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Recently, a large number of new and potentially potent peptide and protein drugs 
have been developed. Their systemic delivery is difJicult because they are rapidly cleared 
from the bloodstream, are of large molecular size, are vulnerable to proteolytic attack, 
and tend to undergo aggregation, adsorption and denaturation. Controlled release 
strategies have many advantages over the current delivery method of injection or inter- 
venous infusion. Controlled release allows for prolonged delively while maintaining the 
drug concentration within therapeutic limits. It also improves and increases patient 
compliance by removing the discomfo rt of repeated applications. The transdermal route 
of delive ry is particularly attractive because it avoids peptide and protein degradation 
via the gastrointestinal tract and the hepatic first-pass effect, and delivery can be inter- 
rupted by simply removing the device. Its primary problem is that the skin is an excellent 
bam'er to large, hydrophilic, polar compounds. Recent work in the area of transdermal 
peptide and protein drug delivery is overviewed, including strategies such as prodrugs, 
chemical enhancement, iontophoresis, electroporation, and ultrasound, with focus on 
mass-transport mechanisms of different systems. Of the strategies studied, iontophoretic 
delivery appears the most promising. It is clear, however, that more work remains to be 
done before transdermal peptide and protein delivery devices come to market. Chemical 
engineers can contribute significantly to further research in this exciting area. 

Introduction 
Recent developments in genetic engineering and biotech- 

nology have resulted in an explosion of new and potentially 
potent peptide and protein drugs. Peptides and proteins range 
in molecular weight from 300 to greater than 1,000,000. They 
are amphoteric (that is, they may have either a positive or 
negative charge) hydrophilic polyelectrolytes that attain their 
ionic nature from the weakly acidic or basic side chains of 
their constituent amino acids. As a result, they carry a net 
charge that can vary significantly (Tanford, 1961). These new 
drugs tend to be highly specific in their actions and thus have 
few side effects, are effective at very low doses, and can be 
endogenous (that is, from human origin) and therefore nonal- 
lergenic. A number of commercially available peptide/pro- 
tein drugs and others undergoing clinical trials are listed in 
Table 1 (Mackay, 1990). 

Developing a drug is only one step in the process. A means 
of administering the drug effectively must also be found. Pep- 
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tide and protein drugs have several properties that make their 
systemic delivery difficult. They are of large molecular size, 
are vulnerable to proteolytic attack, adhere to surfaces, may 
be immunogenic and nonbiocompatible, exhibit nonlinear 
pharmacokinetics, and tend to undergo aggregation, adsorp- 
tion, and denaturation. These drugs are, therefore, currently 
administered by injection or intravenous infusion (that is, 
parenterally). Most peptides, however, have very short half- 
lives in the bloodstream (Langer, 1985), so that frequent in- 
jections are required to maintain the drug concentration in 
the blood within therapeutic levels. Furthermore, injections 
or intravenous infusions are costly, painful, and inconvenient, 
and result in poor patient compliance and an oscillating drug 
concentration in the blood, which may or may not be appro- 
priate for eliciting the desired response. 

Peptide drugs would benefit greatly from controlled re- 
lease administration technology. Controlled release products 
provide prolonged delivery of a drug while maintaining its 
blood concentration within therapeutic limits. They have the 
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Table 1. Examples of Peptide and Protein Drugs and Their Pharmaceutical Use 

Drug Molec. Wt. Pharmaceutical Use Transdermal Delivery 
Human insulin 6,000 Blood glucose regulation Possible 
Tissue plasminogen activator 70,000 Fibrinolytic Unlikely 
Human growth hormone 22,124 Growth stimulant Difficult 
Interleukin-2 15,000 Antiviral Possible 
Human erythropoietin 30,400 Erythropoiesis stimulant Unlikely 
Factor VIII* unknown Antihaemophilic Unknown 
Human interferon* 20,000 Immunoregulation Difficult 
Tumour necrosis factor* unknown Treatment of cancer Unknown 
Epidermal growth factor* 6,201 Wound healing Possible 
Calcitonin* 4,500 Calcium regulator Possible 

*Undergoing clinical trials. 

advantages of utilizing a drug more efficiently, allowing for 
local delivery and containment at the site of action, thereby 
eliminating side effects, requiring less frequent administra- 
tion, and removing the need for repeated injections by a 
trained professional, providing protection of drugs such as 
peptides and proteins that have very short half-lives, and pos- 
sibly being noninvasive, that is, the drug gains access to the 
target organ without the need for penetrating the skin. As a 
result, they improve patient compliance and comfort. A fur- 
ther incentive for controlled release technology is its eco- 
nomic value. Pioneering companies that develop new drugs 
eventually start to lose their market share to generic drug 
manufacturers after the patents for these drugs expire, A 
means of combating this competition, and to prolong patent 
protection, is to provide longer dosage schedules and safer 
delivery profiles through controlled release delivery systems. 
It is estimated that in the United States alone, revenues for 
the few controlled release products on the market reached 
$2.66 billion in 1993 (De Young, 1993). 

A number of controlled release strategies for peptide and 
protein drugs have been investigated. These strategies in- 
clude drug-loaded, biocompatible polymeric membranes that 
are implanted in the body (Amsden and Cheng, 1994; Saltz- 
man, 1993; Lee, 1988); oral dosage forms, nasal devices, rec- 
tal implants, occular inserts or drug-loaded contact lenses, 
pulmonary tract aerosols, and buccal (that is, the oral mu- 
cosa) and vaginal implants (Wearley, 1991; Mackay, 1990; Lee, 
1988). 

Transdermal, or through the skin, delivery is an attractive 
alternative for a variety of reasons. All other epithelial routes 
of administration (that is, nasal, buccal, oral, rectal, vaginal, 
and pulmonary) exhibit enzymatic activity comparable to that 
in the small intestine (Lee, 1988), whereas the skin, although 
it does contain aminopeptidases, exhibits less enzymatic ac- 
tivity (Tauber, 1987). This means that the bioavailability of 
the peptide delivered is increased. Other advantages of trans- 
dermal delivery are it avoids degradation via the gastroin- 
testinal tract and the hepatic first-pass effect (namely degra- 
dation of the drug in the liver), which may result from oral 
administration; it allows for a controlled, sustained systemic 
or local therapeutic drug concentration over a prolonged pe- 
riod of time; delivery can be stopped simply by removing the 
device from the skin; and it improves patient compliance. 
Transdermal delivery is particularly attractive for peptide/ 
protein drugs that require their levels within the bloodstream 
to be maintained within the therapeutic range over pro- 
longed time periods, and that are effective at very low doses 

(within the range of pg/(cm2. h)). Examples of these types of 
drugs include vasoactive peptides (namely blood vessel con- 
strictors or dilators) and peptide hormones (BoddC et al., 
1989a). The challenge facing this route of delivery, however, 
is that the skin, like all epithelia, is designed to be an excel- 
lent barrier to large, hydrophilic, polar compounds. 

Although not a traditional field, chemical engineers have 
the potential to contribute significantly to the development 
of transdermal controlled release technologies. As will be 
demonstrated, drug transport through the skin requires an 
understanding of mass transport principles, thermodynamics, 
organic and electrolytic chemistry, and kinetics as it applies 
to enzyme action in the body. In particular, the ability to 
mathematically model the preceding processes as a means of 
prediction and illuminating possible controlling factors is an 
area in which chemical engineers can make important ad- 
vances. 

In this article a critical review will be presented of the vari- 
ous modes of drug transport across the skin with emphasis on 
peptide and protein drugs. In particular, the ability to pro- 
mote effective transdermal delivery and the potential for 
commercial use of these delivery strategies will be examined. 
Areas requiring further research and in which chemical engi- 
neers can contribute will be outlined. To be able to more 
fully understand the factors affecting transdermal drug per- 
meation, however, necessitates a brief review of the structure 
and function of the skin. 

The Skin 
The skin is a multicomponent, complex organ that serves a 

number of functions. It acts as a chemical, physical, and mi- 
crobial barrier, a site of thermoregulation, and a sensory end 
organ. The average adult body has a skin surface area of ap- 
proximately 2 m2, which receives about one-third of the blood 
circulation. Human skin is histiologically divided into three 
main strata: the epidermis., the dermis, and the hypodermis 
or subcutaneous tissue (Figure 1) (Bissett, 1987; Elias, 1989). 
The epidermis is the outermost layer of skin in contact with 
the environment and is thus the first barrier to drug perme- 
ation through the skin. It varies in thickness from 0.075-0.15 
mm, except for the palms and soles where it can be from 0.4 
to 0.6 mm thick. It contains no vasculature or nerve endings, 
receiving its nutrients from the underlying dermis. The cells 
in this layer experience a rapid sequence of division, matura- 
tion, and shedding that is unique to the skin. It replaces itself 
on the average of once every two weeks. The epidermis is 
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Figure 1. Skin structure. 

further divided into the aqueous viable epidermis and the 
lipoidal stratum corneum (Figure 1). 

The viable epidermis is divided into three layers: basal, 
spinous, and granular (Figure 2).  All the cells in these layers, 
and in the stratum corneum, are attached by protein fibers 
called desmosomes. Cells are generated in the basal layer and 
migrate upwards through the spinous and granular layers. 
During their migration their shape changes from rounded to 
flattened, lipids are extruded into the extracellular space, the 

Figure 2. Epidermis. 

organelles, and nucleus are degraded, and the cytoplasm be- 
comes almost completely filled with keratin (a protein) fila- 
ments enclosed with keratohyalin (a protein) forming a dense, 
amorphous interior. These morphological changes and their 
end products increase the mass-transfer resistance of a per- 
meating drug. Ultimately, the cells become the keratinocytes 
of the stratum corneum. 

The stratum corneum is the outermost layer of the epider- 
mis and is between 15 and 20 cell layers thick. It presents the 
first and primary mass-transfer barrier to topically adminis- 
tered drugs. It is a heterogeneous structure containing about 
20% lipids, 40% keratinized protein, and between 15 and 20% 
water in comparison to the viable epidermis, which is roughly 
70% water (Anderson and Cassidy, 1973). Its cells are roughly 
hexagonal and flat and are usually organized into a closely 
fitted, interdigitating structure. The cells, called kerutinocytes, 
are filled with a semicrystalline, polar protein called keratin, 
which exists as tightly compacted bundles of fibrils. There is 
some question as to whether lipids are associated with the 
fiber bundles (Elias and Friend, 1975). The keratinocyte 
membranes have a dense lipoprotein cell envelope about 12 
nm thick. They become progressively more physiologically in- 
active as they are pushed toward the surface of the skin. The 
interior of a mature keratinocyte is so structurally dense and 
crystalline that just a small fraction of it appears to be avail- 
able for diffusion (Flynn et al., 1987). The extracellular space 
(approximately 30% by volume of the stratum corneum) is 
filled with broad, multiple, lipid lamellae. The lipids are com- 
posed primarily of cholesterol, fatty acids, and ceramides 
(Wertz and Downing, 1989). Both the lipid and protein do- 
mains of the stratum corneum have a degree of crystallinity 
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(Van Duzee, 1975). The lamellae are thought to consist of 
bands of lipid and aqueous phases cemented together by the 
polar groups of fatty acids and cholesterol (Elias, 1981). At 
the skin surface the lipid layer is disassembled and the 
desmosomes degraded or detached to allow for shedding. The 
compactness and specific organization of the keratinocytes is 
pivotal to the large resistance to diffusion of drugs through 
the skin. 

Diffusing drugs must also pass at least partly through the 
dermis in order to reach the bloodstream or the lymphatic 
system. The dermis is a moderately dense network of fibro- 
elastic connective tissue composed of collagen fibers and 
elastic fibers. It varies from 1 mm thick on the scalp to 4 mm 
on the back. These fibers reside in a gel of glycosaminogly- 
cans, salts, and water. Diffusion through this layer is analo- 
gous to diffusion through hydrogels. Embedded in the dermis 
are blood vessels, lymphatic vessels, nerve endings, hairs, se- 
baceous glands, and sweat glands. It is the blood and lym- 
phatic vessels that are the target of systemic transdermal drug 
delivery. These vessels and glands create a complex solute 
transport network. Particulate and liquid matter are collected 
by the lymphatic system, which arises as terminal bulbs in the 
upper dermis. The lymphatic system transports inflammatory 
cells, proteins, and possibly topically delivered molecules that 
bind to particulates or proteins. The system in which the drug 
ultimately becomes transported depends on drug size and 
molecular weight. Drugs of molecular weight less than 5,000, 
such as peptides and polypeptides, enter the systemic circula- 
tion principally by capillary penetration. For drugs of molecu- 
lar weight greater than 20,000 (proteins), the predominant 
route of entry is via the lymphatic system (Charman and 
Stella, 1992). 

The skin is punctuated by hair follicles, sebaceous glands, 
and sweat glands, which are generally collectively referred to 
as the skin appendages. Hair follicles extend through the epi- 
dermis into the dermis. At its base the hair follicle is well 
vascularized. Sebaceous glands are attached to the sides of 
the hair follicles and secrete a lipid mixture, sebum, into the 
space between the hair and the external root sheath. The 
majority of the sweat glands exist as a coiled tube in the lower 
dermis and subcutaneous tissue. The tubes empty a mixture 
of water salts and small organic molecules (sweat) onto the 
skin surface to assist in thermoregulation. These appendages 
are also possible routes of entry for topically administered 
drugs. 

Between the dermis and epidermiso is an undulating tissue 
layer. This junction contains a 500-A-thick structure called 
the basal lamina. It is composed of a network of filamentous 
glycoproteins with anchoring fibrils extending into the der- 
mis. The functions of the basal lamina are to attach the epi- 
dermis to the dermis, to supply mechanical support to the 
epidermis, and to act as a semipermeable filter to the trans- 
port of materials/cells across the interface. It is not a barrier 
to molecules less than about 40,000 molecular weight, but 
larger molecules are excluded (Bissett, 1987). This filtering 
function limits the size of drugs that can be delivered trans- 
dermally. 

One of the advantages of transdermal drug delivery is re- 
duced drug enzymatic degradation. However the skin is capa- 
ble of metabolizing a large number of compounds. In fact the 
skin is capable of undertaking most of the biotransformations 

occurring in the liver, such as oxidation, reduction, hydrolysa- 
tion, and conjugation. The total biotransformation capacity 
of the skin has been estimated at less than one percent of 
that of the liver (Tauber, 19871, although some enzymes have 
been found to have greater activities in the skin than in the 
liver (Noonan and Westef, 1989). During percutaneous trans- 
port, therefore, metabolism of the drug may occur. If 
metabolism does occur the metabolites may be either active 
or inactive and more or less toxic than the parent drug. Skin 
metabolization occurs primarily in the viable epidermis. 
Therefore the activity of proteolytic enzymes in the skin was 
thought to be insufficient to affect transdermal peptide deliv- 
ery significantly (Pannatier et al., 1978), as most proteases 
and peptidases are intracellular. In a recent study of the 
transdermal permeation of the opioid peptide des-enkapha- 
lin- y-endorphin, however, it was found that some degrada- 
tion of the peptide occurred (Boddk et al., 1989a). The 
degradation rate was considered too slow in comparison to 
the plasma elimination rate to be an obstacle in delivering 
the compound transdermally. Choi et al. (19901, however, de- 
termined that substantial degradation of leucine-enkaphalin, 
a pentapeptide opioid, occurred during permeation through 
hairless mouse skin. This degradation could be reduced by 
decreasing the pH of the donor solution and by simultane- 
ously permeating enzyme inhibitors. Furthermore, Pika1 and 
Shah (1990b) found evidence of bovine serum albumin degra- 
dation, probably in the viable epidermis or dermis, during 
iontophoretic delivery across hairless mouse skin. It is possi- 
ble, therefore, that peptide degradation will occur in human 
skin during transdermal delivery. This degradation will alter 
the delivery profile and pharmacological effects of the admin- 
istered peptide. It should be noted, though, that the metabolic 
activity of human skin differs from that of the animal skin in 
which many of these studies were performed, so that conclu- 
sive results need to be found from human skin. 

The properties of the skin also vary with region on the 
human body. Stratum corineum thickness, keratinocyte size, 
and lipid composition, for example, are known to vary from 
body site to body site (Bissett, 1987; Lampe et al., 1983; Elias 
et al., 1981). A recent study found that the percutaneous per- 
meation of a melanotropic peptide, which induces pigment 
change in the skin, was dependent on the site from which the 
skin was excised, with mass-transfer rates higher in skin from 
the face and scalp as compared to skin from the leg and trunk 
(Dawson et al., 1990). Sebum production and the concentra- 
tion of hair follicles and glands also exhibit regional differ- 
ences. All these parameters will affect drug permeation 
through the stratum corneum. It is therefore important to 
consider the site of applic<ation carefully when investigating 
transdermal delivery. 

Transdermal Permeation 
The aim of transdermal drug delivery is usually for the drug 

to reach the systemic circulation, either vascular or lym- 
phatic. For passive delivery this means that there are a num- 
ber of solubility and diffusional barriers to be overcome (Fig- 
ure 3). For most drugs, and particularly peptides, the rate- 
limiting steps are partitioning into and diffusion through the 
stratum mrneum (Scheuplein, 1965, 1967). Before discussing 
the routes of permeation further, it would be helpful to out- 

AIChE Journal August 1995 Vol. 41, No. 8 1975 



(Ipanition 

C diffusion 
hinding - 

Figure 3. Stages in the percutaneous transport of a 
peptide drug. 

line the thermodynamics and mathematics of solute mass 
transfer through the stratum corneum. 

Thermodynamic considerations 
The driving force for mass transfer is the activity gradient 

between the permeant in contact with the stratum corneum 
and the permeant in the relatively aqueous viable epidermis. 
Although heterogeneous in nature, the skin has been mod- 
eled as a trilaminate membrane, the laminates consisting of 
the stratum corneum, the viable epidermis, and the dermis 
(Scheuplein, 1965, 1967). Each layer is assumed to be homo- 
geneous, and permeation through these layers is assumed to 
occur by Fickian diffusion. Since the dominant diffusional 
barrier for water-soluble drugs, which include pcptides and 
proteins, resides in the stratum corneum, the gradient in per- 
meant activity across the skin is localized within this layer. 
The steady-state flux, J ,  is then given by 

in which D,, is the permeant diffusivity in, dC,, is the gradi- 
ent in permeant concentration across, and dr is the distance 
through, the stratum corneum. It should be noted that D,, is 
the apparent permeant diffusivity, as it includes the effects of 
binding and/or interaction with the stratum corneum. If the 
permeant concentration in the receiving media is kept at zero, 
then Eq. 1 becomes 

in which Csc,l is permeant concentration in the stratum 
corneum in contact with the solution or the adhesive of the 
device. As it is usually very difficult to determine Csc,l, Eq. 2 
is often expressed as 

1976 August 1995 

J =  P ( i ) ,  (3) 

in which P is the specific permeability of the stratum corneum 
to the permeant, and C is the permeant concentration in the 
phase contacting the stratum corneum. In terms of flux com- 
parisons for different delivery protocols, it is useful to define 
the normalized flux, 7, as 

where P can be determined from, 

where k,, is the partition coefficient of the permeant be- 
tween the stratum corneum and the contacting phase. The 
partition coefficient is defined as the ratio of the solubility of 
the drug in the stratum corneum to the solubility of the drug 
in the donor medium. Solubility in the donor medium is eas- 
ily determined. The difficulty lies in determining the perme- 
ant solubility in the stratum corneum. For solution, the change 
in free energy, AG, given by 

AG = AH - TAS, (6) 

in which AH is the enthalpy change and AS the entropy 
change on mixing must be less than zero. Since the entropy 
change is always positive, AH must be very small in order for 
solution to occur. Here A H  is a function of the volume of 
the mixture, V,, the volume fractions of the permeant, +p, 

and the oil phase of the stratum corneum, +,,, and the solu- 
bility parameters of the permeant and the stratum corneum 
oil phase, Sp and a,,, respectively. A H  is given as follows 
(Munk, 1989): 

It is therefore necessary for the solubility parameters to be 
very close in magnitude. Since the stratum corneum lipid 
phase is a complex medium, an oil phase that has a similar 
solubility parameter is often used to estimate k,,, namely oc- 
tanol. There is some correlation between k,, and k(octanol/ 
water) for in uiuo permeation, but k(octanol/water) cannot 
be considered predictive, simply indicative of probable high 
and low permeation rates (Guy and Hadgraft, 1987~). 

As the stratum corneum is relatively impermeable to the 
penetration of water-soluble compounds, a long time is re- 
quired to reach steady state. Non-steady-state diffusion equa- 
tions can be derived from Fick’s second law, 

ac a2c 
-=  D y ,  

d t  ax 

The solutions to this equation depend on the boundary con- 
ditions imposed on the situation. For the typical case in which 

Vol. 41, No. 8 AIChE Journal 



Time 

Figure 4. Typical Fickian membrane permeation profile. 

the concentration of the permeant in the donor phase (that 
is, in contact with the stratum corneum) is kept relatively 
constant and the concentration in the receiving phase is 
maintained at or close to zero, then the solution to Eq. 8 is 
(Baker and Lonsdale, 1974) 

(9) 

where Q, is the cumulative amount of permeant in the re- 
ceiving phase, h is the thickness of the stratum corneum, and 
t is time. At long times, Eq. 9 approaches steady state (Fig- 
ure 4). The lag time is determined by extrapolating the steady 
state to the time axis. From the lag time, L,  the diffusivity 
can be determined from (Baker and Lonsdale, 19741, 

h2 D = -  
6L ' 

(10) 

This analysis is analogous to solute diffusion through poly- 
meric materials. 

Routes of entry 
Based on its physiology, there are three possible pathways 

for nonfacilitated, or passive, transport through the heteroge- 
neous stratum corneum: transcellular, paracellular, and via 
the skin appendages (that is, the follicles and sweat glands) 
(Scheuplein, 1965; Scheuplein and Blank, 1971). In the trans- 
cellular route the permeant dissolves into and diffuses 
through the lipid lamellae and the more hydrophilic ker- 
atinocytes in series. The paracellular route consists of the drug 
permeating through the continuous lipid lamellar region sur- 
rounding the keratinocytes, while permeation through the ap- 
pendages involves the drug moving through the restricted se- 
bum environment along the hair shaft or sweat gland (Figure 
5). 

Transcellular permeation has the advantages of being the 
most direct route and having the greatest surface area. This 
route requires that the permeant possess a strong tendency 
to partition into both the lipid phase and the protein phase 
of the keratinocytes (Michaels et al., 1975). However, there is 
no direct experimental evidence to illustrate the existence of 
this route. The paracellular route for transdermal drug per- 
meation has more experimental support. The interstitial lipid 
lamellae in the stratum corneum are generally acknowledged 
to be the primary barrier to the penetration of water and 
other polar compounds, and the route of penetration for 
lipophilic compounds (Scheuplein and Blank, 1971; Elias and 
Friend, 1975; Michaels et al., 1975; Grayson and Elias, 1982; 
Golden et al., 1987; Flynn, 1989). When the lipids of the stra- 
tum corneum of excised human abdominal skin were re- 
moved by solvent extraction, the permeability of water and 
large molecules increased by four to six orders of magnitude 
(Scheuplein and Blank, 1971). Increasing skin temperature 
resulted in an increase in stratum corneum permeability, 
which was suggested to be due to melting of the interstitial 
lipids (Blank et al., 1984; Al-Saidan et al., 1987). However, 
these results have also been explained by noting that the in- 
tracellular keratin fibrils become unraveled and more hy- 
drated when heated or contacted with solvents, thereby in- 
creasing the permeation <of small water-soluble compounds 
transcellularly (Flynn, 1989). This observation illustrates a 
problem. As it is impossible to affect the lipid phase without 
affecting the keratinocytes, it is not easy to separate the ef- 
fects of solvent and temperature on lipid and cellular diffu- 
sional resistance. Regional variability in skin permeation of 
water and salicylic acid was found to be a function of re- 
gional lipid content rather than stratum corneum thickness 
or cell number (Elias et al., 1981; Lampe et al., 19831, which 
suggests that penetrant partitioning and diffusivity is a func- 
tion of the lipid composition. The most telling experimental 
support for the paracellular route of transport comes from 
the work of BoddC et al. (1989b, 1991). Mercuric chloride was 
allowed to permeate through dermatomed excised human skin 
from a phosphate buffered saline solution. After a period of 
time, the mercury was precipitated as mercuric sulfide using 
ammonia sulfide vapor. 'Visualization of the sections using 
transmission electron microscopy revealed that the mercuric 
sulfide was found predominantly in the extracellular space. 
Considering all the available evidence, the inference is strong 

Figure 5. Routes of drug permeation through the skin. 
(a) Paracellular diffusion through the lipid lamellae. (b) Par- 
titioning into and diffusion through both keratinocytes and 
the lipid lamellae. (c) Appendageal diffusion, that is, via fol- 
licles and sweat ducts. 

AIChE Journal August 1995 Vol. 41, NO. 8 1977 



that, for a wide range of molecules, permeation occurs via 
the paracellular route. 

Several researchers have argued that there may be both a 
polar pathway and a nonpolar pathway for drug transport 
through the interstitial lipid lamellae of the stratum corneum 
(Elias, 1981; Berner and Cooper, 1987; Flynn, 1989; Sims and 
Higuchi, 1990). The polar pathway has been described in 
terms of aqueous pores in the limited aqueous phase be- 
tween the lipid lamellae (Elias, 1981). The evidence suggest- 
ing such a polar pathway is that polar molecules, such as wa- 
ter, methanol, and small ions, permeate the skin and that the 
flux of these molecules is independent of their oil/water par- 
tition coefficient (Cooper, 1984). As the polarity of the pene- 
trating molecule is decreased, the flux becomes a function of 
the partition coefficient (Scheuplein and Blank, 1971). 

Free-volume theory has been proposed to explain this be- 
havior. In this theory a diffusing molecule cannot move until 
a free volume, or hole, is formed adjacent to it in the region 
through which it is diffusing (Cohen and Turnbull, 1959). 
Solute diffusivities are estimated from free-volume theory as 

(11) 

in which Do represents the diffusivity of a molecule having 
zero molecular volume, a is a constant, M is the solute 
molecular weight, and Va, is the average free volume of the 
continuous phase. Applying this theory to permeation through 
the stratum corneum, it is assumed that molecules diffuse 
through the free-volume fluctuations of the polar domain. An 
alternate suggested explanation is that the small polar 
molecules permeate via free-volume fluctuations in the lipid 
domain, similar to living cell membranes (Kasting et al., 1987). 
Potts and Guy (1992) have used this idea to develop a mathe- 
matical model of the permeation of solutes through skin at 
steady state. Given that flux is dependent on the solubility 
cocfficient (Eq. 51, substituting Eq. 11 for the diffusivity and 
expressing the relationship between k,, and k,,, as, 

they came up with the following expression relating mea- 
sured permeability, P,  to kOo: 

The authors fit this model to literature data to determine 
its applicability and determined the adequacy of their fit by 
examining the correlation coefficient. Although it is a useful 
measure of the extent to which a fitted model agrees with the 
measured values of a dependent variable, the correlation co- 
efficient should not be taken as an indication of the adequacy 
of the fitted model because it ignores the magnitude of the 
random error associated with the measured values of the de- 
pendent variable. A better indication of the adequacy of fit 
of their model would have been given in an F test. Also, as 
the number of solutes of varying molecular weight to which 
they fit their model increased, the value of the correlation 

coefficient decreased, from 0.90 for 23 solutes to 0.67 for 93 
solutes. The model suggests the possibility that the transport 
of small, polar nonelectrolytes through the stratum corneum 
is determined by the properties of the extracellular lipids, al- 
though it is definitely not conclusive. It has also been sug- 
gested that the ionic permeability of the stratum corneum is 
due to inherent, minor, interfacial defects in the lipid lamel- 
lae (Potts et al., 1992). To resolve this issue it is apparent 
that a more thorough knowledge of the morphology of the 
lipid lamellae is required. 

The final possible route for drug transport is through the 
skin appendages. An average human skin surface contains 40 
to 70 hair follicles and 200 to 250 sweat ducts per square 
centimeter, occupying 0.1% of the total surface area 
(Scheuplein, 1967). Diffusion through the appendages has 
been visualized with dyes (Scheuplein, 1978) and electric cur- 
rents (Grimnes, 1984). In passive diffusion through the skin, 
these appendages contribute significantly to the initial per- 
meation (Scheuplein and Blank, 1971). For molecules that 
permeate the skin readily, however, appendageal transport 
was initially thought to become quickly insignificant because 
of the small diffusional cross-sectional area fraction of the 
appendages and the nonlinear nature of transient diffusion 
(Scheuplein and Blank, 1971; Keister and Kasting, 1986). Re- 
cent work illustrated that steady-state fluxes of tritiated hy- 
drocortisone, niflumic acid, caffeine, and p-aminobenzoic 
acid through a model skin, regrown dorsally on the hairless 
rat so that it contained no appendages, were 2-4 times lower 
than in normal hairless rat skin (Illel and Schaeffer, 1988; 
Illel et al., 1991). These results indicate that appendageal skin 
penetration is greater in importance than is generally sup- 
posed and warrants further attention. 

It is apparent from the preceding discussion that the trans- 
port mechanisms of drugs across the skin barrier are complex 
and still not well-defined. Whether the transcellular pathway 
is significant, whether a continuous polar pathway exists 
throughout the lipid lamellae, or whether the observed per- 
meation of small polar molecules is due to free-volume trans- 
port through the lipid phase, the detailed morphology of the 
lamellar region, and the degree to which appendageal trans- 
port is important are all unresolved issues demanding further 
study. Nevertheless, it is clear that the stratum corneum rep- 
resents the main resistance to diffusion. At present, it is con- 
sidered that, for a large number of molecules, transport 
through the stratum corneum occurs predominantly in the in- 
terstitial lipid phase. 

Permeant physicochemical characteristics 
The relative importance of the possible routes of perme- 

ation through the skin depend on the chemical characteristics 
of the permeant, such as its water solubility, oil-water parti- 
tion coefficient, molecular size, ionization state, and possible 
interactions between the drug and the skin as well as the 
hydration state of the skin. In general, it is necessary to maxi- 
mize the activity of the permeant in the external medium to 
maximize flux; therefore, permeants that have high aqueous 
solubilities, such as peptides, may have relatively significant 
transdermal fluxes. For example, Okumara et al. (1989) 
demonstrated that dopamine hydrochloride, a highly water- 
soluble drug, had a higher permeation rate than in- 
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domethacin (458 vs. 1.7 pg/(cm2. h), respectively) even 
though its skin permeation coefficient was about 100 times 
lower. 

Polarity of the molecule is also important. Nonionized drugs 
generally permeate more readily than ionized drugs (Michaels 
et al., 1975; Parry et al., 1990) because the free-energy change 
required for an ionized drug to partition into the oil phase is 
greater than that for a nonionized drug. However, if the wa- 
ter solubility of the ionized form is greater than that of the 
neutral form, then the ionized drug may display a greater 
transport rate (Michaels et al., 1975). Peptides and proteins 
can be either positively or negatively charged, depending on 
the pH in relation to their isoelectric points. At a pH below 
the isoelectric point, the amine groups of the peptide are 
positively charged so that the molecule tends to have a net 
positive charge, whereas at a pH above the isoelectric point 
the carboxylic groups are negatively charged so that the 
molecule has a net negative charge. 

If the free-volume mechanism is accepted, then perme- 
ation is dependent on the size and shape of the molecule 
(Crank and Park, 1989). Smaller molecules have been found 
to permeate faster through the stratum corneum than larger 
molecules (Scheuplein and Blank, 1971; Okumara et al., 
1989). For molecules with a molecular weight less than 750 
daltons the effect of size on the diffusivity is small and can be 
described by a weakly exponential function (Guy and Had- 
graft, 1987a). For larger molecules, such as peptides, the size 
dependency is unknown but larger molecules will permeate 
much more slowly. 

It is also possible that the drug may interact with the skin. 
Many drugs display a strong chemical bond or van der Waals 
attraction to components in the skin. As a result the drug 
becomes bound, perhaps strongly enough to form a drug de- 
pot, thereby reducing its permeation rate (Chandrasekaran et 
al., 1980; Barry, 1986). In fact, peptides and proteins have 
been found to become reversibly bound while permeating 
through excised skin (Wearley et al., 1990; Banga and Chien, 
1993; Hoogstraate et al., 1994; Delgado-Charro and Guy, 
1994; Thysman et al., 1994). There is also the possibility that 
the drug will irritate the skin (Dalvi and Zatz, 1982). 

Since the majority of permeation studies involve the use of 
aqueous solutions, it is important to consider the effect of 
hydration on the stratum corneum and permeation through 
it. The stratum corneum will absorb up to 5-6 times its dry 
weight of water. Swelling is not immediate, taking about 3 
days to reach equilibrium, but maceration may be detected 
within a few minutes. When fully hydrated, its permeability 
to water and other low molecular weight penetrants is sub- 
stantially increased (Scheuplein and Blank, 1971). This effect 
is discussed below. 

Mathematical models 
Mathematical models of transport through the stratum 

corneum have been developed in an attempt to elucidate 
which transstratum corneum route dominates in passive dif- 
fusion. By modeling the stratum corneum as “bricks and 
mortar,” with the bricks being the proteinaceous ker- 
atinocytes and the mortar the intercellular lipid lamellae, 
Michaels et al. (1975) developed a mathematical model of 
transport through the stratum corneum that included perme- 

AIChE Journal August 1995 

ation both paracellularly and transcellularly. Their model, al- 
though simplistic, is important in that it was the first attempt 
at modeling solute diffusion through the stratum corneum. 
Their proposed structure of the stratum corneum is sup- 
ported by experimental evidence (Elias and Brown, 1978; 
Grayson and Elias, 1982). Tojo (1987) took this model a step 
further and randomized the order of the keratinocytes within 
the lipid phase. The steadly-state flux of permeant from this 
model is given by 

2 n + -  
Y 

- DpCp [ 2 ~ ( 1 -  ~ ) ( 2 n  +4) + E2y + n +4. 
n+-- 

Y 
h 

(14) 

in which D, is the diffusivity of the permeant in the protein 
phase (keratinocyte); C,, is the surface concentration of the 
permeant in the protein phase, y = kDL/Dp; k is the perme- 
ant lipid-protein partition coefficient; D, is the permeant 
diffusivity in the lipid phase; E is the average fraction of dif- 
fusion area of the lipid phase on the skin surface; n = (21$~ - 
2 ) , 4 ~  - I$J; and I$,, is the total volume fraction of lipid phase 
in the stratum corneum. The route taken depends on the 
partition coefficient and diffusivity of the permeant in both 
phases. Tojo determined that for y < 1 transport through the 
paracellular route is insignificant, but for y > lo4 transport 
occurs predominantly paracellularly. Between these values, 
transport through the stratum corneum occurs by a combina- 
tion of transcellular and paracellular routes. 

Since steady state is not always achieved in uiuo, Albery 
and Hadgraft (1979) deve:loped a non-steady-state diffusion 
model based on an idealized geometry of the brick and mor- 
tar model of Michaels et al., in which the cells are not stacked 
but rather are diagonally continuous throughout the stratum 
corneum. An exact solution was not possible, but they deter- 
mined that the route through the stratum corneum depended 
on the ratio of the number of moles of drug in the cells com- 
pared to the number in the channels, p ,  

h p=- -  
kN6 

and the diffusion characteristics of the two routes, a ,  

(16) 

in which 6 is the width of the lipid channel separating the 
cells, N is the number of layers of keratinocytes, and h, is 
the total diffusion path of the lipid phase of the stratum 
corneum. If p > a ,  then the diffusion path is transcellular, 
and if p < a, then the diffusion path is paracellular. It is 
easily shown that y = K(q‘/P),  where K is a constant deter- 
mined by the geometric properties of the stratum corneum; 
thus, the two models have similar results even though they 
were developed along difjferent lines. 

These models are simplistic in their assumed geometry and 
ignore possible flux through the appendages, which, as indi- 

Vol. 41, No. 8 1979 



Table 2. Transdermal Passive Steady-State and Normalized Transdermal Fluxes of Peptides from the Literature 

Peptide Molec. Wt. Skin Source (ng/cm2 - h) ( X lo5 cm/h) Reference 
Vasopressin 1,084 Hairless rat 3.56 k 0.90 7.0 4.2 Banerjee and Ritschel (1989) 
des-Enkaphalin- yendorphin 1,300 Human stratum 1.3 1.2k0.4 , BoddC et al. (1989a) 

(Nle4, D-Phe7 )-a-melanocyte 1,833 Human n/a "/a Dawson et a). (1990) 

Thr-Lys-Pro 344 Hairless rat 7.6 2.0 Green et al. (1992af 
Amino acids 75-204 Hairless mouse 200-500 2-5 Ruland and Kreuter (1991) 

Flux Normalized Flux 

corneum 

stimulating hormone 

cated earlier, may be an important route of mass transport. 
The simplicity of these models, though, is attractive since the 
authors indicate possible important parameters involved in 
transdermal permeant transport, which are the partition co- 
efficient and diffusivity in each phase. However, these values 
are difficult to obtain with accuracy, reducing the utility of 
the models as predictive tools. 

In the preceding models, the continuous pathway through 
the stratum corneum was assumed to be paracellular and 
lipoidal. Another model of the stratum corneum was pro- 
posed by Berner and Cooper (1987), in which there are two 
parallel and continuous pathways through the stratum 
corneum: polar and lipoidal. The actual geometries of these 
pathways are unknown. The steady-state flux of a solute 
through the stratum corneum is a sum of its flux through 
both the pathways, or, 

in which C, is the compound's solubility in water, A ,  and 
A ,  are the area fractions of the polar and lipoidal routes, 
respectively; Dp and DL are the diffusivities in the polar and 
lipoidal routes, respectively, estimated from free volume the- 
ory (Eq. 11); and k ,  is the partition coefficient of the solute 
into the lipid phase. The value of A,  was estimated as 0.10. 

By applying the model to the data of Michaels et al. (1975), 
it was concluded that solute flux could be predicted to within 
a factor of 4. Although elementary, this model illustrates the 
difficulty of delivering peptides and proteins through the skin. 
Due to their high molecular weight, their diffusivity as pre- 
dicted by Eq. 11 would be quite low, and because they would 
not partition readily into the lipid region, their route of entry 
would be almost exclusively through the polar pathway that 
has the lowest area fraction. 

It is obvious that modeling diffusional transport through 
the stratum corneum is an area requiring additional work. 
The approaches described assume that the lipid domain is 
homogeneous, whereas it is in fact a multilamellar lipid bi- 
layer. Improvements in this area will likely result from a bet- 
ter understanding of the morphology of the stratum corneum, 
in particular the microgeometry of the paracellular lipid 
lamellae, and the impact of the underlying viable epidermis 
and dermis on the movement of peptides and proteins through 
the skin. More sophisticated models are needed that account 
for possible drug entry via the appendages and for the possi- 
bility and geometry of a polar pathway through the paracellu- 
lar lipid larnellae. 

From the previous discussion, the physiology of the skin 
and the parameters influencing permeation through it have 
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been outlined. With this background, we can now turn our 
attention to the various approaches that have been taken to 
deliver peptide and protein drugs transdermally. 

Approaches to Percutaneous PeptiddProtein 
Transport 
Passive dimsion 

Although diffusion of peptides through the skin is difficult, 
passive diffusion of some peptides through this barrier has 
been measured (Table 2). The normalized fluxes of those 
compounds measured all lie within the same approximate 
range of 2 to 7 for 
water (Del Terzo et al., 1986), illustrating the lower perme- 
ability of peptides through the stratum corneum. Ruland and 
Kreuter (1991) found that there was no dependence on 
molecular weight, net charge, or lipophilicity of amino acids 
diffusing through excised hairless mouse skin. Based on these 
results, they concluded that permeation occurred through a 
hydrophilic pathway, although the nature of the pathway was 
not elucidated. The passive transdermal diffusion of (Nle4, 
D-Phe7)-a-melanocyte stimulating hormone, which causes 
pigment alteration in the skin, however, has been attributed 
to the amphiphilicity of the compound (that is, the ability of 
the compound to be both hydrophilic and lipophilic) (Daw- 
son et al., 1990), suggesting a paracellular pathway. Again, 
the nature of the hydrophilic pathway through the stratum 
corneum for peptides has not been determined. One possibil- 
ity is that transport occurs predominantly through the skin 
appendages or stratum corneum imperfections that lead di- 
rectly to the viable epidermis. 

Therapeutic doses of peptides are generally within the 
range of pg/day. For example, the recommended dose of va- 
sopressin, one of the few drugs in Table 2 to exhibit a signifi- 
cant passive flux, is 2 to 4 pg/d (Martindale The Extra Phar- 
macopoeia, 1993). Using the result of Banerjee and Ritschel 
(1989) for the passive permeation of this drug across excised 
rat skin at a pH of 5 and assuming a large application area of 
50 cm2 and that similar fluxes would occur in human skin, 
translates into a required delivery time of about 12 h for the 
minimum required dosage. Add to this the lag time of about 
8 h and neglecting any peptide degradation during transit re- 
sults in an in uitro delivery period of approximately 20 h, 
During this time the blood drug concentration of the vaso- 
pressin would probably be below therapeutic levels, making 
this mode of drug delivery unreasonable. 

To achieve therapeutic peptide drug levels it is  necessary 
to facilitate permeation through the skin. Methods that have 
been studied, such as modifying the peptide by covalently 

cm/h as compared to 5.0 
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Table 3. Strategies Used to Facilitate Transdermal Peptide Delivery 

Mode Advantaees Disadvantages 
Passive diffusion 0 

Prodrugs 0 

0 

Chemical enhancers 0 

Iontophoresis 

Electroporation 

0 

0 

0 

0 

0 

Ultrasound 0 

No alteration of skin physical properties 
Drug protection during permeation 

Increased permeability 

Ineffective permeation rates 
Molecular size restriction 
Requires synthesis 
Limited range of applicability 
Interindividual variance 

Increased permeability 

Increased permeability 
Pulsatile delivery 
Shortened permeation lag time 

Noninvasive 
High degree of enhancement 

Painless, noninvasive 

Further clinical testing required 
Induce skin irritation 
Potentially toxic 
Long lag time 
Potentially irreversible alteration of 

Restricted to short delivery duration 
Inconsistent rates ( M  = 8,000-12,000) 
Interindividual variance 
Sma.11 fraction of drug delivered 
Restricted to short-term delivery 
Requires supervision 
Interindividual variance 
Field effects on skin? 
Reslricted to short-term delivery 
Possibly alters skin morphology? 
Range of applicability? 

skin barrier property 

bonding it with a lipophilic component (creating a prodrug), 
using chemical permeation enhancers, employing electro- 
static repulsion as a driving force (iontophoresis), combining 
iontophoresis and chemical enhancement, using high-energy 
sound waves (ultrasound), and utilizing an electric field to 
increase the permeability of the lipid lamellae (electropora- 
tion) (Table 3), will be discussed below. 

Prodmgs 
One strategy to improve the skin permeability of water- 

soluble drugs involves modifying the drug by covalently bond- 
ing lipophilic groups onto primary and secondary amines, 
amides, imides, hydroxyls, and other functional groups of the 
drug to form a prodrug (Bundgaard, 1992). The lipophilic 
groups impart improved skin partitioning into the extracellu- 
lar lipid lamellae and are detached in vivo by enzymes, ren- 
dering the drug free and active. It is important that the pro- 
drug retain some water solubility in order for penetration en- 
hancement to be optimized. Examples of lipophilic groups 
studied include a-acyloxyalkyl derivatives, aminomethyl-type 
derivatives, acyl derivatives, and a-(bisalky1hetero)alkyl 
derivatives. These compounds have been used to enhance the 
skin permeation of drugs such as hydrocortisone, theo- 
phylline, testosterone, and 6-mercaptopurine (Sloan, 1989). 

The prodrug approach has also been used to facilitate the 
transdermal delivery of the peptide thyrotropin-releasing 
hormone (TRH) (MQss and Bundgaard, 1990). TRH, which 
has demonstrated potential for treating neurologic and neu- 
ropsychiatric disorders, was combined with N-isobutyloxy- 
carbonyl and N-octyloxycarbonyl. These derivatives showed 
measurable permeation capacity through excised human skin 
(0.045 pmol/(cm*- h) from an aqueous buffer), whereas the 
parent drug did not permeate the skin to a measurable ex- 
tent. Another advantage of using prodrugs is that the added 
lipophilic group can protect the peptide from degradation in 
the bloodstream prior to reaching the site of therapeutic ac- 
tion (MBss and Bundgaard, 1990). Nevertheless, this ap- 

proach is complicated, as knowledge of enzymatic activity and 
kinetics is needed, requires synthesis, and may not be appli- 
cable to a wide range of peptide drugs, as permeation is still 
restricted by the molecular mass of the peptide-lipophilic 
group complex. Since the activation of the drug requires en- 
zymatic cleavage of the bond between the lipophilic group 
and the peptide, bioavailability will vary from individual to 
individual. Another consideration is that prodrugs are re- 
garded as new drugs by regulatory agencies in most coun- 
tries, so that animal testing for toxicity, skin irritation in both 
animals and humans, pharmacokinetic studies, and clinical 
trials will be required (Higuchi and Yu, 1987). These tests 
are expensive and may prohibit the use of this technology. 
Instead of altering the drug’s lipophilic properties by chemi- 
cal means to facilitate transdermal transport, another ap- 
proach is to weaken the skin barrier using chemical perme- 
ation enhancers. 

Chemical permeation enhancers 
Excellent reviews of permeation enhancers and their modes 

of action have been provided by Walters (1987) and Good- 
man and Barry (1989). A chemical permeation enhancer is 
any compound that alters the skin as a permeability barrier 
to the diffusive flux of a desired component. Known perme- 
ation enhancers include :dvents (water, alcohols, pyrroli- 
dones, dimethyl sulfoxide (DMSO), and l-dodecylazacyclo- 
heptan-2-one also called Alone), urea, fatty acids such as oleic 
acid, sugar esters, and surfactants. This section is intended as 
a brief overview of the various enhancers used and their 
mechanism of action. 

Barry (1986) outlined the desirable criteria of a chemical 
permeation enhancer. It should be pharmacologically inert, 
nontoxic, nonirritating, and nonallergenic; upon application 
its enhancing effect should be immediate; it should have no 
irreversible effects on the skin; it should be chemically and 
physically compatible with a range of drugs and excipients; it 
should be cosmetically acceptable; and it should not increase 
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the permeation of excipients and environmental chemicals, 
nor should it lead to the loss through the skin of endogenous 
material. In practice, however, an enhancer having all these 
characteristics has yet to be found. Although many chemical 
enhancers have been investigated, the physical basis for their 
methods of enhancement is still not understood. As yet, no 
overall theory of chemical enhancement has been presented. 

Chemical enhancers are assumed to increase pcrmeation 
by disrupting the structure of the stratum corneum, or by in- 
creasing penetrant solubility in the stratum corneum, or by a 
combination of these effects. The stratum corneum structure 
can be disrupted either chemically or physically. The disrup- 
tion may affect both intracellular and extracellular structure 
(Rhein et al., 1986) and may arise as a result of protein de- 
naturation (Scheuplein and Ross, 1970; Wood and Bettley, 
1971; Weiner et al., 1972; Kurihara-Bergstrom et al., 19861, 
fluidization and disorganization or extraction of the extracel- 
Mar lipid lamellae (Wood and Bettley, 1971; Emberry and 
Dugard, 1971; Rhein et al., 1986; Golden et al., 1987; 
Hoogstraate et al., 1991), or delamination of the extracellular 
lipids via osmotic pressure (Chandrasekaran et al., 1977). 

Permeation is enhanced by increasing the solubility and 
mobility of the permeant in either the intracellular protein or 
the extracellular lipid phase, or both. Examples of enhancers 
that increase permeant solubility are organic solvents such 
as 2-pyrrolidone, N-methyl-2-pyrrolidone, ethanol, and 
methanol. The extracellular mobility of the drug is enhanced 
by increasing the fluidity of the lipids in the extracellular lipid 
lamellae. This is accomplished by cither disrupting the pack- 
ing array of the lipids, or by solubilizing the lipids. Intracellu- 
lar mobility is increased by expanding the protein structure of 
the intracellular keratin protein and the proteins within the 
keratinocyte protein shell (Goodman and Barry, 1989). 

Solvents such as water, pyrrolidones, and propylene glycol 
increase permeability by hydrating the stratum corneum. Hy- 
dration results in stratum corneum swelling and increased 
permeation of both polar and nonpolar compounds 
(Schcuplein, 1967; Scheuplein and Blank, 1971; Valia and 
Chien, 1986). Hydration of the stratum corneum results from 
protein expansion and disruption of the lipid packing of the 
lipid lamellae by interaction with the polar head groups of 
the lipids. Disrupting the lipid array increases lipid fluidity by 
reducing lipid crystallization (Goodman and Barry, 1987). 
Water is preferentially absorbed by the cellular keratin, caus- 
ing it to expand. This expansion should increase transcellular 
penetration. It has been proposed from evidence supplied by 
differential thermal analysis that water is absorbed into the 
lipid lamellae, fluidizing the lipids and thereby increasing 
permeation through this region (Goodman and Barry, 1989). 
Howcver, small-angle X-ray diffraction data on hydrated 
stratum corneum collected by Bouwstra et al. (1991) indicates 
that water and propylene glycol are not inserted into the lipid 
lamellae to a great extent. 

DMSO is the most widely known and the most effective 
permeation enhancer. It is dipolar, aprotic, and miscible in 
both water and organic solvents. It enhances permeation by 
both expanding proteins and solubilizing lipids (Goodman and 
Barry, 1989). Next to DMSO in effectiveness is h o n e .  This 
substance enhances the permeation of both hydrophilic and 
hydrophobic drugs (Stoughton, 1982; Hoogstraate et al., 
1991). As yet, the action of h o n e  on the stratum corneum 

has not been resolved. It does not appear to cause any mor- 
phological changes at low concentrations (Stoughton, 1982). 
Its enhancing effect has been suggested to result from inter- 
ference with the packing arrangement of the extracellular 
lamellae by insertion into the lipid lamellae (Goodman and 
Barry, 1985; Hoogstraate et al., 1991). h o n e  works best when 
used with a polar cosolvent such as ethanol (Stoughton and 
McClure, 1983) or polyethylene glycol (Wotton et al., 1985; 
Hoogstraate et al., 1991). The polar cosolvent appears to be 
necessary to swell proteins to allow for intracellular perme- 
ation (Goodman and Barry, 1989). 

Other than DMSO and Azone, the best known enhancers 
are surfactants. The ability of a surfactant to enhance perme- 
ation is associated with its polar head group and hydrocarbon 
chain length (Scheuplein and Dugard, 1973; Howes, 1975). 
Hydrophilic polar head groups are very effective at increas- 
ing the permeability of polar molecules (Cooper and Berner, 
1987) and surfactants alter the permeation of polar molecules 
to a greater degree than nonpolar molecules. The optimum 
chain length of an alkylsulfate is 12 carbons (Scheuplein and 
Dugard, 19731, which has been interpreted as a balance be- 
tween sufficient lipophilicity to partition into thc lipid lamel- 
lae and water solubility (Cooper and Berner, 1987; Walters, 
1987). Anionic surfactants induce stratum corneum and vi- 
able epidermis swelling, possibly by separating the protein 
matrix and uncoiling the keratin filaments, thereby exposing 
more hydrophilic sites on the proteins (Rhein et al., 1986). As 
noted earlier, increased hydration of the stratum corneum 
results in increased permeabilitics, particularly of polar 
molecules. In contrast, cationic and nonionic surfactants do 
not induce swelling. These compounds act by partitioning into 
the lipid lamellae, disrupting their organization to increase 
lipid fluidity, and by penetrating into the intracellular matrix 
and interacting and binding with the keratin filaments, 

There are several drawbacks to the use of chemical perme- 
ation enhancers. They induce irritation (the more effective 
the enhancer the greater the irritation (Lashmar et al., 1989)) 
and may have pharmacological, and possibly toxic, actions of 
their own. For example, DMSO produces a burning sensa- 
tion as well as localized irritation (Kligman, 19651, and at high 
concentrations can produce erythema (superficial inflamma- 
tion of the skin in patches) and weals (Hadgraft, 1984). Since 
significant enhancement of permeation rates using DMSO are 
only obtained at concentrations greater than 65% (Chandra- 
sekaran et al., 1977; Kurihara-Bergstrom, 1986) this limita- 
tion effectively rules out its use as a transdermal enhancing 
agent. Anionic surfactants have also been found to cause skin 
irritation (Wood and Bettley, 1971; Novak and Francom, 1984; 
Sherertz et al., 1987). Cationic surfactants are reputedly more 
irritating than anionic surfactants and so have not been widely 
investigated as skin enhancers (Walters, 1987). h o n e  shows 
the most promise as a permeation enhancer because it is al- 
most as effective as DMSO in enhancing permeation and yet 
it is pharmacologically inert and relatively nonirritating 
(Vaidyanathan et al., 1987). However, h o n e  requires hours 
to elicit enhancement, resists washing out from the stratum 
corneum (Barry, 1986; Wester et al., 1994), and has been 
shown to cause skin irritation in nude mice in a 10% solution 
(Lashmar et al., 1989) and in rabbit pinna skin (Hirvonen et 
al., 1993a). 

Despite these drawbacks, permeation enhancers have been 
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investigated as a means of increasing the permeation of pep- 
tides and polypeptides through the skin. DMSO was found to 
increase the permeation of arginine vasopressin (an antidi- 
uretic hormone used in treating diabetes) and corticotropin, 
a hormone, through rat skin (Kastin et al., 1966), although 
the increase was only slight. h o n e  of varying hydrocarbon 
chain length was investigated as a means of enhancing the 
permeation of desglycinamide arginine vasopressin (DGAVP) 
(Hoogstraate et al., 1991). Decyl-Azone increased the perme- 
ation rate 1.9 times (J= 1.86 (lo-") cm/s), dodecyl-Azone 
3.5 times ( j  = 3.53 (lo-") cm/s), and tetradecyl-hone 2.5 
times ( j  = 13 (lo-") cm/s) over the passive diffusion rate 
( j =  5.3 (lo-") cm/s>. These increases in flux are probably 
insufficient to have pharmocological effect. A nonionic sur- 
factant, n-decyl methyl sulfoxide, was found to enhance the 
permeability and reduce the lag times of amino acids, dipep- 
tides, and leucine enkaphalin, a pentapeptide endorphin, 
through hairless mouse skin (Choi et al., 1990) (Figure 6). 

However, chemical enhancement does not work in every 
case. For example, DMSO was unsuccessful in improving the 
permeation of native collagen ( M  = 288,000) and collagen 
derivatives ( M  = 96,000) through intact hairless mouse skin 
stratum corneum (Coapman et al., 1988). In addition, an an- 
ionic surfactant (sodium lauryl sulfate (SDS)) failed to signifi- 
cantly increase the flux of vasopressin through rat skin 
(Banerjee and Ritschel, 1989). In the former case, the large 
molecular weight and therefore size of the molecule restricts 
its permeation through the stratum corneum, whereas for the 
latter, although its molecular weight is not great (10841, the 
SDS acts by opening a pathway through the cellular protein 
and it is likely that this pathway is sufficiently small and lim- 
ited to restrict the passage of the vasopressin molecule. These 
results lead to the conclusion that the ability of chemical per- 
meation enhancers to facilitate the delivery of peptides or 
proteins is limited. A more promising method is electrically 
assisted transdermal drug delivery, also called iontophoresis. 

Iontophoresis 
A considerable amount of research has focused on the use 

of iontophoresis in facilitating the delivery of peptide and 
protein drugs across the skin. A typical iontophoretic device 
consists of two electrodes, with each electrode immersed in 
an electrolyte solution, placed on the skin (Figure 7). Whereas 
the stratum corneum is fairly nonconductive, the viable epi- 
dermis below is conductive. Upon application of an electric 
current, a potential difference is created across the stratum 
corneum. It is this electric field that is the driving force for 
iontophoretic drug delivery. Positively charged ions at the an- 
ode and negatively charged ions at the cathode are driven 
across the skin due to electrostatic repulsion. The donor so- 
lution is generally buffered to ensure that most of the solute 
molecules are present in ionized form and to prevent signifi- 
cant pH changes from occurring during delivery. Iontophore- 
sis removes the hazard of toxicity involved with chemical en- 
hancers and results in increased transdermal fluxes of water- 
soluble compounds, which makes it a promising strategy for 
peptide and protein delivery. Another advantage is its ability 
to deliver drugs in a pulsatile manner, which is critical to 
obtain the desired pharmacological response of some peptide 
hormone drugs. 

time (h) 

Figure 6. Effect of the penetration enhancer n-decyl 
methyl sulfoxide on the permeability of iodine 
labeled leucine-enkaphalin. (From Choi et al., 
1990.) 

The route of ion transport through the skin follows the 
path of least resistance and appears to be mainly through 
aqueous pores such as the hair follicles and sweat glands, and 
possibly skin imperfections (Abramson, 1941; Grimnes, 1984; 
Burnette and Marrero, 1986; Siddiqui et al., 1987; Burnette 
and Ongpipattanakul, 1088; Pikal, 1990; Pikal and Shah, 
1990a,b; Cullander and Guy, 1991; Cullander, 1992; Turner 
et al., 1994). For example, Scott et al. (19931, based on stud- 
ies of the iontophoretic flux of Fe(CN):- across hairless 
mouse skin, suggest that pores are created in the skin by the 
activation of endogenous skin structures rather than from 
current-induced creation of artificial holes. They implicate the 
hair follicles as the most likely precursors to these pores and 
suggest that the pores are formed by swelling of the hair folli- 
cles in response to the applied current. 

However, other pores may also be created by the applied 
current. For example, Pikal (1990) noted that the calculated 
number of pores required to explain iontophoretic transport 
through hairless mouse skin as occurring primarily through 
aqueous pathways was greater than the number of hair folli- 
cles and sweat ducts, and that the calculated radius of the 
pores was smaller than the radius of a hair follicle. Pikal and 
Shah (1990a) also found that excised hairless mouse skin was 
capable of undergoing significant changes when subjected to 
an electric field. It has been proposed that the applied elec- 
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Figure 7. lontophoretic device. 
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trical current alters the molecular arrangement of the keratin 
polypeptide hclices such that they form a parallel arrange- 
ment. Pores are then formcd by the repulsion between neigh- 
boring dipoles, with water and ions flowing into the pore 
channels to neutralize the dipole moments (Chien et al., 
1989). However, this mechanism implies a transcellular route 
of entry for which there is as yet no evidence. Alternatively, 
the current may disrupt the extracellular lipid lamellae, 
thereby creating artificial shunts (Siddiqui et al., 1987). There 
is evidence that the paracellular pathway is the dominant 
pathway for small solutes. Using mercuric chloride ion- 
tophoretically driven across hairless mouse skin (Sharata and 
Burnette, 1989), porcine skin (Monteiro-Riviere et al., 1994), 
and human skin (Boddt et al., 1989b, 19911, it was found 
that, although some of the solute permeated via the ap- 
pendages, most of the mercury was present in the extracellu- 
lar space. Similarly, it has been demonstrated using confocal 
microscopy and hairless mouse skin that a paracellular ion- 
tophoretic pathway exists for both charged (calcein) and un- 
charged (NBD-diethanolamine) solutes (Cullander, 1992). To 
explain these results, Jadoul et al. (1994) have suggested, by 
means of X-ray diffraction and  attenuated total 
reflectance-Fourier transform infrared (ATR-FTIR) spec- 
troscopy studies of hairless rat skin submitted to different 
current densities, that iontophoresis decreases or even partly 
destroys lipid stacking in the lamellae, particularly at high 
current density. This effect was found to be reversible. They 
also determined that lipid fluidity was not affected, so that 
flux enhancement must be through temporary holes formed 
in the lipid lamellae. This finding is in direct contradiction to 
the postulated pathway of Scott et al. (1993). Further re- 
search is required to resolve this conflict to determine which 
pathway (paracellular or transfollicular) dominates in the 
iontophoretic flux of peptides and proteins across the skin. 

A variety of mechanisms is involved in transporting the drug 
through the skin. Transdermal iontophoretic transport is a 
result of either electrostatic repulsion, electroosmosis, or an 
increase in thc intrinsic permeability of the skin due to the 
applied electric field. Electrostatic repulsion is related to the 
mobility of the solute, its concentration and the magnitude of 
the applied potential, and is described by the Nernst-Planck 
equation. Electroosmosis and the increase in skin permeabil- 
ity that results from the application of an electric current will 
be discussed below. 

Electroosmosis. When an electric potential gradient is ap- 
plied across a porous membrane in which there are fixed 
charges, bulk fluid flow occurs in the direction of counterion 
movement. This phenomenon is called electroosmosis. Since 
the skin has an isoelectric point between pH 3 and 4, at phys- 
iological conditions (that is, pH of 7) the skin has a net nega- 
tive charge. As a result, positively charged molecules pass 
preferentially through the skin. When an electric field is ap- 
plied a volume flow is created by the momentum transferred 
to the solvent by anions moving through the skin and by the 
induced osmotic pressure. This flow is termed electroosmosis. 
The induced osmotic pressure contributes little to the volume 
flow, however (Gangarosa et al., 1980). The water flux is in 
the same direction as the applied electric field and is propor- 
tional to the current density (Srinivasan et al., 1989; Bur- 
nette, 1989; Pikal, 1990). Therefore, electroosmosis assists the 
flux of solutes moving in the same direction as the water flux, 

such as peptides or proteins that move at a slower rate than 
buffer ions, while transporting with it neutral solutes 
(Gangarosa et al., 1980; Burnette and Ongpipattanakul, 1988; 
Pikal and Shah, 1990a). Since flow occurs in pores, it is possi- 
ble that some solute will be filtered or reflected by a sieving 
action. A more detailed review of electroosmosis and its ef- 
fect on the transport of ions through the skin has been sum- 
marized by Pikal (1992). 

Pikal (1990), to quantitate electroosmotic flux enhance- 
ment of neutral molecules through the skin, developed a 
model in which the skin is a heterogeneous pore system of 
positively charged, negatively charged, and neutral skin pores, 
with the larger pores having, on average, a higher distribu- 
tion of negative charge. A result of this model is that the 
negatively charged pores dominate electroosmotic flow, and 
therefore flux enhancement due to electroosmosis should be 
greatest at the anode. For charged molecules present in rela- 
tively high concentrations, however, the contribution of water 
transport to transdermal permeation is generally lower than 
the contribution of the applied voltage gradient (Pikal, 1990; 
Srinivasan et al., 1989). These predictions were supported by 
the supplied data and by literature data, indicating that the 
model has merit. Pikal (1990) does not elucidate the nature 
of these pores, but only demonstrates their probable exis- 
tence. The model would be strengthened if supported by 
physical evidence of these pores in the skin. This evidence is 
as yet forthcoming. It is noteworthy that the reported nor- 
malized fluxes of the large molecular weight carboy inulin 
and bovine serum albumin are virtually identical (2.4 
and 2.6 cm/h, respectively) (Pikal and Shah, 1990b), 
suggesting that electroosmosis is the dominating factor in 
their delivery and that they probably pass through the same 
distribution of pores. These pores arc quite possibly the skin 
appendages. 

Recent evidence suggests that the permselectivity of the 
skin that gives rise to the electroosmotic effect can be neu- 
tralized or even reversed by transporting a cationic peptide 
(that is, leuprolide and Nafarelin, which are LHRH ana- 
logues) iontophoretically into the skin (Delgado-Charro and 
Guy, 1994; Hoogstraate et al., 1994). The mechanism pro- 
posed to explain this behavior is that the positively charged 
peptide is adsorbed onto the negatively charged pore walls, 
causing a change in the net membrane charge and thereby 
altering the direction of electroosmotic flow (Hoogstraate et 
al., 1994). This effect increases as the concentration of the 
peptide in the donor solution is increased and appears to be 
determined by the lipophilicity of the peptide, as both Na- 
farelin and leuprolide exhibit this behavior while the less 
lipophilic parent peptide LHRH does not (Delgado-Charro 
and Guy, 1994). These findings illustrate a possible limitation 
of iontophoretic peptide transdermal drug delivery. 

It is also possible that the applied 
current increases drug diffusion in the skin. Passive diffusion 
through excised skin after iontophoresis has been found to be 
approximately an order of magnitude greater than the 
preiontophoretic passive flux, suggesting that the intrinisic 
permeability of the skin had increased by the applied current 
(Bellantone et al., 1986; Pikal and Shah, 1990a,b; Green et 
al., 1992a). This enhancement arises from changes in the skin 
structure caused by current flow. It has been suggested that it 
results from the accumulation of anions in the aqueous pores 

Enhanced diffsiuip. 
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of the skin. The electrostatic repulsion of the like charges 
would increase the pore radius (Tojo, 1989), a viable explana- 
tion but one lacking concrete proof. Alternatively, the hydra- 
tion of the skin that occurs during iontophoresis may account 
for the increased flux. Another possible explanation is the 
formation of transient pores in the lipid lamellae caused by 
the applied electric field. This effect is called electroporation 
and is discussed later in this review. 

All of the mechanisms of flux en- 
hancement described are potentially important. Most of these 
effects have been explained by the Nernst-Planck equation 
with a factor added to account for convective flow (Pikal, 
19921, 

Mathematical modeling. 

in which J, is the flux of a given species, Di is its diffusivity, 
Ci its concentration, zi its charge, F is Faraday’s constant, R 
is the gas constant, T is temperature, x is the distance over 
which the transport occurs, E is the applied electrical poten- 
tial, us is the velocity of the convective flow, and (r is the 
reflection coefficient of the solute moving into the skin pore. 
In Eq. 18 the first term accounts for flux due to passive diffu- 
sion, the second term accounts for the flux resulting from 
electrostatic repulsion, and the third term describes the con- 
tribution of convection. 

For small ions, flux occurs primarily by passive diffusion 
and electrostatic repulsion, while for larger ions, such as pep- 
tides and proteins, flux is dominated by electroosmotic flow. 
This is particularly important for neutral peptides (Burnette 
and Marrero, 1986; Srinivasan et al., 1989). The reflection 
coefficient places a limit on the extent to which convective 
flow will enhance flux. If the solute is too large and cannot 
pass through the pore freely ((T = l), there is no contribution 
due to convective flow. However, electroosmotic flux of bovi9e 
serum albumin (molecular weight 69,000, Stokes radius 35 A) 
has been demonstrated in hairless mouse skin (Pikal and 
Shah, 1990b), which suggests that the upper Stokes radius 
limit for $lectroosmotic flux enhancement, in this skin, is at 
least 35 A. 

Electrically 
facilitated peptide transport depends on the pH, ionic 
strength, and peptide concentration of the donor solution, 
the size of the solute, and the current density and duration of 
electric field application. The pH affects the charge carried 
by the peptide based on its isoelectric point and preferably 
should be such that the peptide is positively charged in order 
to maximize its transdermal flux. For example, insulin has a 
greater skin permeability below its isoelectric pH and almost 
no permeability at its isoelectric point, at which it exhibits a 
minimum in aqueous solubility (Siddiqui et al., 1987). The 
solution pH also affects the charge distribution on the skin 
surface (Burnette and Ongpipattanakul, 1987; Lelawongs et 
al., 1989). Above pH 3 the skin is negatively charged and fa- 
vors the passage of cations, while below pH 3 it is weakly 
positively charged, thereby favoring the passage of anions. As 
the pH increases, the skin’s negative fixed charge density in- 
creases, and electroosmotic flux increases (Burnette and 
Marrero, 1986). This may influence the transdermal flux of a 
peptide, regardless of its charge state, if it carries only a small 

Factors affecting peptide and protein transport. 

fraction of the applied charge (Burnette and Marrero, 1986; 
Pikal, 1990). Also, if the donor solution pH differs from the 
aqueous pore pH, the charge and the electronegativity of the 
peptide may change durling transport. This change may cause 
the peptide to precipitate or degrade, and will alter its ion- 
tophoretic transdermal flux (Burnette and Marrero, 1986). It 
should also be noted that donor solution pH can change dur- 
ing iontophoresis if reactions occur at an electrode (Kari, 
19861, possibly altering the permeation rate of the peptide. 

Solute flux is determined by the amount of the applied 
charge carried by the solute. For charged solutes of relatively 
high concentration in the donor solution, increasing ionic 
strength by adding more buffer ions increases competition 
for the applied current. The smaller, and therefore more mo- 
bile, buffer ions will carry more charge and be transported 
into the skin preferentially, reducing delivery efficiency. In- 
creasing the buffer ion concentration of the donor solution, 
thereby increasing its ionic strength, or decreasing the con- 
centration of solute, have been found to decrease the ion- 
tophoretic flux of both charged (Burnette and Marrero, 1986; 
Bellantone et al., 1986; Lelawongs et al., 1989; Green et al., 
1991) and neutral (Burnette and Marrero, 1986; Burnette and 
Ongpipattanakul, 1987; Pikal and Shah, 1990a,b) solutes at 
relatively high concentraltions (0.05-0.5 M), while increasing 
flux at low concentrations (0.01-0.05 M) (Kumar et al., 1992). 
Removing buffer ions results in a steadily increasing delivery 
rate of peptide with time (Green et al., 1991). Depending on 
the required pharmacolcgy of the peptide, this could be a 
disadvantage. For neutral solutes or charged solutes present 
in relatively small concentrations, buffer ions are often neces- 
sary to induce electroosmotic flux in order to facilitate trans- 
dermal drug transport. However, as the buffer ion concentra- 
tion increases, electroosmotic flux decreases (Burnette, 1989; 
Pikal and Shah, 1990a). There thus appears to be an opti- 
mum donor solution ionic strength for peptide flux enhance- 
ment, beyond which increasing ionic strength retards peptide 
flux. Since the majority of the applied current is carried by 
the buffer ions, delivery efficiency is generally low. To in- 
crease the efficiency of iontophoretic peptide delivery, Sar- 
potdar and Daniels (1990) used large molecular weight buffers 
in transporting thyrotropin releasing hormone and amino- 
tyrosyl-lysyl-prolineamide across excised human skin. The use 
of a cationic buffer (M == 70,000) resulted in a twofold in- 
crease in permeation, whereas the use of an anionic buffer 
(M = 41,000) resulted in fnve- to eightfold increases in perme- 
ation at pH 4 where both drugs are positively charged. 

The ionic strength or peptide concentration of the donor 
solution affects the fraction of applied current carried by the 
peptide (Lelawongs et al., 1989; Pikal, 1990; Pikal and Shah, 
1990a,b; Burnette, 19891, and the volume flow due to elec- 
troosmosis (Pikal, 1990; Pika1 and Shah, 1990a,b; Burnette, 
1989). Electroosmotic flux has a significant influence on the 
delivery rate only if the total charge carried by the peptide is 
small compared to the charge carried by the buffer ions 
(Burnette and Marrero, 1986; Pikal and Shah, 1990b). This 
may explain the finding of Lelawongs et al. (19891, who de- 
termined that the delivery rate of arginine vasopressin, which 
has an isoelectric point of 10.9, was relatively unaffected as 
the pH was changed from 5 to 7.4 at constant ionic strength. 
At the higher pH, the skin would be more permselective and 
therefore a higher electroosmotic flux would be expected. In 
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Figure 8. Effect of current density on normalized ion- 
tophoretic flux. 
(a) Data from Kumar et al. (1992) for a cation (M = 3,929), 
and from Burnette and Marrero (1986) for a neutral peptide 
(M = 362.42), illustrating the effect of current on electroos- 
motic flow. (b) Data from Green et  al. (1992a) for an  an- 
ionic tripeptide (M = 344). 

this case, however, the influence of the electroosmotic flux 
was not significant because the ionic strength remained un- 
changed. 

A number of researchers have shown iontophoretic perme- 
ability to be a linear function of current density (Bellantone 
et al., 1986; Burnette and Marrero, 1986; Wearley et al., 1989; 
Lelawongs et al., 1989; Green et al., 1992a; Kumar et al., 
1992) (Figure 8a and 8b). This effect can be related to the 
transport number of the ion in question, as the flux of the ion 
is described by 

(19) 

in which ti is the ion transport number, and I ,  is the total 
current density applied. Note that neutral solutes can also 
experience an increase in flux with increasing current density 
(Burnette and Marrero, 1986) (Figure 8a) as the electroos- 
motic solvent volume flow increases with current density. As 

a means of increasing flux, however, the current density can 
only bc increased to a certain extent before it causes pain 
and discomfort. This is clearly a drawback of this technology. 
The pain is caused by burns resulting from pH changes in the 
subcutaneous tissue (Sanderson et al., 1989). Sanderson et al. 
found that the maximum tolerable current, I,,,, in terms of 
the subcutaneous tissue concentration of solute, clearance 
from the location of application, and area over which the cur- 
rent is administered, A ,  is given by 

A(28.6mA/cm2) 

48.3cm2 + A ' 
Inlax = (20) 

For ionic solutes with low transport numbers then, the ion- 
tophoretic flux can be increased by increasing the application 
area. Nevertheless, the nature of the expression in Eq. 20 
suggests that for some compounds, an adequate flux may not 
be possible. 

It has also been reported that the normalized electroos- 
motic flux of amino acids and tripeptides through hairless 
mouse skin was independent of lipophilicity, reinforcing the 
idea that flux occurs in aqueous pores, and decreased as 
molecular weight increased (Green et al., 1992b; Yoshida and 
Roberts, 1992). The latter result can be explained by noting 
that for relatively small solutes iontophoretic transport is de- 
pendent on the solute diffusivity (Eq. 18). The effect of 
molecular weight on solute diffusivity in the stratum corneum 
has been explained in terms of thc Stokes-Einstein theory, 
free-volume theory, and a pore restriction model (Yoshida 
and Roberts, 1993). 

In the Stokes-Einstein theory, the solute is considered to 
be a sphere moving through a continuum under an applied 
electric field. The molecular weight of the solute determines 
its Stokes hydrodynamic radius, which in turn affects its dif- 
fusivity in the aqueous environment of the pore. Solute diffu- 
sivity is related to molecular weight as, 

D = KM', (21) 

in which K and 0 are constants and M is molecular weight. 
The normalized flux of a solute can then be expressed as, 

in which B is a constant. Recall that in the free-volume the- 
ory, the solute moves through the medium when a hole (or 
free volume) in the medium is created adjacent to the solute 
molecule. Solute diffusivity is given by Eq. 11, therefore the 
solute normalized flux in this case is cxpressed as 

in which B' is a constant. 
Normalized anionic solute flux through various excised skin 

samples taken from the literature is plotted against the loga- 
rithm of solute molecular weight in Figure 9a and against 
solute molecular weight in Figure 9b. With the exception of 
the chloride ion data (M =36) reported by Yoshida and 
Roberts (1993) and Green et al. (1992b), it appears that ei- 
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Figure 9. Normalized iontophoretic flux vs. SolUte 

molecular weight. The data of Green et al. 
(1992b) and Pikal and Shah (1990b) is for an- 
ions permeating through nude mouse skin, 
that of del Terzo et al. (1989) is for anions 
through rat skin, and that of Yoshida and 
Roberts (1993) is for anions through human 
skin. 
(a) Based on Stokes-Einstein equation. (b) Based on free 
volume theory. 

ther relationship works equally well over a range of molecu- 
lar weight. This similarity in predictive behavior can be ex- 
plained by noting that expansion of Eq. 22 as a Taylor’s series 
results in it being mathematically similar over a small range 
of molecular weights as Eq. 23. The good fit of the relation- 
ships to the data indicates that the skin can be modeled using 
theories developed for solute transport in polymer films. At 
higher molecular weights, for example, that of carboxy inulin 
(M = 3,929) (Pikal and Shah, 1990b), the theories break down 
(Figure 9a). Carboxy inulin has a normalized flux equal to 
that of a solute of approximately 1/26 its molecular weight. 
Therefore, it is being transported by a different driving force. 
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The carboq inulin point illustrates the importance of elec- 
troosmotic flux for larger permeants. 

Pore-restriction models have also been used to describe the 
decrease in solute diffusivity as it moves through the pore 
(Yoshida and Roberts, 1992, 1993). In these models, a fur- 
ther decrease in solute diffusivity arises from steric hindrance 
and other interactions between the solute and the pore wall 
materials and from increased drag on the solute molecule due 
to the existence of the pore walls (Deen, 1987). Without 
knowing the nature of the aqueous pores it would be difficult 
to determine which model applies best. It is likely that both 
free-volume or Stokes-Einstein and restricted transport ef- 
fects are present. 

The fact that most electrically facilitated transport proba- 
bly occurs in aqueous pores is potentially clinically important. 
The focusing of the applied electric field to these pores leads 
to high current densities and possibly cell damage from heat- 
ing (Burnette and Ongpipattanakul, 1988). Also, the drug be- 
comes concentrated in the pores, resulting in potential irrita- 
tion and allergic reaction at relatively low donor solution 
concentrations (Cullander and Guy, 1991). There is evidence 
that formation of these pores in excised skin may not be re- 
versible. For example, Burnette and Ongpipattanakul (1988) 
found that the passage of clinically acceptable levels of cur- 
rent (0.16 mA/cm2 for l h) through excised human skin re- 
sulted in a decrease in its electrical resistance. Similarly, Bag- 
niefski and Burnette (1990) found that skin impedance de- 
creased after iontophoretic treatment (0.235 mA/cm* for 9 
h). Green et al. (1991) discovered that time-dependent 
changes in the properties of hairless mouse skin occurred 
during iontophoresis (0.34 mA/cm2 for 24 h) and that these 
changes were not reversible after 24 h. Chien et al. (1990) 
determined that 40 min of iontophoretic delivery of vaso- 
pressin across excised hairless rat skin at a current density of 
0.22 mA/cm2 was the upper limit before the reversibility of 
skin permeation was affected. These authors concluded that 
the skin morphology had been altered. The amount of cur- 
rent applicable to the skin is limited, which restricts ion- 
tophoresis to short-term peptide or protein delivery regi- 
mens, that is, to delivery periods of minutes to hours but not 
for days. More evidence is required to demonstrate the appli- 
cability of this delivery method in uivo as well. 

Alternating current, direct current, and pulsed current have 
all been investigated as driving forces. The principle behind 
the use of alternating or pulsed current is that the applica- 
tion of a steady electrical field polarizes the stratum corneum, 
causing it to behave like a capacitor whose impedance changes 
with the frequency of the applied electric field (Okabe et al., 
1986; Chien et al., 1990). The polarization acts against the 
applied electric field, decreasing the effective current across 
the skin, thereby reducing the efficiency of iontophoretic de- 
livery. The use of a pulsed current was proposed to allow the 
stratum corneum to become depolarized, improving the ion- 
tophoretic efficiency, and reducing electrically induced skin 
damage. In practice, the applied current must be pulsed slowly 
to avoid muscle stimulation (Ranade, 1991). Nevertheless, it 
has been demonstrated that steady-state pulsed current ion- 
tophoretic transdermal flux is not significantly different from 
the flux at an equivalent constant current, except at high fre- 
quencies where the pulsed current exhibits a reduced flux 
(Bagniefski and Burnette, 1990; Kumar et al., 1992). Propo- 
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Figure 10. Pulsed vs. continuous direct current for the 
iontophoretic delivery of insulin to diabetic 
rabbits, both at 1 mA. 
Data from Chien ct  al. (1990). 

nents of the theory have also observed a similar phenomenon 
with insulin delivery via pulsed iontophoresis. However, be- 
fore steady state was reached, the pulsed iontophoresis pro- 
tocol resulted in higher initial transdermal fluxes of insulin to 
hairless rats (Chien et al., 1990) (Figure 10). The flux peaked 
after 10 min and rapidly fell to approximately the same 

steady-state rate as that of direct current. It appears that the 
skin eventually reaches the same state of polarization regard- 
less of the method of current application. The only advantage 
of pulsed over continuous delivery is that a higher initial 
dosage is attained. For short delivery regimens, pulsed cur- 
rent iontophoresis is best. 

There is a discrepancy in the literature as to whether rela- 
tively large molecular weight solutes can be made to pass 
through human skin using iontophoresis. For example, Srini- 
vasan et al. (1989, 1990) found that leuprolide, insulin, and a 
cholecystokinin-8 analogue did not permeate full thickness 
excised human skin in uitro, although other in uitro and in 
uiuo studies with animal skin indicate that molecules of 
molecular weight as high as 69,000 can be passed through the 
skin using iontophoresis (Table 4). Also, Turner et al. (1994) 
found that 12 h of iontophoresis was required to permeate 
poly-L-lysine of molecular weight 21,000 through hairless 
mouse skin. Yoshida and Roberts (1993) found that ion- 
tophoresis did not significantly enhance the permeation of 
cyclosporin A (M = 1201) and inulin (M = 6000) through ex- 
cised human skin. However, from the data reported, the pas- 
sive permeation coefficients of these solutes are quite high (1 
and 3.64 cm/h, respectively) as compared to other 
compounds (approximately 2 (lo-'), Table 21, which may ex- 
plain their results. 

It is instructive to compare iontophoretically obtained 
polypeptide drug delivery dosages with their recommended 
daily dosages. Based on the conditions recommended earlier 
(a delivery time of 40 min and a current density less than 0.30 

Table 4. Examples of Peptide Drugs Delivered Transdermally by Iontophoresis 

Molec. Current Flw 
Peptide Mass Charge Density (mA/cm*> ( pg/cm2h) Skin Source Reference 

Threonine-lysine-proline 344 +1 0.18 0.038 Hairless rat Green et al. (1992a) 
0.27 0.062 
0.36 0.093 

0.16 1.74 
0 0.16 3.62 

0.31 7.97 
0.47 10.3 

1.0 0.178 

Thyrotropin releasing hormone 362.42 + 1 0.31 2.68 Hairless mouse Burnette and Marrero (1986) 

Vasopressin 1,084 + 0.5 0.116 Hairless rat Lelawongs et al. (1989) 

+ 0.62 1.56 Hairless rat Banga and Chien (1993) 
Cholecystokinin-8 analogue 1,150 > -1 n/a - 0.0 Human Srinivasan et al. (1990) 
Leutenizing Hormone 1,182 + 0.2 - 0.148 Porcine Heit et al. (1993) 
Releasing hormone (LHRH) 
Leuprolide acetate (an LHRH 1,269 n/a 0.003 n/a Human (in uiuo) Meyer et al. (1988, 1990) 

analogue) 1,209 +1 n/a - 0.0 Human (in uitro) Srinivasan et al. (1990) 
Calcitonin 3,527 + 0.33 0.025 Hairless rat Thysman et al. (1994) 
Growth hormone releasing factor 3,929 + 1  0.098 0.0218 Hairless guinea Kumar et al. (1992) 

0.14 0.0447 pig 
0.23 0.0568 

Carboxy inulin 5,200 -1 0.32 2.2 Hairless mouse Pikal and Shah (1990b) 
Insulin 5,808 + n/a n/a Human Shapiro et al. (1975) 

n/a n/a Pig Stephen et al. (1984) 

0.67 n/a Hairless rat Siddiqui et al. (1987) 
n/a - 0.0 Human Srinivasan et al. (1989) 
0.62 0.089 Hairless rat Banga and Chien (1993) 

< 0.16 n/a Rabbit Kari (1986) 

~ 

Bovine serum albumin 69,000 -0.35 0.32 0.52 Hairless mouse Pikal and Shah (1990b) 
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Table 5. Iontophoretically Delivered Dosages vs. Required Adult Dosages 

Required 
Current Delivered Adult 
Density Dosage Dosage, 

Peptide (mA/cm2 1 ( ILg) ( M/d) Reference 
Thyrotropin releasing hormone 0.31 267 500 Burnette and Marrero (1986) 
Vasopressin 0.50 3.9 2-4 Lelawongs et al. (1989) 
LHRH 0.20 5.0 1,000 Heit et al. (1990) 
LHRH analogue 0.30 440 1,000 Miller et al. (1990) 
Calcitonin 0.33 0.84 250 Thysman et al. (1994) 
Insulin 0.62 3.0 5 3,000 Banga and Chien (1993) 

*From Martindale The Extra Pharmacopoeia (1993). 

mA/cm2) and an application site of 50 cm2 the data of Table 
5 were derived. From these data it is apparent that only one 
drug is delivered at an adequate rate (vasopressin) with a sin- 
gle iontophoretic application; however, this was accom- 
plished at greater than the recommended charge density. 
Other drugs, such as vasopressin and an LHRH analogue, 
have the potential of being successfully delivered, although 
they may require multiple applications. An important caveat 
is that none of the studies were done with human skin. 
Clearly, iontophoresis has potential in facilitating the delivery 
of some peptide drugs through the skin, and in fact clinical 
trials in humans have begun (Wallace and Lasker, 1993); 
however, more work is required before viable delivery sys- 
tems will be available. 

Iontophoresis also has the disadvantages of potentially ir- 
reversibly damaging skin permeability, being difficult to con- 
trol from person to person due to variation in electrical and 
physicochemical skin properties such as its electrical resist- 
ance and capacitance (Cranne-van Hinsberg et al., 1991), 
yielding inconsistent rates of delivery for molecules with 
molecular weights greater than 8,000-12,000 (Parasrampuria 
and Parasrampuria, 1991), passing extraneous ions through 
the skin, delivering only a small percentage of the drug 
(Burnette and Marrero, 1986) therefore being questionable 
for extremely expensive drugs, and being limited in its dura- 
tion of application. The latter characteristic restricts its use 
to pulsatile or short-term delivery. There are a number of 
unresolved issues in iontotherapeutic delivery, such as 
whether the pores suggested by the model of Pika1 (1990) are 
present in the skin; how the application of the applied field 
increases skin permeability; the relative impact on flux of 
electrophoresis, electroosrnosis, and skin structural changes; 
and whether peptides and proteins can be made to pass 
through human skin and if so, what route they take in pas- 
sage. For chronic care, the effects of long-term use of ion- 
tophoresis have yet to be demonstrated. 

Combined chemical enhancement and iontophoresis 
The use of chemical enhancer pretreatment of skin fol- 

lowed by iontophoresis has also been investigated (Srinivasan 
et al., 1989, 1990; Francoeur and Potts, 1991). Srinivasan et 
al. (1990) were able to obtain a passive permeation rate of 
leuprolide, an LHRH analogue (MW = 1,209.41, and a chole- 
cystokinin-8 analogue (MW = 1,150.17) by contacting excised 
human skin with ethanol for 2 h. Before ethanol treatment, 
no permeation of these compounds was detected. The appli- 
cation of iontophoresis resulted in further increased perme- 
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ation rates. As a word of caution, however, there is no evi- 
dence to suggest that the enhancement effect of iontophore- 
sis is always additive, especially if the skin becomes perma- 
nently altered by the chemical enhancer used. For example, 
Hirvonen et al. (1993b) found that combining iontophoresis 
with the use of h o n e  did not increase the permeation of 
sotalol over that of chemical enhancement or iontophoresis 
alone. 

Electroporation 
Over the last decade there has been extensive use of elec- 

troporation in many different fields such as cell biology, 
molecular biology, plant genetics, and hybridoma technology. 
Electroporation describes the phenomenon in which perme- 
ation through lipid bilayers is increased as a result of a pulsed 
applied electric field. It is believed that the field creates tran- 
sient pores in cell and lipid lamellae membranes, although 
the existence of these pores has yet to be proved. During the 
lifespan of these pores, membrane permeability to foreign, 
exterior macromolecules becomes markedly increased. This 
technique has been used to introduce foreign DNA (Whitney 
et al., 19931, antibodies (Chakrabarti et al., 1989), and pro- 
teins (Hashimoto et al., 1989) into living cells in suspension 
and intact tissue in uiuo (Titomirov et al., 1991; Prausnitz et 
al., 1993), and in uitro (Powell et al., 1989; Prausnitz et al., 
1992, 1993; Tarnada et al., 1993). Recently it has also been 
demonstrated to be a promising means of delivering peptides 
through the skin (Prausniti! et al., 1992, 1993; Tamada et al., 
1993). 

Electroporation differs from iontophoresis in the duration 
and intensity of current application, and probably on its ef- 
fect on skin structure. Electroporation involves the applica- 
tion of high-voltage electric pulses, whereas iontophoresis 
uses a relatively constant low-voltage electric field. The driv- 
ing force for flux for both techniques is electroosmosis and 
electrostatic repulsion (Weaver and Barnett, 1992; Sowers, 
1992; Prausnitz et al., 1993 ). During electroporation, a trans- 
membrane potential is induced by an externally applied elec- 
tric field, usually a relatively short direct current pulse. The 
pulse can be a square wave with a duration of less than 100 
ps, or it can be an exponentially decaying capacitive dis- 
charge with durations in the millisecond range (Chang et al., 
1992). It is widely assumed that this applied electric field in- 
duces pore formation in lipid lamellae membranes. The dy- 
namics of pore formation and resealing are not completely 
understood and are currently a focus of active investigation. 
Presumably the pores initially evolve as small hydrophobic 
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Figure 11. Proposed method of development of electro- 
pores in lipid bilayer. 
(a) Initial lipid bilayer before onset of electric field. (b) 
Aftcr onset of electric field small hydrophobic pores are  
created. (c) If radius of pore is large enough, hydrophilic 
pores will form due to thermodynamic favorability. (d) Af- 
ter  electric field is removed complete resealing of the pores 
occurs within seconds to minutes. 

pores (radius < 0.5 nm) as a result of lateral thermal fluctua- 
tions of the lipid molecules in the lamellae. If the radius of 
the hydrophobic pore formed exceeds a critical value (for 
which it  is energetically favorable for hydrophilic pores to 
form), then the lipid molecules reorient themselves to form a 
water-filled hydrophilic pore (Figure 11). The properties of 
these temporary pores depend on pulse duration and ampli- 
tude. For cells, in general, the longer the pulse duration, the 
lower the amplitude required to induce electroporation and 
for the same pulse amplitude, the larger the diameter and 
number of pores formed (Chernomordik, 1992). Complete re- 
sealing of the formed pores once the electric field is removed 
varies from seconds to minutes, so that lamella membrane 
permeability remains increased for a short duration after the 
applied pulse. 

The application of electroporation to the transdermal de- 
livery of peptide drugs involves placing a solution containing 
the peptide on the skin and applying a short, pulsed electric 
field. Prausnitz et al. (1992, 1993), who pioneered this trans- 
dermal delivery strategy, have determined that, across ex- 
cised human stratum corneum, flux enhancement of fluores- 
cent polar molecules (such as calcein, molecular weight 623, 
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Figure 12. Effect of applied electroporation voltage on 
the transdermal flux of calcein (M=623) 
through human skin. (From Prausnitz et al., 
1993.) 

charge -4) increases with the applied voltage and is re- 
versible until approximately 100 v, after which the flux in- 
creases weakly as a function of the applied voltage and is 
only partially reversible (Figure 12). In these experiments, an 
exponential decay pulse (decay time = 1-1.3 ms) was applied 
every 5 s for 1 h. At the cessation of pulsing, flux dropped off 
rapidly (Figure 13). Comparing electrically equivalent direct 
current iontophoresis and electroporation revealed that elee- 
troporation caused fluxes 3 orders of magnitude larger than 
iontophoresis (Figure 14). This result indicates that skin 
structural changes occur during electroporation that are more 
dramatic and probably much different than those induced by 
iontophoretic conditions. Whether electroporation generates 
transient pores in the lipid lamellae and/or the cells of the 
stratum corneum, which appears to be the likely mechanism, 
has yet to be demonstrated. 

Prausnitz et al. (1993) also applied an electroporation 
pulsed field to full thickness excised skin and observed that 
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Figure 13. Reduction in skin permeability following 
electroporation at different voltages. 
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Figure 14. Electroporation permeation enhancement of 
calcein vs. that of electrically equivalent ion- 
tophoretic enhancement through human 
skin. 
From Prausnitz et al. (1993). 

The primary advantage of electroporation is that it does 
not involve puncturing the skin while resulting in high levels 
of flux enhancement. However, it is useful only as a means of 
one-time application of peptide drugs. It removes the compli- 
cation involved with injections, but still requires care and su- 
pervision, and so is not a candidate for prolonged delivery of 
peptide drugs. The mechanism for electroporation of skin is 
neither well-understood nor sufficiently controlled as yet to 

troporation shows promise, in vivo tests on rat skin showed 
erythema (inflammation of the skin) and edema (tissue 
swelling) occurring at relatively low (150 V) applied fields, 

om 
0 pulsed 

direct current 

0 

1 0  m 
a a determine its potential in controlled release. Although elec- 

a and a two order of magnitude increase in transdermal flux of 

the fluxes were enhanced, but not to such a degree as those 
observed for the stratum corneum alone, and had a lag time 
of about one hour. These results indicate that diffusional re- 
sistances occurred in the viable epidermis and dermis and 
that electroporation effects did not extend much beyond the 
stratum corneum. Since the stratum corneum presents the 
largest electrical resistance, most of the applied charge should 
be concentrated within it. Therefore, most of the morpholog- 
ical changes should occur within the stratum corneum. The 
more dramatic effect of electroporation on skin structure re- 
sults in greater fluxes. 

Electroporation has also been used in conjunction with 
iontophoresis. Transdermal iontophoretic fluxes of leuteniz- 
ing hormone-releasing hormone, vasopressin, and neu- 
rotensin were three to eight times greater after the applica- 
tion of a pulsed field (300-400 V for 5-10 ms) than without 
the pulsed field (Tamada et al., 1993). The fluxes returned to 
close to baseline levels within hours after the application of 
the pulse. This work demonstrates another possible peptide 
delivery method. 

There are a number of unknowns involved with electropo- 
rating viable skin. These include the route of entry (transcell- 
ular or via the lipid lamellae), the maximum molecular weight 
of the delivered molecule, the extent of the skin that is elec- 
troporated, the maximum amount of current that can be safely 
applied, and the reversibility of the pores generated in cells. 
Since cell membranes are more difficult to electroporate than 
lipid lamellae (Chang, 1992), and since the cells of the stra- 
tum corneum have very thick cell envelopes, the pores are 
probably formed in the continuous lipid lamellae of the stra- 
tum corneum. Thus, peptide flux probably occurs through this 
region. Prausnitz et al. (1992) assert that the viable cells in 
the lower epidermis should be minimally affected; however, 
this has not been verified. Although pore formation in lipid 
lamellae is reversible, there is evidence that pores formed in 
cells may not be reversible (Chang, 1992). This possibility may 
affect the health of skin being electroporated. 

stratum corneum exists. Long-term studies on its effects on 
living skin tissue are required to assess the viability of this 
technique. 

Ultrasound 
Another method being investigated to increase the trans- 

port of peptide drugs through the stratum corneum is the use 
of ultrasound. Ultrasound has been used extensively in medi- 
cal diagnostics and physical therapy for the last three decades, 
and investigated by a variety of researchers as a means of 
increasing the diffusive fliur of a number of drugs through the 
skin (Skauen and Zentner, 1984; Tyle and Agrawal, 1989; Levy 
et al., 1989; Benson et al., 1989; Bommannan et al., 1992a). 
An illustration of a possible ultrasound transdermal delivery 
device is given in Figure 15. 

Ultrasound is defined as any sound having a frequency 
greater than 16 kHz. These sound waves cause compression 
and expansion of the skin tissue through which they travel, 
resulting in pressure variations. These pressure variations can 
cause cavitation, time-independent fluid flow, mixing (which 
reduces the boundary layer thickness), and an increase in 
temperature (Kost, 1993). In order for ultrasound to be suc- 
cessful it must act primarily on the stratum corneum to in- 
crease the permeation of peptide drugs through it. The im- 
pact each of the preceding effects has on the increased diffu- 
sive flux of drugs through the skin has yet to be decisively 
determined. Heating is not considered to be a likely cause 
because the stratum corneum was not found to increase in 
temperature appreciably during the application of ultrasound 
(Levy et al., 1989; Bommannan, 1992a). 

I epidermis 

dermis -----c 

Rlood vessel 

L I  
Figure 15. Sonophoresis delivery device. 
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It has been suggested that ultrasound may interact with the 
extracellular lipid lamellae structure (Miyazaki et al., 1991), 
although the exact means have not been described. Support 
for this hypothesis is given by the findings of Bommannan et 
al. (1992b), who found that an ultrasound permeated water- 
soluble tracer was concentrated in the hydrophilic region of 
the lipid lamellae. The probable pathway for ultrasound-de- 
livered water-soluble drugs then appears to be through the 
extracellular lipid larnellae, although it is possible that the 
follicles and sweat ducts may also be important. 

Recently ultrasound was demonstrated to increase the dif- 
fusive flux of insulin through the skin of hairless mice 
(Tachibana and Tachibana, 1991) and shaved rabbits 
(Tachibana, 1992). In each case, the blood glucose concentra- 
tion of the diabetic animals dropped, indicating successful in- 
sulin delivery. These researchers found that the higher the 
ultrasound energy input, the greater the drop in the glucose 
level. This finding was also reported by Bommannan et al. 
(1992a) for the transdermal delivery of salicylic acid using ul- 
trasound. They found that the use of higher frequencies (10 
and 16 MHz, as compared to the normal 1 to 3 MHz for 
medical use) resulted in greater salicylic acid flux. Greater 
energy depositions of the applied beam into the stratum 
corneum apparently increases its permeability to the diffus- 
ing drug. However, high-energy depositions over prolonged 
periods (16 MHz for 20 minutes) altered epidermal morphol- 
ogy (Bommannan et al., 1992b), leading to unresolved ques- 

means of determining in viuo parameters based on absorp- 
tion experiments, mathematical pharmacokinctic models have 
been developed to aid in designing transdermal drug delivery 
systems. 

Pharmacokinetics 
In pharmacokinetie models, the excretion rate of the per- 

meant is solved for and related to its physicochemical and 
kinetic properties. Two types of pharmacokinetic models have 
been used: diffusion models (Chandrasekaran et al., 1978; 
Berner, 1985; Parry et al., 1990) based on Fick’s Laws, and 
compartment models (Guy and Hadgraft, 1985, 1987b; Kub- 
ota, 1991; Williams and Riviere, 1993). In diffusional models, 
non-steady-state diffusion through each skin layer plus the 
device along with the permeant elimination kinetics in the 
tissue must be considered. This makes the problem very in- 
volved, necessitating the use of simplifying assumptions. The 
assumptions usually made are that the dermal side acts as an 
infinite sink, elimination reactions are first order, permeant 
diffusivity is constant in each layer, partition equilibrium ex- 
ists at each boundary layer, the device is an infinite drug 
reservoir that is well-stirred (no concentration boundary layer 
exists), and Fickian diffusion occurs. The resulting equations 
are complicated and not easy to use. For example, Chan- 
drasekaran et al. (1978) developed an equation for the uri- 
nary excretion rate, R E ,  

tions concerning the reversibility of the action of the ultra- 
sound on the skin. The route and mechanisms of entry of the 
compound into the skin have to be determined before this 
mode of delivery can become useful. Whether ultrasound en- 
hances transdermal flux by direct action on the permeant, 
and/or by convection, and/or by altering skin morphology are 
issues that remain to be resolved. 

From the discussion so far, it has been shown that in de- 
signing a transdermal drug delivery device a number of fac- 
tors must be considered, such as the physicochemical proper- 
ties of the drug and its routes of entry. What is equally im- 
portant in the safe and effective use of any drug is the deter- 
mination of the drug’s pharmacokinetics. The majority of the 
studies done on transdermal drug delivery are done in uitro. 
The resulting release kinetics are usually not reproduced in 
oioo, nor are the determined kinetic rate constants. The in- 
put rate of the drug is also an important consideration. A 
constant input rate does not necessarily translate into a con- 
stant plasma level as time-dependent effects, such as binding 
and metabolism (Figure 31, may occur in the skin, and espe- 
cially for peptides and proteins, the drug’s physiological and 
pharmacological activities can involve complex feedback in- 
teractions with target organ receptors (Mazer, 1990). As a 

in which k ,  is the elimination rate constant, a = 
[rr2D/(4x2(r + l))], D is permeant diffusivity, r is a constant, 
and G, H ,  and h are constants related to the input rate. The 
products from such a rigorous approach, however, are direct 
insights into the properties of the permeating molecule that 
influence its absorption rate. 

A more pragmatic approach may be the use of compart- 
ment models. In this technique, each layer is a compartment 
and first-order kinetic equations describe the mass balance of 
permeant within that compartment (Figure 16). The resulting 
linear first-order differential equations are solved by fitting 
rate constants to experimental data, although some rate con- 
stants can be solved apriori with knowledge of partition co- 
efficients and diffusivities of the permeant in the various lay- 
ers (Guy and Hadgraft, 1985). Compartment models cannot 
be used for parameter estimation, as small changes in any of 
the estimated parameters may cause large changes in the fit- 
ted parameters, but it can be used for prediction purposes. 
Although simplistic in approach, compartment models have 
more potential for use in device design. Compartment mod- 
els have been used to illustrate the effects of penetration en- 
hancers (Guy and Hadgraft, 1987b) and iontophoresis (Wil- 
liams and Riviere, 1993) on small molecular weight perme- 
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Figure 16. Example of a compartment model for trans- 
dermal delivery pharmacokinetics. 
Guy and Hadgraft (1985). 

ants. Their use has yet to be extended to the examination of 
the pharmacokinetics of peptide and protein transdermal 
drug delivery, where they would be useful in determining lim- 
itations and advantages of the various delivery schemes. 

Concluding Remarks 
Considerable work has been undertaken to understand 

solute mass transport mechanisms through the skin, as well 
as developing a means of facilitating the permeation of pep- 
tide and polypeptide drugs through this barrier. The stratum 
corneum represents the main resistance to the permeation of 
these drugs. A more detailed knowledge of the morphology 
of the lamellar region of this layer and the degree to which 
transport through the hair follicles and sweat glands is impor- 
tant are issues which, when resolved, will lead to a greater 
understanding of the means of bypassing this barrier. 

Although passive diffusion of some peptides through the 
skin occurs, the rates are too slow to be effective. This has 
led to the investigation of methods of increasing these per- 
meation rates. The ability of chemical permeation enhancers 
and prodrugs to facilitate the delivery of peptides or proteins 
is limited and they are probably not viable alternatives for 
peptide and protein drugs. Iontophoretic delivery appears 
promising. A number of issues of this technique, however, 
remain to be resolved. These issues include: whether posi- 
tive, negative, and neutral pores are present in the skin; how 
the application of the applied field increases skin permeabil- 
ity; the extent to which electrophoresis, electroosmosis, and 
skin structural changes affect permeant flux; and whether 
peptides and proteins can be made to pass through human 
skin and if so, what route they take in passage. A reiatively 
new method, electroporation, has resulted in apparent high 
levels of flux enhancement. Long-term studies on the effects 
of both electroporation and iontophoresis on living skin tis- 
sue are required to assess their viability. Ultrasound has un- 
resolved questions concerning the reversibility of its action 
on the skin and its mechanism of action. Like iontophoresis 
and electroporation, it is useful only as a one-time applica- 
tion of peptide drugs. These strategies are not candidates for 
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prolonged controlled transdermal delivery of peptide drugs, 
as long-term delivery would require moving the application 
to different sites on the skin. This would result in a pulsatile 
delivery regimen, as a lag time is induced with every move. 

It is clear that much work still is needed in this area before 
marketable transdermal delivery devices for peptide and pro- 
tein drugs become available. Chemical engineers, by virtue of 
their background, have the ability to make a notable impact 
in the development of these delivery devices. We hope that 
this article stimulates interest in this exciting and lucrative 
field. 
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