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ABSTRACT

ADVAIT V. BADKAR
Transdermal Delivery of Interferon Alpha 2b 
(Under the direction of AJAY K. BANGA)

The purpose of this dissertation was to demonstrate 

transdermal delivery of Interferon Alpha 2b using skin 

thermal microporation by itself or in combination with 

iontophoresis, electroporation or ultrasound.

Freshly excised hairless mouse skin was used for in 

vitro experiments. A prototype research thermal porator was 

used to make an array of microscopic pores in skin (100/im 

diameter, 4 0/zm depth) . Various parameters for delivery 

efficiency like pore density, drug concentration, pH, buffer 

strength, electrode polarity and current density were 

studied for passive delivery and iontophoresis. Use of 

electroporation (15pulses, 500V, 200ms) to achieve pulsatile 

delivery was evaluated. Pulse modulated ultrasound was 

applied at a frequency of 43.4 kHz. Parameters like distance 

of probe from skin, duty cycle and application time were

xiii
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xiv
evaluated. Samples were analyzed by ELISA, gamma counting 

(12SI-labeled) , RP-HPLC or bioassay.

Transport of interferon, a large macromolecule, through 

microporated skin was found feasible. Iontophoresis did not 

enhance delivery in vitro on microporated skin but resulted 

in enhanced delivery (500 + 154 min*ng/ml) over passive 

delivery (254 +. 46 min*ng/ml) in vivo in

hairless rats. The serum levels obtained were comparable or 

greater than those reported in literature using subcutaneous 

route. Pulsatile delivery was achieved by electroporation 

with flux increasing after pulsing and coming back to 

baseline within 1 hour. Ultrasound resulted in maximum 

amounts delivered across microporated (19.60 + 2. 9pig/cm2) as 

well as intact (11.61 + 3.5/xg/cm2) skin within 1.5 hours of 

application. Mechanistic studies suggest cavitation to be 

the major contributor to delivery during ultrasound.

Feasibility of using thermal microporation for the 

transdermal delivery of interferon alpha 2b has been 

demonstrated. Enhancement using electrical (iontophoresis 

and electroporation) and ultrasound based delivery 

techniques were also evaluated. Electroporation was 

successful in achieving pulsatile delivery profiles and 

ultrasound resulted in significant enhancement of delivery
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over that during passive diffusion. Iontophoresis did not 

show any enhancement over passive diffusion through 

thermally microporated skin in vitro, but resulted in almost 

twice the amounts being delivered in vivo (in hairless rats) 

after thermal microporation. To our knowledge this is the 

first report of the transdermal delivery of interferon alpha 

2b using thermal microporation as an enhancement technique.

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



CHAPTER 1

INTRODUCTION

Interferons are antiviral proteins that are produced 

by the body in response to a viral attack. Depending on 

the cells from which they originate, they are classified as 

alpha (lymphoblasts or leukocytes), beta (fibroblasts) or 

gamma (immune cells). Each class is divided and further 

divided into various classes and sub-classes (Pestka and 

Meager, 1997). Interferon alpha 2b is one such interferon 

(specific activity: 260 MIU per mg), which is being 

investigated for use in the treatment of a broad spectrum 

of diseases (Bonetti and Kim, 1993). Recombinant human 

interferon alpha 2b is currently approved and on the market 

to treat viral hepatitis B and C. It is to be administered 

subcutaneously or intramuscularly, 3 million international 

units (MIU), 3 times a week for 6 months. The current 

thrice-weekly regimen is not based on its pharmacokinetic 

characteristics (half-life of 5-6 hours) and results in

1
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long periods when no detectable interferon alpha 2b is 

present in the serum resulting in fluctuations of drug 

concentration in systemic circulation and tissue 

compartments leading to the observation of a "peak and 

valley" pattern (Schenker et al., 1997) . This coupled with 

the inability to increase the dose of interferon alpha 2b 

due to its side effects such as fever (Yoshikawa et al. ,

1999) results in low clinical effectiveness. In addition, 

some studies have suggested that extension of the treatment 

to 1 year may result in an improved sustained response rate 

(Jouet et al., 1994) . Alternate routes of delivery have 

been tested such as oral (Paulesu et al., 1988) and 

pulmonary (Patton et al. , 1994) but poor bioavailability 

has been of concern. Interferon alpha 2b has also been 

administered by continuous subcutaneous infusion over a 

period of 3 months (Schenker et al., 1997) but patient

acceptance of this delivery route is likely to be low 

because of the need for continuous medical supervision and 

inconvenience of carrying the infusion pump everywhere for 

the duration of administration. There is a need for drug 

delivery systems that are non-invasive and will provide 

constant serum levels of interferon alpha 2b avoiding the
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"peak-valley" effect and hence improve the patient's 

quality of life. Transdermal delivery systems can fulfill 

these needs, but there are no commercial transdermal drug 

delivery systems currently available that can deliver 

therapeutic doses of proteins or large macromolecules.

Transdermal drug delivery has the potential to be a 

non-invasive, user-friendly method of delivering drugs at a 

steady or time-varying rate. By itself or by combination 

with chemical enhancers, it can achieve therapeutic levels 

only for potent lipophilic drugs with a low molecular 

weight. This is because only limited quantities of small 

molecules with sufficient solubility in skin lipids can 

pass through the skin. These molecules exhibit lag times of 

hours to days and steady state rates, which are often sub- 

therapeutic. Iontophoresis is one technique, which offers a 

unique opportunity to expand the scope of transdermal 

delivery to include the systemic delivery of hydrophilic 

and charged macromolecules such as proteins and peptides. 

Iontophoresis involves the application of a small amount of 

physiologically acceptable direct current (d.c.) to drive 

ionic drugs into the body (Banga, 1998; Green et al.,

1993) . Transdermal iontophoretic systems are currently in

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



4

clinical trials and are likely to be available in the near 

future as disposable, battery-operated wristwatch-type 

devices, controlled by microchips to deliver drugs at the 

desired rate (Banga, 1998).

The use of an electric pulse or electroporation is 

another technique, which could work alone or in conjunction 

with iontophoresis. Electroporation is a physical 

transfection method that reversibly permeablizes lipid 

bilayers, and possibly involves the creation of aqueous 

pores during the application of an electric pulse 

(Prausnitz et al. , 1993; Weaver, 1995; Weaver and 

Chizmadzhev, 1996) . This technique is normally used on, the 

unilamellar phospholipid bilayers of cell membranes.

However, feasibility of electroporation mediated 

transdermal delivery of macromolecules has been 

demonstrated (Badkar et al., 1999).

Another promising method to deliver proteins through 

the skin involves the use of ultrasound (also called 

sonophoresis/phonophoresis) . Ultrasound has been used 

extensively over the last three decades for medical 

diagnostics and physical therapy. For such applications, 

the technique has been deemed safe, with no long or short-
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term side effects. Thus, ultrasound satisfies a major 

criterion of a practical approach to enhance transdermal 

delivery. The first published report on the use of 

ultrasound for increasing drug flux across skin appeared in 

1954 (Fellinger and Schmidt, 1954). Since then, there have 

been several further studies, which have shown that 

transdermal drug delivery can be enhanced by ultrasound 

(Benson et al., 1991; Bommannan et al., 1992b; Bommannan et 

al., 1992a; Mitragotri et al., 1995a; Mitragotri et al., 

1996; Tachibana, 1992). An ultrasound wave is one 

possessing frequencies above 20kHz. These waves are 

characterized by two main parameters, frequency and 

amplitude. Ultrasound can be applied continuously or in a 

pulsed manner. In the later case, an additional parameter, 

duty cycle, is required to characterize ultrasound. Duty 

cycle is the fraction of time for which ultrasound is "on". 

For sonophoretic delivery, the desired drug is dissolved in 

a solvent and applied to (on) the skin. Ultrasound is 

applied by bringing the probe in contact with either the 

skin or the solution. Ultrasound has been used to deliver 

various proteins through intact skin, including insulin,
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heparin, erythropoietin, and interferon gamma (Le et al. , 

2000; Mitragotri et al., 1995a; Tachibana, 1992).

All these noninvasive techniques have found success 

varying degrees. The most effective way to overcome skin 

barrier is via subcutaneous injection with the use of a 

hypodermic needle, but this involves pain and discomfort 

and is generally not practical for frequent and prolonged 

use. Alternative means to disrupt the stratum corneum 

involve the use of microfabricated needles/projections 

(Henry et al., 1999; Lin et al., 2001; McAllister et al. ,

2000) to create microscopic pores into the skin. Using 

this technique, it would be possible to deliver drugs 

transdermally. The rate of delivery would be slow but the 

manner of delivery would be painless and hence more 

acceptable. In one study, (Lin et al., 2001) the authors 

reported that the microprojection patch technology was 

capable of delivering therapeutically relevant amounts of 

oligonucleotides into and through the skin in vivo in 

hairless guinea pigs. The work presented here deals with 

the evaluation of a novel transdermal delivery system, 

based on thermal microporation for the delivery of 

interferon alpha 2b through skin. Previous use of this
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technology for the rapid extraction of skin interstitial 

fluid for glucose monitoring in clinical trials has been 

reported (Smith et al., 1999). Thermal microporation 

involves rapid localized application of thermal energy to 

the skin surface that results in the instantaneous 

vaporization of the stratum corneum cells in a microscopic 

area. This is accomplished by contacting an array of 

resistive elements to the skin surface and heating these 

elements by applying a pulse of electric current to them. 

This causes the permeablization of the skin and leads to 

enhancement of transdermal transport in vitro. Literature 

reports (Lin et al., 2001; Sekkat et al., 2001) have shown 

that transdermal delivery through 'impaired' skin, in vivo, 

can be modulated or controlled using electric methods such 

as iontophoresis. Iontophoresis is used to deliver 

relatively small macromolecules (Badkar and Banga, In 

press) but is unlikely to deliver interferon alpha 2b (MW: 

19271 Da.) through intact skin. However, in conjunction 

with thermal microporation it may be able to enhance as 

well as modulate the transdermal delivery.
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Specific Aims

The goal of this dissertation is to investigate the 

feasibility of transdermal delivery of interferon alpha 2b. 

This will be accomplished by the following specific aims:

1 To demonstrate transdermal delivery of interferon

alpha 2b through microporated skin by passive 

diffusion, or in combination with iontophoresis or 

electroporation.

2 To demonstrate transdermal delivery of interferon

alpha 2b using low frequency, pulse-modulated 

ultrasound in vitro using thermally microporated as 

well as intact full-thickness hairless mouse skin.

3 To evaluate the feasibility of transdermal delivery

of interferon alpha 2b in vivo in hairless rats 

using thermal microporation as means of 

permeablizing the skin. The use of iontophoresis 

will also be evaluated as a means of modulating the 

delivery.

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



CHAPTER 2

LITERATURE REVIEW 

Transdermal Delivery Systems

Topical delivery of drugs for local effects on the 

skin has been used for a long time. The potential for using 

the intact skin as a port of continuous drug delivery for 

systemic administration was recognized relatively recently. 

The development of female syndromes in male operators 

working in the manufacturing areas of pharmaceutical dosage 

forms containing estrogenic steroids has challenged the old 

theory in biomedical sciences that the skin is basically an 

impermeable barrier (Chien and Liu, 1986) . In turn, this 

triggered the curiosity of biomedical researchers to 

investigate the feasibility of using the intact skin for 

the systemic delivery of drugs. The findings accumulated 

over the years motivated a number of pharmaceutical 

scientists and companies to develop patch type drug

9
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delivery systems for transdermal administration of drugs 

for systemic administration.

Transdermal delivery systems provide a noninvasive 

means to administer drugs via absorption through the skin 

(Guy, 1996) . In order to understand how drugs permeate the 

skin, a basic knowledge of the structure of the skin is 

needed. The skin is composed of the epidermis, dermis, and 

underlying subdermal tissue. The epidermis and dermis are 

separated by a basement membrane, whereas the dermis 

remains continuous with the subcutaneous and adipose 

tissues. The epidermis is composed of five layers of cell 

types beginning from the outside of the skin: stratum 

corneum, stratum lucidum, stratum granulosum, stratum 

spinosum, and stratum basale (Berti and Lipsky, 1995). The 

average thickness of the epidermis is about 50-100 /xm and 

it contains no blood vessels, lymphatics, or nerves (Brown 

and Langer, 1988) . Pertaining to transdermal drug 

absorption, the molecular environment of the epidermis, 

most notably the cornified layer of the stratum corneum, 

provides the rate limiting step to drug penetration. The 

structure of the stratum corneum has been compared to that 

of "bricks and mortar", with 10 to 15 layers of flattened 

cornified cells constituting the bricks, and a lipid-rich
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intercellular matrix constituting the mortar. A model has 

also been proposed for drug permeation across the stratum 

corneum to predict the effect of the physical configuration 

and chemical composition of the stratum corneum on the skin 

permeability of drugs (Tojo, 1987).

Before a topically applied drug can act either locally 

or systemically, it must penetrate through the stratum 

corneum, which is the rate-limiting barrier to the 

transdermal delivery of drug molecules. Thus, percutaneous 

absorption can be visualized as consisting of a series of 

sequential steps: adsorption onto the surface of the 

stratum corneum, diffusion through the stratum corneum, 

viable epidermis, and papillary dermis into the 

microcirculation. The barrier properties of the stratum 

corneum can be attributed to the multilameller lipid 

bilayers, which fill the extracellular spaces. Therefore, 

in general, small lipophilic molecules are the ideal 

candidates for percutaneous absorption (Brown and Langer, 

1988). There are three transport pathways across the skin 

which molecules are likely to follow. The first involves 

transport directly across the bulk of the stratum corneum, 

where the molecule must sequentially cross keratinocytes 

and intercellular lipid bilayers. The second pathway
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reduces the number of bilayer crossings by following a 

tortuous path exclusively within the intercellular lipids, 

where the drug travels predominantly along the 

multilamellar bilayers, rather than across them (Edwards 

and Langer, 1994) . The third pathway, often called the 

"shunt" route or the transappendageal route, avoids the 

intercellular lipid bilayers altogether by following a path 

within the skin appendages such as sweat glands, sebaceous 

glands, and the hair follicles (Cullander, 1992) .

Factors Affecting Transdermal Delivery

The factors that control the absorption of drugs 

across the skin are related to classic principles of 

diffusion across semipermeable membranes that involve each 

component of the skin.

Concentration. The diffusional flux of a drug across a 

membrane is directly proportional to the concentration drop 

across the membrane. Practical limitations on the 

relationship between concentration and absorption are 

imposed by the solubility of the drug. The diffusion 

process is operative only for drug molecules in solution 

and, therefore, a limiting flux value is attained,
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representing the level at which the vehicle is saturated 

with the permeant (Walters, 1986).

Partition coefficient. The partition coefficient is 

also an important factor in considering the flux of the 

drug through the skin. The partition coefficient is the 

relative concentration of the drug in a lipid and aqueous 

phase after equilibrium has been reached. The higher the 

partition coefficient, the greater the affinity of the drug 

for the lipid (Cascella and Powers, 1988) . For the drug to 

be a good candidate for transdermal application, it has to 

have an optimum partition coefficient. Extreme values are 

generally undesirable if systemic effects are desired. That 

is because if the drug is extremely hydrophilic, it will 

not partition out from the vehicle into the lipophilic 

stratum corneum. On the other hand, if the drug is too 

lipophilic, then it will enter the stratum corneum but it 

will then not partition out into the hydrophilic dermis 

and, thereby, will be unable to enter the blood and lymph 

vessels which drain this region.

Diffusion coefficient. Another important factor is the 

diffusion coefficient, which represents the interaction of 

the drug with the barrier/membrane. The greater the 

diffusion coefficient the smaller is the interaction with
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the barrier system (Cascella and Powers, 1988). Any factor 

that promotes the interaction between the permeant and the 

membrane may hinder diffusion. Thus, large molecular size 

produces low diffusion coefficient because drugs exhibit an 

increase in frictional resistance to flow. This results in 

a decrease in permeation through the skin (Walters, 1986).

Site of application. One other factor that affects the 

penetration of drug through skin is the nature of stratum 

corneum at the site of application. The relative ratio of 

absorption at various skin sites correlates with the 

thickness and lipid content of the stratum corneum (Wester 

and Maibach, 1984). The rate of absorption of 

hydrocortisone was greatest in the areas of head, neck, 

axilla, and scrotum and least in the sole of the foot. This 

is because the skin in the scrotal region and behind the 

auricle of ear has a thin stratum corneum, while the sole 

of the foot and the palm of hand have thick stratum corneum 

(Berti and Lipsky, 1995). Considerable difference can 

exist, however, between the same sites of application in 

different individuals (Cascella and Powers, 1988).
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Advantages of Transdermal Drug Delivery

The advantages of transdermal drug delivery include:

1. Avoidance of the risks and inconvenience of parenteral 

therapy, and of the variation of absorption and 

metabolism associated with oral therapy.

2. Continuity of drug administration, permitting the use 

of a drug with a short biological half-life.

3. Achievement of efficacy with lower total daily dosage 

of drug due to continuous drug input and bypassing the 

hepatic first-pass metabolism.

4. Less chance of over or under-dosing as a result of 

prolonged, pre-programmed delivery of drug at the 

required therapeutic rate.

5. Provision of a simplified therapeutic regimen, leading 

to better patient compliance.

6. Ability to easily terminate the medication as needed 

by simply removing the drug delivery device from the 

skin surface.

In the US, there are several approved, systemically 

active, transdermally delivered drugs (e.g., scopolamine, 

nitroglycerin, clonidine, estradiol, fentanyl, nicotine and 

testosterone), for some of which there are multiple
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approved uses (Guy, 1996). This clearly shows that 

transdermal drug delivery has come a long way given the 

fact that it was not until the early 1980's that the first 

"patch" was on the market.

Thermal Microporation

Although hypodermic needles rapidly deliver large 

doses of drugs (even macromolecules like proteins and 

peptides) across the skin for systemic administration, the 

pain, local trauma, and difficulty to achieve sustained or 

complex delivery profiles have motivated development of 

novel alternate technologies. Some of them include the use 

of microfabricated needles/projections (Henry et al., 1999; 

Lin et al., 2001; McAllister et al., 2000) to create 

microscopic pores into the skin. This is capable of 

delivering drugs across stratum corneum, at a slower rate 

but in a manner, which is painless and hence would be more 

acceptable. In one study, (Lin et al., 2001) the authors 

reported that the microprojection patch technology was 

capable of delivering therapeutically relevant amounts of 

oligonucleotides into and through the skin in vivo in 

hairless guinea pigs. Here, we have evaluated a new drug
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delivery system based on a thermal microporation process to 

deliver proteins, peptides and vaccines. Currently, there 

are no commercially available transdermal delivery systems 

that can deliver therapeutic doses of proteins, peptides or 

vaccines through human skin. This is mainly due to the 

barrier function of the stratum corneum. The thermal 

microporation process involves the rapid localization of 

thermal energy to the skin surface that results in the 

instantaneous vaporization of stratum corneum cells. This 

is accomplished by contacting an array of resistive 

elements against the skin and heating those elements by 

applying a pulse of electric current. Thermal 

microporation has been investigated previously for the 

rapid extraction of skin interstitial fluid for single use 

and continuous glucose monitoring (Smith et al. , 1999) . In 

a series of clinical studies on diabetics, the technique 

has been shown to be a bloodless, painless, rapid method to 

harvest interstitial fluid.

This technique would create microscopic pores in the 

skin, which are about 100 |im in diameter and about 40-50 fim 

in depth. The micropores thus formed are deep enough to 

pass through the stratum corneum, but not deep enough to 

reach the sensory nerve endings in the viable epidermis.
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Hence, there is no sensation (pain) associated with this 

technique. Also these micropores are wide enough to enable 

very large macromolecules through and can be used for a 

variety of applications including and not limiting to 

protein and peptide delivery, delivery of vaccines, 

delivery of DNA, delivery of liposome encapsulated drug 

etc.

Electrical Means to Enhance Transdermal Delivery

Though transdermal drug delivery has the potential to 

be a non-invasive, user-friendly method of delivering drugs 

at a steady or time-varying rate, to date it has found 

limited clinical applications. This is largely because the 

transport across the skin by passive diffusion is too slow 

for most drugs, exhibiting lag times of hours to days, and 

steady state rates, which are often sub-therapeutic.

Various methods of enhancing transdermal drug delivery have 

been investigated such as using chemical enhancers 

(Cullander and Guy, 1992; Walker and Smith, 1996), 

formulating the drug in the form of liposomes (Crooke,

1995), phonophoresis (Bogner and Banga, 1994), and 

electrical methods like iontophoresis (Banga, 1998; Green
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et al., 1993; Stralka et al., 1996), electroporation 

(Prausnitz et al., 1993), and electro-incorporation 

(Hofmann et al., 1995) . The present study deals with the 

use of iontophoresis and electroporation, in conjunction 

with thermal microporation, as means to enhance transdermal 

drug delivery.

Iontophoresis

The transport of ionic molecules through a tissue, in the 

presence of a direct electric current, from an electrolytic 

solution containing the ionic molecules is referred to as 

iontophoresis. This transport is mainly due to an electro

chemical potential gradient being created which acts as the 

primary driving force on a charged drug. Secondary effects 

such as convective solvent flow induced due to the currents 

are also believed to contribute towards iontophoretic flux 

enhancement (Banga, 1998; Clemessy et al., 1995). The 

transport of ions under the influence of a uniform electric 

field as described by the Nerst-Plank equation and widely 

used in literature (Kim et al., 1993; Pikal, 1990; Pikal 

and Shah, 1990a; Sims et al., 1992) can be written as:
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(1)

Where J is the flux of ions across the membrane, D is the 

diffusion coefficient, C is the concentration of ions with 

valence z and electron charge e, E is the electric field, k 

is Boltzmann's constant and T is the absolute temperature. 

The Nerst-Planck equation may be interpreted as such that, 

when a concentration gradient and an electric field both 

exist, the ionic flux is a linear sum of the fluxes that 

would arise from each effect alone (Banga, 1998) .

Delivery Mechanisms 

Electrorepulsion

The primary factor, which contributes towards flux 

enhancement during iontophoresis, is believed to be 

electrorepulsion (Green, 1996; Hoogstraate et al., 1994; 

Stralka et al., 1996). That is when the electrode with the 

same charge as that of the drug is placed in the donor 

chamber, then, due to the similar charge, the drug is 

repelled into or through the skin for topical effect or 

systemic absorption. The path followed by the drug in this 

case is called as the "shunt" route (Cullander, 1992) since 

this involves the appendages present in the skin such as
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hair follicles, sweat ducts, and sebaceous ducts, which act 

as diffusion shunts.

The passage of an electric current through the skin 

during iontophoresis has been shown to be accompanied by a

flow of water from the anode to the cathode (Clemessy et

al., 1995; Green, 1996; Pikal and Shah, 1990b; Sims et al., 

1991). Several mechanisms are generally evoked to explain 

the water convective movement, such as electro-osmosis and

the transport number effect.

Electro-osmosis

The skin is a negatively charged membrane when exposed 

to a solution with a pH greater than 4 (Clemessy et al.,

1995). Thus, the pores of the skin contain a double layer 

of positively charged water. Under an electric field, 

counter ions present in this double layer will carry away 

water molecules by a mechanical effect from the anode 

(i.e., positive electrode), to the cathode (i.e., negative 

electrode).

Transport number effect

Transport number is defined as the fraction of the 

current carried by each type of ion. As the transport 

number of Na+ and Cl' in the skin is different from their 

free solution values, a current-induced concentration

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



22
gradient of these physiological ions is created across the 

skin, thereby inducing an osmotic flow of water (Phipps and 

Gyory, 1992).

The movement of water from the anode to the cathode 

assists the transport of positively charged drugs delivered 

under the anode, whereas, it opposes the transport of 

negatively charged drugs which are delivered under the 

cathode. The electroosmotic effect can also be useful in 

delivering water-soluble neutral drug molecules across the 

skin. For example, it has been shown (Green et al., 1991) 

that the transdermal flux of the neutral peptide Ac-Ala- 

Gly-Ala-NH across excised, hairless mouse skin is increased 

to a great extent by delivering it under the anode as 

compared to its passive delivery.

Factors Influencing Iontophoretic Drug Delivery

The factors, which affect the iontophoretic delivery 

of drugs, can be classified into physico-chemical and 

electronic factors.

Physico-chemical factors

Charge. For iontophoretic drug delivery the drug 

molecule must be in an ionized state with either a positive 

or a negative charge. Non-ionic drugs can be delivered by
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making use of the electroosmotic flow of the solvent 

(Banga, 1998; Lattin et al. , 1991). Non-ionic drugs can 

also be delivered by inducing a charge on them or by 

encapsulating them in liposomes, which in turn can carry a 

surface charge, either positive or negative, though a 

positive charge is more favorable (Badkar et al., 1999;

Vutla et al., 1996). Stronger charges have been associated

with lower transport numbers. That is because highly 

charged compounds interact more strongly with charged sites 

in the skin than do the less charged compounds. Thus, in 

the former case the diffusion coefficient across skin is 

lowered and, as a result, compounds with stronger charge 

migrate more slowly (Phipps et al., 1989) .

Presence of extraneous ions. When an electric current 

enters the donor solution, it distributes itself among all 

the ions present in the chamber. Hence, the presence of 

extraneous ions, such as buffer species or salt ions, has a 

negative effect on the iontophoretic delivery of drug 

molecules by reducing their transport number. Clemessy et 

al. (1995), have shown that as the concentration of sodium 

chloride in the donor solution increases, the corresponding 

flux of angiotensin decreases. The presence of some 

extraneous ions may be necessary for ensuring appropriate
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electro-chemical reactions at the interface of electrodes 

and reservoir solutions e.g., for Ag/AgCl electrodes. 

Excipients also are often added to the drug reservoir as 

buffering agents, anti-oxidants or microbial preservatives. 

Hence, it is important to add the optimum amount and avoid 

any excess or select appropriate excipients with poor or 

zero current efficiencies.

pH. In addition to the composition of the 

electrolyte, the maintenance and selection of the vehicle 

pH is very important. For weak acids and bases, pH control 

is required to maintain the species in an ionic form (Green 

et al., 1993). In cases where the drug to be delivered is a 

peptide, the pH of the donor medium could give rise to two 

different effects: since the peptide ionization is pH- 

dependent, the pH value controls the charge level of the 

peptide and directly affects the electrokinetic transport. 

Secondly, as the electrical charge of the skin is pH- 

dependent, the pH value acts indirectly on the mechanisms 

involved in electrotransport. At a pH above 4, the skin is 

negatively charged and the electroosmotic effect takes 

place from the anode to the cathode. However, at a pH 

slightly less than 4, this effect is reversed. That is, the 

solvent now moves from the cathode to the anode. This is
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due to a progressive neutralization of a part of the 

negative charges of the skin, and a decrease in the double 

layer of counterions, which in turn changes the 

permselectivity of the skin from cations to anions 

(Clemessy et al. , 1995; Kim et al., 1993) . Thus, with less 

electroosmotic flux interfering with cathodal transport, 

the flux of negatively charged molecules can be expected to 

be greater at lower pH values. But Oldenburg et al. , (1995)

reported that when they studied the effect of pH on steady 

state flux of a 20-mer oligonucleotide, maximal flux 

occurred at pH 4.5 and 7.5, as compared to pH 5.5 and 9.5. 

Similar results were reported for TAG-6 (telomere sequence) 

where it was hypothesized that there are secondary 

structural changes taking place in the molecule at low pH 

values (Brand and Iversen, 1996) .

Drug concentration. According to the Nerst-Planck 

equation (equation 1) , the flux of the drug ions across a 

membrane is directly proportional to its concentration in 

the donor solution. Various studies have investigated the 

effect of increasing drug concentration within 

iontophoretic reservoirs as a means to increase delivery.

The results have shown that iontophoretic flux increases to 

a certain point after which the flux will plateau and in
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some cases decline. The reasons for this non-linear 

behavior are not entirely clear. However, various 

explanations including aggregation, ion pairing, saturation 

of the skin boundary layer, and reduction or elimination of 

electroosmosis are plausible (Green, 1996).

Molecular size. A major driving force for the 

iontophoretic delivery of charged molecules is 

electrorepulsion. Because iontophoretic transport follows 

a porous pathway, one expects that the degree of 

enhancement will be penetrant size-dependant and as size 

increases the flux will diminish. This has been shown for 

a series of amino acids, acetylated amino acids and 

tripeptides (Green et al. , 1991), oligonucleotides 

(Oldenburg et al., 1995), and for a homologous series of 

alkanoic acids (DelTerzo et al. , 1989).

Electronic factors

Electrode material and polarity. Appropriate choice 

of electrodes is one factor that is critical to successful 

iontophoretic delivery of drugs. The electrodes should be 

made from a good conductive material. The material is very 

important as it determines the type of electrochemical 

reaction taking place at its surface. In addition, the 

possibility of introducing metallic ions into the skin must
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be carefully considered since some metals are well known 

dermal allergens. Platinum is an inert material but causes 

electrolysis of water resulting in pH drifts. These pH 

changes may be avoided by using reversible electrodes such 

as silver-silver chloride electrodes (Banga et al., 1995). 

After finalizing the electrode material, the electrode 

polarity for drug delivery should be fixed. If the drug is 

positively charged or neutral then it is advisable to be 

delivered under the anode, since in this case the 

electrorepulsion as well as the electroosmotic effect 

assist the transport of the drug through the skin. However, 

if the drug is negatively charged, then the polarity of the 

electrode of delivery will depend on the mechanism of 

transport. If electrorepulsion is the primary mechanism of 

delivery, then the drug should be delivered under the 

cathode; and if the electroosmotic effect is more 

prominent, then the electrode of delivery should be anode.

Current intensity. The relationship between current 

intensity and iontophoretic flux of the drug has been 

demonstrated for several drugs such as nafarelin (Delgado- 

Charro and Guy, 1995), angiotensin (Clemessy et al., 1995) 

and ketoprofen (Panus et al., 1996). In all cases, it was 

observed that the transdermal iontophoretic flux increased
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with an increase in current intensity. A current density 

of less than 0.5 mA/cm2 is said to be well tolerated in 

humans (Burnette and Marrero, 1986). Studies conducted 

suggest that iontophoresis resulted in effects on the skin 

that are not fully reversible (Green et al., 1993). One 

possible scenario is that the concentration of current flow 

through appendageal "shunts", or other skin imperfections, 

results in significant local heating owing to the resulting 

high-current densities. This heating may disorder the 

adjacent intercellular stratum corneum lipids with a 

concomitant increase in overall skin permeability. Oh and 

Guy (1995) have shown that the time required for the 

recovery of skin resistance increased with increasing time 

of current application and also with increasing current 

density.

Electroporation

Application of strong electric field pulses to cells 

and tissues is known to cause some type of structural 

rearrangement of the cell membrane. Some of these 

rearrangements consist of temporary aqueous pathways 

("pores"), with the electric field playing the dual role of
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causing pore formation and providing a local driving force 

for ionic and molecular transport through the pores. This 

phenomenon is known as "electroporation" or "electro- 

permeablization". This is an universal bilayer membrane 

phenomenon, which occurs when short {fis to ms) electric 

field pulses cause the transmembrane voltage, Vskin, to rise 

to about 0.5-1.0 V (Weaver, 1995).

Electroporation of cell membranes is a well- 

established technique, finding extensive application as a 

method of introducing exogenous genetic material into 

cells, often thereby transfecting them (Prausnitz et al., 

1993; Weaver and Chizmadzhev, 1996). Recently, 

electroporation of cells that are a part of an intact 

tissue has received attention. The electroporation of 

multilamellar, non-phospholipid, intercellular lipid 

bilayers of the stratum corneum, as a means to enhance 

transdermal drug delivery is of major interest to the 

present study.

One of the first reports of enhanced transdermal drug 

delivery by electroporating the mammalian skin is by 

Prausnitz et al. (1993). They suggested that

electroporation occurs in the intercellular lipid bilayers 

of the stratum corneum by a mechanism involving transient
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structural changes. In addition, the flux increases of up 

to four orders of magnitude were observed with human skin 

in-vitro for three polar molecules having charges between - 

1 and -4 and molecular weight up to 1000. It has been 

shown by Edwards et al. (1995) that only at electric field

strengths sufficiently large (transdermal voltage > 100V) 

does electroporation of lipid bilayers occur, and a 

transcorneocyte pathway is accessible to charged molecules, 

with transbilayer transport occurring through electropores 

within the lipid bilayers. At small field strengths, 

(transdermal voltage << 100V) all the transport occurs 

through the pre-existing shunt pathways of the skin (Sims 

et al., 1992).

Additional evidence for the electroporation of the 

stratum corneum bilayers can be offered based on the 

electrical properties of the skin. It has been found that 

the specific electrical resistance of the skin which is 

about 1000-10,000 Q/cm2 when a low strength electric field 

is applied for one hour, drops to about 10-100 Q/cm2, i.e., 

up to three orders of magnitude, in high field strength 

(transdermal voltage > 100V) conditions (Mitragotri et al. , 

1995b; Pliquett et al., 1995).
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There have been many recent reports of enhanced 

transdermal delivery of moderately sized, charged molecules 

due to high voltage pulsing. Metoprolol (MW 267) was 

reported to be delivered through full thickness hairless 

rat skin (Vanbever et al., 1994), fentanyl (MW 336) was 

also delivered through hairless rat skin (Vanbever et al.,

1996) , heparin (MW 1000) was transported through human skin 

(Prausnitz et al. , 1995b), and luteinizing hormone 

releasing hormone (LHRH), (MW > 800) was delivered through 

human epidermis (Bommannan et al., 1994). In all these 

cases, it was concluded that electroporation does have the 

potential for enhancing transdermal drug delivery. For the 

transport of heparin through human skin, it was found that 

its biological activity following permeation was one eighth 

of the original. This was observed to be due to the 

preferential transport of the small molecular weight 

fragments of heparin. There are also some reports of 

transport of DNA antisense oligonucleotides by 

electroporation and also of the depth-targeted delivery and 

expression of gene, to various depths of the dermis region 

in hairless mice, by pulsed electric fields (Zewert et al., 

1995; Zhang et al., 1996).
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Prausnitz el al. (1994), have shown that a steady

state lag time and an onset time of minutes can be 

achieved, thus indicating rapid temporal control of the 

transport of material through the skin during 

electroporation. Observing the flux of calcein through 

human epidermis, they found that the flux initially 

increased after each pulse, but then decayed as the effect 

of the pulse decreased. Thus an "on" and "off" effect was 

observed in synchronization with the pulsing protocol.

Badkar and Banga (in press) have reported that the 

effect of electrode polarity during electroporation was 

also important. It was found that the delivery of dextran 

sulfate (MW 5000 Da) under cathode was considerably higher 

than that under anode, affirming that the mechanism of 

electrostatic repulsion was predominant overshadowing all 

other delivery mechanisms involved. It was also seen that 

the amount delivered increased non-linearly with increasing 

pulse length when the total pulse "on" time (pulse length x 

number of pulses) was kept constant. A single pulse before 

iontophoresis was found to increase the iontophoretic 

transport of dextran sulfate by nearly two times. These 

results suggest that it is not only the charge but also, 

more importantly, the structural changes in the skin,
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during electroporation, which lead to increased transdermal 

transport.

Delivery Mechanisms

It appears that there is not just one mechanism, but 

several mechanisms, which contribute towards the increase 

in transdermal flux seen during electroporation. The most 

important one involves the increase in the permeability of 

the skin. This can be explained by the fact that transient 

aqueous pores are formed on application of strong electric 

field pulses. These pores, which are formed, are 

reversible depending on the pulsing voltage; at lower 

voltage, they are completely reversible whereas at higher 

voltages they are partially reversible (Prausnitz et al., 

1993) . Another mechanism involved is believed to be the 

electrophoretic force on the drug when pulsed with an 

electrode of similar charge. This force pushes the drug 

across the skin due to the electro-repulsion effect.

Zewert et al. (1995), observed that transdermal transport

increased with increasing pulse length, suggesting that 

electrophoresis during the electrical pulses is important. 

Another mechanism that seems to play an important role is 

the release of drug from the reservoir formed in the skin
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due to electroporation. During pulsing, the permeability 

of the skin suddenly increases and a increase in flux is 

observed. This enhanced permeability is temporary and the 

"pores" formed close up. It is hypothesized that when 

these pores are closing back, they may entrap some drug 

molecules, which are leached out of the skin into the 

receptor compartment over a period of time (Prausnitz et 

al. , 1995a; Vanbever et al. , 1994).

Factors affecting Electroporation

Several of the factors that influence transdermal drug 

delivery during electroporation are similar to those 

affecting iontophoretic transdermal drug delivery.

Charge. The primary mechanism by which electroporation 

enhances drug transport is by increasing skin permeability, 

though electrophoresis also plays an important role 

(Vanbever et al., 1994). Pliquett and Weaver (1995) 

investigated the transport of two drugs (calcein and 

sulforhdamine), both having similar size and molecular 

weight but different charges (calcein: z = -4; 

sulforhdamine: z = -1). It was observed that flux of 

calcein decreased by about one half between pulses, whereas 

the flux of sulforhdamine remained steady. Also the
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initial lag time for the less charged drug is about twice 

that of the more charged, which suggests that immediately 

after the creation of pores, the local electric field 

forces within the aqueous pathways are sufficient to more 

rapidly change the transport of calcein. For the less 

charged sulforhdamine, more pulses are necessary to 

overcome the lag time.

Voltage. Prausnitz et al. (1993), found that the

transdermal flux of calcein increased non-linearly with 

increasing pulse voltage. Flux increased strongly with 

increasing voltage below ~100V and increased slowly with 

increasing voltage at higher voltages. In another study, 

Vanbever et al. (1994) reported that the quantities of drug

permeating through the skin increased linearly with the 

voltage indicating that the voltage drop of the pulse could 

control transdermal administration by electroporation. 

Prausnitz et al. (1996) have identified a transition region

that lies between 100-150V, below which flux increases were 

fully reversible, and above which they were only partially 

reversible. Thus, from the above it can be concluded that 

an increase in voltage does result in an increase in the 

transdermal flux. This may or may not be in a linear 

fashion. The applied voltage will depend on what can be
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tolerated by the patient and may also vary with the site of 

application.

Pulse length and pulse rate. The cumulative quantities 

of drug transported have shown to increase linearly with 

the pulse length (Vanbever et al., 1994; Zewert et al., 

1995). Consistent with transport by electrophoresis, 

transdermal flux has been shown to be proportional to pulse 

length for long, high-voltage pulses (> 30 jis) . However, 

short pulses (Chiang et al., 1993) induce fluxes, which are 

disproportionately low, by over two orders of magnitude. 

While this non-linearity cannot be explained by 

electrophoresis alone, it could be accounted for by 

voltage-induced, time-dependant growth of transport 

pathways across skin (Prausnitz et al., 1996). It has also 

been shown by Prausnitz et al., (1996) that the transdermal

flux is approximately proportional to the pulse rate, but 

more accurately proportional to the total pulse "on" time 

(i.e., the product of pulse time constant and the pulse 

rate). The effect of pulse rate and pulse length on 

transdermal transport also depends on the voltage at which 

pulsing takes place. A large number of high voltage 

pulses, with short pulse length, have a lower efficiency 

compared to a fewer number of low voltage pulses, with long
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pulse length, in cases where electrophoresis is the 

prominent mechanism of transport (Pliquett and Weaver,

1996; Vanbever et al. , 1994; Vanbever et al. , 1996).

Ultrasound

Another promising method to deliver proteins 

transdermally involves the use of ultrasound (also called 

sonophoresis/phonophoresis). It has been used extensively 

over the last three decades for medical diagnostics and 

physical therapy. For such applications, the technique has 

been deemed safe, with no long or short-term side effects. 

Thus, ultrasound satisfies a major criterion of an ideal 

approach to enhance transdermal delivery. The first 

published report on the use of ultrasound for increasing 

drug flux across skin appeared in 1954 (Fellinger and 

Schmidt, 1954). Since then, there have been several 

further studies, which have shown that transdermal drug 

delivery can be enhanced by ultrasound (Benson et al.,

1991; Bommannan et al., 1992b; Bommannan et al., 1992a; 

Mitragotri et al., 1995a; Mitragotri et al., 1996;

Tachibana, 1992) . An ultrasound wave is one possessing 

frequencies above 20kHz. These waves are characterized by
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two main parameters, frequency and amplitude. Ultrasound 

can be applied continuously or in a pulsed manner. In the 

later case, an additional parameter, duty cycle, is 

required to characterize ultrasound. Duty cycle is the 

fraction of time for which ultrasound is "on". A device 

referred to as a sonicator generates ultrasound. This 

consists of an electrical signal generator, which produces 

an electrical AC signal at the desired frequency and 

amplitude. This signal is applied across a piezoelectric 

crystal (transducer) to generate ultrasound. The thickness 

of the crystal determines the frequency at which it 

resonates. Sonicators operating at various frequencies in 

the range of 20 kHz to three MHz are available commercially 

and can be used for sonophoresis (Bommannan et al., 1992a). 

For sonophoretic delivery, the desired drug is dissolved in 

a solvent and applied to (on) the skin. Ultrasound is 

applied by bringing the probe in contact with either the 

skin through a coupling medium to ensure a proper 

connection between the transducer and the skin. This 

medium can be the same solvent used to dissolve the drug or 

it can be a commercial ultrasound coupling gel. Ultrasound 

has been used to deliver various proteins through intact 

skin, including insulin, heparin, erythropoietin, and
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interferon gamma (Le et al., 2000; Mitragotri et al. ,

1995b; Tachibana, 1992) .

Transmission of Ultrasound from the Transducer to the Skin 

Transmission through the medium.

Ultrasound requires a coupling medium for transmission 

from the transducer to the desired tissue, allowing proper 

transmission and the transmittive properties of a medium 

are indicated by its acoustic impedance. A coupling medium 

is appropriate for sonophoresis if its acoustic impedance 

is comparable to that of skin (1. 6 x 106 kg/m2/s) .

Acoustic impedance for various mediums can be found in 

literature (Kinsler and others 1982); (Hueter and others 

1962) with water having a value of 1 x 10s kg/m2/s and is a 

reasonable coupling agent.

Ultrasound reflection.

Ultrasound is reflected at the boundary of two media 

possessing different acoustic impedances. At the air-water 

boundary, 99.99% of ultrasound is reflected when an 

ultrasound beam is incident upon it from either side.

Hence, occurrence of air bubbles should be minimized in the 

coupling medium in order to avoid ultrasound reflection.
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Selection of Ultrasound Parameters

Proper selection of ultrasound parameters is required 

to ensure safe and efficacious sonophoresis. Frequency, 

duty cycle, and distance of transducer from skin influence 

the efficacy of sonophoresis.

Ultrasound frequency

Therapeutic frequency ultrasound (1-3 MHz). This is 

the most commonly used frequency range and Mitragotri et 

al. (1993) have reported that the sonophoretic enhancement 

in the therapeutic range varies inversely with ultrasound 

frequency. They found that 1 MHz ultrasound enhances 

transdermal transport of estradiol across human cadaver 

skin in vitro by 13-fold, but that 3 MHz ultrasound at the 

same intensity induces an enhancement of only 1.5 fold.

They further hypothesized that the observed inverse 

dependence of sonophoretic enhancement on ultrasound 

frequency occurs since cavitational effects, which are 

primarily responsible for sonophoresis, vary inversely with 

ultrasound frequency (Menon et al. , 1994; Mitragotri et 

al., 1995b). Historically, the transdermal route of drug 

administration has been considered for topical rather than 

systemic drug delivery. Accordingly, most of the 

sonophoresis experiments reported in literature were
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intended for topical delivery. Among the drugs that have 

been used for local sonophoresis, much attention has been 

focused on anti-inflammatory drugs. These include 

steroidal drugs such as hydrocortisone and dexamethasone 

and nonsteroidal drugs such as indomethacin and salicylate. 

Sonophoresis of anti-inflammatory drugs offers advantage 

over passive topical delivery that ultrasound may deliver 

drugs deeper into tissues. This is especially advantageous 

in the case of anti-inflammatory drug delivery to muscles, 

which are deep in the body. This characteristic property of 

sonophoresis has been used effectively by investigators to 

deliver hydrocortisone to joints in the treatment of 

rheumatoid arthritis (Griffin and Touchstone 1965) . The 

most common technique in studies reported in literature was 

to apply drug in the form of an ointment on the skin, 

followed by ultrasound application (which involved, keeping 

the transducer in contact with the ointment). In some 

cases, the transducer was moved in a circular pattern to 

avoid a continuous exposure of the same part of the skin. 

Levy et al. (1989) showed that 3-5 minutes of ultrasound

exposure (1MHz) increased transdermal permeation of 

mannitol and phytostigmine across hairless rat skin in vivo 

by up to 15-fold. They also reported that the lag time
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typically associated with transdermal drug delivery was 

almost completely eliminated after exposure to ultrasound. 

Although several attempts have been made to enhance 

transdermal drug transport with the help of therapeutic 

ultrasound, a typical enhancement is no better than about 

10-fold. This may be sufficient for local delivery of 

certain drugs such as hydrocortisone, but is not sufficient 

for the systemic delivery of many drugs, Accordingly, 

despite significant attention given to sonophoresis, there 

is no sonophoresis system commercially available for 

systemic drug delivery.

High frequency ultrasound (above 3 MHz) . Bommanan et 

al. (1992a and 1992b) performed sonophoresis of salicylic

acid and lanthum tracers across hairless rat skin in vivo 

using high frequency ultrasound. They investigated the 

dependence of sonophoresis on ultrasound frequency in the 

high frequency region and found that 10 MHz ultrasound is 

more effective in enhancing transdermal transport of 

salicylic acid than 16 MHz ultrasound, which in turn, is 

more effective than 24 MHz ultrasound. They proposed that 

the sonophoretic enhancement in the high frequency region 

should vary directly with ultrasound frequency, although 

the atypically high efficiency of sonophoresis at 10 MHz
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was due to higher efficiency of the transducer operating at 

that frequency. Bommanan et al. (1992b) hypothesized that

since the absorption coefficient of the skin varies 

directly with the ultrasound frequency, high frequency 

ultrasound energy would concentrate more in the epidermis, 

leading to higher enhancements. In order to test this 

hypothesis, they studied the effect of high frequency 

ultrasound (2-15 MHz) on the permeability of salicylic acid 

(dissolved in a gel) through hairless guinea pig skin in 

vivo. They found that a 20 min application of ultrasound 

at a frequency of 2 MHz did not significantly enhance the 

amount of salicylic acid penetrating the skin. However, 10 

MHz ultrasound, under otherwise the same conditions 

resulted in about a 4-fold increase and 16 MHz ultrasound 

in about a 2.5-fold increase in transdermal transport.

They also investigated the effect of shorter (5 minutes) 

ultrasound exposures under similar conditions on 

transdermal salicylic acid transport and found that 

although 10 MHz enhances transdermal transport by 1.6-fold,

16 MHz ultrasound enhances it by about 1.8-fold.

Application of high frequency ultrasound was found to 

reduce the long time period associated with transdermal 

transport.
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Low frequency ultrasound (below 1 MHz). Less attention 

has been given to this ultrasound region. This has been 

used by Mitragotri and others (1995 and 1996) to enhance 

transport of various low molecular weight proteins, 

including insulin, gamma interferon, and erythropoietin 

across human cadaver skin in vitro. They investigated the 

dependence of sonophoretic enhancement in low frequency 

regions using two ultrasound frequencies, 20 and 40 kHz, 

and found that the sonophoretic enhancement of transdermal 

salicylic acid flux induced by 20 kHz frequency is up to 

seven-fold higher than that induced by 40 kHz ultrasound at 

the same intensity. The inverse dependence of sonophoretic 

enhancement on ultrasound frequency was hypothesized to be 

due to inverse dependence of cavitational effects on 

ultrasound frequency (Mitragotri et al., 1999). Tachibana 

and Tachibana (1992 and 1993) reported that application of 

low frequency ultrasound (48 kHz) enhances transdermal 

transport of lidocaine and insulin across hairless rat skin 

in vivo. They found that the blood glucose level of a 

hairless rat immersed in a beaker filled with insulin 

solution (20 IU/ml) and placed in an ultrasound bath (48 

kHz) decreased by 50% in 240 min. They also showed that 

application of ultrasound under similar conditions prolongs
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the anesthetic effect of transdermally administered 

lidocaine in hairless rats (Tachibana and Tachibana, 1993) 

and enhances transdermal transport of insulin in rabbits 

(Tachibana, 1992) . Transdermal transport enhancement 

induced by low frequency ultrasound has been found to be 

much more significant than that induced by therapeutic or 

high frequency ultrasound. Low frequency ultrasound 

enhances transdermal transport of drugs, which do not 

permeate skin passively, e.g., large molecular weight 

proteins.

Pulse length

Ultrasound can be applied in a continuous or a pulsed 

mode. The later is frequently used because it reduces the 

severity of adverse effects such as thermal effects.

However, pulsed application may have a significant effect 

on the efficacy of sonophoresis. Cavitational effects, 

which play a crucial role in sonophoresis, vary 

significantly with the pulse length. For example, the 

cavitation threshold in an aqueous solution at 1 MHz 

changes from approximately 0. 3 W/cm2 to 33 W/cm2 as the 

mode of ultrasound application changes from continuous to 

pulsed, with a pulse length of 1 ms applied every 10 ms. 

Mitragotri and workers (1995b) reported that although a
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continuous application of therapeutic ultrasound (1 MHz) 

increased human skin permeability to estradiol by 13-fold, 

a pulsed application (2 ms pulses applied every 10 ms) did 

not significantly enhance estradiol flux. In the very low 

frequency region (20 kHz), Kost (1993) reported that urea 

permeability of cuprophane membranes increased from 6 to 

56% as the ultrasound pulse length increased from 100 to 

400 ms (applied every second).

Distance of the transducer from the skin

Another factor, which may affect the transdermal 

delivery of drugs during ultrasound, is the distance of the 

transducer from the skin (Mitragotri et al., 1995b). The 

ultrasound pressure field around a transducer is complex.

The intensity passes through a series of maxima and minima 

in a region near the transducer and beyond a certain 

distance, decreasing monotonically with distance. The 

region in which the ultrasound intensity passes through the

series of maxima and minima is referred to as the near

field, whereas the region beyond the near field is referred 

to as the far field. It has also been reported that the

effect of 20 kHz ultrasound on the permeability of the

membrane is independent of the distance of the transducer 

from the membrane. This probably occurs because of the
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successive reflections of ultrasound waves in the diffusion 

cell, which prevents any systematic pressure pattern from 

forming in the diffusion cell.

Mechanisms Involved in Ultrasound-Mediated Transdermal 

Delivery

In order to understand the mechanisms of sonophoresis, 

it is important to identify various effects of ultrasound 

exposure on human tissue since one or more of these effects 

may contribute to the mechanism of sonophoresis.

Cavitational effects. It is the formation of gaseous 

cavities in a medium upon ultrasound exposure. The primary 

cause of cavitation is the ultrasound-induced pressure 

variation in the medium. Cavitation involves either rapid 

growth and collapse of a bubble (transient cavitation), or 

slowly oscillatory motion of a bubble in the ultrasound 

field (stable cavitation). Cavitation affects tissues in 

several ways. Specifically, collapse of cavitation bubbles 

releases a shock wave, which can cause structural 

alterations in its surroundings. Biological tissues 

contain numerous air pockets trapped in a fibrous 

structures which acts as nuclei for cavitation upon 

ultrasound exposure. The cavitational effects vary
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inversely with ultrasound frequency and directly with 

ultrasound intensity (Mitragotri et al., 1995b; Mitragotri 

et al., 1996).

Acoustic Streaming. By definition it is the 

development of time-independent high fluid velocities in a 

medium under the influence of an ultrasound wave. The 

primary causes of acoustic streaming are the reflections 

and other distortions of the wave propagation.

Oscillations of cavitational bubbles may also contribute to 

acoustic streaming. The shear stress developed by 

streaming velocities may affect the neighboring structures 

(Frenkel et al., 1999; Meidan et al., 1998; Mitragotri et 

al., 1995a).

Thermal Stress. Absorption of ultrasound results in a 

temperature increase of the medium. The increase in 

temperature of a medium upon ultrasound exposure at a given 

frequency varies proportionally with ultrasound intensity 

and exposure time. The thermal effects can be 

substantially reduced by pulsed application.

Mechanical Agitation. This is a phenomenon observed 

more in the in vitro situation. This occurs when the skin, 

which is mounted on the diffusion cells, starts to vibrate 

on application of ultrasound. This leads to some
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agitation, which might contribute towards the enhancement 

of transdermal flux in vitro.

Mechanism of Therapeutic Ultrasound

Mortimer et al. (1988) studied sonophoresis of oxygen

across frog skin in vitro. They found that the enhancement 

of transdermal oxygen transport depends on ultrasound 

intensity rather than pressure amplitude. Based on this 

observation, they hypothesized that cavitation cannot be 

responsible for sonophoresis but that the observed 

enhancement occurs due to acoustic streaming in the 

solution around the skin (Mortimer et al., 1988). Levy and 

Kost (1989) investigated in vitro the roles played by 

thermal effects, cavitation, and mixing in sonophoretic 

enhancement of urea transport across polymer membranes.

The observed enhancement cannot be explained by the thermal 

effects or mixing. In an attempt to elucidate the role 

played by cavitation, they performed sonophoresis 

experiments with degassed solutions. Since degassing 

decreases the cavitation activity in the solution, they 

hypothesized that if a decrease in the sonophoretic 

enhancement is observed upon degassing, it would indicate 

the importance of cavitation. Indeed, they found that
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degassing reduced the sonophoretic enhancement of urea 

permeation by two-fold, suggesting that cavitation may play 

a role in sonophoresis.

Cavitation occurs in a variety of mammalian tissues, 

including muscle, abdominal tissues, brain, cardiovascular 

tissues, and liver upon exposure to ultrasound at a variety 

of conditions. As explained earlier, the occurrence of 

cavitation in biological tissues is attributed to the 

existence of large number of gas nuclei. These nuclei are 

gas pockets trapped in intracellular or intercellular 

structures. Simmonin (1995) hypothesized that cavitation 

occurs in follicles of the skin upon ultrasound exposure 

and no evidence was presented to support the hypothesis. 

Mitragotri et al. (1995b) presented experimental results

indicating that cavitation inside the skin plays an 

important role in sonophoresis using therapeutic 

ultrasound.

In the first set of experiments, the known effect of 

static pressure on cavitation was utilized. It is known 

that cavitation in fluids and porous media can be 

suppressed at high pressures. The effect is believed to 

occur due to dissolution or collapse of gaseous nuclei 

under the influence of pressure. Sonophoresis experiments
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were performed on skin compressed at 3 Mpa (3 0 atmospheres) 

between two smooth glass plates soaked in water placed in a 

compression press for 2h prior to sonophoresis experiments. 

They found that application of ultrasound (91MHz, 

continuous) enhances estradiol permeability of normal human 

epidermis by 13- fold but the corresponding enhancement for 

compressed skin is only about 1.75-fold (Mitragotri et al., 

1995b).

In the second set of experiments, human cadaver 

epidermis was degassed under a pressure of 6.6Pa (0.05 mm 

of Hg) before the permeability experiments. The authors 

hypothesized that when a skin piece soaked in buffer is 

subjected to high vacuum, the resulting low pressures 

should reduce the dissolved gas concentration in the 

buffer, thereby forcing small gaseous nuclei in the skin to 

dissolve. When the degassed skin was exposed to ultrasound 

again, the effect of ultrasound on estradiol permeability 

was minimal (1.5-fold), compared to 13-fold across the 

normal skin. Based on these two results, the authors 

concluded that cavitation inside the skin plays a major 

role in enhancing transdermal transport upon therapeutic 

ultrasound exposure. They provided the following
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hypothesis for the mechanism of sonophoresis using 

therapeutic ultrasound (Mitragotri et al., 1995b).

Ultrasound exposure in the therapeutic range causes 

cavitation in the keratinocytes of the stratum corneum. 

Oscillations of the ultrasound-induced cavitation bubbles 

near the keratinocyte-lipid bilayer interfaces may, in 

turn, cause oscillations in the lipid bilayers, thereby 

causing structural disorder of the stratum corneum lipids. 

Shock waves generated by the collapse of cavitation bubbles 

at the interfaces may also contribute to the structure- 

disordering effect. Since diffusion of permeants through a 

disordered bilayer phase can be significantly higher than 

that through a normal bilayer, transdermal transport in the 

presence of ultrasound is expected to be higher than 

passive transport.

Mechanism of High Frequency Ultrasound

Bommannan et al. (1992a) performed sonophoresis of

lanthanum tracers across hairless mice skin at an 

ultrasound frequency of 16 MHz in order to study the 

transport pathways during high frequency sonophoresis.

They observed the skin under the electron microscope after 

sonophoresis and found that after 5 min of sonophoresis the
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lanthanum tracer penetrated to dermal levels of the skin 

and was patchily distributed within the intercellular lipid 

bilayers of the stratum corneum. They provided the 

following hypothesis for the mechanism of high frequency 

sonophoresis. The micronuclei (air pockets) present in the 

stratum corneum oscillate in response to the oscillating 

pressure fields of ultrasound and eventually collapse. The 

oscillations of these bubbles result in enhanced skin 

permeation. They also hypothesized that the patchy 

distribution of the lanthanum tracer revealed in the 

micrographs corresponds to the oscillating air pockets in 

the stratum corneum. In a later report, Menon et al.

(1994) presented additional microscopic studies of the 

hairless mice skin after undergoing sonophoresis of 

lanthanum tracer. They reported the presence of long 

confluent channels in the intercellular lipids filled with 

lanthanum tracers in the hairless rat skin exposed to 

ultrasound. They presented the following hypothesis. 

Application of ultrasound opens and expands gas-filled 

cavities in the stratum corneum much like pumping air 

through collapsed rubber tubing. Enhanced transport of 

drugs may then occur through these confluent channels 

across the stratum corneum.
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Mechanism of Low Frequency Ultrasound

Since cavitational effects in fluids vary inversely 

with ultrasound frequency (Mitragotri et al., 2000a) it is 

likely that they play an even important role in low 

frequency sonophoresis. Tachibana and Tachibana (1993) 

hypothesized that application of low frequency ultrasound 

results in acoustic streaming in the hair follicles and 

sweat ducts of the skin, thus enhancing transdermal 

transport. Mitragotri et al. (2000) hypothesized that

transdermal transport during low frequency sonophoresis 

occurs across the keratinocytes rather than across hair 

follicles. They provided the following hypothesis for the 

higher efficacy of low frequency sonophoresis.

Cavitation induced by low frequency ultrasound may cause 

disordering of the stratum corneum lipids. In addition, 

oscillations of cavitation bubbles may result in 

significant water penetration into the disordered lipid 

regions, this may cause the formation of aqueous channels 

through the intercellular lipids of the Sc through which 

permeants may pass. Transdermal transport through aqueous 

channels is across the disordered lipid regions may be 

enhanced over passive transport because the diffusion
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coefficients of permeants through water, which is likely to 

primarily occupy the channels generated by ultrasound, are 

up to 1000-fold higher than those through the ordered lipid 

bilayer (Mitragotri, 2000). Furthermore, the transport 

path of these aqueous channels may be much shorter (Edwards 

and Langer, 1994) than that through the tortuous 

intercellular lipids in the case of passive transport.

This hypothesis also explains why low frequency 

ultrasound can induce transdermal transport of drugs, which 

exhibit very low passive transport. Drugs possessing low 

passive permeabilities are either hydrophilic, which makes 

their partitioning into the stratum corneum bilayers 

difficult, or of large molecular size (for example, 

proteins), which reduces their diffusion coefficients in 

the stratum corneum. Low frequency ultrasound may overcome 

both of these limitations by providing aqueous transport 

channels across the skin. Since these channels are filled 

with saline, hydrophilic drugs can easily partition into 

the stratum corneum. In addition, diffusion of drugs 

through water is much faster than that through ordered 

lipid bilayer regions, thus allowing drugs to transport 

across the skin at a faster rate. Therefore, molecules 

such as hydrophilic drugs or proteins may permeate the skin
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with relative ease in the presence of low frequency 

ultrasound.

Safety of Using Ultrasound

The safety aspects of sonophoresis involve the 

reversibility of the skin barrier properties after turning 

the ultrasound off, and the effect of ultrasound on the 

living parts of the skin and underlying tissues. Many 

reports in literature describe preliminary assessments of 

sonophoresis with respect to these two tissues.

Recovery of the Skin Barrier Properties after Sonophoresis 

Numerous reports suggest that the application of 

therapeutic ultrasound (1-3 MHz) does not induce any 

irreversible change in the skin permeability to drugs in 

vivo. Quantitative measurements of estradiol transport 

across human skin (in vitro) induce any statistically 

significant irreversible change in skin barrier properties 

(Mitragotri et al., 1995b). Similar studies applied very 

low frequency ultrasound (20 kHz, 100 ms pulses applies 

every second) to assess whether application of low 

frequency ultrasound results in any permanent loss of 

barrier properties of skin measured in terms of water
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permeability (Mitragotri and Kost, 2001). In the case of a 

1-h ultrasound exposure, the skin permeability to water 

measured within 2 h after exposure was comparable to the 

passive skin permeability to water. In the case of a 5-h 

ultrasound exposure, the skin permeability 2 h after 

exposure was about six times higher than passive 

permeability to water. However, this value continued to 

decrease, and was within a factor of 2 of the passive skin 

water permeability 12 h after exposure. Studies have also 

been performed (Menon et al., 1994) to assess whether 

application of high-frequency ultrasound induces any 

irreversible damage to the barrier properties of the skin 

measure in terms of transepidermal water loss (TEWL) across 

hairless mice skin exposed to high frequency ultrasound (16 

MHz). No significant difference was found in TEWL values 

of the skin exposed to ultrasound and that not exposed 

(Menon et al., 1994).

Biological Effects of Ultrasound

Ultrasound over a wide frequency range has been used 

in medicine over the last century. For example, 

therapeutic ultrasound (1-3 MHz) has been used for massage, 

low frequency ultrasound in dentistry (23-40 kHz)
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(Walmsley, 1988); (Walmsley et al., 1988b), and high 

frequency ultrasound (3-10 MHz) for diagnostic purposes 

(Walmsley et al., 1988a). In view of this, significant 

attention has been given to the effects of ultrasound on 

biological tissues. However, no conclusions have been 

reached regarding the limiting ultrasound conditions 

required to ensure safe exposure.

As described earlier, ultrasound affects biological 

tissues via three main effects: thermal effects, 

cavitational effects, and acoustic streaming. Conditions 

under which these effects become critical are given below 

(Suslick 1989).

Thermal effects may be important when,

1. The tissue has a high protein content

2. A high intensity continuous wave ultrasound is 

used

3. Bone is included in the heated volume

4. Vascularization is poor.

Cavitation may be important when,

1. Low frequency ultrasound is used

2. Gassy fluids are exposed

3. Small gas-filled spaces are exposed

4. The tissue temperature is higher than normal
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Streaming may be important when,

1. The medium has an acoustic impedance different 

from its surroundings

2. The fluid in the biological medium is free to 

move

3. Continuous wave application is used.

Numerous investigators have reported histological studies 

of animal skin exposed to ultrasound under various 

conditions in order to assess its effect on living skin 

cells. Levy et al. (Levy et al., 1989) exposed hairless 

rat skin to therapeutic ultrasound (1 MHz, 2 W/cm2) using 

hematoxylin and eosin and reported no damage to the skin.

In similar studies, Tachibana (1992) exposed rabbit skin to 

ultrasound (48 kHz) and reported no damage to the skin. 

Mitragotri et al. (1995b) performed histological studies of

hairless rat skin exposed to low frequency ultrasound (20 

kHz) and found no damage to the epidermis and underlying 

living tissues. Although these histological studies 

indicate no adverse effects of ultrasound, further research 

focusing on safety issues is required to evaluate limiting 

ultrasound parameters for safe exposure.
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The application of ultrasound enhances transdermal 

drug transport, a phenomenon referred to as sonophoresis. 

Proper choice of ultrasound parameters, including 

frequency, intensity, pulse length, and distance of 

transducer from the skin, is critical for efficient 

sonophoresis. The numerous attempts made over the last 40 

years can be classified into three categories: therapeutic 

frequency, high frequency, and low frequency ultrasound.

The first represents the most commonly used ultrasound 

condition for sonophoresis, although recently attention has 

focused on low and high frequency conditions. Mechanistic 

experiments performed by several investigators suggest that 

cavitation disorganizes the lipid bilayer of the skin 

through which enhanced transport of drug may occur 

Various studies have indicated that application of 

ultrasound under conditions used for sonophoresis does not 

cause any permanent damage to the skin or underlying 

tissues, although more work is required before arriving at 

definite conclusions regarding the safety of ultrasound 

exposure. In the present study we will investigate the use 

of low frequency, pulse modulated ultrasound in enhancing 

transdermal delivery of interferon alpha 2b across intact 

as well as microporated hairless mouse skin.
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Interferons

The interferons are antiviral proteins that play an 

important role in the natural control of viral infections 

(Gresser et al. , 1976a; Gresser et al., 1976b; Killander et 

al., 1976). They are classified into alpha, beta, and 

gamma types. The human interferons are formed by human 

cells naturally during life or in culture in response to 

various stimuli, especially a viral infection. There are 

at least 22 subtypes of human interferon alpha, which have 

70% of their 166 amino acids in common, but differ in at 

least some biological properties (Finter 1991) . The single 

human interferon beta has many of the same properties as 

interferon alpha and shares about 3 0% of the amino acids 

(the cytokine once termed interferon beta-2 is now 

classified as interlukin-6). There is one human 

interferon- omega with 172 amino acids, which is chemically 

closely related to interferon- alpha, but antigenically 

quite distinct. Interferon gamma is a T-cell lymphocyte, 

which is very different from other interferon-s in its 

chemical structure and most of its properties.
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The development of interferons for clinical use has 

been reviewed by Wester and Maibach (1984) . Due to the 22 

years of previous research on the virus interference 

phenomenon (Henle, 1950), the potential use of interferon- 

as antiviral agents for use in patients was realized as 

soon as they were discovered by Issacs and Linderman 

(1957). However, sufficient amounts of interferon- to 

allow clinical evaluation became available only in the 

1970's.

Interferon- alpha and interferon- beta bind to the 

same specific receptors on the cell surface. As a result 

of intracellular processes, interferon- stimulated response 

elements in the cell nucleus are activated and a number of 

proteins are synthesized. These include the Mx protein and 

its human analogue (Weitz et al. , 1989), which have 

specific antiviral functions, and 2 enzymes, 2'-5'- 

oligoadenylate synthetase and a protein kinase, which 

probably produced the general resistance of treated cells 

to viral infection (Hovanessian, 1989; Pestka, 1987). This 

antiviral state reaches its peak some 6 or more hours after 

a cell is first exposed to an interferon-, but once 

established may persist, though slowly waning, for many 

hours.
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Interferon Alpha 2b

Interferon alpha 2b is a recombinant non-glycosylated 

165-amino acid alpha interferon protein expressed by E-coli 

containing the gene for interferon alpha 2b from human 

leukocytes. It is a type I water-soluble interferon 

consisting of 165-amino acid residues with arginine in 

position 23 and a molecular weight of 19,271 Daltons. 

Interferon alpha 2b has a specific activity of about 2.6xl08 

(260 million) International Units/mg as measured by HPLC 

assay (Sample Product Monograph, Interferon alpha 2b) .

An understanding of the structure activity 

relationship of alpha interferons has long been the major 

goal of many researchers. It is believed, that the key to 

developing future stable antiviral products may be 

dependent on the conformational relationship between 

interferon and the cellular receptor. One well-documented 

characteristic of alpha interferon has been the disulfide 

bond formation and activity relationship (Wetzel et al.,

1983) . The primary amino acid sequence contains four 

cysteine residues, which form two disulfide crosslinks 

between positions 1-98 and 29-138. It has been 

demonstrated, that the 1-98 crosslink can be broken 

selectively and result in no loss of activity. On the other
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hand, when the 29-138 disulfide is broken, essentially all 

activity is lost. When both disulfides are intact, the 

molecule is assumed to be in a closed conformation. This is 

illustrated by the tendency of the molecule to migrate 

faster on SDS-PAGE than molecules with one or more 

crosslinks broken. For this reason the molecules are 

referred to as fast moving monomers and slow moving 

monomers. Under redox conditions, the disulfide bridges may 

be broken and reformed. During isolation and purification, 

redox conditions are not carefully controlled. This causes 

reformation of both disulfides to be incomplete and random, 

leading to mispairing of cysteine residues and the 

crosslinking of two or more independent molecules.

Scrambling and inter molecular bridging can result in 

monomers, dimers, trimers and other oligomeric forms that 

have little or no activity at all (Pestka et al., 1983).

Interferon alpha 2b exhibits isoelectric point between

6.3 and 6.5. In this pH range, there is no net charge on 

the interferon molecule. At pH values below this range, a 

net positive charge occurs while at pH values above the 

isoelectric point, the net molecular charge is negative 

(Evans and Grassam, 1986) . Human interferon alpha is 

readily inactivated during agitation and filtration. This
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has been shown to be largely a product of mechanical stress 

and has been studied by Cartwright et al. (1977) . They have

shown that neither atmospheric oxidation nor air-liquid 

interface seemed to play a major role in the inactivation 

of interferon. However, it was the shear force, which was 

the main factor governing the rate of inactivation.

Recombinant interferon alpha 2b under the brand name 

Intron A (Schering) is currently on the market in a 

formulation containing carrier albumin protein and in an 

albumin-free liquid form. In a study (Appenheimer et al., 

1998), the effect of long-term storage on the activity of 

albumin-free product was determined. The biological 

activity of interferon alpha 2b, with or without human 

albumin was retained for at least 42 days stored at 4°C. The 

stability of interferon alpha 2b was not dependent on 

carrier albumin protein.

In another study (Knepp et al., 1998), nonaqueous 

parenterally acceptable suspending vehicles for interferon 

alpha 2b were evaluated. The use of perfluorinated 

hydrocarbons as non-suspending vehicles for long term in 

vivo delivery of interferons was shown to be feasible. 

Takenaka et al. (1989) have evaluated the use of oil

suspensions as well as mini pellets as drug delivery
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techniques. It was seen that oil suspensions exhibited 

prolonged serum levels of interferons for several days by 

conventional subcutaneous injections. Mini pellets also 

showed sustained release properties after subcutaneous 

administration. Both formulations offer a significant 

advantage in interferon therapy because peak serum 

concentrations are reduced, allowing increased dosage and 

reducing dose-related side effects. The advantages of these 

systems are that the carrier material is a biodegradable 

natural protein and that they are manufactured under mild 

conditions without any organic solvents or heating 

processes. They are easily administered as conventional 

injections. Therefore, they are applicable to various kinds 

of drugs that are effective in small amounts and whose 

activities are enhanced by maintaining blood levels over a 

long period of time.

The influence of different formulations on the 

stability of freeze-dried recombinant human alpha 

interferon has also been reported (Moreira et al., 1995).

The presence of glycine combined with reduction of salt 

content improved the stability of freeze-dried interferon 

and eliminated the necessity of adding mannitol and dextran 

to the formulation. It also facilitated the freeze-drying
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process because of the higher melting temperature. 

Hygroscopicity was also reduced and the solubility of the 

freeze-dried material was improved when using this 

formulation.

The stability of recombinant alpha interferon to air- 

jet and ultrasonic nebulization has also been evaluated (Ip 

et al. , 1995). Interferon is destabilized by air-jet 

nebulization. Insoluble noncovalent aggregates are produced 

rapidly and only 25% of the initial monomeric protein 

remained after 25 minutes of nebulization. This correlated 

with decrease in vitro bioactivity. It was found that 

aggregation during nebulization was influenced by pH (9.0 <

6.3 < 3.0) but even at the highest pH, > 25% aggregation 

was observed. Ionic strength did not appear to influence 

aggregation. Ultrasonic nebulization also resulted in 

aggregation, but the extent of denaturation was dependent 

upon the nebulizer used and related to the heating of the 

nebulizer solutions. Cooling of the nebulizer solutions 

during operation minimized aggregation and retained 

biological activity.

Preliminary studies performed at the National 

Institute of Health in the 1980s suggested the potential 

benefit of interferon alfa-2b in patients with chronic non-
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A, non-B hepatitis. In each of these trials, superior 

efficacy was seen with 3 million units (3 MU) , compared 

with 1 million units of drug administered three times 

weekly for 6 months. The discovery of the hepatitis C 

virus in 1989 and extensive clinical use of the drug have 

expanded the understanding of both the benefits and 

limitations of interferon alfa-2b treatment. Interferon 

alfa-2a (Roferon-A; Hoffmann-La Roche), interferon alpha 

2b (Intron-A; Schering-Plough) and interferon alfacon-1 

(Infergen; Amgen) are all approved in the United States 

for the treatment of adults with chronic hepatitis C as 

single agents. The recommended dose of interferons alpha 

2b and alpha-2a for the treatment of chronic hepatitis C is 

3 MIU units three times a week, administered by 

subcutaneous or intramuscular injection. Treatment is 

administered for six months to two years (Finter et al.,

1991). Interferon alpha has also been studied as a 

maintenance therapy for small cell lung cancer to improve 

long-term survival (Mattson et al., 1997) . Studies in 

healthy volunteers have shown that interferon alpha can 

suppress the symptoms following an infection with 

rhinovirus (Scott and Tyrell 1985). Initial controlled 

studies suggested that interferon treatment was beneficial
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in children with juvenile laryngeal papillomatosis (Gobel 

et al., 1981). Interferon inhibits the growth in vitro of 

a number of retroviruses including HIV. Interferon alpha 

and beta produce dose-related suppression of HIV 

replication in peripheral blood mononuclear cells in vitro 

at physiologically achievable concentration (Hartshorn et 

al., 1987a; Hartshorn et al., 1987b; Nishiguchi et al.,

1986; Nishimura et al. , 1986; Yamamoto et al., 1986b; 

Yamamoto et al., 1986a).

The pharmacokinetics of interferon alpha 2b has been 

studied in healthy human volunteers (Radwanski et al.,

1987). The biphasic decline of post infusion serum 

interferon alpha 2b concentration-time data is 

characterized by rapid distribution and elimination phases. 

After intramuscular and subcutaneous administration, 

interferon alpha 2b is slowly absorbed, as indicated by the 

long absorption half-lives of 5.8 and 5.5 hours, 

respectively. This however, does not affect the 

elimination half-lives, which are 2.2 and 2.9 hours, 

respectively, for intramuscular and subcutaneous route, and 

1.7 hours for the intravenous route.

A study done by Bennett et al. (1997) estimated that

interferon alpha 2b treatment, in patients with
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histological mild chronic hepatitis C, should increase life 

expectancy by 3.1 years, if given at 20 years of age, by 1.

5 years at 35 years of age, and by 22 days at 70 years of 

age. The cost-effectiveness ratios are $500, $1,900 and 

$62,000 per year of life gained, respectively. The total 

costs were based on inpatient variable cost estimates for 

actual patients with hepatitis C-related hospitalizations, 

including hospital and physician costs. Hence, a major 

chunk of the costs, are contributed because of the 

inability of the patient to self-administer the doses.
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CHAPTER 3
THERMAL MICROPORATION AND ELECTRICALLY MEDIATED TRANSDERMAL 

DELIVERY OF INTERFERON ALPHA 2B

Abstract

Purpose. To demonstrate transdermal delivery of 

interferon alpha 2b through microporated skin by passive 

diffusion, or in combination with iontophoresis or 

electroporation.

Methods. Freshly excised hairless mouse skin was 

mounted on Franz diffusion cells and the donor compartment 

filled with interferon solution. A prototype thermal 

microporation system was used to make an array of pores in 

skin. Delivery of interferon alpha 2b through microporated 

skin by passive diffusion was demonstrated. Iontophoresis 

as a tool to enhance passive delivery was investigated.

Results. There was no transport of interferon alpha 2b 

across intact skin. Thermal microporation enabled the 

transdermal transport (0.88 + 0.22 fig/cm2) over 6 hours.

71
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Increase in pore density increased the amounts being 

transported. There was no enhancement by iontophoresis 

(1.04 + 0.4 |ig/cm2) over passive diffusion through 

microporated skin. Different donor pH did not show 

difference in the transdermal delivery. Contribution of 

electroosmosis however, was lower than that by 

electrorepulsion at pH 7.5.

Conclusion. Transdermal delivery of interferon alpha 

2b has been demonstrated using thermal microporation. There 

was no enhancement or modulated by iontophoresis in vitro.

Introduction

Interferons are antiviral proteins that are produced 

by the body in response to a viral attack. Depending on the 

cells, which they originate from, they are classified as 

alpha (lymphoblasts or leukocytes), beta (fibroblasts) or 

gamma (immune cells). Each class is divided and further 

divided into various classes and sub-classes (Pestka and 

Meager, 1997) . Interferon alpha 2b is one such interferon 

(specific activity: 260 MIU per mg), which is being 

investigated for use in the treatment of a broad spectrum 

of diseases (Bonetti and Kim, 1993) . Recombinant human
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interferon alpha 2b is currently approved and on the market 

to treat viral hepatitis B and C. It is to be administered 

subcutaneously or intramuscularly, 3 million IU, 3 times a 

week for 6 months. The current thrice-weekly regimen is not 

based on its pharmacokinetic characteristics (half-life of 

5-6 hours) and results in long periods when no detectable 

interferon alpha 2b is present in the serum resulting in 

fluctuations of drug concentration in systemic circulation 

and tissue compartments leading to the observation of a 

"peak and valley" pattern (Schenker et al. , 1997). This 

coupled with the inability to increase the dose of 

interferon alpha 2b due to its side effects such as fever 

(Yoshikawa et al., 1999) results in low clinical 

effectiveness. In addition, some studies have suggested 

that extension of the treatment to 1 year may result in an 

improved sustained response rate (Jouet et al., 1994). 

Alternate routes of drug delivery have been tested such as 

oral (Paulesu et al. , 1988) and pulmonary (Patton et al., 

1994) but poor bioavailability has been of concern. 

Interferon alpha 2b has also been administered by 

continuous subcutaneous infusion over a period of 3 months 

(Schenker et al., 1997) but patient acceptance of this 

delivery route is likely to be low because of the need for
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continuous medical supervision and inconvenience of 

carrying the infusion pump everywhere for the duration of 

administration.

There is a need for drug delivery systems, which are 

non-invasive, will provide constant serum levels of 

interferon alpha 2b avoiding the "peak-valley" effect and 

hence improve the patient's quality of life. Transdermal 

delivery systems can fulfill these needs, but there are no 

commercial transdermal systems currently available that can 

deliver therapeutic doses of proteins or large 

macromolecules. This is mainly due to the barrier function 

of the stratum corneum, the outer layer of dead skin cells, 

which is the rate-limiting step for transdermal transport. 

One of the relevant means to impair this stratum corneum 

barrier has been investigated which include the use a 

microprojection patch technology and the use of 

microfabricated needles (Henry et al., 1999; Lin et al., 

2001; McAllister et al., 2000) to create microscopic pores 

into the skin. In both cases, the authors have reported 

enhancement of transdermal delivery of small marker 

molecule as well as larger macromolecules like 

oligonucleotides over that through intact skin.
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In this study, we have evaluated a novel transdermal 

delivery system, based on thermal microporation for the 

delivery of interferon alpha 2b. This technique has been 

investigated previously for the rapid extraction of skin 

interstitial fluid for glucose monitoring in clinical 

trials (Smith et al., 1999). Thermal microporation involves 

rapid localized application of thermal energy to the skin 

surface that results in the vaporization of the stratum 

corneum cells in a microscopic area. It is accomplished by 

contacting an array of resistive elements to the skin 

surface and heating those elements by applying a pulse of 

electric current to the resistive elements. This 

facilitates the creation of microscopic pores about 100 /xm 

wide and 40-50 /xm deep, which penetrate the stratum corneum 

but stay above the nerve endings in the viable epidermis 

making it a painless technique. The width and depth of the 

pores can be controlled by the temperature and thickness of 

the resistive elements in contact with the skin.

We have also evaluated the potential use of 

iontophoresis and electroporation on microporated skin as 

means of modulating the transdermal delivery of interferon 

alpha 2b. Iontophoresis involves the application, of a 

small amount of physiologically acceptable direct current
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(d.c.) to drive ionic drugs into the body (Banga, 1998). 

Iontophoresis can be used to deliver relatively small 

macromolecules (Badkar and Banga, 2002) but is unlikely to 

deliver interferon alpha 2b (MW: 19271 Da.) through intact 

skin. However, it might be able to modulate delivery across 

microporated skin. Electroporation is another technique, 

which can be used by itself or in combination with 

iontophoresis to enhance transdermal drug delivery. It 

involves the use of a high voltage, electric pulse for a 

very short period (ps to ms duration) . This causes 

transient rearrangement of lipid bilayers in the stratum 

corneum, which leads to increased permeability (Banga and 

Prausnitz, 1998); (Prausnitz, 1999); (Prausnitz et al. , 

1995b); (Prausnitz, 1997); (Prausnitz et al., 1996).

Materials and Methods

Materials

Hairless mice were obtained from Charles River (CA) , 

and were housed in the in-house animal facility at Mercer 

University until used according to IACUC approved 

guidelines. Interferon alpha 2b was a gift from Altea 

Development Corporation (Atlanta, GA) . 125I labeled
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interferon alpha 2b was custom labeled from Phoenix 

Pharmaceuticals, CA. Silver wire was bought from Aldrich 

Chemical Company (Milwaukee, WI) and silver-silver chloride 

matrix electrodes were obtained from In Vivo Metric (Ukiah, 

CA) . Other chemicals were purchased from Fisher Scientific 

(Pittsburgh, PA) .

Transdermal Transport Study Set-up

Interferon alpha 2b solution (600 |ig/ml unless 

specified otherwise) was prepared in 50 mM phosphate buffer 

(pH 7.5) containing 0.3 mM EDTA, 0.01% polysorbate 80 and 

75 mM sodium chloride and used as donor solution. The same 

buffer (without interferon alpha 2b) was used as receptor 

solution. For some experiments, the donor was spiked with 

0.5 |iCi/ml of 125I labeled interferon alpha 2b. For these 

experiments, the spiked donor solution was dialyzed to 

remove free label using a dialysis cassette (MW cut-off 

2500 Da). Dialysis was carried out until no radioactivity 

was seen in the dialysis buffer. Freshly excised hairless 

mice skin was washed and then either microporated or left 

intact and mounted on Franz cell (0.64 cm2 diffusional 

area) . An external water bath maintained the temperature of 

the circulating water in the jackets of the Franz cells at
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37°C. Donor solution, 0.5 ml, was then added and samples 

(0.5 ml) were taken at specified time intervals from the 

receptor and replenished with fresh buffer.

Thermal Microporation

A prototype thermal microporation system (Altea 

Development Corporation, Atlanta GA) was used to create an 

array of microscopic pores in the skin specimens. This 

system included a laptop computer, microprocessor control 

circuitry, and a 3-axis stepper motor assembly with 

microscopic tip holder and skin interface plate. This 

system enables the testing of arbitrary-spaced arrays of 

micropores with various in vitro skin specimens, and 

controls the electrical current pulse width, number of 

pulses and temperature of the thermal element that is 

placed on the skin surface. The software user interface 

allowed the control of various thermal microporation 

parameters including tip temperature, pulse width, number 

of pulses, pulse spacing and tip contact pressure. The tip 

temperature was calibrated with the use of an optical 

calibrator device. Unless specified, the prototype thermal 

microporation system was set to create an array of 

micropores with a pore density of 72 micrpores/cm2, where
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each micropore was approximately 100 ^m in diameter and 40 

pm in depth. In previous studies, these parameters have been 

used in clinical investigations to painlessly microporate 

skin.

Electrotransport Study Set-up

Silver-silver chloride electrode was used as cathode 

and silver wire was used as the anode. Constant current 

iontophoresis was supplied by Dupel® dual channel 

iontophoretic system (Empi, MN). Typically, a current of 

0.5 mA/cm2 was applied for 6 hours unless specified 

otherwise. In case of electroporation, silver wire was used 

as both anode and cathode. Exponential decay pulses were 

delivered using the ECM 630 BTX® pulser (Genetronics, CA). 

Electroporation protocol consisted of applying 15 pulses at 

the rate of 1 pulse per minute at time zero and repeating 

the protocol at time 3 hours. The pulse voltage was 500 V 

and pulse length was 200 millisecond.

Skin Impedance Studies

The electrical properties of the skin in the passive 

state were measured using a function generator (V0 = IV; 

repetition at f = lKHz; sine wave). The resistance of the
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chamber without the skin, Rbuiic/ was also measured in a 

similar fashion. To measure the applied voltage (V0), a 

digital oscilloscope 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 (Vs) . This 

would give the total current through the chamber. The 

effective transdermal voltage (Vskin) was calculated using 

the equation,

Vskin = V0 - Vs* (1 + RbuUc/15) (2)

Sample Analysis

Samples withdrawn at specified time intervals were 

assayed for interferon alpha 2b using a sandwich ELISA 

(Human interferon alpha ELISA kits from PBL Biomedical 

Labs, NJ). The ELISA kits had no cross reactivity with 

mouse or rat interferon alpha. When 12SI-labled interferon 

alpha 2b was used, radioactive samples, gamma counting was 

used to determine the amount of radioactivity in the 

sample. In addition, the donor solution was characterized 

for protein particle size and presence of interferon alpha 

2b aggregates using dynamic light scattering (Precision 

Detectors, NJ). A viral inhibition bioassay (PBL Biomedical
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Labs, NJ) , based on the cytopathic effect of interferon 

alpha 2b on vesicular stomatitis virus in MDBK (bovine 

kidney) cell line, was performed on donor solution to 

identify the fraction of bioactive interferon. All data was 

statistically treated for significance using ANOVA at the 

p<0.05 level.

Results and Discussions

There were no high molecular weight (>19271 Da) 

aggregates present in the donor solution as determined by 

dynamic light scattering.

Figure 1 demonstrates the feasibility of delivery of 

interferon alpha 2b through thermally microporated skin by 

passive diffusion (0.88 + 0.22 /xg/cm2 at end of 6 hours) . 

Passive diffusion through intact skin was undetected. This 

was expected since interferon alpha 2b is a large molecule 

(MW 19271 Da). This is the first report of its kind 

demonstrating the use of thermally created micropores for
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Figure 1: Transport of interferon alpha 2b across hairless 

mouse skin: Effect of thermal microporation on transdermal 

delivery
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drug delivery. The effect of micropore density on delivery 

was then investigated. As seen in figure 2, the cumulative 

amounts transported increased with increase in pore density 

with delivery being maximum when the pore density was 140 

pores/cm2. There is no significant difference between 

delivery through 22 pores/cm2 and that through 72 pores/cm2. 

However, significant difference is seen between 72 and 140 

pores/cm2 and 22 and 140 pores/cm2 (p<0.05). The stratum 

corneum being the main barrier to transdermal transport, 

enhancement of transport is seen once it is compromised or 

breached. The degree of enhancement is dependant on the 

degree of impairment accomplished. Hence, as the pore 

density increased, we witnessed an increase in the amounts 

being transported. Figure 3 shows that the relationship 

between donor concentration and cumulative amounts 

transported through microporated skin at the end of 6 hours 

is linear. The apparent permeability coefficient (PA) of 

interferon alpha 2b through microporated skin was 

calculated from Fick's first law (Prausnitz, 1999):

dQ/dt = J = APA AC (3)

Where J is the flux (steady-state rate of penetration; 

Hg/cm2/hr) , A is the area of skin (cm2) , AC is the 

concentration difference between the donor and receptor
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Figure 2: Effect of micropore density on transdermal 

transport of interferon alpha 2b through hairless mouse 

skin
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Figure 3: Effect of interferon concentration on the 

transderraal transport through microporated hairless mouse 

skin
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compartments (jig/ml) . This apparent permeability coefficient 

is dependant on extrinsic factors such as pore density and 

other parameters affecting skin thermal microporation. The 

apparent permeability coefficients for different donor 

concentration were in close agreement with each other: 

donor concentration 1 ng/ml, PA was 3.05 x 10'3 cm/h; 10 

îg/ml, PA was 2.31 x 10'3 cm/hr; 100 ng/ml, PA was 2.38 x 10‘3 

cm/hr; 600 ng/ml, PA was 1.54 x 10"3 cm/hr. In spite of the 

stratum corneum being compromised, interferon alpha 2b had 

an average apparent permeability coefficient of 0.00232 + 

0.0003 cm/hr, which shows that the layers below the stratum 

corneum (the viable epidermis and the dermis) also offer 

some resistance to the diffusion of interferon alpha 2b 

through full thickness skin.

Iontophoresis was studied as a means of enhancing 

the delivery of interferon alpha 2b through micropores 

across hairless mice skin. Since the pH of the donor 

solution was 7.5 (pi 6.2 - 6.3), the interferon alpha 2b 

was negatively charged. It was delivered under the cathode, 

so that electrorepulsion, one of the primary mechanisms 

involved in enhancing iontophoretic delivery, was acting in
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the direction of delivery.
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Figure 4: Transport of INFa2b across intact and

microporated hairless mouse skin: Effect of cathodal

iontophoresis (0.5 mA/cm2 for 6 hours) on transdermal

ie livery
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Figure 4 shows the cumulative amounts delivered across 

hairless mice skin during iontophoretic delivery (1.04 +

0.4 pg/cm2) did not offer any enhancement over passive 

delivery (0.9 + 0.2 pg/cm2) through micropores (p<0.05). 

Figure 5 shows the effect of donor concentration on the 

delivery of interferon alpha 2b across microporated skin 

during iontophoresis. As can be seen from the figure, there 

was no enhancement of transport across micropores at any of 

the donor concentrations studied (1, 10, 100 and 600 

jig/ml) . The figure does show a donor concentration 

dependant cumulative transport. This is similar to the one 

reported by Lin et al. (2001) using the microprojection

patch to impair the skin stratum corneum for 

oligonucleotides delivery. Figure 6 shows the effect of 

different pH and electrode polarity on the iontophoretic 

transport of interferon alpha 2b through microporated skin. 

At pH 4.0, interferon alpha 2b has a strong positive charge 

and was delivered under the anode, at pH 9.0 it has a 

strong negative charge, and was delivered under the 

cathode. At pH 7.5, it has a net negative charge and was 

delivered under both the anode (to check for 

electroosmosis) and cathode.
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Figure 5: Transport of INFa2b across intact and 

microporated hairless mouse skin: Comparison between 

iontophoresis and passive delivery
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No significant difference (p<0.05) was seen in the 

cumulative amounts delivered in any of the cases where 

electrorepulsion was the primary mechanism involved (pH 

4.0: 6.3 + 0.9 (ig/cm2; pH 7.5 under cathode: 6.62 + 0.1 

(lg/cm2; pH 9.0: 9.05 ± 4.02 |ig/cm2) . Contribution of 

electroosmosis (0.621 ±0.4 (lg/cm2) however, was lower than 

that by electrorepulsion at pH 7.5.

Next, we looked at the effect of current density on 

the iontophoretic transport through microporated skin. Drug 

transport during iontophoresis is, in most cases, directly 

proportional to the current density with the amounts 

increasing with increasing current density (Banga, 1998). 

Figure 7 shows the cumulative amounts transported in 6 

hours at 0.08 mA/cm2, 0.16 mA/cm2, 0.5 mA/cm2, 1.09 mA/cm2, 

and 1.6 mA/cm2. There is no statistically significant 

difference between these amounts (p<0.05), showing no 

effect of increasing current density in this case. All the 

data so far suggested that there was no enhancement of 

transport of interferon alpha 2b through microporated full 

thickness hairless mouse skin during iontophoresis in 

vitro.
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The Nernst-Plank equation (1) , which is applicable for 

intact skin iontophoresis suggests that, when a 

concentration gradient and an electric field both exist, 

the ionic flux is a linear sum of the fluxes that would 

arise from each effect alone (Banga, 1998). In our case, on 

microporated skin, we were able to observe significant 

transport during passive diffusion (implying concentration 

gradient) but no enhancement during iontophoresis (when 

ionic flux was acting in addition). In a recent report by 

Sekkat et al. (2001), iontophoresis of lidocaine was shown 

to enhance the passive transdermal delivery on compromised 

skin (tape-stripped) by almost 8 times. One possible 

explanation may involve an understanding of the depth of 

the micropores in the skin. Since there was no transport 

during iontophoresis on intact skin, it suggests that the 

skin appendages played a minimal role in the transport and 

the pathways (micropores) created during thermal 

microporation were the primary routes for interferon alpha 

2b transport. The micropores are only 40 -50 fim in depth, 

so that the interferon alpha 2b molecules still have to 

transport through passive diffusion from the end of the 

micropore through the remaining epidermis and all of the 

dermis to be picked up in the receptor during analysis.

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



94
This is then the rate-limiting step for microporated skin, 

in the case of passive diffusion as well as iontophoresis. 

Thus, it is possible that any enhancement by iontophoresis 

over passive diffusion does not enhance flux for an in 

vitro setting using full thickness skin. For an in vivo 

setting, it is possible for iontophoretic transport to show 

enhancement over passive diffusion on microporated skin.

This is because, in vivo blood vessels are just below the 

epidermis and there is a shorter diffusion pathway to reach 

the blood circulation. Iontophoresis will enhance the 

transport of the molecule for the duration of time it is in 

the micropore as opposed to the passive diffusion setting 

and hence interferon alpha 2b will be available to be 

picked up by the blood circulation faster and in more 

amounts resulting in more blood concentration of interferon 

alpha 2b. We have done some preliminary studies in vivo 

with hairless rat using thermal microporation and have seen 

that iontophoresis results in twice the amounts being 

delivered as compared to passive diffusion (data not 

shown). In addition, literature reports (Lin et al., 2001); 

(Sekkat et al., 2001) suggest that iontophoresis can be 

used to enhance and modulate the delivery of 

macromolecules, in vivo, through impaired skin. This
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supports our observation and further in vivo experiments 

are underway to establish this hypothesis and characterize 

in vivo delivery profiles and Pharmacokinetics for in vivo 

delivery of interferon alpha 2b through microporated skin.

The use of electroporati°ti to achieve modulation of 

delivery and in combination vAt-h thermal microporation to 

show enhancement in transdermaf delivery was also evaluated 

in vitro. Figure 8 shows the flux of interferon alpha 2b 

across skin. After pulsing at time o the flux goes up (1.5 

+ 0.9/xg/cm2/hr for intact ski*1 2.3 .+ l. l/zg/cm2/hr for

microporated skin) and comes da-ck to baseline levels (0.2 ±

0. l/xg/cm2/hr) within 1 hour add similar trend is seen at 

time 3 hours when pulsing was applied again. In this case, 

these results can be seen as demonstration °f the ability 

to modulate the delivery of macromolecules and enhance 

transdermal delivery using a combination of thermal 

microporation and electroporation• An explanation for the 

fact that electroporation sho^tl enhancement over passive 

diffusion through microporated Ĵcin but iontophoresis did 

could lie in the mechanism of tlie enhancement involved. In 

case of iontophoresis, the effs^t of current 

(electrorepulsion) on the moiac-^le involved provides the 

driving force for transport.
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Figure 8: Transdermal flux of interferon alpha 2b across 

hairless mouse skin: Effect of electroporation pulses 

(500V, 200 ms) for 15 minutes at time 0 and 3 hours

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



97

10000

Electroporation on intact 
skin
Electroporation on 
microporated skin

1000ing
X!O

-H10g(D02 100

01UG
<Vn<vagM
G•H
U)

0 2 4 51 3 6 7

Time (Hours)

Figure 9: Impedance of intact and microporated skin: Effect 

of electroporation pulses (500V, 200 ms) for 15 minutes at 

time 0 and 3 hours
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Whereas, in the case of electroporation, it is the 

permeabilization on the tissue (skin), which is responsible 

for any enhancement. In the case of microporated skin, even 

the deeper layers are exposed to the high voltage pulses 

resulting in their permeabilization leading to the 

enhancement in flux of interferon alpha 2b. The voltage 

used in this case was 500 V because there is a voltage drop 

experienced across the stratum corneum and the effective 

transdermal voltage is 130 + 40 V (calculated using 

equation 1) . It should be noted that the voltage required 

for in vivo studies will be less than that used in vitro as 

the electrodes would be in direct contact with the skin and 

an equivalent transdermal voltage can be reached at lower 

voltage settings. Figure 9 shows the skin impedance during 

electroporation. Initial impedance of intact skin was about

3.3 kOhms, which dropped down to 90 Ohms (about 97% 

decrease) after first pulsing protocol. In case of 

microporated skin, the initial impedance was 287 Ohms and 

after the first pulsing protocol, it went down to 14 Ohms 

(a 95% drop). The skin impedance recovered slightly in 3 

hours before the second pulsing protocol and dropped again 

after pulsing. At the end of 6 hours, the impedance of 

intact skin recovered to about 10% of its original value
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and that of microporated skin to about 25% of its original 

value.

Representative samples from all experiments, were 

assayed for bioactivity and found to have similar activity 

(per unit weight) as the initial donor solution. Bioassay 

was done since ELISA detects immunoactive sites, but 

changes in other parts of the molecule could still affect 

bioactivity. All the standards used in the bioassay were 

calibrated to the international reference standards such as 

those provided by the National Institutes of Health.

Conclusions

We have demonstrated the feasibility of transdermal 

delivery of interferon alpha 2b through hairless mice skin 

using thermal microporation to modify the skin barrier 

properties. The flux values suggest that delivery of 

therapeutic doses is feasible. To our knowledge, this is 

the first report of transdermal delivery of interferon 

alpha 2b, a large macromolecule, using a clinically viable 

novel drug delivery technology. Iontophoresis did not 

further enhance this delivery in an in vitro setting.
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CHAPTER 4
LOW FREQUENCY PULSE-MODULATED ULTRASOUND MEDIATED 

TRANSDERMAL DELIVERY OF INTERFERON ALPHA 2B

Abstract

Transdermal delivery of interferon alpha 2b using low 

frequency, pulse-modulated ultrasound has been demonstrated 

in vitro using thermally microporated as well as intact 

full-thickness hairless mouse skin. A cylindrical titanium 

ultrasound probe (5 mm diameter) driven by a signal 

generator was used. An amplifier and an output transformer 

matched the impedance characteristics of the probe. 

Ultrasound was applied for 1 hour in burst mode at 43.4 kHz 

frequency, 0.5 Volts (peak-peak) amplitude, 50 Hz burst 

frequency, and different duty cycles. A research prototype 

thermal microporation system was used to make a square 

array of micropores in freshly excised hairless mouse skin 

(72 micropores/cm2) . Ultrasound-mediated delivery of

100
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interferon alpha 2b through microporated skin (19.6 + 

3.2/zg/cm2) was higher than that through intact skin (11.61 + 

3.8/xg/cm2). Different duty cycles were investigated with 28% 

resulting in the highest amounts delivered as opposed to 14 

and 7% duty cycles. Delivery was affected by the distance 

between probe and skin (3mm: 73.7 +. 26.7^g/cm2, 10mm: 17.2 + 

5.9/ig/cm2, no statistical difference between 1 mm and 3mm) 

and by the time duration of ultrasound application (15min:

7.04 + 3.5/zg/cm2, 30min: 12.4 + 6.8^g/cm2, 60min: 73.7 +.

26.7/xg/cm2) . Transport through microporated skin during low 

frequency, pulse-modulated, ultrasound was reduced by 72% 

when cavitation was minimized (de-gassing skin), and 

another 11% when mechanical agitation was minimized, 

suggesting that cavitation was responsible for a majority 

of the transport.

Introduction

Currently, there are no commercially available 

transdermal delivery systems that can deliver therapeutic 

doses of proteins or peptides through human skin. This is 

mainly due to the barrier function of the stratum corneum, 

the outer layer of dead skin cells. One of the most
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promising methods for delivering proteins transdermally 

involves the use of ultrasound. It has been used to deliver 

several proteins through intact skin, including insulin, 

erythropoietin, interferon gamma and heparin (Kost et al., 

2000; Mitragotri et al., 1995a; Mitragotri et al., 1996; 

Mitragotri and Kost, 2000; Tachibana, 1992; Tachibana and 

Tachibana, 1991; Tachibana and Tachibana, 1993; Tachibana 

and Tachibana, 1998; Tachibana and Tachibana, 1999;

Tachibana and Tachibana, 2001) . However, ultrasound by 

itself may not be effective to deliver therapeutic doses of 

all proteins.

A new transdermal drug delivery system based on a 

thermal microporation process has been developed to deliver 

therapeutic proteins and peptides. Thermal microporation 

involves the microvaporization of tiny areas of the stratum 

corneum via the application of an array of resistively 

heated elements. This facilitates the creation of 

microscopic pores about 100 /xm wide and 40-50 /xm deep, 

which penetrate the stratum corneum but stay above the 

nerve endings in the viable epidermis making it a painless 

technique. The width and depth of the pores can be 

controlled by the temperature and thickness of the 

resistive elements in contact with the skin. Thermal
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microporation has been used in clinical studies for the 

rapid extraction of skin interstitial fluid in glucose 

monitoring (Smith et al., 1999). This study investigates 

the use of ultrasound on microporated skin to further 

enhance and/or modulate delivery of a relatively large 

protein drug through the skin.

The increased permeability of intact skin by 

ultrasound may be due to several factors that depend on the 

ultrasound parameters utilized. These include frequency, 

intensity, application time and mode (continuous or pulsed 

modulated). Ultrasound can be applied at different 

frequencies of which, at high frequency ultrasound, 

cavitation seems to play a major role in the enhancement of 

drug permeation through intact skin (Mitragotri et al.,

1996). Other mechanisms of high frequency ultrasound that 

have been studied are thermal, mechanical, and convective 

transport (Bommannan et al., 1992a); (Bommannan et al., 

1992b). In the case of low frequency ultrasound, possible 

mechanisms for increasing permeability of intact skin 

include thermal effects on skin due to increase in 

temperature (Simonin, 1995) which can be overcome by 

operating ultrasound in the pulsed mode as opposed to the 

continuous mode (Mitragotri et al., 2000b). Other
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mechanisms involved include the removal of some stratum 

corneum cells, acoustic streaming which accelerates the 

drug into and through the skin tissue, and the opening up 

of large pores (100 /xm) in the skin surface (Yamashita et 

al., 1997). Others have hypothesized that application of 

low-frequency ultrasound generates aqueous channels in the 

stratum corneum by cavitation-induced disordering of 

bilayers (Mitragotri et al., 1995b). Still others have 

observed that a new structural state is reached after 

exposure to ultrasound whereby entrapped air pockets (-20 

fim) are created in the stratum corneum (Wu et al., 1998) .

There is a consensus that cavitation during ultrasound 

is one of the more prominent mechanisms for permeation 

enhancement. In a recent study (Terahara et al. , 2002), it 

was reported that low frequency ultrasound has a clear 

advantage over therapeutic or high frequency in that 

cavitational effects, including the number, density and 

size of bubbles are inversely proportional to the 

ultrasound frequency. However, cavitation is a complex 

phenomenon affected by numerous parameters including 

ultrasound frequency, distance between probe and skin, and 

the characteristics of the coupling medium such as 

temperature, surface tension and the number of bubble

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



105
nuclei. In this study, we first showed the feasibility of 

transdermal delivery of interferon alpha 2b through 

hairless mouse skin using low frequency, pulse-modulated 

ultrasound. We also evaluated the enhancement of this 

delivery by thermally microporating the skin. We then 

studied factors such as duty cycle, time duration of 

ultrasound application and distance of ultrasound probe 

from skin. Finally, we evaluated the mechanisms involved 

during the enhancement of permeation of interferon alpha 2b 

through microporated skin.

Materials and Methods

Materials

Hairless mice were obtained from Charles River (CA), 

and were housed in the in-house animal facility at Mercer 

University until used according to IACUC approved 

guidelines. Interferon alpha 2b was a gift from Altea 

Development Corporation (Atlanta, GA) . 125I-labeled 

interferon alpha 2b was custom labeled from Phoenix 

Pharmaceuticals, CA. Human interferon alpha ELISA kits were 

purchased from PBL Biomedical Labs (NJ). Other chemicals 

were purchased from Fisher Scientific (Pittsburgh, PA).
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Transdermal Transport Study Set- u p

Interferon alpha 2b solution (600 |ig/ml unless 

specified otherwise) was prepared in 50 mM phosphate buffer 

(pH 7.5) containing 0.3 mM EDTA, 0.01% polysorbate 80 and 

75 mM sodium chloride and used as donor solution. The same 

buffer (without interferon alpha 2b) was used as receptor 

solution. For some experiments, the donor was spiked with 

0.5 nCi/ml of 125I labeled interferon alpha 2b. For these 

experiments, the spiked donor solution was dialyzed to 

remove free label using a dialysis cassette (MW cut-off 

2500 Da) . Dialysis was carried out until no radioactivity 

was seen in the dialysis buffer. Freshly excised hairless 

mice skin was washed then either microporated or left 

intact and mounted on Franz cell (0.64 cm2 diffusional 

area) . An external water bath maintained the temperature of 

the circulating water in the jackets of the Franz cells at 

37°C. Donor solution, 0.5 ml, was then added and samples 

(0.5 ml) were taken at specified time intervals from the 

receptor and replenished with fresh buffer.
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Thermal Microporation

A prototype thermal microporation system (Altea 

Development Corporation, Atlanta GA) was used to create an 

array of microscopic pores in the skin specimens. This 

system included a laptop computer, microprocessor control 

circuitry, and a 3-axis stepper motor assembly with 

microscopic tip holder and skin interface plate. This 

system enables the testing of arbitrary-spaced arrays of 

micropores with various in vitro skin specimens, and 

controls the electrical current pulse width, number of 

pulses and temperature of the thermal element that is 

placed on the skin surface. The software user interface 

allowed the control of various thermal microporation 

parameters including tip temperature, pulse width, number 

of pulses, pulse spacing and tip contact pressure. The tip 

temperature was calibrated with the use of an optical 

calibrator device. Unless specified, the prototype thermal 

microporation system was set to create an array of 

micropores with a pore density of 72 micrpores/cm2, where 

each micropore was approximately 100 |im in diameter and 40 

îm in depth. In previous studies, these parameters have been 

used in clinical investigations to painlessly microporate 

skin.
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Ultrasound Transport Study Set-up

Low frequency, pulse modulated ultrasound was 

generated using a custom-made cylindrical titanium probe (5 

mm diameter), which was mounted over the Franz cell top, 

and the bottom of the probe was positioned 3 mm from the 

skin surface (unless specified otherwise). The probe was 

driven by a signal generator (Stanford Research Systems 

DS345), an amplifier (Krohn-Hite 7500) and an output 

transformer. The signal generator was set at 43.4 kHz, 0.5 

volts (peak to peak) sine wave, run in burst mode at 50 Hz, 

with burst count being adjusted to get different duty 

cycles. The amplifier was connected to an output 

transformer which was custom designed to match the 

impedance characteristics of the ultrasonic probe. The 

probe produced a low intensity average power waveform with 

high peak power per burst. Temperature of the skin was 

monitored throughout the ultrasound application time using 

a thermocouple probe (Omega, CT) connected to a digital 

display. The electrical impedance of the skin mounted on 

Franz cells (RTotai) before, during, and after ultrasound 

application was measured using a function generator 

(Voltage = IV; repetition at f = lKHz; sine wave). The
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resistance of the chamber without the skin, RbuDc/ was also 

measured in a similar fashion and this value subtracted 

from the R-rotai to get value of Rstcin-

Sample Analysis

Samples withdrawn at specified time intervals were 

assayed for interferon alpha 2b using a sandwich ELISA. The 

ELISA kits had no cross reactivity with mouse or rat IFNa. 

When 12SI-labled interferon alpha 2b was used, radioactive 

samples, gamma counting was used to determine the amount of 

radioactivity in the sample. Data was statistically treated 

for significance using ANOVA at the p<0.05 level.

Results and Discussions

An initial study to optimize the pulse modulated 

ultrasound parameters with hairless mouse skin was 

performed using 7%, 14% and 28% duty cycles (this 

corresponded to a burst count of 60, 120 and 240 counts 

respectively). The highest cumulative amount delivered was 

achieved for the 28% duty cycle setting, which was twice 

the cumulative interferon alpha 2b delivered for the 14% 

setting and three times the amount delivered with the 7%
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setting (Figure 10). This may be because the application of
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Figure 10: Effect of duty cycle on the transdermal 

transport of interferon alpha 2b across microporated 

hairless mouse skin. (Ultrasound applied for 1 hour 

followed by passive delivery) .
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ultrasound affects the integrity of the skin, especially 

the stratum corneum, by decreasing its impedance and this 

is dependent on the duty cycle. As the duty cycle 

approaches 100%, pulsed mode ultrasound approaches 

continuous mode and that increases the effects on skin and 

lowers its impedance. Figure 11 shows the electrical 

impedance of microporated skin during ultrasound 

application. As can be seen from the figure, the impedance 

drops by about 75% of initial value during 1 hour of 

ultrasound and recovers back to about 65% within 2 hours of 

stopping ultrasound treatment. Since the 28% duty cycle 

ultrasound parameters resulted in the highest delivery, it 

was selected for all future studies.

Next, we evaluated the transdermal delivery of 

interferon alpha 2b through thermally microporated hairless 

mouse skin and intact skin. The mean cumulative amounts 

delivered are shown in Figure 12 and the results indicate 

significant drug transport for ultrasound alone and for 

ultrasound in conjunction with micropores. Following 1 hour 

of ultrasound, the mean cumulative amount delivered was 

approximately 11.61 + 3.8 ^g/cm2 for intact skin and 19.6 +. 

3.2 fig/cm2 for microporated skin at the end of 1.5 hours.
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Figure 11. Effect of low frequency, pulse-modulated 

ultrasound at 28% duty cycle for 1 hour on the impedance of 

microporated hairless mouse skin.
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Figure 12. Low frequency, pulse-modulated ultrasound 

mediated transdermal delivery of interferon alpha 2b: 

Comparison between delivery through intact versus that 

through microporated hairless mouse skin.
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After 6 hours of passive diffusion through micropores 

(Figure 1) , the mean cumulative amount delivered was 1 

/xg/cm2, whereas passive diffusion on intact skin showed no 

delivery.

In the case of hairless mouse skin with thermally 

created micropores, the increased permeability of the 

stratum corneum caused by ultrasound is not the significant 

source of the permeability increase, since the barrier 

presented by the stratum corneum is essentially removed. 

Possible explanations include the vibration of the 

extracellular structure of the skin or the mechanical 

agitation of the intercellular connections in the epidermis 

caused by microcavitation. However, based on other reported 

studies, the other likely mechanism is acoustic 

microstreaming. Acoustic-induced convective transport has 

been shown to play an important role for some compounds 

under the influence of high frequency ultrasound (Levy et 

al., 1989). We evaluated the potential role of thermal and 

of cavitation effects and mechanical agitation on transport 

of interferon alpha 2b through thermally microporated skin 

during ultrasound. The skin was degassed by placing it in 

sonicated buffer solution and applying vacuum (15 Psi) for 

30 minutes. This is believed to remove any dissolved gasses
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in the skin and hence prevent the formation of bubble

nuclei to minimize cavitation. Figure 13 shows the

cumulative amount of interferon alpha 2b transported across 

microporated skin, which was not degassed, through that 

which was degassed and through that which was degassed and 

had a wire mesh support below it (to prevent mechanical 

agitation). As can be seen, the amounts transported are 

highest when the skin was not degassed and decreased by 70% 

to 20.5 + 1.5 /ig/cm2 when the skin was degassed. There was a 

further drop in cumulative amounts transported in the case

of the degassed skin with the wire mesh placed under it to

prevent mechanical agitation (7.27 + 4 /ig/cm2) . Temperature 

of the skin was monitored throughout the ultrasound 

application (Figure 14) and increased by 2 + 0.5 °C, which 

is below the temperature increase required (5°C) to cause 

any enhancement in transdermal transport (Hull, 2002) . This 

gives an indication the enhancement in transdermal 

transport of interferon alpha 2b across microporated (or 

compromised) skin during low frequency, pulse modulated 

ultrasound, is largely due to the effect of cavitation or 

cavitation induced aqueous channel formation in the skin. 

Since the stratum corneum is essentially removed in this
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case, cavitation might be acting on the other layers in the
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Figure 13. Mechanistic study to check for the effect of 

cavitation and mechanical agitation during permeation 

enhancement of interferon alpha 2b across microporated 

hairless mouse skin.
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Figure 14. Temperature of microporated skin during 

ultrasound application.
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epidermis and making it more permeable. The data obtained 

also suggests that mechanical agitation and acoustic 

streaming contribute to the permeation enhancement to some 

extent.

The distance of ultrasound probe from skin has shown 

to be an important parameter in determining the efficiency 

of low frequency ultrasound. The permeation enhancement is 

inversely proportional to the distance between probe and 

skin with transport enhancement increasing with decreasing 

distance. One of the main reasons for this has been cited 

to be the increased cavitational effects at lesser 

distances between skin and ultrasound source (Terahara et 

al. , 2002). Figure 15 shows the effect of distance between 

ultrasound probe and skin on transdermal transport through 

microporated skin. The cumulative amounts transported are 

least at a distance of 10 mm, but increase when the 

distance is reduced to 3 mm. There is no significant 

difference between amounts transported at 3 mm and 1 mm 

(p<0.05). It may be possible that a certain threshold 

exists above which, there is no further enhancement in 

transport. This also adds support to the earlier 

observation of cavitation being the major mechanism 

involved in permeation enhancement.
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Figure 15. Effect of distance between probe and skin 

surface on the transdermal delivery of interferon alpha 2b 

during low frequency, pulse modulated ultrasound.
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Another factor, which relates to the enhancement of 

transdermal permeation and its effect on skin impedance, is 

the time duration of ultrasound. Figure 16 shows that the 

maximum amounts of interferon alpha 2b were delivered at 60 

minutes of ultrasound across microporated skin as compared 

to 30 and 15 minutes. The time duration of ultrasound 

application and the cavitational effects it has on the skin 

can be correlated with the drop in skin impedance (Figure 

17) during ultrasound application. In the case of the 15- 

minute application protocol, the skin impedance did not 

drop significantly and was similar to that in the 

beginning. For the 3 0 minutes protocol, the impedance 

dropped to about 60% of its initial value within the first 

15 minutes, then slowly started increasing, and completely 

recovered to 100% of initial value in 1.5 hours. When 

ultrasound was applied for 60 minutes, the skin impedance 

started dropping and reached its maximum (25% of initial) 

after 1 hour. The recovery was monitored for up to 3 hours 

and by that time, impedance had recovered only 65% of 

initial value. Hence extended periods of ultrasound 

application resulted in greater decrease in the skin

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



121
impedance, which correlates with the greater cavitational
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Figure 16. Effect of time duration of ultrasound 

application on the transdermal delivery of interferon alpha 

2b across microporated hairless mouse skin.
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Figure 17. Effect of time duration of ultrasound 

application on the impedance of microporated hairless mouse 

skin.
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effects resulting in an increase in transdermal delivery of 

interferon alpha 2b.

The interferon alpha 2b in the donor solution was 

characterized for bioactivity before and after ultrasound 

application. This was done by performing a viral inhibition 

bioassay at a contract laboratory (PBL Biomedical Labs,

NJ). The assay is based on the cytopathic effect of 

interferon alpha 2b on vesicular stomatitis virus in MDBK 

(bovine kidney) cell line. The standards used in the 

bioassay were calibrated to the international reference 

standards such as those provided by the National Institutes 

of Health. All of the interferon tested was found to be 

bioactive (260 to 277 MlU/mg) showing that application of 

ultrasound did not result in loss of activity of the 

protein.

As a therapeutic treatment, interferon alpha 2b is 

typically injected subcutaneously or intramuscularly three 

times per week at a dosage of 3.0 MIU (11.5 (ig) . By 

extrapolating the in vitro flux data, therapeutic levels 

would be reached by the application of low frequency pulse- 

modulated ultrasound to microporated or non-microporated 

skin in less than 3 0 minutes. For example, Figure 12 shows 

mean cumulative interferon delivered at 30 minutes of
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approximately 5 /ig/cm2 for ultrasound plus micropores and

2.5 /ig/cm2 for ultrasound alone. If we take a reasonable 

patch size as 20 cm2, this would correspond to the delivery 

of 50 /xg for ultrasound on intact skin and 100 /xg for 

ultrasound on microporated skin In addition, therapeutic 

levels could be reached by passive diffusion through an 

array of micropores with a patch applied for 6 hours.

Conclusions

We have demonstrated the transdermal delivery of 

interferon alpha 2b through full thickness hairless mouse 

skin utilizing low frequency, pulse-modulated ultrasound 

with and without thermally created micropores. Cavitation 

was determined as being one of the major mechanisms 

responsible for permeation enhancement. Delivery parameters 

such as % duty cycle, time duration of ultrasound and 

distance of probe from skin were also evaluated. Ongoing 

studies are investigating interferon alpha 2b delivery in 

pilot clinical studies using thermal microporation and 

ultrasound.
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CHAPTER 5
TRANSDERMAL DELIVERY OF INTERFERON ALPHA 2B IN HAIRLESS 

RATS BY THERMAL MICROPORATION

Abstract

Purpose. To evaluate the feasibility of transdermal 

delivery of interferon alpha 2b in hairless rats using 

thermal microporation as a means of permeablizing the skin. 

The feasibility of modulating the delivery by iontophoresis 

was also investigated.

Methods. A prototype thermal microporation system was 

used to make an array of microscopic pores in the abdominal 

region of hairless rats. Trans-Q*1GS patches were filled 

with 1 ml of interferon solution and applied on the 

microporated area. When these patches were used for 

iontophoretic delivery of compounds, the reference 

electrode (provided) was to complete the circuit.

125
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Results. Passive delivery on microporated skin enabled 

the transdermal transport (3 97+67 ng over 6 hours) of 

IFNa2b in hairless rats. Iontophoresis (0.1mA/cm2) resulted 

in a two-fold increase in delivery (722.15+169 ng over 6 

hours). There was no transdermal delivery through intact 

skin both under passive as well as iontophoretic delivery 

conditions. Amounts delivered increased with increasing 

amounts in the patch with 1000 ng in patch delivering 

almost 10 times as compared to 11.5 [ig in the patch.

Conclusions. We have demonstrated transdermal delivery 

of interferon alpha 2b in hairless rats using thermal 

microporation. We have also shown that iontophoresis can be 

used as a tool to enhance as well as modulate delivery.

Introduction

Biologically active macromolecules, like peptides and 

proteins, generally have none or very low bioavailability, 

making oral administration extremely difficult. They also 

have a short half-life, causing parenteral administration 

impractical outside hospital setting. Interferon alpha 2b 

is one such antiviral protein which is produced by the body 

in response to a viral attack (specific activity: 260
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million international units per mg) (Pestka, 1987; Pestka 

et al., 1987; Pestka and Meager, 1997). Recombinant human 

IFNa2b is produced using recombinant DNA technology in 

E.coli and is currently under investigation for use in the 

treatment of a broad spectrum of diseases (Bonetti and Kim, 

1993). At present it is approved and on the market to treat 

viral hepatitis B and C. It is administered subcutaneously 

or intramuscularly (3 million international units) 3 times 

a week for 6 months. This thrice-weekly regimen coupled 

with its short half-life (5-6 hours in humans) results in 

long periods when no detectable interferon alpha 2b is 

present in the serum resulting in fluctuations of drug 

concentration in systemic circulation and tissue 

compartments leading to the observation of a "peak and 

valley" pattern (Schenker et al., 1997). If the dose is 

increased to overcome this, it leads to the appearance of 

various undesirable effects such as fever (Yoshikawa et 

al., 1999) and is not a practical option resulting in low 

clinical effectiveness. Some studies have suggested that 

extension of the treatment from 6 months to 1 year may 

result in an improved sustained response rate (Jouet et 

al., 1994) but again resulting side effects are the major 

hindrance to its development. Alternate routes of drug
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delivery routes tested include oral (Paulesu et al., 1988) 

and pulmonary routes (Patton et al., 1994) but poor 

bioavailability has been of concern.

Hence there is a need for drug delivery systems, which 

are non-invasive, will provide constant serum levels of 

IFNa2b avoiding the "peak-valley" effect and hence improve 

the patient's quality of life. Transdermal delivery systems 

(TDS) have the potential to be non-invasive and user- 

friendly methods of delivering drugs at a steady or time- 

varying rate. By itself or in combination with chemical 

enhancers, they can achieve therapeutic levels only for 

potent lipophilic drugs with a low molecular weight. This 

is mainly due to the barrier function of the stratum 

corneum, the outer layer of dead skin cells, which is the 

rate-limiting step for transdermal transport. The most 

common way to overcome this barrier is the use of a 

hypodermic needle, but this technique involves pain and 

discomfort and is generally not practical for sustained 

delivery use. Alternative means to disrupt the stratum 

corneum involve the use of microfabricated 

needles/projections (Henry et al., 1999; Lin et al., 2001; 

McAllister et al., 2000) to create microscopic pores into 

the skin. This is capable of delivering drugs across
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stratum corneum, at a slower rate but in a manner, which is 

painless and hence would be more acceptable. In one study, 

(Lin et al., 2001) the authors reported that the 

microprojection patch technology was capable of delivering 

therapeutically relevant amounts of oligonucleotides into 

and through the skin in vivo in hairless guinea pigs.

In this study, we have evaluated a novel TDS, based on 

thermal microporation for the delivery of IFNa2b in 

hairless rats. Previous use of this technology for the 

rapid extraction of skin interstitial fluid for glucose 

monitoring in clinical trials has been reported (Smith et 

al., 1999). Thermal microporation involves rapid localized 

application of thermal energy to the skin surface that 

results in the instantaneous vaporization of the stratum 

corneum cells in a microscopic area. This is accomplished 

by contacting an array of resistive elements to the skin 

surface and heating these elements by applying a pulse of 

electric current to them.

Literature reports (Lin et al., 2001; Sekkat et al. ,

2001) have shown that transdermal delivery through 

'impaired' skin can also be modulated or controlled using 

electric methods such as iontophoresis. Iontophoresis 

involves the application of a small amount of
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physiologically acceptable direct current (d.c.) to drive 

ionic drugs into the body (Banga, 1998). It is used to 

deliver relatively small macromolecules (Badkar and Banga,

2002) but is unlikely to deliver IFNa2b (MW: 19271 Da.) 

through intact skin. However, in conjunction with thermal 

microporation it may be able to enhance as well as modulate 

the transdermal delivery. In this study, we have evaluated 

the technique of thermal microporation to achieve 

transdermal delivery of IFNa2b in hairless rats. We have 

also shown the potential use of iontophoresis on 

microporated skin, in vivo, as means of modulating and 

enhancing this transdermal delivery.

Materials and Methods

Materials

Hairless rats (300-400 g) were obtained from Charles 

River (CA), and were housed in the in-house animal facility 

at Mercer University until use. IFNa2b was a gift from 

Altea Development Corporation (Atlanta, GA) . Trans-Q 1GS, 

drug delivery transdermal patches with electrodes for 

iontophoretic delivery, (Iomed Inc., Utah) were used for
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all transdermal studies. Other chemicals were purchased 

from Fisher Scientific (Pittsburgh, PA) .

Thermal Microporation

A prototype thermal microporation system (Altea 

Development Corporation, Atlanta GA) was used to create an 

array of microscopic pores in the stratum corneum of the 

rat abdomen. This system included a laptop computer, 

microprocessor control circuitry, and a 3-axis stepper 

motor assembly with microscopic tip holder and animal 

interface plate. This system enables the testing of 

arbitrary-spaced arrays of micropores with various small 

animal models, and controls the electrical current pulse 

width, number of pulses and temperature of the thermal 

element that is placed on the skin surface. The software 

user interface allowed the control of various thermal 

microporation parameters including tip temperature, pulse 

width, number of pulses, pulse spacing and tip contact 

pressure. The tip temperature was calibrated with the use 

of an optical calibrator device. Unless specified, the 

prototype thermal microporation system was set to create an 

array of micropores with a pore density of 29 

micropores/cm2, where each micropore was approximately 100
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jam in diameter and 40 jim in depth. In previous studies, 

these parameters have been used in clinical investigations 

to painlessly microporate skin. Rats were handled in 

accordance with the IUCAC protocol approved by Mercer 

University Animal Committee. Each rat was anesthetized 

using ketamine (75 mg/kg) and xylazine (10 mg/kg), 

administered intraperitoneally. Before applying the thermal 

microporation device, each rat was closely inspected to 

ensure that the skin in the abdominal region was intact and 

was then wiped clean with alcohol swab and lightly dried 

with lint free tissue. The rats were then placed on the 

animal interface plate with the abdomen facing down and 

positioned over an opening to allow access to the thermal 

microporation tip assembly. A rectangular array of 

micropores was then created, sequentially in step and 

repeat fashion to result in 216 micropores/7.5 cm2 area such 

that the distance between each micropore was 0.127 cm.

Transdermal Patch System and Study Design

The IFNa2b solution (11.5-1000 /xg/ml) was made in 50 

mM, pH 7.5 phosphate buffer containing 75 mM sodium 

chloride, 0.3 mM EDTA and 0.01% polysorbate 80. The sponge 

gel part (7.5 cm2) of the Trans-Q* 1 GS patches was
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saturated with 1 ml of drug solution. After the thermal 

microporation process was complete, the rats (n=3) were 

placed on the table with the abdominal side facing up. 

Patches were applied on the microporated area and covered 

with sticking plaster to ensure that they remained in 

contact with the skin through out the study period. Patches 

were removed after 4 hours and the microporated area washed 

under running water and blotted with lint free tissue. 

Animals were placed in restrainer through out the duration 

of the experiment. Blood samples were taken from the tail 

vein of the rat and continued for 2 hours after patch 

removal (0, 1, 2, 3, 4, 4.5, 5 and 6 hours samples).

Transdermal Iontophoresis Study Set-up

In case of transdermal iontophoresis experiments, the 

electrode in the Trans-Q* patch was used as the cathode and 

the reference electrode supplied with it was used as the 

anode. Both patches were placed on the rat abdomen next to 

each other. Constant current iontophoresis was supplied 

using Dupel® dual channel iontophoretic system (Empi, MN) .

A current of 0.1 mA/cm2 was applied for 4 hours. Blood 

samples were taken from the tail vein of the rat and
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continued for 2 hours after patch removal (0, 1, 2, 3, 4, 

4.5, 5 and 6 hours samples).

Intravenous Study Set-up

Catheters filed with 100 IU of heparin sodium, in 

isotonic saline were inserted surgically in to the right 

jugular vein of the rats (n=3) . IFNa2b solution was made in 

pH 7.4. 50 mM phosphate buffer such that 50/xl contained 

0.4/ig. A dose of 50 /zl/100 g weight of rat was administered 

through the catheter and flushed with heparin sodium, in 

isotonic saline. Blood samples (350-400 /xl) were taken from

the tail vein at 5, 10, 15, 30, 45, 60, 90, 120, 150, 180

and 240 minutes.

Analytical Procedures

Whole blood was allowed to clot and then centrifuged 

at 10,000 rpm for 5 min to obtain the serum as the 

supernatant. Interferon alpha 2b in serum was analyzed 

using a sandwich ELISA (Human IFNa ELISA kits from PBL 

Biomedical Labs, NJ). The ELISA kits had no cross

reactivity with mouse or rat IFNa. All data was
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statistically treated for significance using ANOVA at the 

p<0.05 level.

Pharmacokinetic Analysis

Pharmacokinetic parameters were determined from the 

serum drug concentration-time data. Intravenous data was 

fit into IV-bolus, non-compartmental model using the 

WinNonlin® software version 3.1 (Pharsight, CA) and 

pharmacokinetic parameters (k, ti/2, Cl, AUC, AUMC, MRT) 

obtained. The area under the serum drug concentration vs. 

time curve (AUC(transdermal)) and the area under the first- 

moment curve (AUMC(transdermal)) after transdermal delivery were 

calculated using the linear trapezoidal rule. The mean 

residence time (MRT(transdermal)) for transdermal delivery was

Calculated by AUMC (transdermal)/AUC(transdermal) •

Results and Discussions

Figure 18 shows the serum concentration-time profile for 

intravenous administration (400 ng/100 g) of IFNa2b. The 

pharmacokinetic parameters (Table 1) were calculated by 

fitting the serum concentration-time data to a non- 

compartmental model using the WinNonlin® software.
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Figure 18: Mean concentration (± SE) of interferon alpha 2b 

in serum after intravenous bolus administration (0.4 

Hg/100g) in hairless rats.
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Table 1: Pharmacokinetic parameters following IV dose, as 

calculated using WinNonlin® software by non-compartmental 

analysis (n=3).

Parameter Units Value ±  SE

ak min'1 0 . 0236 0.0013

bti/2 min 29.55 1.76

A U C  (o- infinity) min*ng/ml 745.302 65.96

dCl •UXiv ml/min/kg 4 . 93 0 . 506

A U M C ( o - in f in i t y ) min*min*ng/ml 13067.8 1783.8

M R T  (infinity) min 17.398 1.18

Elimination rate constant obtained from the terminal 

portion of serum concentration-time plot (points used: 60- 

180 min); Elimination half-life of IFNa2b calculated from 

k; carea under curve from 0 to infinity for serum 

concentration-time plot calculated using linear trapezoidal 

rule; dobserved clearance from IV data; earea under the 

first moment curve for concentration-time plot calculated 

using linear trapezoidal rule; £mean residence time 

calculated as AUMC/AUC; c,d,e'£Obtainied by fitting data into 

IV-bolus non-compartment model using WinNonlin* software.

The Cliv (Table 1) was used to calculate transdermal 

dose delivered ( A U C transdermai* C l i v )  . After an initial
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distributive phase, interferon alpha 2b disappeared from 

serum with a observed half-life of 29.55 + 1.76 minutes.

Four hours after the dose, the serum concentration was 

0.036 ng/ml, or 0.001% of initial dose. The AUC (0-infinity) 

equaled to 745 + 66 min*ng/ml. Interferon alpha 2b is not a 

glycosylated protein and is moderately hydrophobic, which 

on IV administration, it is not restricted to the vascular 

system, but possess the ability to diffuse, in both 

directions, between blood and extracellular pools of 

organs. Its tissue distribution is regulated by blood flow, 

capillary permeability, tissue binding, cell uptake and 

catabolism (Greig et al. , 1988). Studies in literature 

agree that the plasma concentration of all interferons 

decline rapidly after their IV administration irrespective 

of the animal model used. The half-life obtained in this 

study is in close agreement with other studies reported in 

literature (Bocci et al., 1986; Bohoslawec et al., 1986).

Figure 19 shows the passive transdermal delivery of 

interferon alpha 2b in hairless rats. There was no detected 

delivery through intact skin, but delivery through 

microporated skin was significant. With 600 /xg interferon 

alpha2b in the patch, the total amount delivered was 397 +
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62 ng (AUC(transdermal)*CliV) at 6 hours, which corresponds to
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Figure 19: Mean serum concentration (+ SE) of interferon 

alpha 2b after passive transdermal delivery in hairless 

rats (1 ml of 600 /ig/ml interferon solution placed in 

Trans-Q® 1 GS patch which was kept in place for 4 hours) .
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Figure 20: Mean serum concentration (+ SE) of interferon 

alpha 2b after iontophoretic (0.1 mA/cm2, for 4 hours) 

transdermal delivery in hairless rats (1 ml of 600 /ig/ml 

interferon solution placed in Trans-Q® 1 GS patch which was 

kept in place for 4 hours).
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Table 2: Pharmacokinetic parameters following transdermal 

delivery, calculated using non-compartmental analysis 

(n=3).

Parameters Units Passive 

Delivery on 

Microporated 

Skin

+SE Iontophoretic 

Delivery on 

Microporated 

Skin

+SE

“Crnax ng/ml 0.681 0.27 2.093 0.6

bTmax min 120 - 180 -

AUC (transdermal) min*ng/ml 253.68 46.5 500 .5 154

AUMC (transdermal) min*min*ng/ml 1354.2 216.7 2296.3 574 .2

M R T  (transdermal) min 5.36 . 064 4.7 0.4

fDose

Delivered
ng 397 61.98 722 169.59

“maximum serum concentration of IFNa2b observed;btime at

which Cmax occurs; carea under the serum concentration-time 

plot calculated by linear trapezoidal rule; darea under the 

first moment curve for concentration-time plot calculated 

using linear trapezoidal rule; “mean residence time 

calculated as A U M C  (transdermal)/AUC (transdermal) ! A U C  (transdermal) * Cliv
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about 0.06% of the drug in the patch permeating. In the 

case of iontophoresis (Figure 20) again, there was no 

detected delivery through intact skin. When iontophoresis 

was carried out on microporated skin, the amounts delivered 

were 722 + 169 ng (AUC(transdermal)*Cliv) in 6 hours. In this 

case, the percentage permeation is 0.12% and is greater 

than that of passive delivery through microporated skin. 

Iontophoresis increased the passive permeation of 

interferon alpha 2b through microporated skin almost 3 

times with significantly more (p< 0.05) amounts being 

delivered in to systemic circulation (Table 2). There is an 

upper limit as to the molecular size (approximately < 5000 

Da) of compounds that can be delivered iontophoretically 

through intact skin (Banga, 1998). However, the results 

presented here indicate that large macromolecules such as 

interferon alpha 2b can be delivered through thermally 

created micropores in the skin and delivery can be enhanced 

by iontophoresis. This is most likely because the pathways 

created by thermal microporation are different from the 

iontophoretic pathways. These are able to deliver larger 

molecules unlike the iontophoretic pathways (skin 

appendages).
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The amounts of interferon alpha 2b permeating during 

passive diffusion studies with microporated skin were found 

to increase as the amount of drug in the patch was 

increased (Figure 21). We looked at 11.5 fig, 192 fig, 600 fig 

and 1000 fig of interferon alpha 2b in the patch. There was 

no statistically significant (p<0.05) difference in amounts 

being delivered at 192 fig and 600 fig in patch. At the 1000 

fig dose in patch, 762 + 24.6 ng of interferon alpha 2b was 

delivered which is almost 10 times the amount delivered (70 

+ 11.2 ng) at the 11.5 fig dose in patch. Thus, it appears 

that enhanced delivery by passive diffusion on microporated 

skin can be modulated by regulating concentration of 

interferon alpha 2b in the patch. The preferred route of 

delivery for interferon alpha 2b is subcutaneous at a dose 

of 3 MIU three times a week and at this dose the resulting 

serum drug concentration values reported in literature for 

humans are in the 45-50 picogram levels (Chatelut et al., 

1999; Rostaing et al., 1998). Other studies have also

reported similar levels achieved following SC 

administration of this dose in rats (Bocci et al., 1986; 

Bocci et al., 1990; Paulesu et al., 1988; Yoshikawa et al. , 

1999). This dose (3 MIU) corresponds to about 11.5 fig of
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Figure 21: Mean serum concentration (± SE) of interferon 

alpha 2b after passive transdermal delivery in hairless 

rats: Effect of different amounts of interferon placed in 

patch on delivery (patches were kept in place for 4 hours) .
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By putting this amount in a patch and using thermal 

microporation to enhance transdermal delivery, we have 

achieved concentrations of hundreds of picograms (Figure 

21). Hence, the efficiency of this technology can be 

compared to that of the SC route to achieve significant 

serum drug levels. We were also able to minimize the peak 

and trough effects by providing constant serum levels as 

long as the patch was in place.

Conclusions

The thermal microporation technology evaluated was able to 

deliver therapeutic levels of interferon to rats in vivo.

To our knowledge, this is the first report of in vivo 

transdermal delivery of interferon alpha 2b using the 

thermal microporation technology. Enhancement and 

modulation of the delivery was achieved when used in 

combination with iontophoresis thus, providing with a 

clinically viable and practical method for delivering 

interferon alpha 2b. In addition, this technique is being 

evaluated to provide needle-free transdermal delivery of 

various other protein molecules (e.g., insulin, parathyroid 

hormone) and conventional as well as DNA vaccines.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

This study demonstrates the feasibility of delivering 

therapeutic doses of interferon alpha 2b by the transdermal 

route. In doing so, it evaluates the use of thermal 

microporation as a technique for creating microscopic pores 

in the skin by disrupting the stratum corneum (rate- 

limiting barrier membrane) and enabling transdermal 

delivery of large macromolecules. In addition to thermal 

microporation, electrical techniques as well as the use of 

ultrasound to enhance and/or modulate transdermal delivery 

were also investigated. A series of studies were conducted 

in vitro, to optimize various delivery parameters for 

thermal microporation, iontophoresis, electroporation and 

ultrasound. These were then followed by in vivo experiments 

to investigate transdermal delivery of interferon alpha 2b 

using thermal microporation and iontophoresis.

In vitro experiments were done on freshly excised 

hairless mouse skin. No passive diffusion of interferon
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alpha 2b was seen across intact skin. Thermal microporation 

of skin resulted in transdermal delivery, and flux values 

obtained in vitro suggested that delivery of therapeutic 

doses was feasible. Iontophoresis did not further enhance 

this delivery in the in vitro setting. The use of 

electroporation was able to modulate delivery of IFNa2b 

through microporated as well as intact skin.

The transdermal delivery of interferon alpha 2b 

through full thickness hairless mouse skin utilized low 

frequency, pulse-modulated ultrasound with and without 

thermally created micropores. Cavitation was determined as 

being one of the major mechanisms responsible for 

permeation enhancement. Delivery parameters such as the 

duty cycle, time duration of ultrasound and distance of 

probe from skin were also evaluated and found to have an 

effect during transdermal transport. To our knowledge, this 

is the first report of in vitro transdermal delivery of 

interferon alpha 2b, a large macromolecule, using a 

clinically viable novel drug delivery technology.

Next, this thermal microporation technology was used 

to demonstrate delivery of therapeutic levels of interferon 

alpha 2b to hairless rats, in vivo. Enhancement of the 

delivery was achieved when used in combination with
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iontophoresis thus providing with a clinically viable and 

practical method for delivering protein macromolecules. To 

our knowledge, this is the first report of transdermal 

delivery of interferon alpha 2b in hairless rats using 

thermal microporation and iontophoresis.
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