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Purpose. The purpose of this study was (i) to validate differentially
tape-stripped, porcine skin as an in vitro model for the evaluation of
transdermal drug delivery (TDD) to premature neonates, (ii) to de-
termine whether the model could estimate neonatal skin permeability
as a function of postconceptional age (PCA), and (iii) to demonstrate
that iontophoretic delivery permits precise control of drug input in-
dependent of skin barrier function.
Methods. Passive permeation of caffeine, phenobarbital, and lido-
caine across tape-stripped porcine skin barriers was measured. Ion-
tophoretic delivery of lidocaine across skins with different barrier
competencies was also evaluated.
Results. For all drugs, passive permeation correlated with skin barrier
function; that is, with transepidermal water loss (TEWL): Jss �

A · exp[B · TEWL]. Combining this result with a previously derived
dependence of TEWL upon the PCA of premature neonates in vivo
allowed a relative value of Jss to be predicted for a given PCA. Com-
parison of these predictions showed excellent agreement with experi-
mental data reported for diamorphine. Iontophoretic lidocaine deliv-
ery was precisely controllable independent of barrier competency.
Conclusions. Porcine skin, in vitro, differentially tape-stripped to spe-
cific barrier competencies, is a useful model to explore TDD in pre-
mature neonates. The potential for iontophoresis to provide im-
proved dose control and adjustment, irrespective of skin barrier ma-
turity, is established.

KEY WORDS: iontophoresis; premature neonatal skin; porcine
skin; skin barrier function; tape stripping; transdermal drug delivery;
transepidermal water loss.

INTRODUCTION

Premature neonates represent a vulnerable patient popu-
lation for whom it is necessary to develop noninvasive routes
of drug administration. In effect, premature neonates endure
several sequelae (1–3) issuing from their immaturity (e.g.,
apnea, seizures, cardiovascular problems), and hence are sub-
ject to multiple-drug therapies. Indeed, approximately 99% of
neonates weighing less than 1.5 kg routinely receive a mul-
tiple-drug administration consisting of antibiotics, analgesics,
cardiovascular, respiratory, and nutritional agents (4,5).
These treatments are predominantly administered parenter-
ally, a procedure that is very painful and stressful for the

preterm neonates and that often leads to inadequate healing
at the injection sites. In addition, because of the very low drug
doses usually administered, small variations in infusion rate
may lead either to a lack of therapeutic efficacy or to toxic
effects (4). Oral drug administration as an alternative can be
problematic, as absorption from the immature gastrointesti-
nal tract of the premature neonates is quite unpredictable.
Moreover, as the neonate matures, gastrointestinal motility
and gastric emptying time change dramatically leading to sig-
nificant variability in drug absorption (6).

In contrast, transdermal drug delivery represents a po-
tentially noninvasive, continuous, and controllable alternative
for the premature neonate. Premature neonatal skin consti-
tutes a unique opportunity for this route of administration,
because the cutaneous barrier function is underdeveloped,
and therefore more permeable than the fully mature organ
(1,4,7). Several studies have already investigated the trans-
dermal application of drugs, such as theophylline (8,9) and
caffeine (10), to the underdeveloped premature neonatal
skin. In these studies, therapeutic concentrations were
achieved in premature neonates in vivo. However, drug ab-
sorption significantly decreased as the neonatal age increased,
and skin maturation occurred. Therefore, because the skin of
the neonate is a “moving target” that changes and develops
after birth (11), a fundamental understanding of the evolution
of skin permeability at any given gestational and postnatal
age is essential for the development of transdermal delivery
applications. A method to predict changes in the permeability
of premature skin would permit an appropriate delivery rate
of drug to be matched to the gestational and postnatal age of
the neonate.

Previously, X-ray diffraction, infrared spectroscopy, light
and electron microscopy, and high-performance thin layer
chromatography have been used to characterize structurally
and compositionally the intercellular lipids of neonatal stra-
tum corneum (i.e., the outermost skin layer) as a function of
gestational and postnatal age (12). More recently (2), the
functional development of a complete barrier has been evalu-
ated by measurements of transepidermal water loss (TEWL),
control of which represents skin’s principal function. A body
of information exists, therefore, with which to “calibrate” the
permeability of infant skin. Thus, it is hypothesized that
TEWL, a simple biophysical and functional measurement of
neonatal stratum corneum, is predictive of the permeability
barrier, and, as such, can be used to develop safe and effective
transdermal drug delivery systems. This is supported by the
fact that, for instance, Cartwright et al. have demonstrated a
strong correlation between maximum plasma theophylline
concentration and TEWL in premature neonates (9).

Clearly, ethical and safety concerns do not allow the per-
meability of neonatal skin to different drugs to be directly
tested in vivo. Furthermore, the most relevant in vitro model,
excised skin from neonates of different gestational and post-
natal ages, is simply not available in any significant quantity.
What is possible, however, is that one can “create” [using
excised porcine skin, which is generally recognized as an ex-
cellent approximation of the human equivalent (13)] barriers
of varying competency, from 0 to 100% function, quantify
precisely this functionality by TEWL, and then, in turn, quan-
tify the permeability of different drugs across the tissue. In
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previous work (14), measurements of TEWL across a porcine
ear skin model in vitro (which was physically impaired by
progressive tape-stripping) were compared with TEWL data
of premature neonatal skin in vivo (2). Remarkable similari-
ties were found between the in vitro model and premature
neonatal skin in vivo. Thus, a demonstration that TEWL
across the porcine ear skin model correlates directly with drug
permeability would then provide a tool with which transder-
mal dosing to neonates at different stages of development
could be tailored and optimized. In this study, three clinically
relevant drugs for premature neonates (4), caffeine (10) (i.e.,
against apnea), phenobarbital (15) (i.e., against epileptic sei-
zures), and lidocaine, a local anesthetic, have been used to
validate this hypothesis.

In practical terms, though, it is apparent that the use of
passive transdermal drug delivery will not be entirely straight-
forward. First, there is the question of inter-and intrasubject
variability in skin permeation, at no matter what the level of
stratum corneum (SC) development (and this seems to be
greater as the barrier evolves), an issue of considerable im-
portance for drugs having a narrow therapeutic window. Sec-
ond, as the SC develops, and its permeability decreases, it will
be necessary to find a way to maintain the dose delivered per
application (or even perhaps to increase it given that the neo-
nate will be gaining weight). The simplest approach, of
course, is to increase the area of application progressively, but
this then raises questions of how the delivery system should
be formulated and applied (i.e., use of patches of different
size vs. more conventional semisolid vehicles, the administra-
tion of which is not easy to standardize).

Ideally, then, one requires the transdermal (i.e., nonin-
vasive) equivalent of a simply adjustable intravenous pump
and, of the technologies presently available, iontophoresis of-
fers a viable option. In iontophoresis, the application of a
small current between two electrodes in contact with the skin
can be used to deliver ionic drugs (and even neutral com-
pounds) at much greater levels than passive diffusion (16).
However, the elegance of the method resides in the fact that
the charge (in Coulombs) delivered by the power supply of
the iontophoretic device exactly equals the charge that flows
across the skin and that is carried by endogenous ions moving
out of the body and by ions (including the drug) from the
electrode formulations moving into and through the skin
(17,18). Hence, whereas drug delivery by iontophoresis can-
not be 100% efficient, as the drug must compete with other
ions in the system to carry charge across the skin, it is very
reproducible and very controllable: if the current delivered by
the power supply is doubled, then (as long as the fraction of
charge carried by the drug, i.e., its transport number, remains
constant) the amount of drug transported will likewise in-
crease by 2-fold; if the current is reduced by one-third, a
similar reduction in drug delivery will result; if the current is
stopped, drug movement is limited to its passive transport
rate—in other words, at least for ionized species, it also
ceases. Because of this sensitivity, it follows furthermore that
iontophoretic delivery is much less sensitive to the nature of
the skin barrier (again, with the caveat that the transport
number of the ion of interest remains relatively constant).
Indeed, the literature shows clearly that interspecies differ-
ences in passive permeability to drug diffusion are remark-
ably normalized when iontophoresis is applied (19). This is
because, of course, as we have described above, it is the quan-

tity of charge provided by the power supply that determines
the quantity of ions that move across the skin.

We postulate, therefore, that drug delivered by ionto-
phoresis across skin barriers of different functionalities
should be controllable provided (a) that passive diffusion con-
stitutes a relatively unimportant component of the total flux
and (b) that the drug’s transport number across the differen-
tially efficient barriers remains reasonably constant. If this
hypothesis is shown to be correct, it would follow that ionto-
phoresis may offer a unique and useful drug delivery alterna-
tive to the premature neonate. Therefore, in the second part
of this investigation, we test this idea using lidocaine as a
model drug, and one whose passive permeation across pre-
mature neonatal skin has already been reported (20).

MATERIALS AND METHODS

Skin Preparation

Porcine ears were obtained immediately post-sacrifice
from a local abattoir (Annecy, France). The skin was gently
cleaned and then excised. Fat was removed from the dermal
surface and the tissue from each ear was divided into four
pieces of approximately 4 cm2. The first piece (fully intact
skin) was not subjected to further treatment; a second piece
was tape-stripped repeatedly, as previously described (14), to
provide a completely deranged (i.e., no stratum corneum)
barrier. Transepidermal water loss (TEWL) measurements,
performed with a commercial apparatus (Servomed EP1, Ser-
vomed AB, Varberg, Sweden), were recorded throughout the
stripping procedure and clearly showed when no further SC
remained to be removed. The third and fourth pieces of skin
were tape-stripped to two intermediate levels of barrier func-
tion (nominally representing of the order 60–80% and 20–
40% of the intact SC). Again, TEWL measurements were
used to characterize the precise levels of barrier functionality
achieved. The skin samples prepared in this way provided
membranes with a range of barrier function from 0 to 100%
for a series of passive diffusion experiments and a series of
iontophoresis studies.

Passive Permeation

The permeation of caffeine (Aldrich, St-Quentin,
France), lidocaine hydrochloride (ICN Biomedicals, Aurora,
OH, USA) and phenobarbital (Sigma, St Quentin, France)
across the four barriers of different efficiencies was measured
in vertical, flow-through diffusional cells (area of skin � 3.14
cm2) thermostatted at 35°C. The donor formulations (3 ml)
were aqueous solutions of caffeine and phenobarbital, at con-
centrations close to saturation (20 g/L for caffeine, 1 g/L for
phenobarbital), for which >99% of the permeant was union-
ized. The magnetically stirred receptor phase (6 ml) was phos-
phate-buffered saline at pH 7.4 and was continuously per-
fused, such that samples could be collected hourly on a frac-
tion collector for up to 24 h. In the case of lidocaine, the
experimental conditions selected were based on those used
previously in studies with premature neonatal skin. The do-
nor was an aqueous solution (3 ml) of the drug at a concen-
tration of 10 mg/ml; the solution was not buffered and had a
pH (4.8) reasonably close to that (pH 4) used in the earlier
neonatal skin study (20). The magnetically stirred receptor
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phase (6 ml) contained phosphate-buffered saline at pH 5.6
and was perfused continuously, allowing fractions to be col-
lected hourly for up to 15 h.

Iontophoresis

Electrotransport of lidocaine was similarly studied across
the different skin barriers produced by the tape-stripping pro-
tocol. Vertical cells, specifically designed for iontophoresis
(21), were used. The anode compartment contained the same
drug solution as used in the passive experiments; the cathode
and receptor solutions were phosphate-buffered saline at pH
5.6. The electrodes were Ag/AgCl and were connected to a
computer-controlled power supply that provided a current of
0.3 mA/cm2. The experimental duration was 6 h, during which
time samples of the receptor phase were collected every 30
min.

Assays

The samples were filtered through nylon membranes
(0.45 �m, Nalgene syringe filters) and were then assayed for
permeated drug by high-performance liquid chromatography
(Waters 600 Controller pump, Autosampler injector 717-plus,
and In Line Degasser, Waters, St-Quentin Yvelines, France),
with UV detection (Waters 486 Tunable Detector) (22,23).

Caffeine was detected at 273 nm using a Novapak C18
column (30 cm × 3.9 mm, Waters); the mobile phase was 20%
acetonitrile, 0.1% diethylamine in water, and 79.9% deion-
ized water, and the pH was adjusted to 2.5. The flow rate was
fixed at 1.0 ml/min. Phenobarbital was analyzed at 215 nm,
using a Supelcosil C18 column (25 cm × 4.6 mm, Supelco,
Saint Quentin Fallovier, France). The mobile phase contained
30% acetonitrile and 70% phosphate buffer (0.067 M
KH2PO4), and the pH was adjusted with NaOH to 6.0. The
flow rate was 2.0 ml/min. All chemicals used in the assay
procedures were acquired commercially (Sigma-Aldrich, St-
Quentin, France) and were of at least analytical grade. Lido-
caine was detected at 220 nm using a Supelcosil LC-18 column
(25 cm × 4.6 mm, Supelco). The mobile phase was 25% ace-
tonitrile, 74.9% phosphate buffer (0.067 M KH2PO4), and
0.1% triethylamine. The pH was adjusted with HCl to 3, and
the flow rate was 1.0 ml/min. Lidocaine had a retention time
of 5.6 min.

Data Analysis

The passive results were expressed as the cumulative
amount of drug transported across the skin barrier per unit
area (Q) as a function of time (t). Each permeation curve was
fitted to the appropriate solution (Eq. 1) of the nonsteady-
state diffusion equation [Fick’s second law (24)], which as-
sumes the boundary conditions (a) that there is no depletion
of the drug in the donor compartment over the course of the
experiment, (b) that the receptor phase provides “sink con-
ditions” (25), and (c) that at t � 0, there is no drug in the skin.
That is,

Q = �K H� Cveh�D

H2 t −
1
6

−
2

�2 �
n=1

�
�−1�n

n2 exp �−Dn2�2t

H2 ��
(1)

Where Cveh is the drug’s concentration in the donor solution

and K is its SC-solution partition coefficient; D is the diffu-
sivity of the drug in the SC of thickness H.

The fitting procedure used a commercial software pack-
age (Kaleidagraph, Version 3.0.5, Synergy Software, Reading,
Pennsylvania, USA), running on a personal computer, and
enabled the drug’s characteristic partitioning (KH) and diffu-
sivity (D/H2) parameters to be deduced. In turn, the classic
permeability coefficient (Kp) of the drug across the skin could
be deduced:

Kp = �K H� × � D

H2� =
K.D

H
(2)

together with the estimated steady-state drug flux Jss

Jss = Kp × Cveh (3)

RESULTS AND DISCUSSION

As expected, the differentially tape-stripped pieces of
porcine ear skin demonstrated markedly different permeabili-
ties. Figure 1 illustrates the results for lidocaine. Though this
ionized drug penetrates a complete barrier very poorly, it is
absorbed over 100 times more easily when the SC has been
removed. As expected, barriers of intermediate functionality
have permeabilities that fall between the two extremes. Com-
plete derangement of the barrier, of course, permits facile and
rapid diffusion of the permeant. The point is reinforced in Fig.
2, which shows, respectively, the permeation profiles of the
caffeine and phenobarbital across fully intact and completely
deranged barriers. Removal of the SC enabled caffeine pen-
etration to increase on average by 33-fold relative to its trans-
port across intact skin; the corresponding increase (19 times)
was of similar order for phenobarbital. Less variability in per-
meability between skin samples without SC was apparent,
compared to those of full functionality, a finding again not
surprising in that the deranged skin lacks the inhomogeneity
associated with different SC thickness, different intercellular
lipid composition, and so on.

The partitioning and diffusivity parameters, together

Fig. 1. Representative lidocaine permeation profiles across differen-
tially impaired porcine skin barriers as a function of time. Curve B100

corresponds to a completely intact barrier; B0 to skin that has been
completely stripped of its stratum corneum. B60/80 and B20/40 are bar-
riers of intermediate functionality (with, nominally, 60–80% and 20–
40%, respectively, of an intact SC).
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with the deduced permeability coefficients and steady-state
fluxes, of caffeine and phenobarbital across the fully intact
and completely deranged barriers are in Table I. It can be
seen that the order of magnitude increase in drug flux ob-
served on removing the SC is principally associated with a
similar change (i.e., an increase) in the characteristic parti-
tioning and diffusion parameters.

For the skin barriers of intermediate efficiencies, drug
transport fell between the extremes of those across fully func-
tional SC and of the SC-free membrane. In parallel, the de-
rived partitioning, diffusivity, and permeability coefficient pa-
rameters had intermediate values to those shown in Table I.
A summary of these findings is attempted in Fig. 3, which
presents, for caffeine and phenobarbital, the dependence of
their estimated steady-state fluxes (Jss as determined from
Eq. 3) on the functionality of the skin barrier, expressed in

terms of the TEWL rate measured subsequent to the prepa-
ratory tape-stripping procedure. Drug flux is observed to
change slowly at first with the rate of water loss across the
skin, but then to increase more rapidly. Interestingly, in the
same model, TEWL mirrors a very similar pattern of behav-
ior as a function of SC thickness (14) as does the TEWL rate
measured in premature neonates in vivo as a function of their
postconceptional age (PCA) (see below); that is, when the
barrier is absent or nearly so, molecular transport is facile but,
as functionality appears, permeability diminishes rapidly.

Empirically, the results in Fig. 3 have been fitted to a
simple exponential equation of the form:

Fig. 2. Cumulative permeation profiles of (a) caffeine (n � 6) and
(b) phenobarbital (n � 3), across intact and completey deranged (i.e.,
no SC) porcine skin as a function of time. Each data point represents
the mean ± SD.

Table I. Drug Partitioning (KH) and Diffusivity (D/H2) Parameters, Together with Estimated Permeability Coefficients (Kp) and Steady-State
Fluxes (Jss), of Caffeine and Phenobarbital Across Fully Intact (% Barrier Function � 100) and Completely Deranged (% Barrier

Function � 0) Porcine Skin in Vitro

Drug Caffeine (n � 6) Phenobarbital (n � 3) Lidocaine HCl (n � 3)

% Barrier function 100 0 100 0 100 0
KH (cm) 0.01 ± 0.01 0.21 ± 0.07 0.04 ± 0.03 0.28 ± 0.05 0.01 ± 0.004 0.06 ± 0.03
D/H2 (h−1) 0.05 ± 0.03 0.11 ± 0.07 0.03 ± 0.01 0.05 ± 0.003 0.02 ± 0.004 0.06 ± 0.01
104 � Kp (cm/h) 5.8 ± 3.5 187.9 ± 44.8 8.1 ± 3.6 149.5 ± 20.7 1.6 ± 0.3 36.0 ± 19.8
Jss (�g � cm−2 � h−1 11.5 ± 7.0 375.7 ± 89.7 0.8 ± 0.4 14.9 ± 2.1 1.6 ± 0.3 36.0 ± 19.8

Fig. 3. Estimated steady-state drug fluxes Jss across differentially im-
paired skin barriers as characterized by the corresponding values of
TEWL measured prior to the permeation experiments. (a) Caffeine
(n � 24): The empirical fit to the data shown is Jss � 10.8
e(0.10 . TEWL), with r2 � 0.84. (b) Phenobarbital (n � 12): The em-
pirical fit to the data shown is Jss � 0.50 e(0.15 � TEWL), with r2 � 0.83.
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Jss = A � exp �B � TEWL� (4)

Though the pre-exponential factors (A) are, as expected, dif-
ferent for caffeine and phenobarbital, given their different
physicochemical properties and the 20-fold difference in Cveh,
the exponents (B) are quite similar, suggesting perhaps that a
particular level of barrier function compromization or nor-
malization will provoke the same relative effect on the trans-
port of different substances.

The question posed in this work, then, is whether the
relative changes in Jss predicted by Eq. 4, as a function of
barrier function (as measured by TEWL), are indicative of
what may be observed across the developing skin of prema-
ture neonates. Although caffeine and phenobarbital have
been administered topically to premature neonatal skin
(10,15), it is not possible to re-express the data in the litera-
ture in terms of a flux or permeability coefficient, so to make
a direct comparison with our findings here. However, perhaps
as a better test of the hypothesis, there are published results
for the permeation of another drug, diamorphine, across pre-
mature neonatal skin (26), which do lend themselves to com-
parison. From a graphical representation of some of the data
on this drug (26), it is possible to estimate the relative flux of
the drug across three barriers of different maturity, specifi-
cally those from infants of estimated PCA of 178, 192, 220
days. The estimated diamorphine flux ratios J220/J178 and J220/
J192, are shown in Fig. 4 together with the predicted values
from the caffeine and phenobarbital experiments reported
here. How were the latter determined? In a previous report,
we re-analyzed a large body of TEWL measurements per-
formed in vivo in premature neonates over a wide range of
PCA and generated the following relationship:

TEWL = 3.3 + 41 × exp �−0.026 �PCA − 160�� (5)

It follows that, for any given PCA, a value of TEWL can be
predicted and then used in Eq. 4 to estimate the correspond-
ing Jss. As we do not have specific data in the porcine ear
model for diamorphine, we cannot determine Jss absolutely,
but relative values can be found (as this allows the unknown
pre-exponent to be cancelled out), and these appear in
Fig. 4a.

Given the differences in experimental design, data analy-
sis, and interpretation, the agreement between the observed
diamorphine results and the predictions from the in vitro por-
cine model described here is remarkably good, with the phe-
nobarbital estimate doing exceptionally well (perhaps be-
cause it is a relatively lipophilic drug like diamorphine). It
follows that relationships like those expressed in Eqs. 4 and 5
may be useful for estimating drug delivery across a premature
neonate’s skin as a function of its PCA. That is, by combining
the two functions, one may derive a visual representation of
the approach to barrier normalization (see Fig. 4b).

The lidocaine data were analyzed in a similar manner.
Figure 5 displays the Kp values deduced as a function of skin
barrier efficiency, which is expressed in terms of the TEWL
value measured across each membrane after it had been dif-
ferentially tape-stripped. Consistent with what had been seen
for caffeine and phenobarbital, Kp increased exponentially
with increasing TEWL. The empirical exponential fit of the
data in Fig. 5 (r2 � 0.89) reveals an exponent of 0.13, a value
remarkably similar to those obtained for caffeine and pheno-
barbital.

Equation 5 was used to re-express the extensive pub-
lished Kp data for the passive transport of lidocaine across
neonatal skin samples of varying PCA (27) in terms of TEWL
and then compared with the model in vitro results already
presented (see Fig. 5). The comparison is shown in Fig. 6 and
indicates an impressive overlap between the two sets of data.
Because of the wide range of Kp values, the results are dis-
played semi-logarithmically; simple linear regressions
through the points are also shown in Fig. 6 and are remark-
ably similar.

It follows, therefore, that drug transport across the in
vitro porcine skin model can be used to both qualitatively and
quantitatively predict transdermal transport across the skin of
a premature neonate. Knowing the PCA of the infant enables
the TEWL rate across its skin (i.e., its barrier functionality) to
be deduced from Eq. 5. This value of TEWL can then be
applied to the relationship derived from Fig. 5 (104 · Kp �
0.97 · exp [0.13 · TEWL]) to estimate the corresponding Kp.

Fig. 4. (a) Predicted flux ratios across premature neonatal skin (a) at
220 days postconceptional age (PCA) compared to 178 days PCA
(filled bars), and (b) at 220 days PCA compared to 192 days PCA
(hatched bars), based on the caffeine and phenobarbital data re-
ported in this paper (see text for details of these calculations). These
predictions are contrasted at right with experimental data for dia-
morphine, obtained at different times postapplication, as reported in
the literature (see Fig. 1 of Ref. 26). (b) Predicted ratios of drug flux
across the skin of a full-term infant (J260) to that across the incom-
pletely developed barrier of a premature neonate of postconceptional
age less than 260 days (PCA). The upper limit of the estimated ratio
is based on the caffeine data reported in this article; the lower limit is
based on the phenobarbital results.
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Subsequently, with Kp known, the concentrations of drug to
be administered, and over what surface area, can be calcu-
lated so to provide a specific input rate (in terms, for example,
of microgram per hour) into the patient.

Though the preceding discussion outlines a method by
which the rational transdermal dosing of premature infants
may be achieved, the published data on lidocaine transport
across infant skin reveals a real concern. Specifically, despite
the consistent overall trends in the data observed, there is a
significant variability in the results. For drugs of narrow thera-
peutic indices, therefore, the predicted delivery rates may not
result in the desired pharmacodynamic outcome. It was for
this reason, then, that we subsequently examined, across por-
cine skin barriers of differential efficiency (and prepared
identically to those used in the passive experiments), the ion-
tophoretic delivery of lidocaine.

The electrotransport results are summarized in Fig. 7,

which should be visually contrasted to the passive data in Fig.
1; the two sets of experiments are further compared in Table
II. Several important observations can be made. First, as hy-
pothesized in the “Introduction,” iontophoresis permits ex-
ceptional control of drug delivery (with very modest variabil-
ity), which is independent of the barrier functionality of the
membrane used. This observation is consistent with a previ-
ous study (28) that showed that the transdermal delivery of
nalbuphine and its prodrugs, across various skin membranes
with and without SC, was precisely modulated by iontopho-
resis. Second, as a corollary to this first point, the estimated
transport number of the drug across the skin membranes of
different efficiencies is essentially constant (see Table II).
Third, much higher levels of drug delivery can be achieved
more quickly with iontophoresis compared to passive diffu-
sion. As indicated in Table II, 6 h of electrotransport enables
nearly 2 mg of drug to be delivered per cm2; in contrast, the
corresponding passive deliveries of lidocaine across fully
functional and completely deranged SC are only on the order
of 1 and 100 �g/cm2, respectively. It follows, therefore, that

Fig. 6. Comparison between (a) the permeability coefficients (Kp) of
lidocaine across porcine skin in vitro, as a function of barrier com-
petency (expressed in terms of TEWL), and (b) the Kp of the drug
across premature neonatal infant skin, as a function of the “donor’s”
postconceptional age (PCA). The correspondence between PCA and
TEWL was made via Eq. 1 (see text for details).

Fig. 5. Passive permeability coefficients (Kp) of lidocaine as a func-
tion of skin barrier integrity (measured in terms of TEWL). The
empirical exponential fit to the data shown is: 104 · Kp � 0.97 · exp
[0.13 · TEWL], with r2 � 0.89.

Fig. 7. Iontophoretic transport of lidocaine across skin barriers of
different integrities. Each data point represents the mean ± SD (n �

6 for intact and fully compromised barriers; n � 3 for the interme-
diate “plus” skin).

Table II. Cumulative Lidocaine Delivery (Mean ± SD) After 6 h of
Passive and Iontophoretic Transport Across Porcine Skin in Vitro, as
a Function of Barrier Integrity (the Latter Characterized by the

Value of TEWL Relative to That of Intact, Unstripped Skin)

Barrier integrity
(relative TEWL)

Lidocaine delivery (�g/cm2)

Passivea Iontophoresisb tD+
c

Intact (1.0) 0.7 ± 0.4 1837 ± 583d 0.10
Intermediate “plus” (2.0–2.7) 6.9 ± 0.6 1883 ± 275 0.10
Intermediate “less” (2.9–4.2) 66 ± 24 N.D.e —
Fully compromised (4.5–8) 116 ± 69 1979 ± 364d 0.11

TEWH, transepidermal water loss.
a ANOVA (p < 0.05) reveals significant differences between these

values.
b ANOVA (p > 0.05) indicates that these values are statistically in-

distinguishable.
c Lidocaine transport number calculated from the drug flux and ap-

plied current in the iontophoretic experiments (29).
d n � 6; for all other experiments, n � 3.
e N.D. � not determined.
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even for skin with effectively no barrier function, the contri-
bution of passive diffusion to the total delivery by iontopho-
resis is negligible. Equally, recent results from our laboratory
(29) demonstrate, for the iontophoretic conditions used, that
lidocaine electrotransport is principally (>90%) electromigra-
tive, with little contribution from electroosmosis. Given, fur-
thermore, that the experiments reported here involved elec-
trode and receptor solutions at lower pH than those used in
the earlier work (29), the convective solvent flow contribution
would be even lower than that measured before. Indeed, the
pH values of the electrode and receptor solutions were such
that the skin membrane would have been close to its isoelec-
tric point (30), at which essentially no electroosmosis would
occur. There is, therefore, a considerable margin of opportu-
nity available over which the iontophoretically delivered
amount of lidocaine may be manipulated by adjusting the
current. In particular, efficient delivery, which is well-
controlled, should be possible with lower levels of current
application, minimizing thereby any sensation detectable at
the surface of the patient’s skin. The efficiency of delivery
also means that the area of contact between the active portion
of an iontophoretic system and the neonate’s skin can prob-
ably be kept to a reasonably small value.

Parenthetically, an additional practical advantage should
also be highlighted here [and has been identified elsewhere
when iontophoresis of drug across deranged skin has been
studied (28)]. The proportionality between current dose and
amount of drug delivered emphasizes why commercially de-
veloped iontophoresis devices will be constant-current or cur-
rent-modulable systems. In this situation, in accord with
Ohm’s law, if the resistance of the skin changes, then (as
current is fixed) the voltage provided by the device will adjust.
In our experiments, because SC stripping decreased skin re-
sistance, then a decreased voltage was required to deliver the
same iontophoretic current, which, in turn, meant that drug
flux also remained constant across the different membranes.
Given that the resistance of premature skin is less than that of
the mature barrier (31), it follows that the power require-
ments of an iontophoresis system for use in premature neo-
nates will be very modest.

In conclusion, we submit that this work demonstrates the
feasibility of transdermal drug delivery to premature neo-
nates and reinforces the value of the in vitro model used as a
means to predict the dosing regimen necessary for an infant as
a function of its postconceptional age. Because of the im-
paired skin barrier function of this patient population, passive
transdermal administration is possible but requires continual
monitoring and adjustment as the SC evolves to its complete
form. An important caveat, though, is that the variability typi-
cally seen in percutaneous permeability limits the approach to
drugs of wider therapeutic windows, where problems of over-
or under-dosing are of less concern. However, iontophoresis
can be used for ionizable drugs of appropriate properties to
control precisely input across the skin, with markedly less
variability, and regardless of the efficiency of the skin barrier.
Dose modulation is easily achievable by adjusting the current.
Here, lidocaine has been used as a model drug to demonstrate
the utility of iontophoresis. As it moves across the skin, under
the influence of the electric field, almost exclusively by elec-
tromigration, lidocaine is an ideal candidate for iontophoretic
delivery. Nevertheless, it is now important to examine the
limitations of the approach and to study the delivery of other

drugs by eletrotransport, and these objectives form the basis
of subsequent work.
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