserted into the
next reservoir.

The commercial development of

iontophoresis and electroporation has been discussed
(Banga, 1998).

The use of electroporation in conjunction

with iontophoresis can possibly enhance transport, allow
rapid delivery of a bolus dose, allow further control on
modulation or programmability of delivery, and expand the
scope of transdermal delivery to larger molecules such as
therapeutic proteins and oligonucleotides. While
iontophoresis can be used to provide baseline levels,
electroporation pulses can potentially be applied to
provide rapid boluses.

Beta-Blockers

A series of beta-blockers (Table-1) will be used for this
study.

Beta-blockers vary in potency but they have many

structural features in common, with a resemblance to
epinephrine and isoproterenol.

The chemical structure of

the aromatic ring portion of timolol is significantly
different from that of other beta-blockers but its side
chain is identical to that seen in many other beta-blockers
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(Comer and Matier, 1981; Hanna, 1982). A common feature in
the chemical structure of beta-blockers is that there is at
least one aromatic ring structure attached to a side alkyl
chain possessing a secondary hydroxyl and amine functional
group. Each of the available beta-blockers has one or more
chiral centers in its structure, and in all cases, at least
one of the chiral carbon atoms residing in the alkyl side
chain is directly attached to a hydroxyl group.

Except for

timolol, which is marketed as S-enantiomer, each of the
beta-blockers with one chiral center (e.g., propranolol,
metoprolol and sotalol) is marketed as a racemate
consisting of two enantiomers. Only the beta-blockers
commonly available in salt form are being used as these
will have sufficient solubility in aqueous solutions to
permit electrically-assisted delivery.

These drugs vary in

their lipophilicity but their pKa values are similar.

The

partition coefficients (Schoenwald and Huang, 1983)
presented in Table-1 are for octanol/water at pH 7.4.
Propranolol, oxprenolol, and timolol are nonselective {3-blockers antagonizing both the (3i~ and (32adrenergic receptors. The selective (3-blockers are
metoprolol and sotalol each having much greater affinity
for the (3X-adrenergic receptor. The selective beta-blockers
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TABLE 1
Beta-blockers Used in Study
Structure
Compound
OCH 2 -CHOH-CH 2 -NH-CH(CH 3 ) 2
(±) Propranolol HC1

M.W

Pka*

PC*

296

9.23

1640

302

9.32

235

432

9.21

82

685

9.24

76

309

8.15 & 9.65

0.24

OCHz-CHOH-CH 2 -NH-CH(CH 3)2

(±) Oxprenolol HC1
| ^ ^ j-OCH2-CH=CH2

Lipophilic

(-) Timolol Maleate

CH2 -CHOH-CH 2 -NH-C(CH 3)3
h r Nw

VN
(±) Metoprolol
Tartrate

°

OCH 2 -CHOH-CH 2 -NH-CH(CH 3)2

c h ?-c h 2-o c h 3

(±) Sotalol HCl
Hydrophilic

CHOH-CH 2 -NH-CH(CH 3 )2

0

NHS02 CH 3

* pKa and PC ( P a r t i t i o n

C o e f f i c i e n t ) ; d a ta o b ta in e d fro m Schoenw ald & Huang,

(1983)
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are normally indicated for patients in whom beta-receptor
antagonism might be associated with an increased risk of
adverse effects. Such patients include those with asthma or
diabetes, or patients with peripheral vascular disease or
Raynaud's disease.
(±) Oxprenolol HCl is a non-selective beta-adrenergic
antagonist with sympathomemitic activity. Timolol is a
potent, nonselective (3-adrenoceptor blocking agent, which
is 8-16 times more potent than propranolol.

It is also

used in the treatment of chronic simple glaucoma and
secondary glaucoma. (±) Metoprolol is a (3i~selective
adrenergic antagonist, which lacks intrinsic
sympathomimetic activity.

It is almost completely absorbed

after oral administration but still has a relatively low
bioavailability due to first-pass metabolism.

(±) Sotalol a

very hydrophilic drug is a non-cardioselective (3adrenoceptor antagonist.
The beta-blockers comprise a group of drugs that are
mostly used to treat cardiovascular disorders such as
hypertension, cardiac arrhythmia, or ischemic heart
disease. The enantiomers of some of these drugs posses
other effects, such as antagonism at alpha-adrenergic
receptors or Class III anti-arrhythmic acitivity. However,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

these effects generally display a lower level of
stereoselectivity than the beta-blocking activity. As a
class, the beta-blockers are quite diverse from a
pharmacokinetic perspective, as they display a high range
of values in plasma protein binding, percent of drug
eliminated by metabolism or unchanged in the urine, and in
hepatic extraction ratio. With respect to plasma
concentrations attained after oral or intravenous dosing,
in most cases the enantiomers of the beta-blockers show
only a modest degree of stereoselectivity. However, the
relative magnitude of the concentrations of the enantiomers
in plasma is not constant in all situations and varies from
drug to drug. Further, various factors related to the drug
(e.g., dosing rate or enantiomer-enantiomer interaction) or
the patient (e.g., racial background, cardiovascular
function, or the patient metabolic phenotype) may affect
the stereospecific pharmacokinetics and pharmcodynamics of
beta-blockers. An understanding of the stereospecific
pharmacokinetics and pharmacodynamics of beta-blockers may
help clinicians to interpret and predict differences among
patients in pharmacologic responses to these drugs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

46

Propranolol
Propranolol, a nonselective P-adrenergic blocking
agent, has been widely used in the treatment of
hypertension, angina pectoris, cardiac arrhythmias,
hyperthyroidism (Geffner and Hershman, 1992), anxiety
(Brantigan et al., 1982), hypertropic obstructive
cardiomyopathy, migraine and pheochromocytoma. Propranolol
acts on both pi

(located chiefly in the cardiac muscle) and

p2 receptors (located chiefly in the bronchial and vascular
musculature) inhibiting the chronotropic (Heart rate),
ionotropic (force of contraction) and vasodilator responses
to P-adrenergic stimulation (Goodman and Gilman, 1996). padrenoceptors are members of a large family of hormone and
neurotransmitter receptors that produce their
pharmacological function by coupling to GTP-binding
regulatory proteins (Emilien and Maloteaux, 1998) .
Propranolol is positively charged at physiological pH
7.4 (Schoenwald and Huang, 1983) . Propranolol is highly
lipophilic having a partition coefficient of 5.39 at pH 7
(Ademola et a l., 1993) and a pKa of 9.45 (Betageri and
Rogers, 1987). The structure of propranolol has a
lipophilic napthyl moiety separated by a short 'spacer'
from the positively charged secondary amine portion of the
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molecule. Propranolol has membrane-stabilizing activity
with a low oral bioavailability (25%) and a short plasma
half-life of 3-5 hours (Goodman and Gilman, 1996) . The
clearance of propranolol may vary with hepatic blood flow
and liver disease, and it also may change during the
administration of other drugs that affect hepatic
metabolism (Pritchard and Schneck, 1977; Vu et al., 1983).
The disposition of propranolol has many special
characteristics; flow-restricted kinetics due to a high
hepatic extraction ratio, nonrestrictive elimination and a
high degree of plasma protein binding (90%). It has a
volume of distribution (Vd) of approximately 300 L/70Kg (>4
L/Kg) , a plasma clearance (CLPiasma) of approximately 0.8
L/min, and a systemic/whole blood clearance (CLS) of
approximately lL/min.
Propranolol exists and is prescribed in a racemic
mixture of d (+) and 1 (-) isomers. The (+) enantiomer
however does not have any beta-blocking activity, although
it does share with the (-) enantiomer some nonspecific
properties such as membrane stabilizing action. Several
studies have concluded the presence of stereoselectivity in
the oral clearance of the drug in most individuals, with
the preferential removal of the (+) enantiomer (the
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inactive form) from the circulation (Silber et al., 1982,Walle et al, 1988). Some of the (-) enantiomer of
propranolol is taken up into the sympathetic nerve endings
and is released upon nerve stimulation (Walle et al.,
1988) .
Propranolol is subj ected to extensive and highly
variable hepatic first-pass metabolism following oral
administration. Walle et al. in 1978 reported a mere 3-fold
variation in the initial plasma levels during propranolol
therapy between-patients, a narrow range that stands in
sharp contrast to the 10 to 20-fold variation generally
reported (Briggs et al., 1975, Esler et al., 1977, Vervloet
et a l., 1977) . The 3-fold variation found by Walle et al.,
in 1978 at low doses is believed to be associated with a
high presystemic elimination at these doses (Gibaldi et
al., 1971, Shand et al., 1970). This process becomes
partially saturated at higher doses leading to a dosedependent and between-patient variability in drug plasma
concentration.
The bioavailability of propranolol was compared
between oral and intravenous administration in both adults
and children by Shand et al., in 1970. They had observed a
7-fold variation in peak plasma levels following oral

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

49

administration (Cmax between 1 and 2 h) compared to a 2fold variation due to intravenous administration. Similar
results were obtained by Esler et al., in 1977 and Vervloet
et al., in 1977. In clinical pediatric practice, it has
been shown that the drug can be effective when given
intravenously, as the results of long term oral therapy was
disappointing in the treatment of cyanotic spells in
Fallot's tetrology (Shand et al., 1970; Cumming and Carr,
1966; Ross et al., 1966) .
Alternative routes of administration including
intravenous (Smulyan et al., 1982; Shand et a l ., 1970),
buccal (Taylan et al., 1996), vaginal (Smith and Berge,
1985), nasal (Ahn et al., 1995; Hussain et a l., 1980) and
ocular (Schoenwald and Huang, 1983) have been attempted to
improve the systemic bioavailability of propranolol. These
routes can allow the drug to reach the systemic
circulation, bypassing the liver and escaping first-pass
metabolism to a considerable extent.
In recent years slow or sustained-release formulation
of propranolol (Inderal LA) has become available with
claims that these formulations maintain p-adrenoceptor
blockade throughout a 24 h period and enable the drug to be
given once daily (Nace and Wood, 1987). Previous studies
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have shown that the systemic bioavailability of sustainedrelease propranolol is significantly lower (40-70%) than
the conventional propranolol tablet (Ohashi et al., 1984;
Takahashi et al., 1990a).
Propranolol is an effective drug for the prophylaxis
of migraine (Emilien and Malotaux, 1998; Peck et al ., 1997;
Kozubski and Prusinski, 1995). Migraine, a specific subtype
of headache, is due to abnormalities in the cerebral blood
flow. Attacks result in severe unilateral headache
accompanied by nausea, vomiting, photophobia, phonophobia
and general weakness. It affects approximately 12-20% of
women and 8-12% of the men population (Diener, 1997).
Preventive medications for migraine are usually given
daily for months or years. The medication is basically
divided into two major categories: (1) Alternatives of high
efficacy, which includes the p-blockers, and of lower
efficacy drugs which include some calcium channel
antagonists and non-steroidal anti-inflammatory drugs, (2)
second-line choice of drugs include the monoamine oxidase
inhibitors (Silberstein, 1997). Prophylactic approaches to
migraine are required when the intensity of headache is
severe and has a significant negative impact on the
individual1s lifestyle. Numerous clinical studies have
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shown that approximately 50-70% of patients, derive some
benefit from prophylactic treatment with propranolol. It
has been suggested that only the pure p-adrenergic
antagonists are effective agents in the therapy of
migraine. Propranolol and timolol are the only P-adrenergic
antagonists that have been approved by the FDA for use in
migraine in the United States (Goodman and Gilman, 1996). A
comparative post-marketing study on the safety and efficacy
of propranolol and flunarizine in the treatment of migraine
by Verspeelt et al., (1996) , showed that propranolol was
more effective in reducing the severity of migraine
attacks. The benefit of propranolol in patients with
migraine headaches may be dual in nature. It is well known
that ergotamine is contraindicated in the treatment of
angina pectoris and hypertension. Hence, propranolol may be
a better candidate for hypertensive patients with angina
who are also suffering from migraine.

It can relieve

migraine as well as decrease the blood pressure and thereby
reducing the frequency and severity of angina attacks, and
the symptoms of thyrotoxicosis (Nadelmann et al., 1986) .
Several other beta-blockers are also useful in prophylaxis
of migraine (Stensrud and Sjaastad, 1980; Standnes, 1982;
Ramadan et al ., 1997).

There is also evidence that beta-
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blocker therapy improves the clinical outcome for patients
after myocardial infarction as well as those with malignant
ventricular tachyarrhythmias. Thus, it has been suggested
that beta-blockers should be used as basic therapy in
patients who are at risk of sudden cardiac death (Andresen
et a l ., 1999).
Propranolol is one of the drugs which has been shown
to exhibit temporal variations in their effects in man.
Chronotherapy is shown to play an important role in the
treatment of hypertension. Both normotensive and
hypertensive subjects show circadian rhythms in systolic
and diastolic blood pressure and heart rate with high and
low values in the morning and during the night
respectively. The treatment of hypertensive patients with
the P-blocker lowered blood pressure during the day when
higher values in the respective rhythms were seen.
Propranolol like drugs are much less effective, if at all,
during the night (Lemmer, 1989; Sirgo et al ., 1988) . This
provides a rationale for designing antihypertensive therapy
using novel drug delivery systems that can administer drugs
at suitable times to provide efficacy during the critical
period of the day; when blood pressure and heart rate are
higher. This is particularly important as the morbidity of
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cardiovascular diseases such as angina and myocardial
infarction is much more pronounced at the period of the day
when the heart rate and blood pressure are higher
(Gottlieb, 1988; Vallee and Lemberg, 1990a,b). Metabolic
studies in dogs, rats and humans have revealed 3 primary
pathways of biotransformation, N-dealkylation, aromatic
hydroxylation and glucuronidation of the hydroxyl group at
the second position of the side chain. More than 30
metabolites, displaying a wide spectrum of physiological
properties, have been identified (Kwong and Shen, 1987).

Role of Stereoselectivity in 3-Blockers

The available data regarding the pharmacological
action of beta-blockers indicate that the interaction of
these agents with beta-adrenoceptors is highly
stereoselective. Generally, the cardiac beta-blocking
activity of the beta-blockers with two enantiomers resides
in their S (-) enantiomers, the reported S:R activity ratio
being in the range of 33 to 530. However, the R (+)
enantiomer has relative strong activity in blocking beta2
receptors in ciliary process.

For sotolol, which has R (-)

and S (+) conformation, it is the R (-) enantiomer that
possesses the majority of the beta-blocking activity. Both
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enantiomers of sotalol share an equivalent degree of Class
III anti-arrhythmic potency, however (Mehvar and Brocks,
2001).

Beta-blockers are basic drugs that bind to both
albumin and alphal-acid glycoprotein (AAG) in the plasma.
For sotolol, which has relatively high free fractions in
plasma, the binding appears to be non-stereoselective.
However, stereoselective binding has been reported for
propranolol in both whole plasma as well as individual
serum proteins. The stereoselectivity in the binding of
propranolol to human serum albumin is opposite of that
observed for the human AAG. Whereas the free fraction of
the (+) enantiomer is higher in AAG, the opposite is true
for albumin. The overall stereoselectivity in the binding
of propranolol to humans serum, however, resembles that
seen with AAG.
Takahashi et al. (1990b) demonstrated that, compared
with the (+) enantiomer, the (-) enantiomer of propranolol
reaches higher concentrations in heart, muscle,
gastrointestinal tract, kidney, brain, and lung of rats.
Overall, the metabolism of propranolol is stereoselective
for the less active R (+) enantiomer, resulting in higher
plasma concentrations of the S (-) enantiomer in humans.
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However, this apparent stereoselectivity could be
explained by higher free fraction of (-) propranolol in
plasma. Similarly, the stereoselective binding of the
propranolol enantiomers to plasma proteins is the main
reason behind an apparent stereoselectivity in the red
blood cell distribution of the drug. The elimination of
most beta-blockers occurs via hepatic metabolism and/or
renal excretion of the unchanged drug. While the lipophilic
beta-blockers, such as propranolol, are eliminated mostly
by metabolism, the more hydrophilic beta-blockers, such as
atenolol, sotalol and nadolol, are almost exclusively
excreted unchanged in urine.
Metoprolol is another beta-blocker that is
predominantly eliminated by hepatic metabolism. In humans,
metoprolol is eliminated by several oxidation pathways,
including benzylic hydroxdylation (alpha hydroxylation)
which results in an active metabolite and accounts for -10%
of the dose. This pathway is stereoselective for S (-)
metoprolol. The major metabolic pathway, however, is Odemethylation and further oxidation to a carboxylic acid
metabolite that accounts for 65% of the dose. Odemethylation favors R (+)-metoprolol and is responsible
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for the stereoselectivity observed in the plasma
concentrations of metoprolol.
Renal excretion of the unchanged drug is the major
elimination pathway for hydrophilic beta-blockers such as
sotalol. In contrast to metabolism, the reported
stereoselectivity in the renal clearance of beta-blockers
is relatively low, with (-):(+) renal clearance ratios
being 0.90 and 1.05 for metoprolol and sotalol,
respectively.

Transdermal Delivery of 3-Blockers

Transdermal delivery of propranolol has been
accomplished using different formulations, like ointments,
gel ointments (Corbo et al., 1989), prodrugs (Ahmed et al.,
1995) and patches (Kunta et al ., 1997). Hori et al. (1992)
had reported that the absorption of propranolol HC1 through
hairless mouse skin was increased by enhancers like a range
of n-alkanes, n-nonanol, and a number of monoterpenes. An
ethanolic solution of propranolol HC1 containing the above
penetration enhancers also showed a synergistic action
between the enhancer and the co-solvent to enhance the drug
flux across hairless mouse skin in vitro (Hori et a l .,
1992). Ethanol presumably solvates propranolol and affects
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the membrane thereby enhancing the permeability (Maitani
et a l., 1993). Ogiso and Shintani (1990) postulated that
propranolol crosses the SC by forming a complex with the
fatty acids, and then dissociates into individual
components at the interface between the corneum and the
viable epidermis, where propranolol partition into the
water-rich tissue. This is in agreement with many other
reports (Cooper et al., 1985).
Enhancers may modify either the postulated lipid or
polar route through the skin (Barry and Bennett, 1987).
Enhancers like 2-pyrrolidone may affect the polar route
(Southwell and Barry, 1983), while enhancers like oleic
acid may affect the non-polar route (Cooper, 1984). Green
et a l., (1989) had observed that cationic drugs like
propranolol traversed the human skin more rapidly than that
predicted by using isopropyl myristate membrane, in the
presence of enhancers like oleic acid and lauric acid. This
was thought to be due to ion pairing with the intercellular
fatty acid, which is counter balanced by a reduction in the
partitioning out of the SC into the viable epidermis.
Recent studies have demonstrated that propranolol is
metabolized in the human skin tissue and that propranolol
and its metabolites are retained in the skin. This may be
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one of the reasons for the low plasma concentrations and
irritations observed following topical application of
propranolol (Ademola et al., 1993).
Several studies have shown the skin to be an active
organ having metabolic capabilities (Bronaugh et al., 1989;
Kao and Hall, 1987; Kao et al., 1985). Monohydroxy
propranolol (Viz. 4-,5- and 7- hydroxy propranolol), one of
the major metabolites of propranolol, is formed by
microsomes (everted endoplasmic reticulum)

(Ademola et al.,

1993; Fitzgerald and O' Donnell, 1971) present in the skin.
These monohydroxy propranolols, possess p-blocking activity
(Tindell et al., 1972; Cleaveland and Shand, 1972).

4-

hydroxy propranolol is equipotent with propranolol as a p~
blocker and is present in the plasma after acute and
chronic treatment of propranolol in both humans and animals
(Fitzgerald and 0'Donnell, 1971). Two ester prodrugs of
propranolol showed higher permeability coefficients and
fluxes higher than the hydrophilic propranolol inspite of
the latter's higher donor concentration than that of the
lipophilic prodrugs. A high stereoselective hydrolytic
activity of the skin (hairless mouse) was also demonstrated
in this study (Ahmed et al., 1995). The rate of penetration
of the drug might be an important determinant of the rate
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of metabolism. Ademola et al. (1993) found a higher
proportion of polar metabolites in the receptor fluid
compared to that of the skin supernate. They had ruled out
the possibility of enzyme leakage into the receptor fluid
and the breakdown of propranolol on the skin surface thus,
all metabolites formed were during percutaneous absorption.
During electrically assisted transdermal delivery, the rate
of penetration of the drug is much higher when compared to
passive permeation, thus minimizing the effect of
metabolism as the contact time is highly reduced.
The transdermal iontophoretic delivery of propranolol
in vitro has been studied on membranes (D'Emanuele and
staniforth, 1991) and skins of different species like
hairless mice (Hirvonen and Guy, 1997) , albino rats (Nanda
et a l., 1994) and excised pig, rabbit, mouse and human skin
(Phipps et al., 1989) . The usefulness of iontophoresis in
sending propranolol through the skin to evaluate pain
relief (Miyagawa et al., 1992) and to prove the presence of
a- and (3-adrenoceptors in the forehead microcirculation
(Drummond, 1996) were investigated in human volunteers.
Ghighineishvili et al.,(1992) have said that propranolol
reduced the heart rate (negative chronotrophy) but was not
able to decrease the force of contraction (negative
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ionotrophy) in 58 patients using iontophoresis technique.
The patients selected for the study had undergone
aortocoronary bypass for myocardial ischemia, out of which
34 patients had already had myocardial infarction. They had
also concluded that the (-)- enantiomer of propranolol
(active isomer) passes through the skin.
Iontophoretic delivery is one promising means to
effectively deliver beta-blockers in a programmed fashion
to take care of changes in heart rate, blood pressure and
in the prophylaxis of migraine. The availability of a
transdermal patch will provide a long acting form to
improve patient compliance and will avoid the first-pass
metabolism, which results following oral delivery (Vlasses
et al., 1985) . This work can lay the groundwork to
eventually develop a self-regulated system where the
delivery of propranolol HC1 or other beta-blockers is
linked to the blood pressure.
A link to blood pressure rather than plasma
concentration is sought, as there is no simple correlation
between dose or plasma level and therapeutic effect.

This

goal seems realistic as the feasibility of a noninvasive
measurement of blood flow in response to propranolol by
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dual-beam pulsed wave doppler technique has been
established (Luca et al., 1995).

Liposomes

Liposomes are vesicles consisting of lipid bilayers
surrounding an aqueous space. They are biodegradable
systems that carry drugs in their aqueous environment, or
the lipid bilayers, or bound to the surface (Schramlova et
al., 1997a) . Liposomes were first discovered by, Bangham
and coworkers in 1965. These last three decades have
witnessed considerable deve1opments in the preparation,
characterization and utilization of liposomes as drug
carriers.
Liposomes are also potential particulate topical
carriers as they may increase and/or regulate drug
transport into the skin and consequently reduce variability
in drug bioavailability from one patient to another. They
may also reduce toxic side effects that may arise from the
high systemic drug absorption and target the drugs to
definite skin compartments. Moreover, these carriers are
generally nontoxic, nonimmunogenic, nonirritant, and
biodegradable. There are a few experimental results being
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published regarding the potential application of liposomes
as part of a new generation of transdermal therapeutic
systems (Rolland, 1993).
Liposomes can be classified into three different
groups based on their size and number of bilayers. The
different types of liposomes are referred to by threeletter acronyms, e.g., multilamellar vesicles (MLVs), the
size of which ranges from lOOnm to l|i. These vesicles have
multiple lipid layers in contrast to unilamellar vesicles,
which are further divided based on their size into large
unilamellar vesicles (LUVs) which are larger than lOOnm and
small unilamellar vesicles (SUVs) whose size is under lOOnm
(Betageri et al., 1993).
The multilamellar liposomes were first described by
Alex D .Bangham in 1965. Both MLVs and SUVs suffer from the
drawback of having a very low encapsulation capacity,
several fold lesser than LUVs of comparable size. The SUVs
are optically clear preparations, which have a phospholipid
bilayer covering an aqueous space. LUVs encapsulate a high
percentage of the initial aqueous phase and have a high
aqueous space-to-lipid ratio. The LUVs have several other
advantages over MLVs apart from the encapsulation
efficiency, in that they have a high reproducible rate of
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drug release and economy of lipid (Betageri et al., 1993).
Unlike biological membranes, the SC does not contain
phospholipids, but is primarily made up of ceramides (40%) ,
cholesterol (25%), fatty acids (primarily palmitic acid
[25%] ), and cholesteryl sulfate (10%) . Liposomes have been
prepared using these lipid compositions by the dehydrationrehydration method to achieve good permeation results.
(Weiner et al., 198 9; Egbaria et al., 1990) .
The mimetic character of liposomes in relation to the
organized lipid structures of the SC provides a suitable
strategy for achieving an accurate vehiculization in the
percutaneous absorption of a particular compound.
Utilization of liposomes as a vehicle is the focus of
extensive research, especially with regard to the
chemotherapy of tumors (Huang et al., 1992), mycotic
infections, psoriasis treatment (Touitou et al ., 1992), and
antiviral therapy (Sheth et al., 1987), for many years.
During the past decade, liposomes have been considered for
topical drug delivery, including ophthalmic, pulmonary and
dermal/transdermal delivery (Schreier and Bouwstra, 1994).
Drug loaded liposomes are mainly used for intravenous,
intramuscular, and intraperitoneal applications. Several
investigators have concentrated on the potential use of
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liposomes for the dermal delivery of steroidal compounds,
like triamcinolone acetonide (Mezei and Gulasekharam, 1982,
1980), progesterone (Ho et al., 1985), and hydrocortisone
(Mezei and Gulasekharam, 1982).
The rate of release of a drug molecule from the
liposome is governed by the drug's physico-chemical
properties (Betageri and Parsons, 1992) . Liposomes are
freely permeable to water, but cations are released at a
slower rate than anions. Betageri and Rogers (1988) have
concluded that the n-octanol-buffer and the liposome system
are good models to measure the hydrophobicities of drug
congeners in a series to describe the interaction between
drug and membrane. These interactions are of importance in
understanding the membrane uptake and transport of drugs.

Liposomes as Enhancers
Enhancers are defined as those materials that
significantly enhance drug penetration through the
epidermis without severely irritating or damaging the skin.
Recently liposomes, have been studied as skin penetration
enhancers (Touitou et al ., 1994). Liposomes have been found
to increase skin permeability and control the penetration
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and deposition of drugs in the skin (Mezei and
Gulasekharam, 1980,1982).
One of the most disputed questions is whether intact
vesicles are able to penetrate into the SC, with some
suggesting that they can (Schramlova et al., 1997a) and
others reported that they cannot (Ho et al., 1985; Weiner
et a l., 1989). Mezei and Gulasekharam,

(1980,1982) had

stated that intact liposomes penetrated into the SC and
further down into the deeper layers of the skin. They
suggested that following topical application of liposomes:
'the capsule is able to penetrate and cross the biological
membranes and have some selectivity-the penetration and
deposition to target areas'. Hofland et al., (1995) have
reported that liposomes do not penetrate intact into the
skin, but their constituents penetrate molecularly and mix
with the lipids present in the SC, thereby producing a
penetration-enhancing effect by making ultrastructural
changes in the intercellular lamellae.
Though there are studies on the distribution of
liposomes in the tissue (Yarosh et a l ., 1994), little is
known about their location at the cellular level.
Schramlova et a l ., (1997a) have demonstrated the passage of
liposomes through the undisturbed skin into the SC and
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further down into the organs. Liposomes are thought to
penetrate through the intercellular spaces, by
transcytosis, but mainly along the hair sheaths.
Despite extensive study on the advantages of liposomes
as drug carriers in skin and in cosmetics, little is known
about the molecular mechanisms by which liposomes promote
the penetration of liposomal lipophilic and hydrophilic
drugs (Schreier and Bouwstra, 1994). A simple hypothesis
about the mechanism by which liposomes may facilitate
transfer of drug into the skin was proposed by Touitou et
al., (1994). They suggested that, in the absence of
enhancer effect arising due to the action of lipid
components of the liposomal bilayer and the skin, the
extent and rate of dehydration of the liposomal bilayers
control the extent and rate of transfer of drug. This
occurs regardless of whether the drug is hydrophobic or
hydrophilic in nature. Conversely, for liposomal systems
carrying hydrophilic drugs that retain a constant amount of
water within the bilayers following dehydration to an
equilibrium state, drug transport would continue for
extended periods of time unlike their hydrophobic
counterparts.
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Kirjavainen et al., (1996) had studied the
penetration of various liposomal formulations into human
skin in-vitro. Negative charge, cholesterol inclusion, and
acyl chain length of phospholipids did not affect
penetration into the SC, nor does cholesterol have any
toxic effects on the proliferation of keratinocytes.
Kulkarni et al. (1995) reported that the retention of
hydrophilic drugs can be improved by the incorporation of
cholesterol. Cholesterol, a bilayer additive is included to
prevent the leakage of the encapsulated drug during
storage. Changes in the bilayer composition would affect
the liposome encapsulation efficiency of the drug. It
decreases the permeability of bilayers to water soluble
solutes by forming a tight packing with the acyl chains of
the phospholipid and thereby increasing the rigidity. 1,2disteoroyl-Sn-glycero 3-phosphocholine (DSPC) in
combination with cholesterol releases propranolol much
slower. The increased fatty acid chain length of DSPC and
the gel state of DSPC liposomes are the factors responsible
for the reduced leakage of the hydrophilic drug from the
liposome. Due to the inclusion of cholesterol into the
liposomal bilayer, the phase transition during which rapid
efflux of materials takes place through the regions of high
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bilayer disorder, is lost, thus decreasing the efflux rate
of cations (Betageri and Parsons, 1992).
Some investigators have also emphasized that the
penetration of different drugs depends, at least in part,
on the follicular density (Lieb et al., 1992). To determine
the reservoir capacity of the SC and the mechanism by which
transdermal transport of drugs occur when liposomes were
applied was studied using fluorescent markers. Tape
stripping technique was used to evaluate the extent of
release of hydrophilic substances when the liposomal
vesicles encapsulating the fluorescent marker was applied
to the skin. They had observed a small but significant
enhancement in the penetration rate of these vesicles for
the release of hydrophilic substances, as the SC was
stripped gradually (Coderch et al., 1996).
Yu and Liao,

(1996) had observed higher retention of

the drug liposomes from both positive and skin lipid
liposomes. They stated that the vesicle size did not
influence the penetration, in contrast to the conclusion of
Natsuki et al., (1996). Some of the advantages and
disadvantages of liposomes, a valuable delivery system in
the pharmaceutical field are presented below,
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Advantages of Liposomal Systems
1.

They can encapsulate both hydrophilic and hydrophobic
drugs

2.

Encapsulation of charged and uncharged drugs is
possible by altering the physicochemical properties of
the liposome

3.

Used for targeted drug delivery

4.

Prepared in different sizes

5.

Have low systemic toxicity and are biodegradable

6.

As a carrier for controlled drug delivery

7.

Used to improve the solubility of some poorly soluble
drugs

8.

Liposomes can be used to improve the stability of many
compounds

Disadvantages of Liposomal Systems
1.

Possible leakage of the encapsulated drug during
storage

2.

Delay in onset of action due to slow release and slow
absorption

3.

Reduced potential for accurate dose adjustment

4.

Acted upon quickly by the reticuloendothelial system

5.

Batch to batch variation
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Kulkarni et al., (1995) have reported that the MLVs
are suitable for the encapsulation of bilayer-interacting
hydrophobic drugs while hydrophilic drugs are better
encapsulated by LUVs. They also reported that a formation
of a thin film of lipid having a large surface area is most
desirable to facilitate an efficient hydration of the
bilayer.
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CHAPTER 3
ELECTRICALLY MODULATED DELIVERY OF LIPOSOMAL

FORMULATION OF PROPRANOLOL ACROSS HAIRLESS RAT SKIN

Abstract

Purpose. The primary objective of this study was to
demonstrate the feasibility of transdermal delivery of
propranolol HCl across hairless rat full thickness skin and
compare transport from solution and liposome formulations
using iontophoresis (IP) and/or electroporation (EP).
Another objective was to demonstrate the propranolol
delivery across human epidermis (HE) from liposomal
formulation using electroporation and compare its delivery
to rat full thickness skin (RFS).
Methods. Freshly excised rat full thickness skin or
human epidermis was mounted on Franz transdermal diffusion
cells. The donor solution consisted of either propranolol
(10 mg/ml) or its liposomal formulation in pH 6.2 imidazole
buffer containing 25 mM NaCl. The receptor was pH 6.2
imidazole buffer with 25 mM NaCl. Samples were analyzed for
71
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propranolol HCl by HPLC. For Iontophoresis studies, a
current of 0.5 or 0.1 mA/cm2 was applied for 6 hours, using
silver/silver chloride electrodes. Electroporation
protocol consisted of varied length, duration, voltage and
number of pulses as well as varied time of application of
pulses. Transdermal voltage, total charge delivered and
changes in impedance across the skin were calculated.
Statistical analysis was performed using ANOVA.
Results. Passive delivery from liposomal formulation
of propranolol (17.1 ± 5.1 pg/cm2) delivered significantly
greater (p<0.05) amount of propranolol compared to solution
formulation (1.8 ± 1.06 pg/cm2) across rat full thickness
skin. Iontophoresis of propranolol liposome (867.8 ± 143
pg/cm2) delivered more than 5 times propranolol compared to
electroporation (158 ± 23 pg/cm2) (15 pulses, 500V, 200ms)
while iontophoresis of the solution formulation (1299.8 ±
146 pg/cm2) delivered more than 7 times compared to
electroporation (176.8 ± 12 .5 pg/cm2) . Iontophoresis
enhanced passive flux of the liposome formulation by over 50
times and the solution formulation by over 700 times. For
the protocols used, there was no significant difference
found between iontophoresis alone and a combination of
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iontophoresis and electroporation for propranolol delivery
across rat full thickness skin and in permeation
characteristics between solution and liposome formulations
when electroporation was performed on rat full thickness
skin and human epidermis. An increase in current density
(iontophoresis) and pulse length (electroporation)
increased the drop in impedance of the skin.
Conclusion. Transdermal delivery of propranolol HCl
can be enhanced using iontophoresis or electroporation to
achieve rapid modulated influx of drug. No stereoselective
permeation of propranolol HCl was observed across full
thickness hairless rat skin.

Introduction

Transdermal drug administration is currently being
utilized as an alternate route of drug admini strat ion.
Systemic delivery of certain drugs through skin has opened
a new arena for a number of new clinical applications that
use transdermal drug delivery systems (TDDS). This route
shows certain biopharmaceutical benefits such as increasing
bioavailability and therapeutic efficacy by avoiding
hepatic first-pass metabolism. Also, it provides steady
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continuous delivery for chronic treatment and thus an
improved patient compliance. However, poor permeability of
the skin, mainly due to its impermeable rate limiting
membrane, the stratum corneum, limits the usefulness of
TDDS.
Iontophoresis is a form of enhanced transdermal drug
delivery, which uses an electric field to force poorly
absorbed ionized drugs through the existing pore pathways
in the skin, such as hair follicles and sweat glands
(Schmidt, 1993). Iontophoresis is not the only electrical
mechanism to enable drug delivery through the skin. The use
of electric pulses, or electroporation, is another
technique, which can create new pathways in the skin for
drugs to permeate. The safety of electroporating the skin
has been investigated (Prausnitz et al., 1993) and it has
been shown that the electrical exposures used were
completely reversible. Similarly, a clinical study
involving over 250 patients with multiple half-hour
iontophoresis using DC current (0.05 - 0.5 mA/cm2) for a few
weeks reported iontophoresis technique to be well tolerated
(Ledger, 1992) .
In attempting to overcome the relative impermeability
of the skin, different approaches such as chemical
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enhancers, formulations, and active energy means have been
used to enhance and control the flux of molecules. However,
the passive permeation (without the use of chemical
enhancers) of propranolol is difficult as propranolol
hydrochloride is a "hydrophilic" permeant, while skin is
more permeable to "lipophilic" permeants.

If propranolol

permeates the skin as a free base, the partition
coefficient for the free base is still in the order of 100fold less than other drugs such as diazepam or indomethacin
(Hori et al. 1992).

However, the technique of

iontophoresis can readily overcome these disadvantages as
it expands the horizon of transdermal delivery to
"hydrophilic" permeants.

Furthermore, it can allow

individualization of dosage by adjusting the current
parameters.
Liposomes have been used as carriers of drugs. Several
liposomal formulations are under pre-clinical and clinical
trials. Potential advantages of liposomes as drug carriers
include enhancement of drug delivery, solubilization of
poorly soluble drugs, and local depot for the sustained
release of topically applied drugs (Banga, 1998) . Drugs
that are encapsulated into the lipid vesicles have been
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reported to produce no irritation to the skin unlike the
free drugs (Touitou et al., 1994).
There has been very limited studies done on the
permeability characteristics of enantiomers of chiral
molecules like (±) propranolol across skin. Today more than
50% of the marketed drugs are chiral in nature and the
implications of stereoselectivity in investigations of
recemic drugs have not received adequate attention.
Consequently, regulatory agencies have started to consider
stereochemical considerations to assess bioequivalence if
racemates are used (Reddy et al. 2000).
The objective of this study was to establish the
feasibility of electrically assisted delivery of
propranolol HCl across rat full thickness skin, using
iontophoresis, electroporation, and a combination of the
two. Effects of current density and pulsing voltage were
also studied. In addition, delivery from a liposomal
formulation of propranolol was also studied with
electroporation using human epidermis.
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Materials and Methods

Materials
DL-Propranolol hydrochloride (molecular weight 295.8),
cholesterol, protamine, ficoll (70, 000 molecular weight),
(-)-menthyl chloroformate and stearylamine were procured
from Sigma (St. Louis, MO). Hairless rats (350-500g) were
obtained from Charles River (CA). They were housed in the
in-house animal facility at Mercer University and were
utilized according to IACUC approved guidelines. Human skin
was obtained from Cooperative Human Tissue Network
(Birmingham, AL). The skin was frozen within 12 hours of
death and supplied as full thickness skin from cadaver,
autopsy, mastectomy, or tummy-tuck surgery. The skin was
received on dry ice and stored at -80°C until ready for use.
DSPC (1,2-disteoroyl-Sn-glycero 3-phosphocholine) was
obtained from Avanti Polar Lipids, Inc.

(Alabaster, AL).

Silver-silver chloride electrodes were purchased from In
vivo metric (Ukiah, CA), and, silver wire was purchased
from Aldrich (Milwaukee, WI). All other chemicals and
solvents (HPLC grade) were procured from Fisher Scientific
(Pittsburgh, PA).
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Preparation of Skin
Hairless rats were euthanized by inhalation of carbon
dioxide using an exposure chamber designed for such use.
The skin from the abdomen was carefully removed, making
sure no muscle or fat was attached to the skin. The skin
was then cut into small squares to fit the Franz diffusion
set (Membrane Transport Systems, PermeGear, U.S.A) and
placed in imidazole buffer until mounted. When human skin
was required, full thickness human skin was heated in water
at 60°C for 45 seconds, and gently rubbed with two broad
spatulas. The epidermal membrane was then peeled off the
underlying dermis with forceps and cut into small square
pieces to fit the mouth of the Franz diffusion set. The
epidermal membrane was then inspected for integrity and
mounted between the donor and receptor of the Franz
transdermal diffusion cells. The use of full thickness skin
is not required for in vivo studies, since blood
capillaries lie under the epidermis and the drug just needs
to permeate the epidermis before being picked up by dermal
circulation for systemic effects in the body.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Preparation of Liposomes
Multilamellar liposomes (MLVs) were prepared, by thin
film hydration method. The liposome composition used was
DSPC: cholesterol: stearylamine (1:0.5:0.3 mole ratio).
Stearylamine was used to induce a positive charge on the
liposomes. Liposomes were prepared by dissolving DSPC,
cholesterol and stearylamine in chloroform. The organic
solvent was removed under vacuum in a Rotavapor® R-3000
(Buchi, Switzerland) leaving behind a thin lipid film. The
film was then kept under vacuum overnight to remove
residual solvent. Nitrogen gas was then passed over the
film for 30 minutes to remove the remaining traces of the
organic solvent, after which, the film was hydrated with
the imidazole buffer containing propranolol HCl (17 mg/ml)
The hydration was maintained at a temperature above the
glass transition temperature of DSPC (>52 °C) . The mixture
was then vortexed (Genie 2® Fisher Vortexer, Fisher
Scientific, USA) until the lipid film was completely
hydrated to yield MLVs. The MLVs were converted into large
unilamellar vesicles (LUVs) by extruding MLVs through a 0.
fim filter (polycarbonate membrane) followed by extrusion
through a 0.4 }im filter (polycarbonate membrane) under
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positive pressure with nitrogen using a 10 ml thermo-barel
extruder (Lipex Biomembranes Inc., Vancouver, Canada).

Estimation of Encapsulation
Protamine aggregation method was used to estimate the
encapsulation of MLVs and LUVs (Kulkarni et a l ., 1995) . The
liposome preparations were diluted to a concentration of 20
mg/ml of the phospholipid with imidazole buffer. 100 pi of
this suspension was added to 100 pi of protamine (100 mg/ml)
in imidazole buffer kept in an eppendorf tube. After
vortexing for one minute, the mixture was incubated at room
temperature overnight and centrifuged at 12,000 rpm (Micro
7, Fisher Scientific, USA) for 20 minutes. The supernate
was removed and the pellet rinsed with 100 pi of imidazole
buffer and centrifuged again for 5 minutes at 12,000 rpm.
The supernatant and the washings were then analyzed by
HPLC.

Separation of Non-encapsulated Drug from Liposomes
The ficoll density gradient method was used (Dipali et
al., 1996) to separate non-encapsulated drug from the
liposomes. Briefly, 3 ml of the liposomal formulation was
placed in a 50 ml polycarbonate centrifuge tube. To this, 3
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ml of 40% ficoll, 5 ml of 20% ficoll, and 3 ml of
imidazole buffer were added gently along the sides. Care
was taken during addition to prevent disturbance of the
previous layer. The tubes were then centrifuged for 90
minutes at 20,000 rpm (Beckman J2-HS, Beckman Instruments
Inc., USA). After centrifugation, 3 ml samples were
collected from the top for analysis and further studies.

Release Study Under Pulsing
The stability of propranolol and the integrity of the
liposomal formulation was checked under the influence of an
electric field. Propranolol formulation (1 ml) was placed
in 2mm gap cuvette (BTX® Electroporation Cuvette Plus ™ 620,
San Diego, CA). Two cuvettes were simultaneously placed in
the BTX® Safety Stand 630-B (BTX®, San Diego, CA) that was
attached to the ECM-63 0 pulser (BTX®, San Diego, CA). The
electroporation protocols used in transdermal studies were
applied and the samples analyzed by HPLC. Liposome samples
were also screened for changes in percent free drug using
protamine aggregation method.
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Transdertnal Iontophoresis Studies
The receptor chamber of the Franz Diffusion cell
(0.64 cm2 diffusional area) was filled with plain imidazole
buffer and the skin was mounted on it. The temperature was
maintained at 37°C ± 0.5 °C. The donor chamber was then
placed on the skin. The donor solution contained 0.7 ml
propranolol HCl (10 mg/ml) in 25 mM imidazole buffer pH
6.2. Propranolol HCl has a pKa of 9.23 and is almost 100%
ionized at the donor p H . The imidazole buffer contained 25
ml of 100 mM imidazole, 21.45 ml of 0.2N HCl, 25 mM sodium
chloride made up with distilled water to give a pH of 6.2 ±
0.05. A current of 0.32 mA (0.5 mA/cm2) or 0.064 mA (0.1
mA/cm2) was applied using a Dupel® dual channel
iontophoretic system (Empi, MN) for 6 hours. Samples of 0.5
ml were taken at specified time intervals over 6 hours and
replaced with 0.5 ml of plain imidazole buffer. Silversilver chloride electrodes were used, as they were
reversible electrodes and do not cause electrolysis of
water, which may result in a pH shift. The anode (Silver
wire) was placed in the donor solution and the cathode
(Silver-silver chloride matrix) in the receptor.
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Transdermal Electroporation Studies
The donor chamber with the silver wire containing 0.7
ml propranolol HCl (lOmg/ml) in imidazole buffer acted as
the anode while the receptor with the silver wire filled
with plain imidazole buffer was the cathode. High voltage
pulses (500 V) were applied to the skin for 15 minutes at
the rate of 1 pulse per minute (1PPM) using a ECM-630 BTX
pulser (Genetronics, CA) either at time zero or at two
hours. The pulse voltage was varied for certain
experiments. The pulse length was either 100 ps or 200 ms,
which may be expressed as:
t = C* (Ri * Ri) / (Ri + Ri)
Where, Ri is the load resistance (Ohms) , Ri is the
timing resistance (Ohms) and C is the total capacitance
(micro Faraday's). If the total chamber resistance is much
greater than the timing resistor used to generate the
pulse, then the timing resistor remains active to give the
desired pulse length. The pulse length is determined by the
chamber resistance, provided that the chamber resistor is
lower than the timing resistor chosen. The longest pulse
length, that can be achieved, is determined by the load
resistance. The load resistance and the total capacitance
were controlled on the instrument panel. The pulse rate
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(number of pulses per minute) was controlled manually
using a stopwatch. Samples of 0.5 ml were taken at
specified time intervals and replaced with 0.5 ml of
imidazole buffer. For a combination of iontophoresis and
electroporation, the skin was mounted and the electrodes
placed as described earlier. The pulses (15 pulses, 500V,
100 ps or 200 ms at 1 PPM) were given at time zero, followed
by iontophoresis for 6 hours. Samples were collected at
specified time intervals and replaced with 0.5 ml of fresh
imidazole buffer.

Skin Impedance and Voltage studies
The electrical property of the skin in the passive
state was measured using a CFG-253, 3-MHz function
generator (V0 = IV; repetition at f= lKHz; sine wave)
(Tektronix Inc., USA). The resistance of the chamber
without the skin, RBuik, was also measured in a similar
fashion. The skin was pulsed using the BTX pulser. To
measure the applied voltage (V0), a TSD-210 digital
oscilloscope (Tektronix Inc., USA) was used and the trace
stored in channel 1. The voltage developed across the 15Q
resistor in series with the chamber was measured at channel
2 (V3). This gave the total current through the chamber. The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

85

effective transdermal voltage (VSkin) was calculated using
the following equation,
Vskin = Vo - Vs*

(1 + Reuik / 15)

Where, V0 , is the applied voltage from channel 1 of
the oscilloscope, RBuik is the resistance of the chamber ,
which remains constant, calculated using Ohms law,
V= I * R,
Where, I is the current from channel 2 of the
oscilloscope (Pliquett and Weaver, 1996).
The efficiency of iontophoresis and electroporation
was evaluated by comparing the amount of drug transported
with respect to total charge delivered across the skin as
discussed by Prausnitz et a l . (1996a). The total charge
delivered across the skin by iontophoresis was defined as
the current (I) multiplied by the total "on" time (t). In
the case of electroporation, the total charge delivered was
given as,
Q = I * x
Where, Q is the charge delivered, I is the current
during the pulse and x is the time required for the pulse to
decay to 37% of its value. The current (I) during the pulse
and x were calculated from channel 2 of the oscilloscope.
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HPLC Analysis
A reversed phase HPLC method modified from literature
report (Wu et al., 1997) was used for quantifying
propranolol HCl. A waters (LC-Module I) and a HP-3396
Series II integrator (Fisher Scientific, USA) were used in
his study. A 25-cm long Microsorb C-18 column (Rainin
Instruments, Emeryville, CA) with a particle diameter of 5
jim and a pore size of 100 A was used. The mobile phase
consisted of acetonitrile, water, phosphoric acid and
triethylamine in a 58:42:0.1:0.06 (v/v) ratio. The mobile
phase was filtered before use and was sparged with helium
gas at 15 ml/min during the analysis. The flow rate was
maintained at 1 ml/min and the column effluent was
monitored at 280 nm and 0.001 aufs. The standard graph
ranged from 10 to 100 jig/ml. The 20 jil inj ection volume was
injected on to the HPLC column.

Stereoselective HPLC Assay
A stereoselective HPLC method reported by Prakash et
al.

(1989) was modified and used to analyze (±) propranolol.

(+) Flecainide was used as the internal standard. The
excitation and emission wavelengths on the fluorescent
detector (Waters* 2475) were set at 228 and 340 nm,
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respectively. The mobile phase consisted of methanol and
water (890:110, v/v) . Stock solutions (100 pg/ml) of racemic
propranolol and (+) flecainide were prepared in methanol
and were stored at -20 °C. A calibration curve ranging from
25 to 400 ng/ml of propranolol for each enantiomer was
constructed. The Limit of Quantification for this assay was
2 .5 ng/ml/enantiomer. The r2 was found to be 0 .9996 for (+ )
and 0.9991 for (-) propranolol.
To 100 pi of the imidazole buffer in a 15 ml
polypropylene screw-capped, centrifuge tube were added 50 |iL
(125 ng) of (+) flecainide solution (2.5 pg/mL), 1 mL of 1 M
NaOH, and 8 mL of 1% 1-butanol in n-hexane. The mixture was
then shaken vigorously for 3 min and centrifuged for 5 min
at 1700 rpm (Beckman J2-HS, Beckman Instruments Inc., USA).
A 7-mL aliquot of the organic phase was transferred to a
conical bottom glass centrifuge tube and evaporated to
dryness under a stream of nitrogen at 50 ± 2 °C in a water
bath (Organomation, N-Evap™ 112, Nitrogen Evaporator,
Berlin, MA). The residue was then dissolved in a 100 pi
volume of 0.4% triethylamine in acetonitrille: methanol
(50:50, v/v) and 50 pL of a 0.023 M solution of (-) MCF in
acetonitrile was then added as the derivatizing agent.
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After mixing thoroughly for 15 min, an aliquot of the
reaction mixture was injected onto the HPLC for
quantification of propranolol enantiomer.

Data Analysis
All values expressed as mean ± S.E. for n = 3 for rat
full thickness skin and n = 4 for human epidermis. The
statistical significant differences between the means
values were evaluated by ANOVA. Differences were considered
statistically significant when p<0.05 was observed.

Results and Discussion

Factors affecting electrically assisted propranolol
HCl delivery were investigated starting with solution
studies first and then using liposomal formulations. We
have used imidazole buffer (25 mM) solution having a pKa of
7, which is within the effective buffered working range of
pH 6 to 8, which in turn is within the range, in which most
biological fluids exist (Gueffroy, 1993). Propranolol has a
positive charge (+1) at a pH below 7.4 (Schoenwald and
Huang, 1983) due to the presence of the secondary amino
group present in the alkyl side chain. The use of
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iontophoresis (IP) alone was first studied by examining
the effect of current density on the permeation of the drug
and its transdermal iontophoretic flux. The effect of two
different current densities of 0.1 and 0.5 mA/cm2 were
investigated. Currents were applied for 6 hours, followed
by passive delivery. Figure 4 shows the cumulative amount
of propranolol HCl transported across rat full thickness
skin as a function of time.

The rate of transport was much

higher for the higher current density (0.5 mA/ cm2) compared
to 0.1 mA/cm2. A two-factor ANOVA showed significant
difference (p<0 .05) between 0 .5 mA/cm2 and 0 .1 mA/cm2, but
no significant difference was observed between passive and
0.1 mA/cm2. All further experiments used 0.5 mA/cm2 (0.32
mA on 0.64 cm2 skin area) as this is generally considered to
be the upper limit, which could be safely applied to humans
(Ledger, 1992). In the electroporation study, the use of
electroporation alone (500 V, 100 ms, 15 pulses @ 1 PPM)
resulted in a significant amount (p<0.05) of propranolol
HCl permeation across rat full thickness skin (42.3 ± 7.7
Hg/cm2) compared to passive (1.8 ± 1.06 /xg/cm2) .

This could

primarily be because the skin is expected to be
permeabilized due to the electroporation pulses, and also
some eletrophoretic driving force was applied to push the
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drug thorough the permeabilized skin during the pulse "on"
time.
A drug concentration study containing 5 mg/ml, 10
mg/ml, and a saturated solution of propranolol HCl as donor
solution was carried out under the influence of
iontophoresis (Figure 5). The results showed no significant
increase in flux beyond 10 mg/ml. Therefore, all further
experiments used 10 mg/ml as the donor concentration. A
stereoselective assay was performed on samples from the
iontophoresis and electroporation study to find out if
there was any stereoselective permeation of propranolol
across hairless rat full thickness skin. The results show
that, no stereoselective permeation (S/R = 0.963) of the
enantiomers (10 .55 ± 0.63 fig/ml (S) ; 10.96 ± 0 .66 jxg/ml (R) )
was found across hairless rat skin in the electroporation
experiment (500 V, 200 ms, 15 pulses). Similarly, in the
iontophoresis experiment, concentration of the (S)-isomer
of propranolol was 55.2 ± 5.5 |ug/ml and (R) -isomer was 55.5
± 5 . 6 |ig/ml at hour seven, giving a S/R ratio of 0.995. This
is in agreement with several reports that no stereoslective
permeation of propranolol across hairless mouse skin (Ahmed
et al., 1996; Ahmed et a l ., 1997), human epidermis (Heard
and Brain, 1995; Suedee et al., 1999) and rat skin (Heard
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Figure 4: Permeation of propranolol HCl solution across Rat
Full Thickness Skin (RFS) using different current
densities. The data is expressed as mean ± S.E. for n = 3.
Key: (♦) IP (0.5 mA/cm2) ; (■) IP (0.1 mA/cm2); (A) Passive.
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Figure 5: Effect of varying donor concentrations on the
iontophoretic (IP) delivery of propranolol HCl across RFS.
The data is expressed as mean ± S .E . for n = 3. Key: (A) IP
of Saturated Solution; (■) IP of 10 mg/ml solution; (♦) IP
of 5 mg/ml solution.
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and Brain, 1993; Heard et al., 1993) was found, but in
contradiction to a report published by Miyazaki et al.
(1992) that a stereoselctive permeation does exist across
rat full thickness skin.
Figure 6 illustrates that there was an increase in the
flux upon current (0.5 mA./cm2) administration at zero hour,
which dropped when the current was switched off after one
hour. This trend, which showed a quick reversibility of
delivery upon current shutdown, was repeated when current
was applied again at three hours and six hours.This
characteristic is important for modulating delivery of
potent drugs. Permeation characteristics of rat full
thickness skin were compared with human epidermis (Figure
7) using an electroporation protocol. Human epidermis was
used instead of full thickness human skin, because the
blood capillaries and lymph vessels lie right under the
epidermis. Hence, once the drug crosses the epidermis, it
is taken up into the systemic circulation (Prausnitz et
al., 1993) . An instantaneous increase in flux of
propranolol was seen with human epidermis compared to rat
full thickness skin, which had a considerable lag time when
fifteen pulses (500 V, 200 ms) were applied. The lag time
seen in rat full thickness skin could be due to the fact
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Figure 6: Effect of IP-Modulation (0, 3 & 6 hr) on the flux
of propranolol HCl across RFS. The data is expressed as
mean ± S.E. for n = 3. Key: (♦) IP (0.5 mA/cm2) of 10 mg/ml
solution.
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Figure 7: Permeation of propranolol HCl across human
epidermis (HE) and RFS under the influence of
electroporation (EP) at hour two. The data is expressed as
mean ± S.E. for n = 3. Key: (♦) EP (500 V, 200 ms, 15
pulses) of HE; (■) EP (500 V, 200 ms, 15 pulses) of RFS.
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that the drug has to pass through an additional skin layer
(the dermis) to enter the receptor compartment, which is
not the case with human epidermis. Skin impedance was
monitored for all studies. The oscilloscope was used to
measure the changes in the dynamic properties of the skin
during pulsing. AC sine wave from a function generator was
used to monitor the change in impedance of the skin before
and after pulsing. DC source (e.g. multimeter) was not
preferred, as it would polarize the skin. The AC current,
on the other hand, allows depolarization due to the
waveform of the current (Banga, 1998) . Changes in the
resistance due to pulsing and the recovery of the skin
impedance post pulsing were calculated. Figure 8 shows that
the drop in skin impedance is significantly (p<0.05)
greater when 0.5 mA/cm2 current density was applied compared
to 0.1 mA/cm2 current density, irrespective of the duration
of time used. Figure 9 shows the percentage recovery of rat
full thickness skin due to various eletroporation protocols
compared to passive (no electrical treatment). A 95% drop
in skin impedance was seen when fifteen (500 V, 200 ms)
pulses were administered and no recovery was seen. However,
the flux and the delivery did recover after pulsing for all
electroporation protocols. There was a significant
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Figure 9: Percent recovery of rat skin impedance after
different EP protocols. The data is expressed as mean ± S .E .
for n = 3. Key: (♦) Passive; (A) EP (250 V, 10 ms, 7 pulses) ;
(■) EP (500 V, 100 us, 15 pulses) ; (O) EP (500 V, 200 ms, 15
pulses.
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difference (p<0.05) between the two 500 V pulse length
protocols (200 ms and 100 pis). Though the initial drop in
impedance with the 250 V protocol was greater than the 500
V (100 pis) protocol, a recovery trend was seen with the
former. We had also calculated the effective transdermal
voltage across the skin to be about 112.6 V (±27.6) when
the applied voltage was 500 V (200 ms duration).
The transdermal voltage at the first pulse was 121.4 V (±
26.1), which dropped to 102.6 V (± 27.8) at the 15th pulse.
Since significant voltage drops occurred within the donor
and the receptor solutions and electrodes, the voltage
across the skin was about 20% of the applied voltage (5fold smaller). This is in accordance with the findings of
Prausnitz et al.,

(1993) who has reported transdermal

voltages across the skin to be in the order of 20-50% of
the applied voltage. However, this voltage drop would be a
function of the experimental setup and may vary. This skin
recovery seen in our studies is in accordance with reported
studies (Pliquett et a l ., 1995, Prausnitz et al., 1996b and
Pliquett and Weaver, 1996). These studies show that voltage
pulses of 40, 75 and up to 90 V across the skin show
reversible effects on the skin while higher voltage pulses,
where the transdermal voltage across the skin is greater
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than 130-300 V, only show a partial or no recovery. The
actual pulse length found from the exponential voltage
curve in our study (500 V, 200 ms) was found to be only
119.8 ms (±4) when 200 ms setting was used. This was
obtained by calculating the time taken for the voltage to
decay by 37% of its peak voltage using the oscilloscope.
Additionally, there was no significant difference in the
amount of propranolol delivered across RFS at the end of 8
hours between the 250 V (63.29 ± 10.6 fig/cm2) and 500 V, 100
(is protocol (43.3 ± 7.7 jig/cm2) .
A liposomal formulation was then investigated for
transport. The percentage encapsulation of LUVs was found
to be 68% using the protamine aggregation technique
(Kulkarni et al., 1995). Hence, the drug concentration of
the liposomal formulation is approximately 10 mg/ml when 17
mg/ml is used as the starting concentration for the
procedures described in the methods. The non-encapsulated
drug was separated by ficoll density gradient method
(Dipali et al., 1996), and removed prior to start of the
experiment. The drug encapsulated in the liposomes could
also be slowly released from the central aqueous
compartment or the bilayers. The rate of any such release
would be governed by the physico-chemical properties of the
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materials used in the preparation of the liposome and in
part by the drug as well as the location of the drug within
the liposome.

The permeability of the liposome depends on

the disordered nature of the lipid bilayers.

The loss of

entrapped drug is drastically increased if the temperature
of the medium is close to the phase transition temperature
(Tc) of the phospholipid. Release of propranolol HCl from
the liposome formulation was evaluated using a
semipermeable membrane. Figure 10 shows that there was a
rapid flux of propranolol within the first 2 hours, which
could be attributed to the presence of free drug in the
formulation. At this point however (2 hours), the release
only constituted to 7.5% of the total drug in the liposome
and 30% of the total drug released in the course of the
experiment over a period of eight hours. The abovementioned values doubled at the end of four hours and by
the end of the experiment, it was seen that only 20% of the
drug in the liposome formulation was released. This is
consistent with earlier results reported by Betageri and
Parsons (1992), where they have reported about 30% release
of propranolol from DSPC based unilamellar vesicles. This
rate of release is lower for DSPC as this phospholipid has
a higher Tc as compared to DMPC, and the presence of
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Figure 10: Release of propranolol HCl from liposomes across
a semi-permeable membrane under passive conditions. The
data is expressed as mean ± S.E. for n = 3. Key: (□) Flux
of propranolol HCl released from liposome formulation; (■)
Cumulative amount of propranolol HCl released from the
liposome formulation.
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cholesterol in the bilayer additionally reduces the
permeability. Since a 6000 MW cut-off membrane was used,
the drug entering the receptor compartment through the
semipermeable membrane is the free drug and not the
liposomal formulation. Initially, in the first 2-4 hours,
most of the free drug in the liposomal formulation was
found leaching into the receptor compartment followed by
the drug that is slowly released from the liposomal aqueous
core. In addition, propranolol has some lipophilic
character and potentially a tendency to associate with the
phospholipid and this may contribute to the slow release. A
sustained release of drug was seen from the liposome
formulation rather than dose dumping. Any possible leakage
of the propranolol from liposomes during electroporation
was investigated using the safety stand and cuvettes. The
possible release of the drug from the liposomes due to
pulsing and other electrical parameters in contact with the
skin was also investigated (Figure 11). Though the percent
free drug concentration was higher at the end of six hours
of iontophoresis compared to hour zero, statistical
significance was not seen. No significant release was
observed under any of the electroporation protocols both in
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Figure 11: Comparison of free drug concentration in the
liposomal formulation when different electrical treatments
were used. EP pulses were administered at hour two except
when a combination of EP and IP was used where EP pulses
are administered at hour zero. The data is expressed as
mean + S.E. for n = 3. Key: EP-1 (500 V, 200 ms, 15 pulses) ;
EP-2 (500 V, 100 jus, 15 pulses) ; IP (0.5 mA/cm2) for six
hours; EP-2 + IP (500 V, 100 jis , 15 pulses) followed by (0.5
mA/cm2) for 6 hours.
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the cuvette study and in the experimental setup with the
skin. This is in accordance with the literature reports
that an electric field strength >4 kV/cm is necessary to
induce pore formation in liposomes (Correa and Schelly,
1998) . In contrast, the field strength in our studies is
more on the order of 0.25 kV/cm.

In Figure 12, the

electrical parameters have been compared with passive
treatment using liposome formulation on RFS. A significant
difference (p<0.05) was observed between the two 500 V
electroporation protocols (100 (is and 200 ms) . However,
unlike solution formulation, the liposome formulation
showed no difference in the amount permeated between 500 V,
100 jis (14 .75 ± 3 . 6 jig/cm2) and passive (17.1 ± 5.1 fig/cm2)
permeation and also between IP (998 .8 ± 143 .5 jig/cm2) and
the combination of EP and IP (1000.4 ± 25.2 (ig/cm2) . There
was no significant difference in the amounts permeated
across rat full thickness skin between liposome and
solution formulations, as it is demonstrated in Figure 13.
But a significant difference was observed (p<0.05) when
liposome (17.1 ± 5 . 1 (ig/cm2) was compared to solution
formulation (1.8 ± 1.06 /zg/cm2) under passive conditions.
The drop in impedance (Figure 14) due to 500 V, 100 jis for
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Figure 12: Permeation of propranolol HC1 liposomes across
RFS using different electo-transport techniques. The data
is expressed as mean ± S.E. for n = 3. Key: (■) EP (500 V,
100 (as, 15 pulses) followed by IP; (□) IP (0.5 mA/cm2); (O)
EP (500 V, 200 ms, 15 pulses) ; (♦) EP (500 V, 100 jas, 15
pulses) ,- (A) Passive.
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Figure 13: Comparison between propranolol HC1 solution and
liposome formulation across RFS using different electotransport techniques. The data is expressed as mean ± S.E.
for n = 3. Key: EP-l (500 V, 100 ps, 15 pulses); EP-2 (500
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Figure 14: Permeation of propranolol HCl liposomes across
RFS using different electo-transport techniques. The data
is expressed as mean ± S.E. for n = 3. Key: (♦) EP (500 V,
100 jjs, 15 pulses) of liposome formulation; (O) EP (500 V,
100 ps, 15 pulses) of solution formulation; (A) EP (500 V,
100 ps, 15 pulses) followed by IP of liposome formulation;
(□) EP (500 V, 100 (is, 15 pulses) followed by IP of
solution formulation.
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liposome and solution formulation could be related to the
amount of drug permeated across the skin (Figure 13). A 5%
drop in skin impedance for liposome formulation resulted in
less permeation (14.75 ± 3.6 ng/cm2) compared to the 20%
drop in impedance, which produced a higher permeation (43.3
± 7.7 pg/cm2) of propranolol.
Based on preliminary data and dose considerations,
calculations can be done to show feasibility of delivering
therapeutic doses of propranolol. Long-acting propranolol,
160 mg once-daily has been reported to be equally effective
in the prophylactic treatment of migraine as in
hypertension and angina (Pradalier et a l., 1989).

Since

the oral bioavailability of propranolol is only about 12.3
% (Corbo et al., 1990) or so due to first pass elimination,
it may be assumed that an equivalent transdermal dose
(assuming 15% bioavailability) is only 24 mg per day.
According to the data generated from timolol maleate (refer
to Chapter 4), rat full thickness skin and human epidermis
seem to have similar permeation characteristics during
iontophoresis; hence, one can be used as an effective model
for the other. Based on Figure 1, a flux around 0.2 mg/cm2hr is easily achieved by iontophoresis alone for
propranolol.

Thus, a 20-cm2 patch can deliver the
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therapeutic dose in 6 hrs by iontophoresis alone.

Though

a smaller patch size is desirable, patches as large as 40
cm2 (Transderm-Nitro, 0.8 mg/hr patch) are available in the
market, which would deliver therapeutic dose in 3 hours by
iontophoresis alone.

This clearly establishes the

feasibility of electrically modulated transdermal delivery
of drugs.

Conclusion

Transdermal delivery of propranolol HCl across rat
full thickness skin has been demonstrated. Delivery can be
successfully achieved using electrical enhancement
techniques like iontophoresis or electroporation. The
permeation characteristics of rat full thickness skin and
human epidermis were found to be comparable. Liposome and
solution formulations were comparable to each other for the
electrotransport studies. Stereoselective permeation of
propranolol HCl across full thickness hairless rat skin was
not observed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 4
ELECTRICALLY MODULATED TRANSDERMAL DELIVERY OF BETABLOCKERS IN VITRO

Abstract

Purpose. To demonstrate the transdermal delivery of
five beta-blockers: propranolol HCl, oxprenolol HCl,
timolol maleate, metoprolol tartrate and sotalol HCl across
hairless rat full thickness skin (RFS) and compare their
delivery efficiency using iontophoresis (IP) or
electroporation (EP).
Methods. Freshly excised RFS was mounted on Franz
diffusion cells. The donor solution consisted of the betablocker (10 mg/ml) in pH 6.2 imidazole buffer containing
25mM NaCl. For IP, a current of 0.5 mA/sq.cm was applied
for 6 hr, using Ag/AgCl electrodes.

For EP, fifteen 500 V,

200 ms, pulses were applied at hour two. Passive delivery
was also carried out to compare permeation rates. Samples
were analyzed by HPLC. Statistical analysis was done using
single factor ANOVA. Transdermal voltage, total charge
111
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delivered and changes in impedance across the skin were
calculated.
Results. The passive flux for the aqueous solution of
the salt forms of beta-blockers used was very low. The
iontophoretic flux was highest for sotalol (380 mcg/sq.cmhr), which was the most hydrophilic of the beta-blockers
used. The passive flux, on the other hand, was highest for
propranolol, which was the most lipophilic of the betablockers used. When EP treatment was applied, the flux was
found to increase and then recover following treatment for
all beta-blockers. A decrease in the post EP and IP slope
is seen with decreasing lipophilicity except for sotalol,
which has a different ionization pattern.
Conclusion. Beta-blockers in their salt form could be
delivered across full thickness hairless rat skin by IP or
EP treatment but the passive delivery was very low.
Iontophoretic flux by direct charge transfer was higher for
hydrophilic drugs and the passive flux by diffusion through
skin was higher for lipophilic drugs.
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Introduction

Transdermal delivery of cardiovascular drugs offers
several advantages, and these have been described for the
marketed products: nitroglycerin and clonidine. These
include continuous prolonged delivery and reduce first pass
effects. (±) Propranolol, a nonselective beta-adrenergic
receptor blocker, is widely used in the treatment of
hypertension, angina pectoris and cardiac arrhythmia. In
the past few years propranolol has become the drug of first
choice in the prevention of migraine because of its
efficacy, safety, and lack of rebound headaches (Pradalier
et a l ., 1989; Diamond et al., 1982). It has a very low and
variable oral bioavailability (20-30%) because of extensive
hepatic first-pass metabolism. The bioavailability can
potentially be improved by transdermal route, as it can
bypass first-pass effect of the liver. Therapy with 13blockers such as propranolol is desired during the critical
morning hours but unfortunately the drug may have limited
effect during the period between 6 and 10 AM, when blood
pressure is rising to the maximum (Sirgo et a l ., 1988).
This temporal variation is also observed with other betablockers . The clinician and pharmacologist should thus not
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only be considering the treatment with a certain betablocker but also the time of administering the beta-blocker
(Belanger, 1993). Hence, it is of importance to design a
novel drug delivery system that can administer the drug and
maintain therapeutic efficacy when heart rate and blood
pressure are higher at appropriate times of the day
(Gottlieb, 1988) . Iontophoretic delivery is one promising
means to effectively deliver beta-blockers in a programmed
fashion to take care of changes in heart rate, blood
pressure and in the prophylaxis of migraine.
Iontophoresis involves the application of a small
amount of physiologically-acceptable direct current (d.c.)
to drive ionic drugs into the body (Banga and Chien, 1988;
Cullander and Guy, 1992; Sage, 1993).

By using an

electrode of the same polarity as the charge on the drug,
the drug is driven into the skin by electrostatic
repulsion. Another electric enhancement technique, which
could work in conjunction with iontophoresis, is the use of
an electroporation pulse.

Electroporation is a physical

transfection method in which cells are exposed to a brief
electrical pulse, thereby opening pores in the cell
membrane, allowing DNA or other macromolecules to enter the
cell (Banga and Prausnitz, 1998).

Electroporation
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reversibly permeabilizes lipid bilayers, and possibly
involves the creation of aqueous pores during the
application of an electric pulse.

The technique is

normally used on the unilamellar phospholipid bilayers of
cell membranes.

However, it has been demonstrated that

electroporation of skin is feasible, even though the
stratum corneum contains multilamellar, intercellular lipid
bilayers with no phospholipids (Prausnitz et a l ., 1993). In
a published report on iontophoretic delivery of propranolol
(Nanda and Khar, 1994), the feasibility of such delivery
was established.

However, this study used regular rats,

which would not be a good model for iontophoresis due to a
very high hair follicle density. In two other studies,
propranolol was used as a model compound and a linear
dependence of delivery on current was observed using
excised rabbit, pig and human skin (Phipps et al., 1989;
Singh et al., 1992). None of these studies have used
electroporation for transdermal delivery of propranolol HCl
or other beta-blockers.
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Materials and Methods

Materials
DL-Propranolol hydrochloride (molecular weight 295.8),
Timolol Maleate (molecular weight 432),

(±) Metoprolol

Tartrate (molecular weight 685) and (±) Sotalol
hydrochloride (molecular weight 309) were procured from
Sigma (St. Louis, MO). (±) Oxprenolol hydrochloride
(molecular weight 302) was procured from ICN Biomedicals
Inc., (Aurora, OH). Hairless rats (350-500g) were obtained
from Charles River (CA). They were housed in the in-house
animal facility at Mercer University and were utilized
according to IACUC approved guidelines. Human skin was
obtained from Cooperative Human Tissue Network (Birmingham,
AL). The skin was frozen within 12 hours of death and
supplied as full thickness skin from cadaver, autopsy,
mastectomy, or, tummy-tuck surgery. The skin was received
on dry ice and stored at -80°C until ready for use. Silversilver chloride electrodes were purchased from In vivo
metric (Ukiah, CA), while, silver wire was purchased from
Aldrich Chemical Company (Milwaukee, WI). All other
chemicals and solvents (HPLC grade) were procured from
Fisher Scientific (Pittsburgh, PA).
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Preparation of Skin
Hairless rats were euthanized by inhalation of carbon
dioxide using an exposure chamber designed for such use.
The skin from the abdomen was carefully removed, making
sure no muscle or fat was attached to the skin. The skin
was then cut into small squares to fit the Franz diffusion
set (Membrane Transport Systems, PermeGear, U.S.A) and
placed in imidazole buffer until mounted. When human skin
was required, full thickness human skin was heated in water
at 60°C for 45 seconds, and gently rubbed with two broad
spatulas. The epidermal membrane was then peeled off the
underlying dermis with forceps and cut into small square
pieces to fit the mouth of the Franz diffusion set. The
epidermal membrane was then inspected for integrity and
mounted between the donor and receptor of the Franz
transdermal diffusion cells. The use of full thickness skin
is not required for in vivo studies, since blood
capillaries lie under the epidermis and the drug just needs
to permeate the epidermis before being picked up by dermal
circulation for systemic effects in the body.
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Transdermal Iontophoresis Studies
The receptor chamber of the Franz Diffusion cell
(0.64

cm2 diffusional area) was filled with plain imidazole

buffer and the skin was mounted on it. The temperature was
maintained at 37 °C ± 0.5°C. The donor chamber was then
placed on the skin. The donor contained 0.7 ml of drug (10
mg/ml) in 25 mM imidazole buffer pH 6.2. All beta-blockers
selected have a pKa in the range of 9.21 to 9.65 with the
exception of sotalol, which has a second pKa of 8.15.
Nevertheless, all the beta-blockers will be almost 100%
ionized at the donor pH. The imidazole buffer contained 25
ml of 100 mM imidazole, 21.45 ml of 0.2N HCl, 25 mM sodium
chloride made up with distilled water to give a pH of 6.2 ±
0.05. A current of 0.32 mA (0.5 mA/cm2) or 0.064 mA (0.1
mA/cm2) was applied using a Dupel* dual channel
iontophoretic system (Empi, MN) for 6 hours. Samples of 0.5
ml were taken at specified time intervals over 6 hours and
replaced with 0.5 ml of plain imidazole buffer. Silversilver chloride electrodes were used, as they were
reversible electrodes and do not cause electrolysis of
water, which may result in a pH shift. The anode (Silver
wire) was placed in the donor solution and the cathode
(Silver-silver chloride matrix) in the receptor.
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Transdermal Electroporation Studies
The donor chamber with the silver wire containing 0.7
ml of the drug solution (lOmg/ml) in imidazole buffer acted
as the anode while the receptor with the silver wire filled
with plain imidazole buffer was the cathode. High voltage
pulses (500
the

V) were applied to the skin for 15 minutes at

rate of 1 pulse per minute (1PPM) using an

ECM-630 BTX

pulser (Genetronics, CA) either at time two hours. The
pulse length was either 200 ms, which may be expressed as:
t = C*

(Ri * Ri) / (Ri + Ri)

Where,

Ri is the load resistance (Ohms) , R± is the

timing resistance (Ohms) and C is the total capacitance
(micro Faraday's). If the total chamber resistance is much
greater than the timing resistor used to generate the
pulse, then the timing resistor remains active to give the
desired pulse length. The pulse length is determined by the
chamber resistance, provided that the chamber resistor is
lower than the timing resistor chosen. The longest pulse
length, that can be achieved, is determined by the load
resistance. The load resistance and the total capacitance
were controlled on the instrument panel. The pulse rate
(number of pulses per minute) was controlled manually using
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a stopwatch. Samples of 0.5 ml were taken at specified
time intervals and replaced with 0.5 ml of imidazole
buffer.

Skin Impedance and Voltage studies
The
state

electrical

was

generator

measured
(V0 =

(Tektronix
without

property

IV;

Inc.,

the

the

a

CFG-253,

repetition

USA) .

skin,

The

RBuik/ was

fashion.

The

skin

measure

the

applied

oscilloscope

using

of

was

at

skin

f=

3-MHz

using

voltage

(V0),

(Tektronix Inc., USA)

of

measured

pulsed

the
a

function

lKHz; sine

resistance
also

in the passive

wave)

the

chamber

in a

similar

BTX

pulser. To

TSD-210

digital

was used and the trace

stored in channel 1. The voltage developed across the 150
resistor in series with the chamber was measured at channel
2 (Vs) . This gave the total current through the chamber. The
effective

transdermal

voltage

(Vskin) was

calculated using

the following equation,
Vskin = Vo - vs*
Where,

(1 + Reuik / 15)

V0 , is the applied voltage from channel 1 of

the oscilloscope,

RBuik is the resistance of the chamber ,

which remains constant, calculated using Ohms law,
V= I * R,
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Where,

I

is

the

current

from

channel

2

of

the

oscilloscope (Pliquett and Weaver, 1996).
The

efficiency

of

iontophoresis

and

electroporation

was evaluated by comparing the amount of drug transported
with respect to total charge delivered across the skin as
discussed by

Prausnitz

et

al.

(1996a) . The

total

charge

delivered across the skin by iontophoresis was defined as
the current

(I) multiplied by the total "on" time

(t) . In

the case of electroporation, the total charge delivered was
given as,
Q = I * x
Where, Q is the charge delivered, I is the current during
the pulse and x is the time required for the pulse to decay
to 37% of its value. The current (I) during the pulse and x
were calculated from channel 2 of the oscilloscope.

HPLC Analysis
All HPLC analysis used (unless otherwise specified) a
25-cm long Microsorb C-18 column (Rainin Instruments,
Emeryville, CA) with a particle diameter of 5 fim and a pore
size of 100 A. The mobile phase was filtered before use and
was sparged with helium gas at 15 ml/min during the
analysis. A waters (LC-Module I) system and a HP-3396
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Series II integrator (Fisher Scientific, USA) were used
in this study. A reverse phase HPLC method modified from
literature report (Wu et al., 1997) was used for
quantifying propranolol HCl. The mobile phase consisted of
acetonitrile, water, phosphoric acid and triethylamine in a
58:42:0.1:0.06 (v/v) ratio. The flow rate was maintained at
1 ml/min and the column effluent was monitored at 280 nm
and 0.001 aufs. The standard curve was lenier in the range
of 10 to 100 (ig/ml (r2 = 0.9998) the injection volume was 20
jal and the observed retention time was 4.6 minutes.
For oxprenolol HCl and sotalol HCl, a reverse phase
HPLC method suggested by Shoenwald and Huang, (1983), was
used. The mobile phase consisted of 1.5% acetic acid in
water and methanol in a ratio of 85:15 and 70:30,
respectively. A Microsorb CN column was used for oxprenolol
HCl. The flow rate was maintained at 2.5 ml/min for
oxprenolol and 1 ml/min for sotalol, the sensitivity was
0.001 absorbance units full-scale and the effluent were
monitored at 280nm and 254nm respectively, at ambient
temperature.

Standard curves of oxprenolol HCl and sotalol

HCl were prepared to give concentrations ranging from 5 to
100 jag/ml and 10-100 (ig/ml respectively. Oxprenolol, 30 ( i l
and sotalol, 15 (il were injected into the chromatographic
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system. The r2 values were found to be 0.9993 and 0.999
respectively.
For timolol maleate and metoprolol tartrate the method
suggested by Kubota et al. (1990), was used. The mobile
phase consisted of acetonitrile, water and triethylamine in
the ratio of 18:81:1 and the pH was adjusted to 3.0 with 0phosphoric acid. The flow rate was maintained at 1 ml/min,
the sensitivity was 0.001 absorbance units full-scale and
the effluent was monitored at 2 95nm, at ambient
temperature.

Standard curves for timolol maleate and

metoprolol tartrate were prepared to give concentrations
ranging from 5 to 80 ng/ml and 10 to 300 pg/ml respectively.
Samples, 30 pi, were injected into the chromatographic. The
r2 value was found to be 0.9996 and 0.99 for timolol maleate
and metoprolol tartrate respectively.

Data Analysis
All values expressed as mean ± S.E. for n = 3 for rat
full thickness skin and n = 4 for human epidermis. The
statistical significant differences between the means
values were evaluated by ANOVA. Differences were considered
statistically significant when p<0.05 was observed.
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Results and Discussion

A series of beta-blockers (propranolol HCl, oxprenolol
HCl, timolol maleate, metoprolol tartrate and sotalol HCl)
were used in this study and their electrically assisted
transdermal delivery was investigated.

Beta-blockers vary

in potency but they have many structural features in
common, with a resemblance to epinephrine and
isoproterenol. The chemical structure of the aromatic ring
portion of timolol is significantly different from that of
other beta-blockers but its side chain is identical to that
seen in many other beta-blockers (Comer and Matier, 1981;
Hanna, 1982).

Only the beta-blockers commonly available in

salt forms were used as these will have sufficient
solubility in aqueous solutions to permit electricallyassisted delivery.

These drugs vary in their lipophilicity

but their pKa values are similar. Sotalol HCl was included
here since unlike the other beta-blockers, it is highly
hydrophilic and will thus contribute to a mechanistic
understanding of transport mechanisms. In vitro diffusion
experiments with propranolol HCl, oxprenolol HCl, timolol
maleate, metoprolol tartrate and sotalol HCl were carried
out. Their passive permeation and permeation under the
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influence of electro-transport was correlated with their
lipophilicity.
Human epidermis and rat full thickness skin were
compared for their permeation characteristics using timolol
maleate. The flux data in Figure 15 shows a significant
difference in the rate at which timolol permeates human
epidermis compared to rat full thickness skin. This may be
because the drug has to traverse though the dermis before
entering the receptor but, in-vivo, blood vessels run right
under the viable epidermis and the drug does not have to
cross the dermis to be seen in the systemic circulation.
The cumulative amounts were significantly higher (p<0.05)
at 24 hours between human epidermis and rat full thickness
skin as the later is slightly more permeable compared to
human epidermis. However, at 8 hours, there was no
significant difference for the cumulative amounts permeated
between rat full thickness and human epidermis. All future
experiments were concluded at eight hours.
The passive flux for the salt forms of the P-blockers
in solution was found to be very low. The lipophilic drugs
were able to permeate the skin better compared to the
hydrophilic drugs. The cumulative amount permeated for
propranolol, the most lipophilic drug, was 2 . 7 + 1
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pg/cm2, while there was no detectable quantity permeated
for sotalol HCl, the most hydrophilic drug. This is to be
expected as the water-soluble salt forms of the P-blockers
were used and the skin is only permeable to the more
lipophilic molecules such as base formulations. Modamio et.
al. (2000) had used metoprolol tartrate and the
chlorohydrate salts of propranolol and oxprenolol to find
that the permeation of these beta-blockers across human
skin in the salt form has long lag times and that no
significant amounts were detected in the receptor for the
first 20 hours. By extrapolating their data, they found
that the predicted drug input would not be sufficient to
achieve the therapeutic dose. Oxprenolol was found to have
the longest lag time of the beta-blockers compared. Thus,
it is important for means to hasten the rate of transdermal
drug delivery by physical approaches like iontophoresis and
electroporation.
Sotalol, the most hydrophilic of the P-blockers used,
had the highest permeation across rat full thickness skin
(Figure 16). However, there was no significant difference
between the other four beta-blockers and hence a definitive
trend based on lipophilicity or hydrophilicity cannot be
reached. Since a drug could form a skin depot or reservoir
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during iontophoretic delivery from which it is then
slowly desorbed/released over a period of time, the postiontophoretic flux was also measured. A decrease in the
post-iontophoretic flux was seen with decreasing
lipophilicity except for sotalol (Figure 17). The
iontophoretic flux for sotalol HCl (380 f^g/cm2-hr) was
significantly greater (p<0.05) than the other betablockers . This could be due to its second pKa (9.65 & 8.15)
where, a higher fraction of unionized species can be formed
in the viable layers of the skin. The unionized fraction,
being more lipophilic/permeable, than the ionized fraction
would be able to cross the viable epidermis with greater
ease. The slight differences in the permeability of the
beta-blockers are unlikely to be related to differences in
molecular weight as they fall within a very narrow range
(MW 295 to 685) , taking into account the variations
inherent in transdermal delivery. The effect of
electroporation (500 V, 200 ms, 15 pulses at hour 2) showed
similar findings as seen with iontophoretic delivery.
The post electroporation flux in Figure 18 is found to
decrease with decreasing lipophilicity, except in the case
of sotalol, similar to what we found with iontophoresis.
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As can be seen from the post active transport
(IP and EP) fluxes there is a significantly higher
post-IP flux as compared to post-EP flux. This 10-15
(propranolol, oxprenolol, timolol and sotalol) fold,
and 400 (metoprolol) fold increase seen with post
iontophoresis may be due to the fact that
iontophoresis drives ionic drugs through the
transappendagea1 pathways. Since these appendages
originate in the dermis and viable epidermis, the drug
is being pushed all the way to the viable epidermis or
the dermis layers during iontophoresis. Therefore, in
the post iontophoresis period, the drug only has to
diffuse (hydrophilic environment) into the receptor.
This could explain the significant post iontophoretic
flux as compared to the post-EP flux, which may result
in the formation of a small-localized depot due to a
transient superficial disarragement of skin lipids
caused by electroporation. Figure 19 shows the tracing
of the sine wave generated by the function generator
and observed on the oscilloscope. Values obtained from
these were used to monitor skin impedance for various
protocols under study. An 80% drop in skin impedance
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Figure 19: A typical sine wave recorded using an AC current
from a function generator to measure the impedance of
hairless rat full thickness skin.
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was found when electroporation (500 V, 200 ms, 15 pulses
at hour 2) of metoprolol across rat full thickness skin was
done (Figure 20). A significant difference was not observed
when the drop in skin impedance was compared between the
other four beta-blockers. A tracing of a voltage curve
captured by the oscilloscope when an electroporation pulse
was applied is shown in Figure 21. The voltage curve
obtained was used to calculate pulse length and transdermal
voltage across the skin. The actual pulse length delivered
by the instrument for metoprolol (119.8 ms ± 2.3) was found
to be similar to what we found for propranolol (119.8 ms ±
4) suggesting that the drug itself does not have a
significant effect on this. Calculations were done using
the exponential decay pulse, where the time taken for the
voltage to decay by 37% of its peak voltage, as found using
,

TM

the oscilloscope and the Wavestar

TM

(Wavestar

,

Lite Version

1.0.10, Tektronix Inc., USA) Software. We were also able to
calculate the effective transdermal voltage across the skin
using the software and oscilloscope at pulse numbers one,
seven and fifteen (Figure 22). The trend was similar for
propranolol and metoprolol (Figure 22), as well as for
other beta-blockers (data not shown). Nevertheless, a
definite trend of decrease in the transdermal voltage
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experienced at the skin from pulse number one to fifteen
is seen. This may be due to drop in skin impedance and the
permeabilization of the skin with each subsequent pusle.
This is consistent with our previous findings with fentanyl
(Conjeevaram et a l., 2002) . Though the skin is more
permeabilized with each pulse, the changes are transient.
Hence, when electroporation treatment was applied, the
electroporation flux was found to increase and then recover
following treatment for all beta-blockers.

Conclusion

Beta-blockers in their salt form could be delivered
across full thickness hairless rat skin by electricaly
enhancement techniques like iontophoresis or
electroporation treatment but the passive delivery was very
low. Iontophoretic flux by direct charge transfer was
higher for hydrophilic drugs and the passive flux by
diffusion through skin was higher for lipophilic drugs.
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Figure 21: Exponentially decaying waveform obtained due to
a single 500 V pulse at hour two across hairless rat full
thickness skin.
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CHAPTER 5
ELECTRICALLY MODULATED TRANSDERMAL DELIVERY OF BETA-

BLOCKERS IN VIVO

Abstract

Purpose. To demonstrate in vivo transdermal delivery
of five beta-blockers [Propranolol HC1 (PR), Oxprenolol HC1
(OX), Timolol Maleate (TI), Metoprolol Tartrate (ME) and
Sotalol HC1 (SO)] in hairless rats with iontophoresis (IP)
and monitor skin irritation.
Methods. Current (0.1 mA/cm2) using a Dupel Empi device
was passed for 2 hours through an Iomed Trans-Q 1GS
electrode containing drug solution (10 mg/ml) as anode and
a carbon reference electrode as cathode for iontophoretic
studies. Chromameter readings using a Minolta-300
chromameter were taken before and after removal of patch (2
hours) and the difference in a*-value (redness) presented
as a function of skin irritation. Base formulation of PR
and a liposome formulation of the base were prepared to
compare skin irritation and drug levels with the salt form.
Stereoselective analysis of the drug extracted from the
139
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serum and derivatized was performed using HPLC with a
fluorescence detector. Statistical analysis was done using
single factor ANOVA.
Results. Therapeutic amounts of PR (83.78 ± 7.4 ng/ml)
were delivered within an hour and lasted for up to 4 hours.
Cmax (185.1 ± 56.8 ng/ml) was reached at hour 3. There was no
significant difference in the skin irritation values
between the beta-blockers for passive and iontophoretic
delivery. However, the skin irritation produced by the salt
form of PR (a*= 0.015 ± 0.03) was significantly (p<0.005)
less than that produced by base (a*= 2.18 ± 0.33). The
irritation caused by the base was significantly (p<0.005)
reduced upon formulating with liposome (a*= 0.027 ± 0.04) .
Sotalol HC1 had significantly higher delivery (p<0.05) as
compared to the other (3-blockers.
Conclusion. In vivo transdermal delivery of betablockers can be enhanced using IP to get on-demand
therapeutic concentrations in the body within short
intervals of time. Liposome formulation has shown to
decrease skin irritation produced by the base form of PR.
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Introduction

Propranolol is a nonselective (3-blocker, which blocks
the stimulation of both (3X and (32 receptors. It has been
widely used in the treatment of hypertension, angina
pectoris, cardiac arrhythmias, hypertropic obstructive
cardiomyopathy, pheocromocytoma, hyperthyroidism (Geffner
and Hershman, 1992) and anxiety (Brantigan et al., 1982).
Propranolol exhibits its ionotropic and chronotropic
effects mainly due to its action on (3X receptors. In the
past few years propranolol has become the drug of first
choice in the prevention of migraine because of its
efficacy, safety, and lack of rebound headaches (Pradalier
et al., 1989; Diamond et a l., 1982) . Hence, propranolol
may be a better candidate for hypertensive patients with
angina who are also suffering from migraine. Oxprenolol is
a (3-blocker with intrinsic sympathomimetic activity.
Timolol is another potent, nonselective (3-adrenoceptor
blocking agent, which is 8-16 times more potent than
propranolol and is marketed as the maleate salt of the levo
isomer.

It is administered orally on a twice-daily basis.

It is also used in the treatment of chronic simple glaucoma
and secondary glaucoma. Anohter {3-blocker, sotalol is well
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absorbed after oral administration and its
bioavailability is close to 100 % (Fiset et al ., 1993a). It
was included here since unlike other beta-blockers, it is
highly hydrophilic and will thus contribute to a
mechanistic understanding of transport mechanisms in the
class of drugs chosen for this work.
The circadian effects of major cardiovascular and
cerebrovascular diseases result in an increased
vulnerability to conditions like myocardial ischemia,
cerebral ischemia, and myocardial dysfunction during the
early hours of the morning.

Thus, therapy with (3-blockers

is desired during the critical morning hours but
unfortunately the drug may have limited effect during this
period (Sirgo et al ., 1988). For propranolol and some other
beta blockers such as oxprenolol, timolol, and metoprolol,
a drawback of oral conventional formulations is that daily
divided doses are necessary due to short plasma half-life
of 4-6 hours. Thus, multiple dose schedules are required
and may result in patient non-compliance (Nace and Wood,
1987).

Extended release formulations available for

propranolol (Inderal LA, Wyeth-Ayerst) cannot prevent the
extensive first pass loss by hepatic metabolism. Plasma
concentration of propranolol can vary as much as 10- to 20-
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fold between individuals following oral dose and hence
extended release tablets cannot be conveniently used to
individualize dosage or readily adjust dosage for different
indication for different patients.
Hence, it is of importance to design a novel drug
delivery system that can administer the drug and maintain
therapeutic efficacy when heart rate and blood pressure are
higher at appropriate times of the day (Gottlieb, 1988).
Electrically-assisted transdermal delivery can be used to
achieve these obj ectives.

Iontophoretic delivery is one

promising means to effectively deliver beta-blockers in a
programmed fashion to take care of changes in heart rate,
blood pressure and in the prophylaxis of migraine.
Iontophoresis involves the application of a small amount of
physiologically-acceptable direct current (d.c.) to drive
ionic drugs into the body (Banga and Chien, 1988; Cullander
and Guy, 1992; Sage, 1993) .

By using an electrode of the

same polarity as the charge on the drug, the drug is driven
into the skin by electrostatic repulsion. The
programmability of delivery is achieved as the drug is
delivered in proportion to the current, which can be
readily adjusted. This work can lay the groundwork to
eventually develop a self-regulated system where the
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delivery of propranolol HC1 or other beta-blockers is
linked to blood pressure. The availability of a
transdermal patch will provide a long acting form to
improve patient compliance and will avoid the first-pass
metabolism, which results following oral delivery (Vlasses
et a l ., 1985) .
The potential of iontophoresis has been investigated for
other cardiovascular drugs such as verapamil (Santi et al.,
1994), sotalol (Labhasetwar et al., 1995), timolol maleate
(Kanikkannan et al., 2000) and metoprolol (Zakzewski and
Li, 1991; Ganga et al., 1996). The transdermal delivery of
metoprolol has also been investigated by electroporation
(Vanbever et al., 1994) . A number of groups have tried
treatment with chemical enhancers to show increase in
permeation, but with it comes increase in skin irritation
(Chesnoy et al., 1999; Green et al., 1989; Barry and
Bennett, 1987; Cooper, 1984; Southwell and Barry, 1983.
Transdermal application of p-blockers (including
propranolol) has been reported to cause local irritation in
human beings and animals. Skin irritation is reported to be
related to the amount of drug permeating through the skin.
The existence of relationships between permeability
coefficients or plasma concentrations or drug permeation
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and skin irritation reactions when P-blockers are used
has been reported (Hirvonen et al., 1993b; Kobayashi et
al., 1996; Kobayashi et al., 1997).
In animals,

(R)- and (S)-propranolol have different

disposition kinetics after the administration of racemic
propranolol. It is reported that in dogs (von Bhar et al.,
1982a) and in rats (Piquette-Miller and Jamali, 1993), the
plasma concentrations of the (S)-form are lower than (R)form. However, in man the reverse is found to be true (von
Bhar et a l., 1982b). (R)-propranolol is reported to have a
higher protein binding efficiency compared to the (S)isomer, which is most likely responsible for the
stereoselective disposition of propranolol in rats (Bode et
al., 1995; Piquette-Miller and Jamali, 1993; Murai-Kushiya
et al., 1993) .

Materials and Methods

Materials
DL-Propranolol hydrochloride (molecular weight 295.8),
Timolol Maleate (molecular weight 432),
Tartrate (molecular weight 685),

(±) Metoprolol

(±) Sotalol hydrochloride

(molecular weight 309) , (-) Menthyl Chloroformate and (-)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

146

S- NEIC (napthy1 ethyl isocyanate) were procured from
Sigma chemical company (St. Louis, MO). (±) Oxprenolol
hydrochloride (molecular weight 302) was procured from ICN
Biomedicals Inc.,

(Aurora, OH). Hairless rats (350-500g)

were obtained from Charles River (CA). They were housed in
the in-house animal facility at Mercer University and were
utilized according to IACUC approved guidelines. Trans-Q® 1GS iontophoretic drug delivery electrodes were obtained
from Iomed Inc. (Salt Lake City, UT). All other chemicals
and solvents (HPLC grade) were procured from Fisher
Scientific (Pittsburgh, PA).

Chromameter Study
Transdermal application of p-blockers (including
propranolol) has been reported to cause local irritation in
animals. The skin irritation (redness) induced by
propranolol HC1 and other beta-blockers were studied using
a Minolta® Chromameter CR 300 (Minolta, USA) calibrated to a
standard white plate at the beginning of each measurement
day (Figure 23) . The device uses the three-dimensional
coordinate system of the Commission International de
l"Eclairage with a brightness axis (L*), a red-green axis
(a*) and a blue-yellow axis (b*). The true color of skin is
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determined by all these values; however, each animal
served as its own control. Observations on the red-green
axis (redness of the skin) were used. The initial a* values
(n=3) had been measured before application of the patches,

Figure 23: Skin irritation measurement using chromameter.
Minolta® CR-300 was used to measure skin irritation on
hairless rats.

and Aa* values were obtained by subtracting the initial set
of values from these obtained at the time of patch removal
(Babulk et a l ., 1986; Seitz and whitmore, 1988; Treffel and
Gabard, 1996; Kobayashi et al., 1996).
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Preparation of Liposomes
Multilamellar liposomes (MLVs) were prepared by thin
film hydration method. The liposome composition used was
DSPC: cholesterol: stearylamine (1:0.5:0.3 mole ratio).
Stearylamine was used to induce a positive charge on the
liposomes. Liposomes were prepared by dissolving DSPC,
cholesterol, propranolol base and stearylamine in
chloroform. The organic solvent was removed under vacuum in
a Rotavapor® R-3000 (Buchi, Switzerland) leaving behind a
thin lipid film containing the propranolol base. The film
was then kept under vacuum overnight to remove residual
solvent. Nitrogen gas was then passed over the film for 30
minutes to remove the remaining traces of the organic
solvent, after which, the film was hydrated with imidazole
buffer. The hydration was carried out at a temperature
above the glass transition temperature of DSPC (>52 °C) . The
mixture was then vortexed (Genie 2® Fisher Vortexer, Fisher
Scientific, USA) until the lipid film was completely
hydrated to yield MLVs. The MLVs were converted into large
unilamellar vesicles (LUVs) by extruding MLVs through a 0.8
jum filter (polycarbonate membrane) followed by extrusion
through a 0.4 pm filter (polycarbonate membrane) under
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positive pressure with nitrogen using a 10 ml thermobarel extruder (Lipex Biomembranes Inc., Vancouver,
Canada).

Transdermal In Vivo Studies
Each experiment was done using 4 hairless rats and
appropriate controls were used. The experiments included
three sets of studies - (1) Iontophoresis (2) Passive and
(3) Intravenous. The following controls were used:

(1) A

negative control to ensure that the imidazole buffer by
itself does not cause irritation under the influence of
current when the Trans Q® electrode with the buffer was
applied to the rats. An intravenous injection of betablockers was done to establish the differences in rate and
extent of absorption between parenteral and transdermal
routes of administration. The intravenous route of
administration was used to calculate primary kinetic
parameters, which in turn was used to determine the
absolute bioavailability of the beta-blocker by the
transdermal route
Rats were handled in accordance with the protocol
approved by Mercer University's Institutional Animal Use
and Care Committee. Hairless rats (350-500g) were
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anesthetized by intraperitoneal injection of ketamine HC1
(75 mg kg'1) and xylazine (10 mg kg'1) as reported for such
studies (Prausnitz et al., 1993). The abdomen area of the
anesthetized animals was then cleaned under running water
and patted dry with a clean paper towel taking care not to
rub the area. After five minutes, initial chromameter
readings (n = 3) were taken and the animal was then ready
to be used for transdermal experiments.
For studies involving iontophoresis, the formulation
(10 mg/ml in imidazole buffer) was sterilized through a
0.22 [xm filter, so that no microbial contamination, which
may be nonspecifically delivered through the skin during
iontophoresis. One ml of the beta-blocker drug solution was
sufficient to saturate the Trans-Q® 1-GS iontophoretic drug
delivery electrodes. For iontophoresis experiments the drug
loaded active electrode and the carbon based reference
electrode were placed next to each other on the abdomen of
the animal (Figure 24). An Empi Dupel® device (Empi, MN),
was used to supply the current. Once the circuit was
complete, a self-adhesive bandage (Eckerd® Brand) was used
to help cover the patches and maintain a good contact
between the electrode and the skin, especially for the
reference electrode. The rats were placed in a restrainer
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for the two hour current application period. A current
density of 0.1 mA/cm2 was applied for two hours following
which samples were taken for another three hours post
iontophoresis. The patches were removed at hour two when
iontophoresis was stopped and the area cleaned under
running water and patted dry. Another set (n=3) of

—
Jflfl
m

3
4

Figure 24: Rat in vivo iontophoretic setup. Iontophoresis
(0.1 mA/cm2) was performed on hairless rats using an Empi
Dupel device (2), which was monitored using a digital
multimeter (1). Trans-Q 1 GS electrode (3) carrying the
drug solution and the reference carbon electrode (4) were
placed on the abdomen of the animal.
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chromameter reading was taken. Blood samples (500 pi)
were taken from the tail vein of the rat at specified time
intervals (0, 1,

2,

3, 4 and 5 hour). The blood samples

were allowed to clot and serum separated by centrifugation.
For passive experiments, only the active electrode
with the drug was placed on the abdomen of the animal. At
hour two the patch was removed, area cleaned, chromameter
values taken as mentioned above. Blood samples (500 pi) were
taken from the tail vein of the rat at specified time
intervals (0, 1, 2, 3, 4 and 5 hour). The blood samples
will be allowed to clot and serum separated bsy
centrifugation.

Intravenous Study
A jugular cannula was placed into rats (400-500 g)
under ketamine/xylazine anesthesia one day prior to all
intravenous kinetics study. The drug solutions (2 mg/ml)
were prepared using sterile normal saline. Intravenous
dosing was performed via the cannula followed by a rinse
with sterile heparin solution (100 IU).

For intravenous

studies (n = 4 rats per drug), propranolol, oxprenolol,
metoprolol and sotalol were dosed at 2 mg/kg while timolol
was dosed at 1 mg/kg and blood samples (0.4 ml) were
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withdrawn from the tail vein. For propranolol study,
blood samples were withdrawn at 5, 10, 15, 30, 45, 60, 90,
120, 150 and 180 minutes after the dose while for,
oxprenolol study, blood samples were withdrawn at 5, 10,
15, 30, 45 and 60 minutes after the dose. For timolol and
sotalol blood samples were withdrawn at 5, 10, 30, 60, 90,
180, 270 and 360 minutes after the dose and for metoprolol,
blood samples were withdrawn at 5, 10, 15, 30, 45, 60, 90
and 120 minutes after the dose. The blood samples were
allowed to clot and serum separated by centrifugation.

Analytical Procedure
All HPLC analysis used (unless otherwise specified) a
25-cm long Microsorb C-18 column (Rainin Instruments,
Emeryville, CA) with a particle diameter of 5 pm and a pore
size of 100 A. The mobile phase was filtered before use and
was sparged with helium gas at 15-30 ml/min during the
analysis. A Waters*

(LC-Module I) system, a Waters* 2475

fluorescence detector (unless otherwise specified) and a
HP-3396 Series II integrator (Fisher Scientific, USA) were
used in his study. The flow rate was maintained at 1 ml/min
(unless otherwise specified).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

154

A modified method reported by Prakash et al., (1989)
was used to analyze (±) propranolol. (+) Flecainide was used
as the internal standard. The excitation and emission
wavelengths on the detector were set at 228 and 340 nm,
respectively. The mobile phase consisted of methanol and
water (890:110, v/v) . Stock solutions (100 fig/ml) of racemic
propranolol and (+) flecainide were prepared in methanol
and were stored at -20°C. A calibration curve ranging from
25 to 400 ng/ml of propranolol for each enantiomer was
constructed. The limit of quantification (LOD) for this
assay was 2.5 ng/ml/enantiomer. The r2 was found to be
0.9975 for (+) and 0.9974 for (-) propranolol.
To 100 |il (200 jil for intravenous samples) of serum in
a 15 ml polypropylene, screw-capped, centrifuge tube were
added 50 jiL (125 ng) of (+ ) flecainide solution (2.5 pg/mL) ,
1 mL of 1 M NaOH, and 8 mL of 1% 1-butanol in n-hexane. The
mixture was then shaken vigorously for 3 min and
centrifuged for 5 min at 1700 rpm (Beckman J2-HS, Beckman
Instruments Inc., USA). A 7-mL aliquot of the organic phase
was transferred to a conical bottom glass centrifuge tube
and evaporated to dryness under a stream of nitrogen at 50 ±
2 °C in a water bath (Organomation, N-Evap™ 112, Nitrogen
Evaporator, Berlin, MA). The residue was then dissolved in
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a 100 p.1 volume of 0.4% triethylamine in acetonitrile and
methanol (50:50, v/v) , and 50 jiL of a 0.023 M solution of
(-) MCF in acetonitrile was then added as the derivatizing
agent. After mixing thoroughly for 15 min, an aliquot of
the reaction mixture was injected onto the HPLC for
propranolol enantiomer quantification.
For (±) oxprenolol HCl a modified reverse phase assay
reported by Laethem et al., (1993) was used. RS-propranolol
was used as internal standard. Methanol-tetrahydrofuran-0.2
M acetate buffer (pH 3.6)

(51:14 :35, v/v/v) was used as

mobile phase. The separations were performed at 30°C using a
column heater (Timberline Instruments, Boulder, CO).
Fluorescence was monitored at 226 nm for excitation, and at
333 nm for emission. Stock solutions (0.01%) of (±)
oxprenolol and (0.001%)

(±) propranolol (I.S .) were prepared

in methanol and stored at 7 °C. Seven calibration standards
of oxprenolol, ranging from 20 to 300 ng/ml (i.e. 10-150
ng/ml for each enantiomer), were prepared by spiking drug
free rat serum. The r2 was found to be 0.9990 for (+ ) and
0.9987 for (-) oxprenolol. The extraction and
derivatization procedure is briefly discussed below.
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To 100 pi (200 pi for intravenous samples) of serum,
10 pi of the internal standard (0.5 pg/ml) and 100 pi of 1 M
NaOH were added. The serum samples were extracted with 5 ml
of dichloromethane. After shaking (3 minutes) and
centrifugation at 1000 g (Beckman J2-HS, Beckman
Instruments Inc., USA) for 10 min, the organic phase was
transferred to glass tubes and evaporated to dryness under
a gentle stream of nitrogen at room temperature
(Organomation, N-Evap™ 112, Nitrogen Evaporator, Berlin,
MA). The dry residues were dissolved in 100 pL of
dichloromethane, vortex-mixed for 5 s and finally 10 pi of a
0.01% (v/v) S-NEIC solution was added. The samples were
then placed in a shaker maintained at 37 °C (Reciprocal
Water Bath Shaker R 76, New Brunswick Scientific, Edison,
NJ) for 2 hours, after which, the excess reagent was
removed by the addition of 20 pi of tertiary butylamine
(TBA). Excess TBA was evaporated under a nitrogen stream.
The residues were dissolved in 50 pi of the mobile phase and
aliquots of 10 pL were injected into the HPLC system.
A modified reversed-phase HPLC separation was carried
out for timolol maleate (Kubota et al., 1990) . Timolol
maleate is marketed only as the levo-enantiomer. A UV
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detector was used for this analysis with the wavelength
set at 295 nm and a sensitivity of 0.001-0.005 a.u.f.s. The
mobile phase was acetonitrile water-triethylamine
(18:81:1), v/v/v) and the pH was adjusted to 3.0 with
phosphoric acid. Five calibration standards of timolol,
ranging from 10 to 200 ng/ml, were prepared by spiking drug
free rat serum. The r2 was found to be 0.9996.
To a sample of 100 fil (200 jil for intravenous samples)
of rat serum was mixed with 100 (j.1 of 4 M Sodium hydroxide,
100 jil of internal standard solution (100 jig/ml) and 5 ml of
dichloromethane in a 10-ml conical glass centrifuge tube.
The tube was capped and shaken by hand for 10s, followed by
vortex-mixing for 3 minutes. After

centrifugation for 5 min

at 1500 g, the upper aqueous layer

was discarded, and the

mixture was transferred to a small glass tube and
evaporated to dryness with a gentle air stream at

37 °C.The

residue was reconstituted with 100 jil of mobile phase and
filtered with an ACRO LC3S disposable filter assembly (0.45
Jim, Fisher Scientific, Pittsburgh, PA, USA) , and 30 jiL of
the filtered solution were injected onto the HPLC system.
(+) Metoprolol tartrate was analyzed by a modified
normal phase HPLC separation method reported by Bhatti and
Foster (1992). A stainless-steel 15-cm long YMC Pack SIL
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(YMC Inc., Milford, MA) , with a particle diameter of 3 jam
and a pore size of 100 A was used. The mobile phase
consisted of hexane-chloroform-methanol (85:14:1, v/v)
pumped at a flow-rate of 2.0 ml/min. Fluorescence was
monitored at 222 nm for excitation, and at 337 nm for
emission.

(±) propranolol HC1 was used as the internal

standard (I.S.). Seven calibration standards of metoprolol,
ranging from 25 to 1000 ng/ml (i.e. 12.5-500 ng/ml for each
enantiomer), were prepared by spiking drug free rat serum.
The r2 was found to be 0.9948 for (+) and 0.9927 for (-)
metoprolol. The extraction and derivatization procedure in
brief follows,
To a sample of 100 |il (200 pi for intravenous samples)
of rat serum 15 p.1 of I.S.

(40 jug/ml) and 50 jil of 0.1 M

NaOH, 4 ml of chloroform were added and the resultant
mixture was vortex-mixed for one minute and centrifuged at
1800 g for 5 min. The upper aqueous layer was removed by
vacuum, thus leaving the organic layer. This layer was then
evaporated to dryness under a gentle stream of nitrogen
with the bath temperature maintained at 37°C. To the
resulting residue was added 100 jil of the S-NEIC solution
(0.05% (v/v) in Chloroform). The solution was again vortex-
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mixed for 30 s and aliquot of 50

jiL

was injected onto the

HPLC system.
(+) Sotalol HCl was analyzed using a modified reverse
phase method reported by Fiset et al. (1993b). A 25-cm long
Microsorb C-8 column (Rainin Instruments, Emeryville, CA),
with a particle diameter of 5 jim and a pore size of 100 A,
was used for this analysis. The excitation and emission
wavelengths were set at 235 and 300 nm, respectively. The
mobile phase consisted of methanol-water-acetonitrile
(50:35:15) and was pumped at a flow-rate of 2.0 ml/min.
Tris buffer (2 M) was adjusted to pH 9.0 with 12 M
hydrochloride acid and kept at 4 °C. Stock solutions of dlsotalol (concentrations ranging between 5 and 125 jig/ml) and
of S (-) atenolol (2.5 pg/ml) were prepared and stored at 20 °C. Chiral reagent solution was prepared on the day of
the analysis by dissolving 400 jaL of (-) -methyl
chloroformate in 10 ml of acetonitrile. The r2 was found to
be 0.9999 for (+) and 0.9999 for (-) metoprolol. The
extraction and derivatization procedure in brief is as
follows,
To 100 fil (200 p.1 for intravenous samples) of rat serum
were added 100 pi of S (-) atenolol stock solution (2.5
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jig/ml)

and 660 (il of 2 M perchloric acid. The samples

were vortexed briefly (30 s) and centrifuged for 5 min at
2000 g . The supernatant was transferred into glass tubes
and the pH adjusted to 9.0 with 1 ml of 2 M Tris buffer and
250 ill of 2 M chloroform-2-propanol (3:1, v/v) . Following
vortex-mixing for 1 min and centifugation at 2000 g for 10
min, organic fractions were collected and dried with
anhydrous sodium sulfate (~ 3 g). The organic phase was
transferred and evaporated to dryness under a nitrogen
stream. To the residue were added 200 jil of a saturated
sodium carbonate solution followed by 200 jil of (-) -methyl
chloroformate solution; samples were vortex-mixed for 30 s.
Water (1 ml) and 2 ml of chloroform were added to samples
which were again vortex-mixed for 1 min. Following
centrifugation at 1500 g for 5 min, the aqueous layer was
discarded and the organic phase was evaporated to dryness.
The residue containing diastereoisomeric derivatives of
sotalol enantiomers and of S (-) atenolol was reconstituted
with 100 jil of mobile phase and centrifuged for 5 min. A 20jil

aliquot was injected into the HPLC system.
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Pharmacokinetic Analysis.
The plasma concentration-time profiles of all betablockers were analyzed using Winnonlin® software, version
3.1, Pharsight (CA, USA). All the data were expressed as
mean ± standard deviation of the mean. Pharmacokinetic
parameters, such as volumes of distribution, clearances,
and half-lives, were obtained by non-compartmental analysis
using linear trapezoidal method. A one-way ANOVA was done
to find the significant difference in the bioavailability
by various routes of administration and skin irritation
studies. Differences were considered to be significant at
levels of p < 0.05.

Estimates of multi compartment model

rate constants and volumes were made from the intravenous
results in rats.

Results and Discussion
The delivery of beta-blockers to hairless rats was
established in a manner to accomplish rapid input of drug
and attaining therapeutic concentrations in the blood.
Hairless rat model, widely utilized in iontophoresis
research was used. Other animal models like regular hairy
rats or rabbits were not used as the hair follicle (major
pathways for iontophoresis) density is too high, while nude
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mouse model was not used as mice are too small to place
the iontophoresis electrodes for in vivo studies, and not
enough blood samples can be drawn.

Intravenous Pharmacokinetics of 3-blockers:
Firstly, in this study, the intravenous
pharmacokinetics of beta-blockers were investigated in
hairless rats (400-500 g) in order to determine the
bioavailability of respective (3-blockers following
transdermal delivery by iontophoresis. Pharmacokinetic
parameters were obtained from the serum concentrations vs.
time profiles by non-compartmental analysis using
linear/log trapezoidal method model (NCA Model 201, Win
Nonlin® version 3.1). Pharmacokinetic parameters observed
for various (3-blockers following intravenous administrations
are listed in Table 2. Serum concentration v s . time
profiles of R and S-forms of propranolol HC1, timolol
maleate (only levo-form), oxprenolol HC1, metoprolol
tartrate and sotalol HC1 are shown in Figures 25-29.
Following intravenous administration of (+)
propranolol HCl (2 mg/kg), it was observed that serum
concentrations of

(R)-isomer was higher than (S)-isomer

until 15 min, but were similar after 30 min (Figure 25). No

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE 2
Beta-Blocker Intravenous Kinetics
Parameter

Ke
(1/min)
tl/2
(min)
AUCo-oc
(min*jig/ml)
AUMCo-oc
(min*min*pg/ml)
Co
(ng/ml)
Yd
(ml)
Cl
(ml/min)

Isomer
R
S
R+S
R
S
R+S
R
S
R+S
R
S
R+S
R
S
R+S
R
S
R+S
R
S
R+S

Propranolol
HC1
0.25 + 0.01
0.01+0.01
0.02 + 0.01
32 .7 + 15 .4
45.6+ 14 .8
45.5 + 18.7
22.5 + 7.6
27.7 ± 20.8
34.7+ 14 .8
7 5 4 ± 520
1263 ± 243
1673 + 1103
1383 + 620
233 ± 46
1644 + 627
515 + 286
2292+ 1889
1072 ± 758
15.1 ± 13.1
16.2+14.2
11.9 + 9.9

Oxprenolol
HC1
0.06 ± 0.01
0.05 ± 0.01
0.05 ± 0.01
11.7 + 3.1
14.0+1.3
12.94 + 2.0
19.5 + 9.1
14.8 + 7.4
34.2 ± 16.4
290 ± 72
28 5 + 128
573 + 195
1398+ 1053
814 + 594
2205+ 1641
555 + 421
8 6 2 ± 554
6 8 9 ± 470
30.3 ± 14.9
41.8 + 23.9
35.1 ± 18.4

Timolol
Maleate
-

0.01 + 0.002
-

-

104 + 29
-

-

16.5 + 0.4
-

-

1964 + 472
-

-

281 + 39
-

-

4197+ 1323
-

-

27.9 + 3.2
-

Metoprolol
Tartrate
0.03 + 0.01
0.02 ± 0.004
0.02 ± 0.01
28.3 + 8.1
31.5 + 5.2
3 1.2+ 1 0.2
7 .0+ 1.2
5.6 ± 0 .8
12.7 + 2.2
2 8 9 + 113
220 ± 70
528 + 217
241+43
274 ± 39
512 + 80
2 8 0 4 ± 207
3 9 6 7 ± 593
3 3 7 4 ± 384
71.9+ 16 .2
88.4+16.5
78.8+17.5

Sotalol HC1
0.01 + 0.001
0.01+0.001
0.01+0.001
112+10.7
117+11.6
114 + 9.3
48.7 + 3.9
5 5 .1 + 4 .9
104 ± 0.9
7 7 7 8 ± 1267
9 0 4 0 ± 996
16790 + 2219
502+ 116
475 ± 84
9 7 7 ± 200
1427± 237
1320+ 142
1363± 177
8.8 ± 0 .7
7.8 ± 0.5
8.3 ± 0.6
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Figure 25: Mean serum concentrations of (R)- and (S)propranolol enantiomers after intravenous administration of
(±)-propranolol HC1 (2 mg/kg) to hairless rats. The data is
expressed as mean ± S.D. for n = 4. Key: (□) R-Propranolol ;
(■) S-Propranolol.
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Figure 26: Mean serum concentrations of
oxprenolol enantiomers after intravenous
(±)-oxprenolol HC1 (2 mg/kg) to hairless
expressed as mean ± S.D. for n = 4. Key:
(■) S- Oxprenolol.

(R)- and (S)administration of
rats. The data is
(□) R- Oxprenolol;
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Figure 27: Mean serum concentration of (levo)-timolol
maleate after intravenous administration of (levo)-timolol
maleate (1 mg/kg) to hairless rats. The data is expressed
as mean ± S.D. for n = 4. Key: (■) levo-timolol maleate.
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Figure 28: Mean serum concentrations of (R)- and (S)metoprolol enantiomers after intravenous administration of
(±)-metoprolol tartrate (2 mg/kg) to hairless rats. The data
is expressed as mean ± S.D. for n = 4. Key: (□) RMetoprolol; (■) S- Metoprolol.
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Figure 29: Mean serum concentrations of (R)- and (S)sotalol enantiomers after intravenous admini stration of (±) sotalol HC1 (2 mg/kg) to hairless rats. The data is
expressed as mean ± S.D. for n = 4. Key: (□) R- Sotalol;
(■) S- Sotalol.
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differences in the elimination half-life (ti/2) , volume of
distribution (Vd) and clearance (Cl) between (R)- and (S)enantiomers of propranolol was seen in these hairless rats,
unlike in other animal models where it was shown that Senantiomer is cleared faster compared to R-enantiomer (Bode
et a l ., 1995; Piquette-Miller and Jamali, 1993) . Similarly,
no differences in the stereoselective dispositions of the
(R)- and the (S)-isomers were observed for other racemic
beta-blockers; oxprenolol, metoprolol and sotalol (Figures
26,28-29). Timolol maleate is marketed only as the levoenantiomer and hence was the only drug used as a single
isomer (Figure 27).

Transdermal Kinetics of 3-Blockers

The permeation profiles of beta-blockers across hairless
rats under the influence of iontophoresis (0.1 mA/cm2) is
shown in Figures 30-34. Serum concentration v s . time
profiles of R- and S- enantiomers of propranolol following
transdermal application are consistent with the serum
concentration vs. time profiles following intravenous
administration. Pharmacokinetic parameters observed for
various (3-blockers following transdermal inotophoretic
administrations are listed in Table 3. (R)-propranolol was
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TABLE 3
Beta-Blocker Transdermal Kinetics
Parameter

Ke
(1/hr)
tl/2
(hr)
AUCo-oc
(hr*pg/ml)
AUMCo-cc
(hr*hr*jng/ml)
Cmax
(ng/ml)
Vd/F
(ml)
Cl/F
(ml/hr)
F

Isomer
R
S
R+S
R
S
R+S
R
S
R+S
R
S
R+S
R
S
R+S
R
S
R+S
R
S
R+S
R
S
R+S

Propranolol
HC1
0 .8 + 0.3
0 .4 + 0.1
0 .5 1 0 .2
1 .0 1 0 .4
1 .6 1 0 .8
1 .4 1 0 .6
0 .5 1 0 .1
0.3 10.1
0 .6 1 0 .3
1 .4 1 0 .3
1 .1 1 0 .2
2 .2 1 1.2
158.7153.4
7 6 .4 1 3 8 .6
1 8 1 11 13
1529816651
603941 12961
27 16 1113106
1128812235
2 39 09 1 7 0 6 8
15239 + 3226
0.08
0.04
0.05

Oxprenolol
HC1
0 .8 1 0 .3
0.6 1 0.2
0.7 1 0 .2
0.9 1 0.2
1 .3 1 0 .4
1 .11 0.3
0 .6 1 0 .2
0 .6 1 0 .1
1 .2 1 0 .2
1 .6 1 0 .4
1 .9 1 0 .2
3 .4 1 0 .6
184135.3
164124.1
348.3 1 59.3
12631 16 208
16583 1 1257
1458016919
912812876
8432 1 1257
879 21 20 38
0.2
0.3
0.24

Timolol
Maleate
-

0.3 10 .0 8
-

-

2 .2 1 0 .6
-

-

0 .8 1 0 .1
-

-

3.1 1 1.0
-

-

170.5117.5
-

-

41 9 3 4 1 5 9 4 0
-

-

1356512093
-

0.12

Metoprolol
Tartrate
1 .9 1 0 .3
0.6 1 0.3
1.410.1
0 .4 1 0.05
1 .2 1 0 .4
0.5 1 0.04
0.3 10 .05
0.2 1 0 .0 4
0 .5 1 0 .1
0 .7 1 0 .1
0 .7 1 0 .1
1 .2 1 0 .2
28 3.61 5 2.8
9 2.6 1 49 .1
3 7 6 1 95
15405 123 83
22474 1 4 62 6
19210 + 3502
15405 12383
2 2 4 7 41 46 26
1921013502
0.3
0.2
0.25

Sotalol HC1
0.25 1 0 .0 9
0.8 1 0.2
0 .4 1 0 .1
3.1 1 1.1
1 .0 1 0 .3
1 .7 1 0 .3
2 .9 1 0 .7
1 .6 1 0 .2
4.3 1 0 .7
1 5 .917.8
4.6 1 0.9
14 .9 1 3.7
575 1 88
565 1 72.3
11 401155
7 5 2 8 1 1756
39791666
5826 1 952
1767 1 352
28761357
2371 1 3 5 7
0.3
0.2
0.2
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Figure 30: Mean serum concentrations of (R)- and (S)propranolol enantiomers after transdermal iontophoretic
delivery (0.1 mA/cm2 for 2 hours) of (±) -propranolol HC1 to
hairless rats. The data is expressed as mean ± S.D. for n=4.
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Figure 31: Mean serum concentrations of (R)- and (S)oxprenolol enantiomers after transdermal iontophoretic
delivery (0.1 mA/cm2 for 2 hours) of (±)-oxprenolol HCl to
hairless rats. The data is expressed as mean + S.D. for n=4.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

173

■ Timolol-1

Id 140

| 100

2

3

4

Time (h)
Figure 32: Mean serum concentration of (levo)-timolol
maleate after transdermal iontophoretic delivery (0.1 mA/cm2
for 2 hours) of (levo)- timolol maleate to hairless rats.
The data is expressed as mean ± S.D. for n=4.
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Figure 33: Mean serum concentrations of (R)- and (S)metoprolol enantiomers after transdermal iontophoretic
delivery (0.1 mA/cm2 for 2 hours) of (±)-metoprolol tartrate
to hairless rats. The data is expressed as mean ± S.D. for
n=4 .
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Figure 34: Mean serum concentrations of (R)- and (S)sotalol enantiomers after transdermal iontophoretic
delivery (0.1 mA/cm2 for 2 hours) of (±)-sotalol HCl to
hairless rats. The data is expressed as mean ± S.D. for n=4.
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higher than the (S)-isomer giving a S/R ratio of 0.25 for
transdermal iontophoresis (1 hour) groups. During the
elimination phase, however, the S/R ratios approaches unityfollowing both intravenous and iontophoresis
administrations. Such a significant difference in the
stereoselective disposition was not seen with other betablockers .
There is no significant difference observed in the S/R
ratios of AUC0-t after both intravenous and transdermal
administration (Table 4). Therefore, these data suggest,
for example, that there is no stereoselective permeation of
(R)- and (S)-propranolol across the skin. This is in

TABLE 4
Comparison of Stereoselective Ratios of Beta-Blockers
S/R Ratio
Beta-Blockers

Transdermal (IP)

Intravenous

Propranolol HCl

0.37 ± 0.06

0.44 ± 0 .1

Oxprenolol HCl

0.96 ± 0.08

0. 8 ± 0.09

Metoprolol Tartrate

0.63 ± 0.06

0.73 ± 0.06

Sotalol HCl

0.93 ± 0.06

1.1 ± 0.1
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agreement with the non-stereoselective in vitro
permeation of (R)- and (S)-propranolol across full
thickness rat skin as described in chapter 2 and elsewhere
(Heard and Brain, 1993; Heard et al., 1993) .
Similarly, The Vd and Cl for the isomers of all drugs
were significantly higher (p<0.05) compared to their
intravenous counterparts (Table 3). The mean residence time
(MRT) for the isomers was significantly greater for the
transdermal group compared to the intravenous group for all
the drugs except for sotalol, where a significant
difference was not seen for the (S)-isomer alone (p<0.05),
which suggests that there is a lag-time involved in the
permeation of the drug across the stratum corneum and the
viable epidermis into the circulation. During
iontophoresis, the drugs are pushed deep into the viable
epidermis of the skin via the appendageal pathways. The
time delay seen could be related to the efficiency with
which the drug partitions from the viable epidermis into
the systemic circulation.
Iontophoretic delivery of beta-blockers as shown in
Figure 35 is very similar to the trend seen with the in
vitro delivery (Chapter 4). Figure 35 shows that a
significant amount (p<0.05) of sotalol HCl was delivered at
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all time points compared to the other beta-blockers. A
four to six fold difference for sotalol delivery was seen
compared to the other beta-blockers. There was no
significant difference seen between the deliveries of other
four beta-blockers. This could be due to sotalol's second
pKa (9.65 & 8.15) where, a higher fraction of unionized
species can be formed in the viable layers of the skin. The
unionized fraction, being more lipophilic/permeable, than
the ionized fraction would be able to cross the viable
epidermis with greater ease. Apart from this, iontophoresis
uses the transappandagea1 pathway to push drugs deep into
the viable epidermis and close to the dermis layers where
the hair follicles originate, and thus into systemic
circulation. Polar drugs can be efficiently transported
across the skin via this route in the presence of
iontophoresis.
Passive Diffusion of 3-Blockers
Passive diffusion (without current) of the betablockers across hairless rats was very low. Beta-blockers
with higher lipophilicity, like propranolol and oxprenolol,
were able to permeate the skin better (Figure 36) compared
to the others, which constitute of hydrophilic moieties.
No drug concentrations in the serum (below detection
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Figure 35: Transdermal delivery of p-blockers (AUC 0-t) in
hairless rats after application of iontophoretic current
(0.1 mA/cm2) for two hours. The data is expressed as mean ±
S.D. for n = 4.
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Figure 36: Transdermal delivery of p-blockers (AUC 0-t) in
hairless rats after application of passive patch (no
current). The data is expressed as mean ± S.D. for n = 4.
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limits) were found after the transdermal administration
of timolol, metoprolol and sotalol without current. The Cmax
for (±) propranolol HC1 (14.8 ± 6.6 ng/ml) was very low
compared to the desired therapeutic blood concentrations
(70-100 ng/ml) in order to exhibit pharmacological action
(Smits et al., 198 0; Goodman and Giliman, 1996) .

Irritation Studies In Vivo
Erythema is produced when skin is exposed to irritants
such as detergents, allergens, UV light and other chemicals
and, as a result, elicits the infiltration of blood cells
close to the skin surface. There are numerous reports of
skin irritaion produced by beta-blockers, which include
propranolol, oxprenolol and timolol (Kubota et al., 1991;
Kobayashi et al., 1996; Kobayashi et al ., 1997; Kobayashi
et al., 1998). It is known that P-blockers in the salt form
would produce very mild skin irritation compared to their
respective base forms as seen by comparing the delta a*
values between passive and iontophoresis (Table 5).
Since no skin irritation was observed to, the extent
(for timolol was approximately 1.0 at hour two, under
passive conditions) reported by Kobayashi et a l . (1997),
base formulation of propranolol was prepared from the salt
form and applied on a similar patch used for the salt
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formulation. Our results of the skin irritation (delta a*
value) produced by propranolol base (2.2 + 0.3) at two hours
was consistent with the results obtained by Kobayashi et
al. (1996).

Hence, we used this value as a positive

control (Table 5) for other ^-blockers used in this study in

TABLE 5
Comparison of Delta a* Values of Beta-Blockers
Delta a* Values
Beta-blocker/
Passive
ITP
Formulation
Propranolol HC1

0.015 + 0.03

0 .64 ± 0.27

Oxprenolol HC1

0.12 ± 0.16

0.45 ± 0.21

Timolol Maleate

0.21 ± 0.20

0.46 ± 0.4

Metoprolol Tartrate

0.05 ± 0.06

0.57 ± 0.40

Sotalol HC1

0.21 ± 0.4

0

Controls
(Negative)

0

0.28 ± 0.14

Imidazole buffer
(Positive)

2.2 ± 0.3

NA

Propranolol Base
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order to compare the results obtained from passive and
iontophoresis delivery. As can bee seen in Table 5, the
delta a* values observed for the positive control
(propranolol base) is significantly different (p<0.05) from
all passive and iontophoresis experiments for all the betablockers studied. Imidazole buffer was used as the vehicle
for in vivo transdermal studies, which served as the
negative control in the evaluation of skin irritation
produced by passive and iontophoresis treatments. There was
no significant difference in the delta a* values for
iontophoresis of the beta-blockers and the negative
control.
Skin irritation produced by base formulation of
propranolol was the highest (Figure 37), which was not seen
when the free base of propranolol was formulated into
liposomes. The liposomal formulation of the base was made
using the thin film hydration method. The skin irritation
was significantly reduced (p<0.05) compared to the base
form of propranolol. The delta a* value produced by the
liposomal formulation (0.03 ± 0.04) was comparable to the
skin irritation produced by propranolol salt form by
passive delivery, which suggests that salt forms or
liposomal formulations of {3-blockers are safe compared to
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Figure 37: Skin irritation produced by propranolol on
hairless rats under different study conditions. The data is
expressed as mean ± S.D. for n=4 rats. Key: P- Passive; IPIontophoresis; (+)- significant difference (p<0.05) between
passive and iontophoresis of propranolol HCl; (*)significant difference (p<0.005) between propranolol base
and liposome formulation of the base; (+ ) - significant
difference (p<0.05) between propranolol base and
propranolol HCl iontophoresis, and propranolol base and
imidazole iontophoresis.
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free base formulations. The

A U C 0-cc

for propranolol base

was 11.4 ± 16.1 hr .ng/ml while that of liposomal base was
21.3 ± 19.9 h r .ng/ml.

Conclusion

In vivo transderma1 delivery of beta-blockers can be
enhanced using iontophoresis to get on-demand therapeutic
concentrations in the body within short intervals of time.
Liposome formulation has shown to decrease skin irritation
produced by the base form of propranolol. Stereoselective
disposition (S/R ratio) of beta-blockers found in the
intravenous and transdermal study were similar, suggesting
that there is no stereoselective permeation of the
enantiomers across hairless rats. The Vd and Cl of all the
drugs when administered by the transdermal route under the
influence of iontophoresis were significantly greater than
those obtained after intravenous administration.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The broad aim of this study was to demonstrate the
feasibility of transdermal delivery of p-blockers across
hairless rat full thickness skin in vitro and in hairless
rats in vivo under the influence of electrical enhancement
techniques such as iontophoresis and/or electroporation. P~
Blockers like propranolol HCl, oxprenolol HCl, timolol
maleate, metoprolol tartrate and sotalol HCl would have
been ideal drug candidates for transdermal delivery if not
for their low passive permeability and potential for skin
irritation. The p-blockers selected vary in their
lipophilicity but have similar pKa values and molecular
weights. For in vitro permeation studies, freshly excised
rat full thickness skin or human epidermis were mounted on
top-bottom Franz diffusion cells containing pH 6.2
imidazole buffer with 25 mM sodium chloride in the
receptor. The drug solutions (10 mg/ml) were prepared in
the same buffer solution and added to the donor chamber.
186
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Initial studies, with propranolol HCl as the model
drug, were done on full thickness hairless rat skin and
human epidermis. The feasibility of transdermal delivery of
propranolol was established using electrical enhancement
techniques like iontophoresis and/or electroporation and
the drug transport from solution and liposome formulations
were compared.

It was found that the delivery of

propranolol could be enhanced several fold with the use of
iontophoresis and/or electroporation. A combination of
iontophoresis and electroporation did not show a
significant difference compared to iontophoresis alone, for
the permeation of propranolol across rat full thickness
skin. Iontophoresis delivered significant amounts of
propranolol compared to electroporat ion and passive
delivery. Liposome formulation delivered significantly more
drug compared to solution formulation under passive
conditions. An increase in the current density
(iontophoresis) and pulse length (electroporation)
increased the drop in skin impedance. A stereoselective
assay of (±)- propranolol showed that there was no
stereoselective permeation of the enantiomers across rat
full thickness skin. We concluded that propranolol HCl in
solution and liposome formulation can be efficiently
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delivered across rat full thickness skin and human
epidermis under the influence of electrical enhancement
techniques like iontophoresis and/or electroporation.
The best protocols for iontophoresis and
electroporation were then used to demonstrate the
feasibility of delivering other beta-blockers (oxprenolol
HCl, timolol maleate, metoprolol tartrate and sotalol HCl)
and observe a trend if any based on lipophilicity and
hydrophilicity. Freshly prepared hairless rat full
thickness skin was mounted on Franz diffusion cells. Since,
salt form of the beta-blockers were used passive permeation
was very low. Lipophilic drugs like propranolol had higher
permeation than the more hydrophilic sotalol under passive
permeation. Sotalol, being the most hydrophilic of the pblockers delivered the most drug across the skin under the
influence of iontophoresis compared to the more lipophilic
propranolol. The post iontophoretic and electroporation
flux showed a decline in the amount of drug permeated from
the most lipophilic propranolol to metoprolol except for
sotalol which was higher than propranolol. This could have
been due to the second pKa value (9.65 & 8.15), where a
higher percentage of unionized faction resides in the
deeper layers of the skin (pH 7.4), which has better
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diffusion characteristics compared to ionic drugs. The
effective transdermal voltage calculated during
electroporation of the drugs across rat full thickness skin
was found to decrease with increasing number of pulses.
Although recovery of skin impedance was not observed, a
recovery of drug flux was seen at the end of electrical
enhancement techniques. p-Blockers in their salt forms could
be effectively delivered across rat full thickness skin by
iontophoresis and electroporation.
In-vivo transdermal delivery of beta-blockers were
then evaluated using the hairless rat model. A comparison
between iontophoresis and passive transdermal delivery was
done. An intravenous study on hairless rats was also done
to evaluate the transdermal bioavailability using primary
kinetic parameters. Skin irritation which has been a major
issue for p-blockers in the area of transdermal research,
was studied for all the P-blockers. Stereoselective
disposition (S/R ratio) of beta-blockers found in the
intravenous and transdermal study were similar, suggesting
that there is no stereoselective permeation of the
enantiomers across hairless rats. The Vd and Cl of all the
drugs when administered by the transdermal route under the
influence of iontophoresis were significantly greater than
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those obtained after intravenous administration. The
passive diffusion of P-blockers across hairless rats was
very low and the more lipophilic drugs were able to
permeate the skin better than the hydrophilic moieties.
Iontophoretic delivery of beta-blockers in vivo was similar
to what we found in vitro. A four to six fold difference
was seen in the delivery of sotalol compared to the other
beta-blockers. The skin irritation produced by the betablocker salts were minimal compared to the irritation
produced by the base formulation of propranolol. This
irritation produced by the base form of propranolol was
reduced significantly with a liposome formulation of the
base. Therapeutic amounts of propranolol and other betablockers like timolol were delivered across the skin using
iontophoresis. Skin irritation of the base form of
propranolol was significantly reduced by the liposomal
formulation of the base.
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