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I. INTRODUCTION

In the development of a transdermal drug delivery (TDD) system,
several crucial questions need to be answered. Most, if not all, of
these demands are identified elsewhere in this book. Specifically,
for the purposes of this chapter, though, only two basic questions
must be addressed:

1. Does the drug proposed for transdermal delivery penetrate skin
in vivo and, if so, to what extent? .

2. How is a useful indicator of in vivo skin penetration obtained
and, hence, how feasible is the transdermal route of drug
administration?

Clearly, the answer to the first question may begin to resolve
the objective of the second. However, the experimental system chosen
to respond to question 2 may, if improperly selected, provide a

*Present affiliation: The Welsh School of Pharmacy, U.W.I.S.T.,
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misleading guide to the initial unknown. Thus, the fundamental
questions pertaining to in vivo evaluations of TDD are inextricably
linked.

What options are available, then, for the estimation of the po-
tential of TDD in vivo? Two obvious, prime, candidates can be
identified.

1. Measure skin penetration and. subsequent biodisposition in an
intact animal model.
2. Evaluate percutaneous absorption directly in human volunteers.

A third, simpler, but perhaps less readily acceptable alternative is:

3. Formulate a biophysical model for TDD and, after validation,
use the simulation to predict the feasibility of drug administra-
tion via the skin.

Each of these three possibilities will be considered in this chap-
ter. None of the approaches, needless to say, is problem-free, but
all, when employed carefully in full knowledge of their likely limita-
tions, can prove instructive and valuable.

As we will indicate, a definitive response to "What is the best
method to evaluate TDD in vivo?" cannot, at this time, be made.
Eventually, the development of a TDD system requires extensive
pharmacokinetic and pharmacodynamiec characterization in vivo in
humans. These determinations can be performed and have already
been documented (1-14) for the TDD devices currently on the
market. Nevertheless, it cannot be stated too frequently that, al-
though these systems are being safely and effectively used for thera-
peutic benefit, our knowledge of the process, by which the delivered
drug gains systemic access (viz., percutaneous absorption) is in-
complete. Among the unresolved issues, which should be borne in
mind when one considers the results of an in vivo experiment, are
the following:

1. How does the barrier function of human skin change with
increasing age? Despite a number of studies (15-19), which have
shown how the permeability of neonate skin differs from that of
adults, almost no comparative information is available from the op-
posite end of the age spectrum. Since TDD is suited to chronic
drug therapy, a requirement most often exhibited by elderly patients,
the effect of aging on percutaneous absorption is a highly pertinent
unknown factor for in vivo evaluation.

2. What is the significance of skin metabolism? An often-cited
advantage (20,21) of TDD is that the cutaneous route of drug input
avoids the hepatic first-pass effect. However, the ability of the
skin to metabolize penetrating compounds is established (22); indeed,
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the poténtial utility of this biotransformation capacity (via a prodrug
approach) has attracted significant interest (23). The extent of
metabolism is not yet quantified, nor is it known whether the skin
handles transporting drugs in the same way as the liver; for example,
it appears that the 1,2- and 1,3-dinitrate metabolites of nitroglycerin
are formed in different ratios depending on the route (sublingual
versus topical) of parent drug administration (24). In addition,
skin surface microflora are capable of topical drug degradation (25,
26). The occlusive environment beneath a TDD device may be ex-
pected to increase the significance of this potential metabolic pathway.

3. Do we understand how penetration enhancers function in vivo?
Although our comprehension of absorption promotion is improving and
various classes of adjuvant can now be identified (27-29), it remains
unclear whether drugs of different physicochemical properties require
enhancers of different types. The breadth of applicability of TDD
is presently determined by the barrier function of skin. If we can
safely, reversibly, and controllably increase cutaneous permeability
with suitable formulation components, the possibilities for the dermal
route of administration will expand considerably.

4. What is the relationship between a drug's structure and
properties and its potential to elicit an irritant or allergic reaction
in human skin? The provocation of an inflammatory cutaneous re-
sponse by an externally applied chemical requires both percutaneous
penetration and intradermal pharmacological effect. A large reaction
could be caused either by a poorly absorbed but highly potent
molecule or by a well-absorbed, low-activity moiety; that is, the
magnitude of response does not unequivocally categorize the antag-
onist. The literature in this field lacks a standardized reporting
approach, which makes the anticipation of problems difficult. As
discussed elsewhere, structure—activity relationships are required
(30), and steps toward their establishment have been initiated.

We now discuss, in turn, three discrete approaches to the
in vivo evaluation of TDD: animal models, human experimentation,
and kinetic modeling and prediction. Problems considered above,
and other difficulties, will be addressed within the context of each
attack. The order of the discussion is as stated; at present, in
preformulation studies, animal experiments precede human testing.
Although, logically, one might consider the theoretical simulation
approach to be the initial feasibility test, its relative infancy as a
viable means of TDD prediction requires that it be debated last in
the sequence as a promising but as yet "experimental" tool.

1. ANIMAL MODELS

Although the most relevant data pertaining to TDD are obtained in
humans, this desirable approach is not always possible, since
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considerable time and resources are required to conduct a safe and
meaningful percutaneous absorption study in man. Consequently,
one must be prepared to use an in vivo animal model. Although the
range of species employed in previous work is very broad, there is
no general agreement as to the "best," or most predictive, model
for skin penetration work. Therefore, in addressing the suitability
of an animal test system, the investigator should evaluate three
basic considerations:

1. How does percutaneous absorption in different animals compare
to or rank with that observed in man?

2. Which, if any, of the animal models provides the closest
representation of penetration in humans for the widest range
of tested compounds?

3. Are there new developments taking place that warrant careful
monitoring in the immediate future?

The following discussion aims to respond to these questions.
While it may not be possible, at present, to state exactly what
should be done, it is suggested that the available literature both
provides strong considerations as to those species whose use is
questionable, and perhaps misleading, and offers a new approach
that has demonstrated significant potential.

A. Rankings

The subject of in vivo animal models for percutaneous absorption has
been reviewed recently (31,32). Only a brief discussion will be
given here, therefore, with a few illustrative and representative
examples. It is first appropriate to list the various species that
have been used as experimental test systems either in vivo or

in vitro. The following is a comprehensive, but not necessarily
complete, compilation: mouse, rat, guinea pig, rabbit; hairless
mouse, hairless rat, hairless dog; cat, dog, miniature pig, pig,
horse, goat; squirrel monkey, rhesus monkey, chimpanzee (33-40).
The diversity is striking and is manifested in the histological ap-
pearance of the skins from these different animals. It is clear that
there have been studies in which an animal model has been chosen
with no consideration whatsoever of the physiological/anatomical
relevance of the "model” skin to that of man.

To rank the disparate animal types with respect to their ability
to provide an acceptable prediction of in vivo skin absorption in man
involves consideration of two groups of studies: (a) those in which
percutaneous penetration of one or a few compounds is measured in
several species (including human), and (b) those in which absorption
of one or more chemicals is compared between the. chosen animal model
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and man. The former category is obvicusly labor-intensive and is
customarily exemplified by the work of Bartek et al. (34) (Fig. 1).
These éxperiments utilized a standard radiochemical approach (41-46)
(see below) for the measurement of percutaneous absorption. The
different chemicals were applied to the animals' shaved backs. Each
site of administration was protected with a nonocclusive guard.

While the results are not sufficiently comprehensive to draw un-
equivocal conelusions, it is clear that the rat and the rabbit do not
offer reliable estimations of human penetration. The pig, on the
other hand, appears to provide a reasonable approximation to ab-
sorption in man. As a general rule, it may be suggested that
animals with high follicular density are less likely to provide good
predictions of in vivo transdermal delivery in human subjects. This
observation is also supported by in vitro measurements (47,48);
furthermore, the preparation of hairy skin for study (e.g., by shav-
ing or depilation) may, in itself, damage the barrier function, re-
sulting in a membrane of unusually low (and nonrepresentative)
resistance.
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Figure 1 In vivo percutaneous absorption in various animals (A =
rat, B = rabbit, C = pig) compared to that in man (D) for halo-

progin, N-acetylcysteine, testosterone, cortisone, caffeine, and
butter yellow. (Adapted from Ref. 34.)
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Using the same procedures, Bartek and La Budde (35) later
reported on the in vivo absorption of four pesticides in rabbit, pig,
squirrel monkey, and man. Once again, penetration in the rabbit
was very high (4-10 times greater then man). The squirrel monkey
gave values for absorption that were as predictive as those from the
pig, indicating that the lower primate may be an alternative repre-
sentation for man. However, by far the most extensive in vivo
comparison between a single animal and man (group b, in the pre-
ceding paragraph) has been performed with the rhesus monkey, de-
tails of which are now discussed.

B. The Rhesus Monkey

The laboratories of Maibach, Wester, et al. (49~59) have established
the rhesus monkey as one of the most frequently cited "good" animal
models for in vivo evaluation of TDD in man. As stated earlier,
this area of research has been reviewed on a number of occasions
(31,32) and only brief recapitulation is warranted here. Again,
standard radiotracer methodology has been followed (41-46); the

application site has generally been either the forearm or the abdomen.

Compound is usually administered after light clipper shaving of the
site to be treated. While the rhesus monkey is certainly "hairy,"
these typical sites of dosing are among the least well covered on the
animal's body. ) :

The compounds for which the rhesus~man comparison has been
made include hydrocortisone, testosterone, benzoic acid, 2,4-dinitro-
chlorobenzene (DNCB), nitrobenzene, and a range of hair dyes
(60-63). In some cases (hydrocortisone, testosterone, and benzoic
acid), the comparisons have been performed following the administra-
tion of more than one topical dose (60) (Fig. 2). On the whole, as
can be seen, the coincidence between rhesus penetration and per-
cutaneous absorption in man is good. This agreement, as elsewhere,
is based on "total" penetration (measured as % 14¢ dose excreted)
in a defined period of time, typically 5 or 7 days. True validation
of the animal model requires the kinetic profiles of the chemical dis-
position to match; regrettably, this information is less often avail-
able in the published literature.

The nitroaromatic compounds also showed excellent correlation
(61): for DNCB, human absorption was 53.1 * 6.2% compared to
52.5 * 4.3% in the rhesus; for nitrobenzene, the corresponding man
and monkey values were 1.5 % 0.3% and, 4.2 * 0.5%, respectively. In
addition, impressive coincidence between penetration across human
and monkey skin in vitro was demonstrated for the same two com-
pounds and three additional nitroaromatic derivatives (p-nitroaniline,
4-amino-2-nitrophenol, and 2-nitro-p-phenylenediamine).

Wolfram and Maibach (62,63) measured the in vivo percutaneous
absorption of various hair dyes in rhesus and man. Agreement was
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Figure 2 In vivo percutaneous absorption of hydrocortisone,
testosterone, and benzoic acid in rhesus monkeys (solid curves)
and in humans (dashed curves). (Adapted from Ref. 60.)

very close for resorcinol, p-phenylenediamine, and HC Blue No. 1
and was acceptable for 2,4-diaminoanisole and 2-nitro-p-phenylene-
diamine. Excretion half-lives of the topically administered radio-
activity were also assessed in man and rhesus and were, on the
whole, similar (Table 1). Although the assay procedures used in
this work were identical to the studies described earlier in this
section, the site of application (the scalp) and the method of chem-
ical administration (working the hair dye lotion into the hair and
scalp versus deposition of penetrant in acetone) were distinctly dif-
ferent. These investigations serve, therefore, as positive reinforce-
ment of the potential utility and representative nature of the rhesus
monkey as a model for human skin absorption (and, hence, TDD)

in vivo.

C. Recent Developments

Despite the persuasive evidence to support the rhesus monkey as an
excellent simulator for human percutaneous absorption, other
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Table 1 Percutaneous Penetration of Hair Dyes in Rhesus Monkey
and in Man®

Urinary
excretion
% Dose absorbed half-life
Chemical Species (%£SD) (hr)
2, 4-Diaminoanisole Man 0.02 £ 0.01 18
Rhesus 0.03 20
Resorcinol Man 0.08 * 0.03 31
Rhesus 0.18 * 0.03 31
4- Amino-2- Man 0.20 + 0.10 24
hydroxytoluene
p-Phenylenediamine Man 0.19 + 0.06 16
) Rhesus 0.18 * 0.06 22
2-Nitro-p- Man 0.14 £ 0.04 24
h 1 diami
phenylenediamine Rhesus 0.55 + 0.01 24
4- Amino-2- Man ' 0.24 £ 0.08 10
nitrophenol
HC Blue No. 1 Man 0.15 + 0.12 18
Rhesus 0.13 £ 0.03 40

aThe number of subjects was 2 or 3 for the monkey studies, 3 or
5 in man.
Source: Adapted from Refs. 62 and 63.

alternatives are being continually sought. The cost, relative acces-
sibility, and handling capabilities required for these primate experi-
ments precludes, at this time, the general use of rhesus monkeys.
A more recent additional complication centers on the emotional issue
of the use of animals in research, in particular the employment of
primates and "domestic" species. A detailed and impressive example
of the search and identification of other in vivo possibilities has been
reported recently by Reifenrath et al. (64,65).

These authors have evaluated four possible models for predicting
skin penetration in man: the human-skin-grafted congenitally (nude)

mouse ("man-mouse"), the pig-skin-grafted nude mouse ("pig-mouse"),

the hairless dog, and the weanling Yorkshire pig. To each model, at
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a single /dose (4 ug/cmz), were separately applied nine radiolabeled
compounds, which had been previously tested in man. The chem-
icals were caffeine, benzoic acid, N,N-diethyl-m-toluamide; testoster-
one, progesterone, fluocinolone acetonide; lindane, parathion, and
malathion. Percutaneous absorption was evaluated in the normal way
by monitoring the excretion of radioactivity from the animal after
dosing. To correct for incomplete excretion, a parenteral dose was
also administered and the elimination monitored as before.

The results obtained from the nude mouse experiments are sum-
marized in Figure 3. It can be seen that the mouse itself offers a
negligible cutaneous barrier to chemical ingress; absorption for some
compounds is almost as high as that seen following subcutaneous in-
jection. The "man—mouse" and "pig-mouse," however, experience
much lower penetration and are consistent. These observations can
be highlighted by a consideration of Figure 4, which shows the marked
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Figure 3 Absorption of nine chemicals following subcutaneous (1)
and topical (2) administration to the nude mouse and topical applica-
tion to the "man-mouse" (3) and "pig-mouse" (4). (Adapted from
Ref. 65.)
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Figure 3 (continued)

change in the stratum corneum of a human-skin-grafted mouse at the
border of the xenograft. Whereas the nude mouse has only a min-
imal horny layer, the human skin demonstrates a particularly well-
formed and appreciable keratinized layer.

Comparison between percutaneous absorption in the "man-mouse"
with that previously reported in man (42,43,46) (Fig. 5) reveals a
reasonably linear correlation, with the grafted animal generally over-
estimating the human results. The other significant correlation was
that between human absorption and penetration in the weanling pig
(Fig. 6). The hairless dog and the "pig-mouse" proved to be less
representative models for human penetration.

When the percutaneous absorption ratio "man-mouse'/man is
plotted as a function of penetrant octanol/water partition coefficient
(Fig. 7), the deviation from unity increases with increasing hydro-
phobicity. It has been suggested that this effect occurs because the
xenograft uses split-thickness skin approximately 0.7 mm thick (i.e.,
skin from which a significant portion of the dermis has been removed).
It is conceivable that the graft procedure removes, therefore, part
of the skin membrane that controls absorption for more lipophilic
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Figure 4 Micrograph of the border of a human skin xenograft onto
the nude mouse. The marked difference between the stratum corneum
layers is clear. Tissue processing has caused extensive swelling of
the human horny layer.

substances. Unfortunately, "control" measurements (using full-
thickness grafts) have not been reported because dermatoming of
the tissue is necessary to ensure an acceptable surgical success rate
(64,65).

D. Conclusions

The available information on in vivo animal models points to some
very simple conclusions:

1. Small "hairy" animals (e.g., rat, rabbit) invariably yield pene-
tration values much greater than those seen in man. Their
usefulness as predictive models for human in vivo TDD is

| questionable.

! 2. The use of the rhesus monkey, if available, appears to be the

most reliable and well-validated of the existing models for human

skin penetration.
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.Figure 5  Percutaneous penetration in man (42,43) compared to that
in the human-skin-grafted nude mouse ("man-mouse") for caffeine
(1), benzoic acid (2), malathion (3), N,N-diethyl-m-toluamide (4
testosterone (5), fluocinolone acetonide (6), parathion (7) ro- ’
gesterone (8), and lindane (9). (Adapted from Ref. 65.)’ i
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Figure 6 Percutaneous penetration in man (42,43) compared to that
in the weanling pig for caffeine (1), benzoic acid (2), malathion
(3), N,N-diethyl-m-toluamide (4), testosterone (5), fluocinolone
acetonide (6), parathion (7), progesterone (8), and lindane (9).
(Adapted from Ref. 65.)
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Figure 7 The ratio of percutaneous absorption (PA) in the "man-
mouse” to that in man (42,43) plotted as a function of the octanol/
water partition coefficient (K) (103) for caffeine (1), benzoic acid
(2), malathion (3), N,N-diethyl-m-toluamide (4), testosterone (5),

gaxf-at}éi:r; (7), progesterone (8), and lindane (9). (Adapted from
ef. .

3. The weanling pig (although perhaps not the most convenient
and readily available species either) and the human-skin-grafted
nuFle mouse (again, an experimental animal requiring surgical
skill and clean laboratory space) offer new, alternative models
of much promise and potential.

. HUMAN EXPERIMENTATION

Ever}tually, in the development of a TDD system, the drug must be
applied to human subjects and pharmacokinetic and pharmacodynamiec
data must be collected; specific, sensitive assays for the parent
drug and any active metabolites will have been developed, and a

suitable pharmacological response, which can be i i
» ua.
have been identified. auantified, wil
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But does the drug penetrate human skin in vivo? This question
will first bé asked. Even though in vitro measurements and animal
model expe"riments may be supportive of the likely penetration be-
havior of the compound in human subjects, a direct demonstration
allows the decision to proceed to detailed kinetic and dynamic studies
to be made with considerably more confidence. Equally, if several
possible agents are under consideration for TDD, & human in vivo
evaluation may facilitate the selection of the most promising candi-
date(s) much more quickly and convinecingly than other experimental
options.

How, then, can a meaningful in vivo evaluation be performed
such that: (a) there is minimal risk to the human volunteers, and
(b) predictive results can be generated within a reasonable time?

In this section we consider this question in three parts by:

1. Describing the advantages, drawbacks, and predictability of the
standard methodology, which has been used for nearly 20 years.

2. Considering two refinements (to the basic approach) that have
been reported recently.

3. Examining (again, through studies currently in progress)
whether there are age-related changes in skin that alter the
barrier function sufficiently and imply, thereby, a closer con-
sideration of subject selection for in vivo studies.

A. Standard In Vivo Methodology

Most of the in vivo human skin penetration data in the literature
have been obtained using the procedures first described by Feldmann
and Maibach (41-46). As mentioned above, these techniques have
also been used in many animal studies. In brief, percutanecus ab-
sorption is determined by an indirect method of measuring radioac-
tivity in excreta following topical application of the labeled drug.
Generally, 14C has been the radiolabel of choice. Although plasma
levels of administered compound are perhaps most desirable, the low
levels typically found in the blood after transdermal input preclude
the routine use of specific chemical assay procedures. The use of
an isotope and quantification in the urine (and feces) allows penetra-
tion to be measured following a very small, nonpharmacologically
active dose of the chemical. In addition, the approach is applicable
to any molecule into which a radiolabel can be incorporated at suf-
ficient specific activity. Hence many more compounds have been
evaluated for their in vivo penetration than would have been possible
if routine analytical procedures had been sought and used.
Determination of absorption following topical administration in the
manner described requires the investigator to know the amount of
radioactivity retained in the body, or excreted by routes not assayed.
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This necessitates measurement of elimination following parenteral
(ideally intravenous) administration of the compound. The percent-
age of dose absorbed transdermally is then calculated from Eq. (1).

total radioactivity excreted

% dose _ __after topical administration

absorbed total radioactivity excreted
after intravenous administration

x 100 (@9

Obvious limitations are inherent in this simple methodology:

1. The radioactivity detected in the excreta is a mixture of parent
chemical and metabolites.

2. The origin of the metabolites (e.g., that fraction generated in
the skin during transdermal passage) is unknown.

3. Sophisticated kinetic analysis of the data on excretion rate
versus time is therefore precluded.

From a practical standpoint, the procedure requires good subject
compliance because excretion measurements must be made over sev-
eral (typically 5-7) days. Most experiments have been performed
with the application site unprotected and nonoccluded. In the pub-
lished literature, reporting on this technique, therefore, there are
no examples for which a successful mass balance between applied
dose and (corrected) excretion levels has been possible.

However, one must qualify these criticisms by asking, What
would be the state of our knowledge in the absence of the in vivo
favaluations that have used this technique? The answer, quite simply,
is: very limited. There have been a few studies in which chemical
assays have been performed in blood and urine following topical
administration, but the number is very small, Furthermore, the
doses.were of a therapeutic magnitude and the analysis procedures
were invariably already in place. On the other hand, the radio-
tracer procedure has permitted a large human in vivo database to
b? established on a wide range of penetrants (e.g., steroids, pesti-
cides, cosmetics, hair dyes) (42,43,46,61~63). This information
while subject to the foregoing limitations, currently offers the "h:ench-
mnark" e\.raluation of skin penetration in man. Despite some recent
provocative and challenging remarks (66) concerning the relative
isefulness of in vitro over in vivo measurements of percutaneous
ibsorption, there remain too many ill-defined parameters in in vitro
nethodology (67) for the arguments to be generally persuasive.

Fh_us, although the standard procedure is certainly not without
imitation, it has been, and continues to be, immensely valuable
Jeve}'theless, improvements are possible and unknowns persist; 'the
‘emainder of this section will consider possible refinements and’ one
mportant, and immediate, unresolved issue.
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B. Refinements
1. "Reservoir'" Technique

In three recently published papers (68-170), Rougier, Dupuis,
and their colleagues have presented evidence (obtained in both hair-
less rat and man) for a relationship between so-called stratum
corneum reservoir function and in vivo percutaneous absorption.

The initial study (68) in the hairless rat compared (a) the total body
distribution after 96 hr of 10 substances, having a wide range of
physicochemical properties, following a 30 min-topical application in
a 95:5 v/v ethanol/water vehicle, with (b) the corresponding amount
of the same substances that could be found in the stratum corneum
by tape-stripping after, again, a 30-min topical exposure. The
penetrants were labeled with 14¢C or 3H and were analyzed by liquid
scintillation counting. In terms of penetration, it was found that
there was a factor of 50 between the best penetrant (benzoic acid)
and the least absorbed compound (dexamethasone) (see Table 2).
Comparison of these values with the levels measurable in the stratum
corneum demonstrated high correlation (Fig. 8). Thus, a major
implication of the work was that the simple, short exposure proce-
dure followed by immediate tape-stripping would provide a facile
prediction of in vivo penetration over a longer period.

A logical sequential step was then performed: evaluation of the
technique in man (69). Following identical procedures, the experi-
ment was conducted in human subjects using four different doses of
benzoic acid delivered in an ethylene. glycol vehicle containing 10%
Triton-X-100. For comparative purposes, parallel control measure-
ments were also made in the hairless rat. Benzoic acid was chosen
because it penetrates human skin well and is almost totally excreted
in the urine, thereby facilitating the determination of % dose absorbed.
The results are summarized in Figure 9, which contains three im-
portant features. First, penetration in the rat is approximately
twice that in man. Second, the stratum corneum content of benzoic
acid in man after a 30 min-exposure is linearly related to the amount
found to penetrate over the subsequent 4 days. Third, the linear
relationship between these quantities, previously determined from the
absorption of 10 very different substances in the hairless rat (68),
is not significantly different from that which holds in man for ben-
zoic acid over a 10-fold range in applied concentration. The results
of this second study support, therefore, the initial conclusion ob-
tained in the hairless rat and suggest, in addition, a commonality
between predictive relationships in an animal model (the hairless rat)
and man.

The most recent publication (70} from the same laboratory showed
that there is no unique feature to the previously exclusive use of a
30-min skin contact time. In the hairless rat, using benzoic acid,
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Table 2 Percutaneous Ab i
Technique? sorption Assessed by the "Reservoir”

T . Amount in
otal penetration stratum corneum
?6 hr after 0.5 hr after
Chemicmb topical application application
(nmol/em? + SD) (nmol/cm2 + SD)
Benzoic acid 26.6 £ 0.7 17.6 * 1.5
Benzoic acid® 79.3 t 3.6 48.1 5-1
Acetylsalicylic acid 6.7 + 0.7 5.2 : 0.6
Dihydroepiandrosterone 5.3 £ 0.2 2.0 : 0'4
Sodium salicylate 5.0 £ 0.7 3'9 : 0'3
Testosterone 4.3 £ 0.5 2. .o
. .3 0. .1 +£0.2
Caffeine 3.7 0.3 2.8 0.3
Thiourea 3.2 £ 0.5 2.6 + 0.3
D-Mannitol 2.6 0.2 2.2 +0.4
Hydrocortisone 0.9 £ 0.1 0.9 ‘o
.9+ 0. .9 0.2
Dexamethasone 0.6 0.1 0.4
.6 *+0. .4 %00

a.. :

bSlX animals were used per chemical.

dTopical dose was 200 nmol/cm?2 i

e e i m<4 except as noted in note c.
Source: Adapted from Ref. 68.

nicotini : - .
penet:?;i:gld, aspirin, and theophyllme, linear relationships between
PN , Ff;(:.;:o’xrery, and application time have been established
. osure periods of 0.5, 2, 4 i
o | -9, 2, 4, and 6 hr were investi
lev&;;:o;::l:}t}lor} between 4-day penetration and 30-min stratum e:(::'iated.
ovels o rzpoor:rdc%m?ounc;s studied was not significantly differenetum
t : e efore for various compounds i
benz;f acid at different applied doses in mpan (6?3 16T;)the e and for
The ape a;::;stuaswe m.ature of these combined results i.s indisputable
ohe ap rx: e dgengrahty of the observations, and the coincidence .
betue pred;ect‘ata in hairless rat with those in man, offer well-vali
¢ ive potential. However, limitati , \ y
exist and require discussion i ’ et ol e 0
xist ar . First, the procedure yield i
;gnsi II[;uil'nt mea§ure.ment that can provide only an esti}rrnlaticfn8051:l gI:I
ption: kinetic details of the rate and extent of absorptionOtare
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AMOUNT PENETRATED
IN G DAYS (NMOL/CMD)
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AMOUNT IN STRATUM CORNEUM
0.5 HR AFTER APPLICATION (NMOL/CMZ)

Figure B Total percutaneous penetration (nmol/cmz) 4 days after

topical application compared to amount (nmol/cmz) jn stratum corneum

30 min after administration for the compounds listed in Table 2.
y = 1.64x — 0.5, r = 0.998.

Linear regression of the data yields:
(Adapted from Ref. 68.)

lost. Next, the technique is somewhat invasive, requiring stratum
corneum removal by the tape-stripping process. Third, with only a
30-min application time, validation of the procedure has required
the administration of large doses of radioactivity (so that absorption
can be gquantified by later tissue and body fluids analysis), which
are probably unacceptable for routine studies in man. In addition,
the brevity of the application period amplifies the uncertainty asso-
ciated with the prediction estimation on the basis of the small dif-
ference between two large numbers. Modifications to the technique
that would alleviate some of these shortcomings may be envisaged
and an example follows. Nevertheless, in overall conclusion, it may
be suggested that these experiments warrant cautious optimism and

represent an encouraging advance.
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AMOUNT PENETRATED
IN & DAYS (NMOL/CM%)

20 4
&
4
15
10 — . &
>
5 - =
1 ¢
B
0 v 1 ' ) ' I ' rT 1
0 5 10
AMOUNT [N STRATUM CORNEUM )
0.5 HR AFTER APPLICATION (NMOL/CM%)
Figure 9

Correlation between total penetration of benzoic acid after
4 days with amounts recovered in the stratum corneum 30 min after
application at 4 doses (125, 250, 500, and 1000 nmol/cm?2) in the

rat (diamonds) and man (squares). Linear regression of the data

points yields: y = 1.83x — 0.52, r = 0.998. (Adapted from Ref.
69.)

2. "Mass Balance" Technique

Recently, in our laboratory, a modification of the standard
Feldmann and Maibach (41-46) in vivo approach has been explored.
The procedure developed addresses some of the perceived "reservoir
technique" limitations identified above. Experiments have so far
been conducted with three steroidal penetrants: testosterone,
estradiol, and hydrocortisone. The 14C-labeled chemicals have been
applied in acetone to the ventral forearm of male volunteers. Chem-
ical and radioactivity doses were 4 yg/cm? and 1 pCi/em2, respec-
tively; the area of application was 2.5 em?2. After evaporation of
the vehicle, the application site was covered with a polypropylene
Hilltop chamber, which was affixed to the skin with adhesive tape.

Table 3 Influénce of Application Time
Absorption by the

a
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on the Assessment of Percutaneous
1Reservoir" Technique

Total penetration

96 hr after

topical application

Chemicalb (nmol/em? * SD)
i .9 0.1
Theophylline 1
7.0 1.4
12.3 =+ 1.2
25.1 + 4.8
12 1.7
Aspirin 0. 8.1
2 25.7 £ 1.9
4 53.6 * 2.4
6 82.7 + 14.0
+ 2.5
Nicotinic acid 0. 15.7
2 44.8 + 11.7
4 123.5 + 25.5
6 180.0 * 61.5
+ 2.6
Benzoic acid 0. 18.8
2 78.6 * 5.2
4 145.3 + 12.7
6 185.2 * 22.6

8pive hairless rats were used per
bDose = 1000 nmol/cm?.
Source: Adapted from Ref. 70.

time point.

stratum corneum
0.5 hr after

(nmol/em? * SD)
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The subjects collected their urine for 7 days postapplication; four
fractions were collected on day 1 (0-4, 4-8, 8-12, and 12-24 hr),
one per day, thereafter. After 24 hr, the occlusive chamber was
removed and submitted to liquid scintillation counting. The applica-
tion site was washed with a standardized procedure (soap solution,
water, soap solution, water, water) and all washings were collected
and assayed for residual surface chemical. For the remaining 6
days of the study, the administration site was again covered with a
(new) chamber. An essentially identical protocol has also been per-
formed following a multiple dosing regimen (71): daily topical doses

of the same three compounds were administered over a 14-day period.

The first and eighth doses were 14c-1abeled and urinary excretion
for 7 days after each of the "hot" doses was followed. In this case,
the 24-hr washing procedure was also performed daily, and a new
chamber was provided on each occasion.

The results of these preliminary experiments are summarized in
Figure 10, which plots the disposition of the 14C-labeled chemical
doses as a function of penetrant log (octanol/water) partition coef-
ficient (Ko/w). It was found that the data from the single- and
multiple-dose studies were indistinguishable and they have, there-
fore, been pooled. Surface wash recoveries for the multiple-admin-
istration regimen represent only those collected at 24 hr post-14¢
administration; negligible radioactivity was present in the washings
obtained on days 3-8 and 10-14, The data, as a whole, show that:
(a) the sequestration of chemical by the polypropylene chamber is
relatively constant and does not appear to be sensitive to Kojw:

(b) 24-hr surface wash recovery decreases linearly with increasing
log Ko/w, (¢) percutaneous absorption, determined as total (cor-
rected) 1‘IC-urinary excretion level, increases linearly with increas-
ing log Kg/y, (d) there appears to be a significant inverse correla-
tion between surface wash recovery and percutaneous absorption,
and (e) there is excellent mass balance between applied dose and
postadministration disposition.

We believe, therefore, that this in vivo refinement is advanta-
geous. The benign nature of the covering device and its apparent
lack of specificity in binding are useful attributes. The ability to
achieve mass balance in this type of experiment is an important im-
provement. The potential predictability of the surface wash measure-
ment for percutaneous absorption and the correlation of these param-
eters with a physicochemical parameter of the penetrant is promising.
Radiolabeled drug administration remains necessary, and kinetic data
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i 10 Disposition of testosterone (triangles), es'fradml (l?g;cxia::f),
:;%u;irdrocortisone (circles), in vivo in man after ttop1ci1vea§pby

ion; rve 2, amount rem
CUI‘V? ” percma;ec::l;iimizz;)rsp:;zr;’stzged on polypropyl.ene ch.amber.
?Sz?;ng;e::;':’:d a,t A. Ph. A. Academy of Pharmaceutu;)al ime;ces
39th Nztional Meeting, Minneapolis., Octoberd, }]i98;, béruy ..) .
Bucks, J. R. McMaster, H. I. Maibach, an . H.

rather than enclosed (e.g., with a ventilated chamber). It seems

idati his
reasonable to speculate, however, that further vahdatuf)n ;;'m;cal
approach with a wider variety and inf:reased number: o cfor real e
sgzcies may establish a significantly improved technique

percutaneous absorption.evaluation.

C. Effect of Aging on Skin Penetration

Hy—tf—severa ST 05565 At applied at t = ¢
and then removed at various times thereafter. Also, thus far, oc-
clusion of the application site has been used. While this may be the
most relevant situation for TDD, it will be interesting to observe
whether the procedure is as effective if the dosing site is protected

That human skin changes dramatically w.ith increaﬁng ageallscg:rtlegr;tsly
i visual inspection. Physiologlcal. and ploc emic nges
01?"19\15 }?n tissue have been identified and 1nvest1gate.d (72). ) () .
Wl'Fhln X edo1 not know whether, or how, the penetration barrier o
:Keers’kl&e changes in the aged. At the opposite end of the age
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spectrum (i.e., in the

have been recently re

elderly,

advantag

neonate) some experimental
viewed (15-19),
who represent the subject pop
e of the benefits of TDD (lon
ing excellent compliance and reduced
altered barrier function has been mini
The few investigations,

data exist and
On the other hand, for the
ulation most likely to take
g-term, chronic therapy offer-
side effects), the question of
mally studied.

which have been performed in vivo in
man or in vitro on excised human skin, have produced inconsistent

conclusions, Percutaneous absorption in vivo has been reported to
be lower in aged subjects (73,74), yet, in vitro, penetration through
skin excised from elderly ¢ significantly higher than that

young donors (73).
not appear to change with age in a

a

0ld-old
15.2 + 8.4
(n=17)
9.0 + 5.6
(n = 6)
0.86 + 0.50
(n =9
23.1 + 7.0
(n =9

adavers was

Trans-
dulthood

Young-old
5+ 3.5
(n = 6)

10.6 £ 5.7
(n = 8)
0.67 + 0.58
(n = 8)
27.5 * 11.6
(n =8)

13

es of intradermally injected materials have
been found to both increase ang decrease as a function of
no clear consensus evol

ving to explain the disparate obser
All too often, work in t

vations,
his field has been characterized by smal
subject Populations, poo

rly defined Procedural techniques, ang ex-
periment selections that preclude straightforward comparisons and
unambiguous conclusions. A more detailed review of the literature
has recently been compiled (78).

Presently, in our laboratory, a preliminar
absorption study in two eld

Cumulative % dose excreted in 5 days

17)

10.6 * 4.9
(n =3)

Maibach, and R. H. Guy, presented at the APhA

1985.
i > ct beI‘,

y f Pharmaceutical Sciences 39th National Meetlng, Mlnneapohs

Academy o ar Octo

42.6 * 16.5

Young
13.2 + 3.0
1.87 * 1.6
(n = 15)
(n = 6)

(n

y in vivo, Percutaneous

erly populations ("young-old, " 65~-175

years; "old-old," > 75 years) has been initiated. Four "mode]"
penetrants (benzoic acid, hydrocortisone, estradiol, and testosterone),
which demonstrate g wide range of benetrability characteristicg and
physicochemical properties, have been considered. Control data on
"young" adults (18-35 years) have been Published (42,43).

Using the standard radiochemical approach described earlier
(41-46), the results collected in Table 4 have been obtained. For
testosterone ang estradiol, the two most lipophilie compounds, pene-
tration in the three subject groups is essentially equivalent. In
contrast, for hydrocortisone and benzoic acid, the less lipophilic
and more water-soluble chemicals, absorption is sig'niﬁcantly less in
both elderly cohorts than in the young "controlg," Thus, there
appears to be good reason to Suspect that bercutaneous absorption :
does change with age and that the effect ig sensitive to the Physico- g
chemical properties of the penetrant.

log K
3.31
2.70
1.93
1.87

C

b

" Human Subjects
ion in "Young" and "Aged
i tanecus Absorption in
Comparison of Percu
c

octanol/water partition coefficient (103).
K. V. Roskos, R. S. Hinz, H.

ge toward compounds that
It is known that aged stratum
r than the young adult horny layer and

A reduced Presence

Penetration in e age cohoris was not signilicantly eren rom at in the young

) g 1 e young group
cPe]letl‘athn in the aged cohorts was si ]llflCalltly less than that in th

(p < 0.05 or better).

Table 4
Chemical
Testosterone

. .b
Estradiol
Hydrocortisone
Benzoic acid
8k
Source:
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to less lipophilic moieties. The diminished lipid content provides a
reduced dissolution medium for chemicals administered to the skin
sur.face. Such a change, one might predict, would differentiate
agmn§t the absorption of compounds of relatively low lipid solubility—
that is, agents with smaller rather than higher oil/water partition Y
coefficients, namely, hydrocortisone and benzoic acid. A lowered
water content and a smaller lipid capacity may not, however, affect
stratum corneum uptake and passage of highly lipophilic molt; ul
such as testosterone and estradiol. eues

' Substantiation of these conclusions awaits further experiments
with an expanded range of penetrants. In addition, close attention
sh9uld be paid to recent investigations into a unique triglyceride
Sklf’l softener (79-81) (Fig. 11). This agent shows a marked abilit
to improve the smoothness of the skin even at low water content Y
and has p‘ote’ntial, therefore, as a treatment for the relief of xerosis
or dry §k1n in the elderly. While the mechanism of action remains
specule}tnfe, X-ray data imply an important effect on the lipid struc-
ture within the horny layer. Specifically, a stabilization of the
lamellar arrangement of intercellular lipids is supported.

Thus, probing the barrier function at both macroscopic and
molecglar levels as a function of age is now realistic. WiI::h the
f:hangmg demographic pattern of Western civilization and the increas-
ing awareness of the potential benefits that TDD can provide to o
elderly patients, the results of these rather new avenues of investiga-

tion are particularly important and i
ertin Lo
chemotherapy. pertinent to future geriatric

IV. KINETIC MODELING OF TRANSDERMAL
DRUG DELIVERY

;rhcla ::jtective gf model development in TDD is to provide a predictive
00 at may be used prospectively, at an earl i

t ! t , y stage, in the sc -
ing of candldgte .drugs. A suitable simulation does not need to bI:en
exactly quantitative, nor is it reasonable to expect that exact
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coincidence ‘between prediction and in vivo results can be routinely
obtained. However, an acceptable model should identify high-prior-
ity compounds and should be able to indicate how "borderline'" chem-
icals may be formulated to enable efficacious delivery via the skin.
The simplest theoretical caleulation involves application of the

steady-state mass balance equation:

IN=Cl - ¢ (2)
ss

where IN (ug/hr) is the TDD input rate, C1 (cm3/hr) is the drug

clearance, and cgg (ng/ml) is the target steady-state plasma con-

centration. If, for example, the TDD device was a "membrane-

controlled" system (1-6,9,11-14), from which the drug was released

with a zero-order Kkinetic rate constant k0 (ug/cmzlhr), then

IN=A-k0 (3)

where A is the area of the patch.
Equations (2) and (3) can be used to determine whether a feas-

ible IN can be accomplished. For example, for the antihypertensive
drug clonidine, a suitable target cgg would be 0.75 ng/ml and the
literature reports a clearance of about 1.2 L/hr for a 70-kg individ-
ual. It follows that:

IN = (1.2 % 103) (0.75) ng/hr = 9 ug/hr

Hence, a 5-cm? device programmed to release clonidine at a little
less than 2 ug/cmzlhr should provide a steady, pharmacologically
efficacious level of drug. Such a system has indeed been developed
(11-13), approved by the FDA, and is now marketed as Catapres-TTS
by Boehringher-Ingelheim.

However, the predictive approach based on a steady-state calcu-
lation is deficient in two ways. First, the predicted A - K product
may not be feasible; that is, either an impossibly large area or input
rate may be necessary to achieve the desired cgg. Second, the
calculation provides no indication of the time required to attain the
target cgg. For transdermal delivery, a classic estimation of this
time based on the drug's biological half-life will often be inappropri-
ate because percutaneous absorption is usually slower than the elim-
ination process [i.e., "flip-flop" kinetics (82) pertain].

To resolve these difficulties, it is necessary to model the entire
time- course of transdermal delivery and, thus, it is essential to de-
scribe theoretically the kinetics of percutaneous absorption. As a
first step, we identify the key physical events involved in the TDD

process:
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1. Transport within the delivery system

2. Drug partitioning from the device into the stratum corneum

3. Transport across the stratum corneum

4. Drug partitioning from the lipophilic stratum corneum into the
(much more aqueous) viable epidermis

5. Transport across the viable epidermis

6. Uptake by the cutaneous capillaries (epidermal-dermal junction)

and systemic distribution

Admittedly, this list does not include all possible interactions between
drug and skin (83,84), but it does incorporate all the transport and
partitioning steps necessary to move the drug from. the device into
the bloodstream. Transport (or diffusion) and partitioning are the
key words here and must influence significantly the form of any ef-
fective model for TDD. The most rigorous approach to simulating
this sequence of steps would involve, minimally, solution of Fick's
second law of diffusion, with appropriate boundary conditions, for
the device, the stratum corneum, and the viable epidermis. While
this is theoretically feasible and has, in fact, been performed to
various levels of sophistication (85-92), a complete treatment is
mathematically complex, may require numerical solutions to the dif-
ferential equations, and loses, as a result, a degree of insight and
biophysical relevance. .

An alternative approach involves the application of linear kinetics
(93-102). While this methodology lacks rigorous purity, it does offer,
we believe, an acceptable first approximation and it retains important
physicochemical significance. Additionally, the model permits im-
portant, but experimentally inaccessible or intractable, questions to
be addressed theoretically. Currently, the simulation has developed
to the extent represented schematically in Figure 12. Details have
been described fully in the literature (93,_96—98,101,102) and only a
brief recapitulation is given here. Input kinetics from the device
are described by f(kiN): for a so-called membrane-controlled patch,
such as the clonidine-containing Catapres-TTS (11-13) (Fig. 13),
f(kIN) consists of a first-order component (k1) accounting for drug

representing the membrane-determined flux of drug from the reservoir
(1). The parameter kr reflects the fact that there will be competition
for drug between the patch and the stratum corneum. A well-de-
signed patch will minimize kp. However, it is clear that k, will, for
example, become progressively more significant for drugs of relatively
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Figure 12 Kinetic model for transdermal drug delivery and p
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taneous absorption (20,97,98,101,102).
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Figure 13  Schematic diagram of a membrane-moderated transdermal

drug delivery system (9,20).
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k,/k, = K/5
3 72 (5)

whe.re‘ K is the octanol/water partition coefficient of the drug. Th
empiricism of Eq. (5) should be emphasized—there is no a priori
reason why a correlation of kj/ky with K should exist. We suspect
;.lhat other oﬂ/we.tter partition coefficients may be more appropriazze-
ar(:g,'etvheir,.there 1s,_ of course, a very large database of log K (103’)
pne ks 1(so the major reason for its use in this predictive approach’
» X4 LOr a more complex function, if neces i .
drug's clearance from the s ic cir i e hroaoibes the
¢ ystemic circulation. A redicti
1s not possible; it must be mea ing i . s adminic,
o o compoun sured following intravenous administra-
: ira Ad series of diffgrentia.l equations describes the kinetics of the
rénsdermal absorption Process represented by Figure 12 These

rate equations are easily solved t i

0o give t i
the drug concentration g o Tametir Expre
101,102) :

e

. ssion for
in blood (Cp) as a function of time (t) (98,

c_ =kl + £

o (6)
where
I
Mk'k_k
f(kI) - 12 [ exp(—at) + exp(—gt)
v (B —a)(a~w(B - ) (a-B)(B—m)(B—u)
+ exp(—wt) exp(—ut)
(¢ - w-BGw-w * @G T w)] ™
and
0
Ak 'k _k
L 12 [L exp(~at) — __exp(—8t)
vV aBe  ala — B)(o - g) B(B — a)(B ~ ¢)
_ exp(—ct)
e(e—a)(E‘B)] ®

M = amount of drug in the "priming" contact adhesive
A

surface area of the device

I
o =kk (ot ) =k vk 4k
r 1
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Predictions of the C, versus t profile following transdermal
delivery have been successfully performed for nitroglycerin and
clonidine using appropriate values for the parameters required
(Table 5) (101,102). These simulations have been discussed ex-
tensively in previous publications (20,101,102), and Figure 14 sum-
marizes the correlation between theory and human in vivo experiment.
The agreement is good and shows that physicochemical characteriza-
tion of transcutaneous kinetics, in conjunction with device release
rate(s) and limited pharmacokinetic data, can be employed success-
fully to model and to predict TDD. More recently (104-106), plasma
levels of estradiol, scopolamine, and timolol following TDD have been
published, and the kinetic model has again been able to simulate the
results in a self-consistent fashion (107). Figure 15 illustrates these
latest analyses using estradiol as an example.

A secondary aim of an effective model for TDD is to permit ex-
amination of experimentally inaccessible or poorly defined variables
of the percutaneous absorption process. Two examples, in particular,
may be cited: (a) the impact of cutaneous metabolism on the systemic
availability of transdermally delivered drugs, and (b) the desirable
properties required of putative penetration enhancers as a function
of the physicochemical properties of the delivered drug.

The first case has been explored both for drug biotransformation
by cutaneous enzymes within the viable epidermis (108) and for drug
degradation on the skin surface by microorganisms (109). The former
situation requires that the degree of effect be explored by assuming
a range of metabolic transformation rate constants (108). These
parameters, however, have not been quantified experimentally and
the significance of the theoretical findings awaits, therefore, suitable
accurate measurements of enzyme activity in skin. The latter situa-
tion has been addressed specifically for nitroglycerin making use of
microbial degradation kinetics of the drug determined in culture (109).
The simulations show that microorganisms on the skin surface elicit
their maximal effect on drug delivered to the skin with first-order
kinetics either from the contact adhesive of a transdermal delivery

system or from a thinly spread film of topical ointment. The result
for TDD is to delay the attainment of the target steady-state plasma
concentration, an effect that can be .circumvented by increasing the
magnitude of the "loading”" dose contained within the patch adhesive.
Experimentally, in rhesus monkeys, a cutaneous "first-pass effect"
of about 16-21% has been demonstrated for nitroglycerin (110). Given
the sensitivity of nitroglycerin to metabolism, one might speculate
that the magnitude of this effect reflects a maximum value. However,
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Table 5 ineti
Pharmacokinetic and Physicochemica] Parameters Utilized

by the Kineti
netic Model (20,97,98,101,102) to Calculate the Predicted PLASMA

CONCN. (NG/ML})

Curves in Figures 14
an i .
Estradiol @ 15 for Nitroglycerin, Glonidine, ang
0.2 A
Nitroglycerin2 ClonidineP Estradiol® IN VIVO
Molec i
ular weight 227.1 230.1 —— 0.1
log K 2.05 084 272.4 j ‘0.."..,0.0....4....‘....0....0....’....’....’
. . . &
Half-life (hr) 0.04 2.49 T & MODEL
V(L : 8.5 0.05 0.05 -
) 231 147 1 *
2 4.81 i
A (em™) 10
5
M (mg) 20 .
0 2 0.47 0.1 NITROGLYCERIN
2 .
k™ (ug/em®/nr) 36 .
I -1 -6 0.21 0.01
k" (hr ) 1.3 | i | 1 I { ! | I
K el L 18 1.3 0 6 1 18 2
r 10 1074 1074 TIME (hr)
k, (hr 1) (a)
1 0.15 0.15 0.14 :
k2 (hr-l) 2.3 ) Figure 14 Comparison between theoretical predictions of the kinetic
1 - 36 2.35 2.929 model (Fig. 12) (101,102) with in vivo plasma concentration versus
k3 ¢hr ) 53 time profiles for nitroglycerin and clonidine following transdermal
-1 3.2 299 delivery (9,11). The parameters used to calculate the simulated
k4 (hr 5 18.2 curves are given in Table 5. Time is measured in hours (a) and in
' 0.08 13.9 days (b).

aPar-ameters from Ref. 1032,

Parameters from Ref. 101
) this hypothesis remains essentially untested, and the location of

nitroglycerin metabolism (surface versus epidermal) is unknown.

CParameters fp
om Ref. 107.
Considerably more work in this area is required, therefore, before
the full significance of the model predictions can be assessed and
acted upon.

The second case, the effect of penetration enhancers on TDD,
has recently been examined by using the kinetic simulation to probe
the action of "model" promoters as a function of the physicochemical
properties of the penetrant (111). Two prospective enhancers,
which act specifically in skin, have been considered: the first
(PE1) increases the drug diffusion coefficient (Dg) across the stratum
corneum by 10-fold; the second (PE2) increases Dg by the same
amount but also reduces the effective stratum corneum/viable tissue
partition coefficient of the drug by an order of magnitude from its
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Figure 14 (continued)

un
dif!;j::::;ed v'alue. Enhancer PE1 acts specifically to reduce th
d(_Hmmstratereswtance' .Qf the stratum corneum, therefore whil Pe
e Mdditional, more subtle, role by which the Hpoptid
pophilic

In terms of the model

e drug. We consider
from a 10-cm?2 trans-

at 20 ug/em?/hr. The gr i h zero-order kineti
i : L ugs have identical ; 1cs
biological half-lives (0.5 hr), and volumes ofmgileCular weights (250),

They differ only in thej _ stribution (100 L)
ir .
(K): respective octanol/water Partition coefficient
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Figure 15 Theoretical prediction (diamonds) of the plasma levels of
estradiol as a function of time (107) following transdermal delivery
compared to in vivo data (squares) (104). The parameters used to
calculate the simulations are listed in Table 5.

penetration of the more lipophilic agent D2. The reverse differentia-
tion is shown by PE2, which elicits minimal action on D1 but sig-
nificantly enhances absorption of D2. It is apparent, therefore,
that the desirable properties of a penetration enhancer may change
depending on the physicochemical nature of the drug being delivered.
For a relatively hydrophilic drug (log K < 1-1.5), it is important
for the enhancer to lower the diffusional resistance of the stratum
corneum. For more hydrophobic compounds (log K < 2), however,
the enhancer must, in some way, promote the rate of stratum corneum
to viable tissue partitioning. In this case, speeding the rate of
stratum corneum diffusion is less important because  transfer of drug
out of the horny layer is the slowest step in the absorption process.
At the present time, the mechanisms of action of the various
agents proposed as penetration enhancers are not well defined (27-29).
The search for more effective promoters, therefore, lacks an obvious
rationale. We suggest that theoretical investigations of the type dis-
cussed here may permit a more logical approach to the understanding
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O.lJ — Figure 16  (continued)
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10 20 30 40 50 and identification of compounds that can effectively and controllably
TIME (hr) facilitate percutaneous absorption.
(a)
Figure 16 V. SUMMARY

The predicted effect
s of two " !
model" Percutancous pene- The in vivo evaluation of TDD represents a crucial stage in the de-

ancers (PE1 and p
E2) on the I:Sf,:: é:oncentration versus velopment of a therapeutic device. Design of the appropriate test

curvees tIransdermally (111). i experiment and utilization of a relevant experimental system are of
s and II are those [ fundamental importance, therefore. The objective of this chapter
has been to identify methodologies for assessing TDD in vivo and to
elucidate the procedures that may prove most informative and in-
dicative of potential success. There have been useful recent ad-
vances in the approaches to measure percutaneous absorption in vivo,
and these procedures should be given careful attention when planning
for TDD evaluation. The advantages and limitations of various animal
models are now more clearly defined and, while there remains no "ideal"
system, there is now no excuse for choosing a poorly representative

tration enh

respectively.
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speci . .
pecies. Finally, our comprehension of the basic physicochemical

Zglt‘iosbslotl;)lgical' cri'feria, which determine the rate of drug passage
soross ¢ e skin, is becoml‘ng more sophisticated. We believe tfat
oreseeable future it will be increasingly possible to define

chemical structure/skin penetration relationships. Hence, we en-

visage the achievement of reliable predictions of TDD in vivo, from

basic physical chemical and pharmacokinetic information.

ACKNOWLEDGMENTS

We acknov;vledge the advice of Drs. Howard I. Maibach and Ronald C
e thank Dr. J. M. Holland of the Upjohn Company Kala-.

Wester.

mazoo, i i i
o, for Figure 4. Financial support was provided by National

Insti
Er;s;;;c:;.es I;)f Health grants GM-33395-02 and AG-04851, by a Special
is Research Career Award to RHG from the National Insgcif:lte

of Occupational Safet
y and Health -OH-
International and Ciba-Geigy. Dtans Villaflor Lrovided invars

rity and care.

REFERENCES
1. 8. K. Chandrasekaran
. , W. Bayne, and J. E. Sha
: f . E. , P -
kn.1et1cs of drug permeation through human skin wJ :armaco
Sci., 67: 1370-1374 (1978). o T e
N. M. Price, L. G. Schmitt, J. McGuire, J. E. Shaw, and

G. Trobough. Transdermal SCOpOlall)lIle in the eatm
22 he treatment of
motion sickness at sea. Clin. Pharmacol. Iher., 29: 414-419

S. K. Chandrasekaran
. , Controlled release of i

prophylaxis of motion sickness. Drug. Dev ?CZPOIBmme for
D606 (1000, . Ind. Pharm., 9:
P. R. illemi 3
- F.In;‘(}:ﬁiih'l‘.SVul}lemm, A. Gerardin, A. Racine, P. Miiller
and F. , Studies of the bioavailability of nitroglycerin ,
om & rar'lsdermal therapeutic system (Nitroderm-TTS®)
: D Clin. Pharmacol., 27: T7-12 (1984) '
A. %:Tileréil’. R. Imhof, F. Burkart, L.-C. Chu, and

. ardin, Human pharmacological studies of a new trans-

yste[n containin nitro ycerin . . Pharm
dermal s g gl . Eur Clin a acol. »

;nimlf;zc:e C‘;mt)r'olcin Drug Therapy (L. F. Prescott and W. S
, eds.), Churchill-Livi i o
op 201 21a, ivingstone, Edinburgh, 1985,

: Dr. Diana Villafl i i
inter or provided
istance, and Andrea Mazel prepared a long mam.ll)script wi}cr;xvﬁgc??le

P. R. Imh i- i i
of, Anti-anginal therapy with transdermal nitroglycerin

7.

10.

11.

12.

13.

17.

18.

19.

14.

15.

16.

In Vivo Evaluations / 217

A. Karim, Transdermal absorption: A unique opportunity for
constant delivery of nitroglycerin. Drug. Dev. Ind. Pharm.,
9: 671-689 (1983).
A. Karim} Transdermal absorption of nitroglycerin from a micro-
sealed drug delivery (MDD) system. Angiology, 34: 11-21
(1983).
W. R. Good, Transderm®-Nitro controlled delivery of nitro-
glycerin via the transdermal route. Drug Dev. Ind. Pharm. ,
g: 647-670 (1983).
M. Wolff, G. Cordes, and V. Luckow, In vitro and in vivo
release of nitroglycerin from a new transdermal therapeutic
system. Pharm. Res., 2: 23-29 (1985).
D. Arndts and K. Arndts, Pharmacokinetics and pharmacody-
namics of transdermally administered clonidine. Eur. J. Clin.
Pharmacol., 26: 79-85 (1984).
T. R. MacGregor, K. M. Matzek, J. J. Keirns, R. G. A.
van Wayjen, A. van den Ende, and R. G. L. van Tol, Pharma-
cokinetics of transdermally delivered clonidine. Clin. Pharmacol.
Ther., 38: 278-284 (1985).
A. A. H. Lawson, Clinical and pharmacological studies with
transdermal clonidine, in Rate Control in Drug Therapy (L. F.
Prescott and ‘W. $. Nimmo, eds.), Churchill- Livingstone,
Edinburgh, 1985, pp- 215-219.
L. R. Laufer, J. L. DeFazio, J. K. H. Lu, D. R. Meldrum,
P. Eggena, M. P. Sambhi, J. M. Hershman, and H. L. Judd,
Estrogen replacement therapy by transdermal estradiol admin-
istration. Am. J. Obstet. Gynecol., 146: 533-540 (1983).
L. B. Fisher, In vitro studies on the permeability of infant
skin, in Percutaneous Absorption (R. L. Bronaugh and H. L.
Maibach, eds.), Dekker, New York, 1983, pp. 213-222.
R. C. Wester and H. 1. Maibach, Percutaneous absorption:
Neonate compared to the adult, in Environmental Factors in
Human Growth and Development (W. R. Hunt, M. K. Schmidt,
and D. Worth, eds.), Cold Spring Harbor Press, Cold Spring
Harbor, NY, 1982, pp. 3-15.
J. J. McCormack, E. K. Boisits, and L. B. Fisher, An in vitro
comparison of the permeability of adult versus neonatal skin, in
Neonatal Skin: Structure and Function (H. L. Maibach and
E. K. Boisits, eds.), Dekker, New York, 1982, pp. 149-164.
V. A. Harpin and N. Rutter, Barrier properties of the newborn
infant's skin. J. Pediatr., 102: 419-425 (1983).
D. R. Wilson and H. 1. Maibach, An in vivo comparison of skin
parrier functions, in Neonatal Skin: Structure and Function
(H. 1. Maibach and E. K. Boisits, eds.), Dekker, New York,
1982, pp. 101-110.



218 / Guy et al.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29,

30.

31.

32.

33.

R. H. Guy and J Had
. graft, Transdermal dru deli
2 very:
‘?'rogmds}:‘ules are emerging. Pharm. Int., 6: %12—116 (leSST)he
R;,te'ct,n?,‘:,la?: ;‘rzu’gl‘h’?:uwes, Transdermal dosage forms in.
¢ erapy (L. F. Pre ’
Nimmo, eds ), Churchi ivi ‘ argh aons >
, D, 11- i

N Livingstone, Edinburgh, 1985,
P, K..N'oonan and R. C,. Wester,
Eenoblotlcs, in Percutaneous Abso
D. ‘Iq Maibach, eds.), Dekker, New York, 1985 p 65-8
- A. W. Bucks, Skin structure and metabolism’- P- o

to the design of Ccutaneous therapeutics Relevance

Pharm. Res., 1.

P. K. N
olion 1o oc;nan and 'L'. Z. Benet, Variable nitroglycerin metab-
admmiStrityceryl;‘c};mtrates as a function of the route of

ion, hA, Acad. i
PPyt Cload, ad. Pharmac. Sci. , "Abstracts, "
F. L. Brookes W. B. H

» W. B. Hugo, and §. p,

of betamethasone-l7-valer£ie b mionenYer
Pharmacol., 34. 61P (1982),

S. P. Denyer, w B
» W. B. Hugo, and M. 0'Bpj i
1 yer ! . rien, Metab
‘g}.rcerol trinitrate by skin Staphylococei. J Ph o
5. 61b (omY . . arm. Pharmacol. ,
B. W. Barry, Optimiz
» Optimizing percutaneous ap i
taneous Absorption (R. L. Brohaugh and Sl-(;rplnon
Eek}l{(eré New York, 1985, pp. 489-511 o
- % Looper, Vehicle effects on ski '

/ 1In pen i
lt)aneous Absorption (R. L. Bronaugh arI:d :Itr?tmn
Cek]];er, New York, 1985, pp. 525-529 T
ta.n eo. Gummer, Yehicles as penetration enhancers

us Absorption (R, L. Bronaugh and H
Dekker, New York,.1985, PP. 561-570 b
C. Benezra, C. C. Sigman :
Il:l.l I: Maipach, A systematic s
Je ationships of skin contact sensitizers:
R. Invest. Dermatol., gs5. 351-356 (1985.)

. C. Westt?r and H. I, Maibach, Animal 'm
ous absorption, in Models in Dermatolo

N, d. Lowe eds ) P -
> .}, Vol. 2 Kar er, B p
: ) ). ger, asel, 1985, 159 69
R. C Wes ter and H. . I. Mfubach > In vivo animal mode. 1s for '
per CUtaneous absor pthll » in Pey cutaneous Absor ption (R L
BIOllaugh and H . I Maibach eds ])ekker ) )
) ] 2 -), » New YOI‘k, 1985
K. E . Andel‘sen H i g |
j ’ . 1. Mmbach and D M | The Ulheg
) . ’ . . Anjo s i
Pig An animal model for human skin absorption of hydI‘ -
]

Cortlsone testosterolle an benZOlC acid, Br, J Del matol
’ d
( . o

» in Percy-
Maibach, eds.),

» In Percu-
Maibach, eds.),

» in Percy-
Maibach, eds.),

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

In Vivo Evaluations / 219

M. J. Bartek, J. A. La Budde, and H. I. Maibach, Skin
permeability in vivo: Comparison in rat, rabbit, pig and man.
J. Invest. Dermatol., 58: 114-123 (1972).

M. J. Bartek and J. A. La Budde, Percutaneous absorption

in vitro, in Animal Models in Dermatology (H. I. Maibach,

ed.), Churchill-Livingstone, New York, 1975, pp. 103-120.

R. L. Bronaugh, R. F. Stewart, and E. R. Congdon, Methods
for in vitro percutaneous absorption studies. II. Animal

models for human skin. Toxicol. Appl. Pharmacol., 62: 481-488
(1982).
N. Hunziker, R. J. Feldmann, and H. I. Maibach, Animal
models of percutaneous absorption: Comparison in Mexican
hairless dogs and man. Dermatologica, 156: 79-88 (1978).

F. N. Marzulli, D. W. C. Brown, and H. I. Maibach, Tech-
niques for studying skin penetration. Toxicol. Appl. Pharma-
col., Suppl. 3: 79-83 (1969).

A. H. McGreesh, Percutaneous toxicity.
Pharmacol., Suppl. 2: 20-26 (1969).
R. T. Tregear, Physical Functions of Skin, Academic Press,
New York, 1966.

R. J. Feldmann and H. I. Maibach, Regional variation in
percutaneous penetration of [14Cjcortisone in man. J. Invest.

Dermatol., 48: 181-183 (1967).
R. J. Feldmann and H. 1. Maibach, Percutaneous penetration

of steroids in man. J. Invest. Dermatol., 52: 89-94 (1969).
R. J. Feldmann and H. I. Maibach, Absorption of some organic
compounds through the skin in man. J. Invest. Dermatol.,

54: 399-404 (1969). )
H. I. Maibach and R. J. Feldmann, Effect of applied concentra-

tion on percutaneous absorption in man. J. Invest. Dermatol.,
52: 381-386 (1969).

H. I. Maibach, R. J. Feldmann, T. H. Milby, and W. F. Serat,
Regional variation in percutaneous penetration in man. Arch.
Environ. Health, 23: 208-211 (1971).

R. J. Feldmann and H. I. Maibach, Percutaneous penetration
of some pesticides and herbicides in man. Toxicol. Appl.
Pharmacol., 28: 120-132 (1974).

P. Campbell, T. Watanabe, and S. K. Chandrasekaran, Com-
parison of in vitro skin permeability of scopolamine in rat,
rabbit and man. Fed. Proc. (Fed. Am. Soc. Exp. Biol.), 35:
639 (1976).

M. Walker, P. H. Dugard, and R. C. Scott, In vitro percu-
taneous absorption studies: A comparison of human and
laboratory species. Hum. Towxicol., 2: 561 (1983).

R. C. Wester and H. I. Maibach, Percutaneous absorption in
the rhesus monkey compared to man.
32: 394-398 (1975).

Toxicol. Appl.

Toxicol. Appl. Pharmacol.



220

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

/ Guy et al.

R. C. Wester and H. I. Maibach, Rhesus monkey as an animal
model for percutaneous absorption, in Animal Models in Derma-
tology (H. I. Maibach, ed.), Churchill-Livingstone, New York,
1975, pp. 133-137.

R. C. Wester and H. I. Maibach, Relationship of topical dose
and percutaneous absorption in rhesus monkey and man.

J. Invest. Dermatol., 67: 518—-520 (1976).

R. C. Wester and H. I. Maibach, Percutaneous absorption in
man and animal: A perspective, in Cutaneous Toxicity

(V. Drill and P. Lazar, eds.), Academic Press, New York,
1977, pp. 111-126.

R. C. Wester and P. K. Noonan, Topical bioavailability of a
potential antiacne dgent (SC-23110) as determined by cumula-
tive excretion and areas under plasma concentration—-time
curves. J. Invest. Dermatol., 70: 92-94 (1978).

R. C. Wester and P. K. Noonan, Relevance of animal models
for percutaneous absorption. Int. J. Pharm., 7: 99-110
(1980).

R. C. Wester, P. K. Noonan, M. P. Cole, and H. I. Maibach,
Percutaneous absorption of testosterone in the newborn rhesus
monkey: Comparison to the adult. Pediatr. Res., 11: 737-1739
(1977).

R. C. Wester, P. K. Noonan, and H. I. Maibach, Frequency of
application on percutaneous absorption of hydrocortisone.

Arch. Dermatol., 113: 620-622 (1977).

R. C. Wester, P. K. Noonan, and H. I. Maibach, Recent ad-
vances in percutaneous absorption using the rhesus monkey
model. J. Soc. Cosmet. Chem., 30: 297-307 (1979).

R. C. Wester, P. K. Noonan, and H. I. Maibach, Variations

in percutaneous absorption of testosterone in the rhesus monkey
due to anatomic site of application and frequency of application.
Arch. Dermatol. Res., 267: 229-235 (1980).

R. C. Wester, P. K. Noonan, and H. I. Maibach, Percutaneous
absorption of hydrocortisone increases with long-term admin-
istration: In vivo studies in the rhesus monkey. Arch.
Dermatol., 116: 186~188 (1980).

R. C. Wester and H. 1. Maibach, Cutaneous pharmacokinetics:
10 steps to percutaneous absorption. Drug Metab. Rev., 14:
169-205 (1983).

R. L. Bronaugh and H. I. Maibach, Percutaneous absorption
of nitroaromatic compounds: In vivo and in vitro studies in
the human and monkey. J. Invest. Dermatol., 84: 180-183
(1985).
H. I. Maibach and L. J. Wolfram, Percutaneous penetration
of hair dyes. J. Soc. Cosmet. Chem., 32: 223-229 (1981).

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

In Vivo Evaluations / 221

L. J. Wolfram, Hair dye penetration in monkey andI mTvr;a,iblanCh
Percut‘imeous Absorption (R. L. Brona:oggh :zr;d H. I. ,
) 5, pp. - .
ds.), Dekker, New York, 198 ) -
sv C? Reifenrath, E. M. Chellquist, E. A. Shipwash, .ar':c.in
W' W. Jederberg, Evaluation of animal mode}s for pre<121;:4l—sg230
s};in penetration in man. Fund. Appl. Toxicol., 4: S
1984) . . .
éﬂl G. Reifenrath, E. M. Chellquist, E. A. Shipwash, W W
Je.der.berg and G. G. Krueger, Percutaneous pengtra’uon in
the hairless dog, weanling pig, and g?af.ted atpymlc nud(te.orl
mouse: Evaluation of models for predicting skin penetra9184)
in man. Br. J. Dermatol., 111 (Suppl. 27): 123-135 (1 ’ .
A. M. Kligman, A biological brief on percutaneous absorption.
ug , : -560 (1983).
D Dev. Ind. Pharm., 9: 521 56
R"“g Guy, A. H. Guy, H. I. Maibach, and V. P. Shzjlh., Thed
bi.oav.ailability of dermatological and other topically administere
drugs. Pharm. Res., 3 (1986).
Al:ugougier, D. Dupuis, C. Lotte, R. Roguet, and H Schate.fer,
In vivo correlation between stratum corneum reservm_rglfl.mc ion
and percutaneous absorption. J. Invest. Dermatol., :
75—278 (1983). o
12) Dupui(s A. Rougier, R. Roguet, C. Lotte, ar‘xd G. Kalopissis,
In. vivo relationship between horny layer reservoir effec’;) anrrcllaml
percutaneous absorption in human and rat. J. Invest. Deri oy
82: 353-356 (1984). ]
A. Rougler, D. Dupuis, C. Lotte, and R'. Roguet, ’I.‘het mea
surement of the stratum corneum reserycTIr. A l?redlctlv; .
method for in vivo percutaneous absorption studies: Ingstgenc
of application time. J. Invest. Dermatol., 84: 66—68 (1 > ).
R. C. Wester, H. 1. Maibach, D. A. W. Bucks, and R. o
Guy, Malathion percutaneous absorption after repeated ac;mm
i{stration to man. Toxicol. Appl. Pharmacol., 68: 116-11
1983).
](3 A? Gilchrest, Skin and Aging Processes, CRC Press, Boca
Raton, FL, 1984. '
E. Christophers and A. M. Kligman, Percutaneous absorptlpn
in. aged skin, in Advances in Biology of Skin, Vol. VI, Aging
(W. Montagna, ed.), Pergamon Press, New York, 1964,
. 163-175. . ) '
%P Tagami, Functional characteristics of aged skin. Acta
Dermatol. (Kyoto), 66: 19-21 (1971). ' ]
A. M. Kligman, Perspectives and problems in cutaneous geron
tology. J. Invest. Dermatol., 73: 39-46 (1979)...
R. R. Kohn, Age variation in rat skin permeability. Proc.
Soc. Exp. Biol. Med., 131: 521-522 (1969).



222

77.

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

/ Guy et al.

E. H. Guy,.E. '.I‘ur, S. Bjerke, and H. I. Maibach, Are there
d;glit::d rf'icu;l1 differences to methyl nicotinate-induced vaso-
ion in human skin? J. Am. Acad. D :

1001-1006 (1985). ermatel.., 12
i(t;s;’. tI'{osk.os, R. H. Gl.}y, and H. I. Maibach, Percutaneous
o ip uér}ll}r: the aged, in Dermatologic Clinics, Skin Aging
. A. Gilchrest, . i i
aey, e ed.), Saunders, Philadelphia, Vol. 4,
ii.ffE. 11:"1'ibertg, D. W. Osborne, and T. L. Tombridge, X-Ray
raction study of ’
Jirira y human stratum corneqm. J. Soc. Cosmet.
S. E. i
Surf le';b.erg fa.nd D. W. Osborne, Interaction of a model skin
. Eace .pld with a glyceridacid. J. Am. Oil. Chem. Soc
ti.n . Friberg and D. W. Osborne, Small angle X-ray diffrac-
t (e} 'p.atterns of stratum corneum and a model structure for
;‘.ls lcl;ptl)ds. J. Dispersion Sci. Technol.
. Gibaldi and D. Perrier, Ph { i
N armacokinetics, 2nd ed., Dekker,
B. W. Barry, Dermatologi i
4 , gical Formulations: P
Absorption, Dekker, New York, 1983 ereutaneous
H. Schaefer, A. Zesch, and G ity
: s Al , . Stuttgen, Ski ili
Springer Verlag, Berlin, 1982. ¢ win Fermeabliity,
W. J. Albery and J. Had
. graft, Percutaneous ab i
Theoretical description. J o Tre.
(e P . . Pharm. Pharmacol., 31: 129-139
W. J.
Vivc;] e).:klbe.ry and J. Hadgraft, Percutaneous absorption: In
e dpemments. J.. Pharm. Pharmacol., 31: 140-147 (1979)
I.t adgraft, The epidermal reservoir: A theoretical a roa};
Jn . J. Pharm., 2: 177-194 (1979). PRICHER:
. Hadgraft, Theoretical aspect i
, s of m i i i
;nt. J. Pharm., 4: 229—239p(1980). ctaboliom in the epidermis.
Sk.inH. eiuf a'1.1d J. Hadgra.ft, A theoretical description relating
; penetraiion to the thickness of the applied medicament
Rnt. J. Pharm., 6: 321-332 (1980). o
Sa.t H.bGuy and J.. Hadgraft, Percutaneous absorption with
: u;a ée metabolism. Int. J. Pharm., 11: 187-197 (1982)
th.e p.h ar\;}gczr}lciingt.icﬂadfgraft, Physicochemical interpretatior; of
] . s of percutaneous abs i
:volinet. Biopharm., 11: 189-203 (1983) orption. I Fharma-
. J. Albery, R. H. Gu :
\ s, R. H. y, and J. Hadgraft, Percu
absorption: Transport in the dermis. Int. J. Ph =
125-148 (1983). o arm-» 18
R. H. Guy, J. Had
, J. graft, and H. I. Maibach, A i
model for percutaneous abs i ’ ] DA gookinetic
T18-125 (108 orption. Int. J. Pharm., 11:
R. H. Guy, J. Hadgraft, and H. I. Maibach, Percutaneous

absorption: Multidose ph ineti
P8 (1983, pharmacokinetiecs. Int. J. Pharm., 17:

In Vivo Evaluations / 223

aft, Percutaneous absorption kinetics

95. R. H. Guy and J. Hadgr
s liable to surface loss. J. Soc.

of togically applied agent
Cosmet. Chem., 35: 103-113 (1984). )
96. R. H. Guy and J. Hadgraft, Prediction of drug disposition

kinetics in skin and plasma following topical administration.
J. Pharm. Sci., 73: 883—887 (1984).

97. R. H. Guy, J. Hadgraft, and H. 1. Maibach, Percutaneous
absorption in man: A kinetic approach. Toxicol. Appl.
Pharmacol., 78: 123-129 (1985). :

98. R. H. Guy and J. Hadgraft, The prediction of plasma levels

of drugs following transdermal application. J. Control. Rel.,

1: 177-182 (198%).

R. H. Guy and J. Hadgraft, Transdermal drug delivery: A

simplified pharmacokinetic approach. Int. J. Pharm., 24:

267-274 (1985).

100. N. Evans, R. H. Guy,
ter, Transdermal drug delivery to neonates.

24. 259-265 (1985).
101. R. H. Guy and J. Hadgraft, Pharmacokinetic interpretation of

the plasma levels of clonidine following transdermal delivery.

J. Pharm. Sci., 74: 1016-1018 (1985).

R. H. Guy and J. Hadgraft, Kinetic analysis of transdermal

nitroglycerin delivery. Pharm. Res., 2: 206-211 (1985).

103. C. Hansch and A. J. Leo, Substituent Constants for Correlation
Analysis in Chemistry and Biology, Wiley-Interscience, New
York, 1979.

104. L. Schenkel, J. Balestra, L. Schmitt, and J. Shaw, Trans-
dermal estrogen substitution in the menopause, in Rate Control
in Drug Therapy (L. F. Prescott and W. S. Nimmo, eds.),
Churchill-Livingstone, Edinburgh, 1985, pp-. 294-303.

105. C. Muir and R. Metcalfe, A comparison of plasma levels of
hyoscine after oral and transdermal administration. J. Pharm.
Biomed. Anal., 1: 363—367 (1983).

106. P. H. Vlasses, L. G. T. Ribeiro, H. H. Rotmensch, J. V.
Bondi, A. E. Loper, M. Hichens, M. C. Dunlay, and R. K.
Ferguson, Initial evaluation of transdermal timolol: Serum
concentrations and g-blockade. J. Cardiovasc. Pharmacol.,

7. 245-250 (1985).

107. R. H. Guy and J. ‘Hadgraft, Interpretation and prediction of
the kinetics of transdermal drug delivery: Hyoscine,
oestradiol and timolol. Int. J. Pharm. (1986).

108. R. H. Guy and J. Hadgraft, pharmacckineties of percutaneous
absorption with concurrent metabolism. Int. J. Pharm., 20:
43-51 (1984).

109. S. P. Denyer, R. H. Guy, J. Hadgraft, and W. B. Hugo,
The microbial degradation of topically applied drugs. Int. J.
Pharm., 26: 89—97 (1985).

99.

J. Hadgraft, G. D. Parr, and N. Rut-
Int. J. Pharm.,

102.



224 / Guy et al.

110. R. C. Wester, P. K. Noonan, S. Smeach, and L. Kosobud,
Pharmacokinetics and bioavailability of intravenous and topical
nitroglycerin in the rhesus monkey. Estimate of percutaneous
first-pass metabolism. J. Pharm. Sci., 72: 745-748 (1983).

111. R. H. Guy and J. Hadgraft, The effect of penetration en-
hancers on the kinetics of percutaneous absorption. J. Control.
Rel., in press (1987).





