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We have shown previously that high-frequency ultrasound (sono-
phoresis) can significantly enhance the transdermal delivery of a
topically applied drug in vivo and that the augmentation of transport
was caused by the action of the ultrasound on the skin. However,
these earlier experiments did not reveal (i) the mechanism of sono-
phoresis, (ii) the pathway of drug permeation under the influence of
ultrasound, and (iii) any potentially detrimental effects of the en-
hancement procedure on skin structure and morphology. In the
study reported here, these three key issues have been addressed
using electron microscopy to follow the penetration of an electron-
dense, colloidal tracer (lanthanum hydroxide; LH). Experiments
have again been performed using the hairless guinea pig animal
model. Colloidal LH suspensions were applied to skin sites, which
were then immediately exposed to ultrasound (at 10 or 16 MHz) for
S or 20 min. Passive transport of LH under identical conditions (but
without ultrasound) provided the control measurements. Tissue pro-
cessing after the treatment periods utilized standard electron mi-
croscopy staining procedures. We found the following: (1) LH does
not permeate the skin by passive diffusion; under the influence of
ultrasound, on the other hand, it penetrates through the stratum
corneum (SC) and the underlying viable epidermal cell layers via an
apparently intercellular route. (2) LH transports through the epider-
mis to the upper dermis, even after only 5 min of ultrasound treat-
ment, a remarkable and unexpected finding. (3) The SC and the cells
of the epidermis do not appear to be adversely affected by either (a)
ultrasound treatment at 10-MHz frequency (5- or 20-min exposure)
or (b) 5 min of sonophoresis at 16 MHz. However, a 20-min treat-
ment with ultrasound at 16 MHz resulted in altered cellular mor-
phology compared to the passive control. The distribution of the
tracer in the latter experiments was nonuniform and suggested that
cavitational effects may have contributed to the adverse observa-
tions. Overall, the results demonstrate that exposure of the skin to
ultrasound can induce the considerable and rapid facilitation of LH
transport via an intercellular route. Prolonged exposures at high
frequencies, however, can alter epidermal morphology, leading us
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to pose further questions pertaining to the duration and reversibility
of ultrasound action on skin.
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INTRODUCTION

In an earlier report (1), we presented evidence that high-
frequency ultrasound, at a low intensity (0.2 W/cm?), can
increase transdermal drug flux and decrease percutaneous
diffusional lag times. Here, we describe investigations to
decipher the mechanism(s) that underlies the observed ef-
fects.

Our previous work established that ultrasound acted on
the skin, and not on the drug release process from the gel
formulation used (1). Here we have used transmission elec-
tron microscopy (EM) to track the skin permeation of an
electron-dense tracer (colloidal lanthanum). This has al-
lowed us to address (a) the permeation pathway of the dif-
fusing species under the influence of ultrasound, (b) the
mechanism of action of ultrasound, and (c) the effects of
ultrasound on skin morphology.

The anticipated effects of ultrasound can be broadly
classified into two categories: (i) thermal and (ii) nonthermal.
Thermal effects are easy to monitor, because they cause an
increase in the temperature of the tissue under consider-
ation. In contrast, nonthermal effects are difficult to assess
and almost impossible to quantify. We have found that, un-
der the conditions of our experiments, significant skin heat-
ing (>1°C) does not occur (1). Theoretical calculations were
consistent with these observations (2). Furthermore, the lit-
erature reports that temperature changes of more than 5°C
are necessary to cause reasonable increases in skin perme-
ability (3,4).

Mechanical and cavitational phenomena constitute the
major nonthermal effects due to ultrasound (5). Mechanical
effects become significant if the cellular structures are of
comparable dimensions to, or larger than, the wavelength of
the ultrasound beam. In these circumstances, the cells si-
multaneously undergo variable stresses and strains leading
to mechanical fatigue. However, in the frequency range
which we have used (1), the corneocyte dimensions are
much smaller than the wavelength of the ultrasound beam.
For example, the wavelength of a 10-MHz beam in water is
100 wm, whereas the thickness of a typical corneocyte is of
the order of 1 pm. It is highly unlikely, therefore, that the
cellular structures of the stratum corneum (SC) (or, indeed,
the rest of the skin) are subject to uneven mechanical
stresses, which could lead to “‘fatigue’” and cell rupture.

Cavitation is the oscillatory behavior of highly com-
pressible bodies, such as gas, vapor-filled ‘“bubbles,”” or
“‘cavities’’ (so-called micronuclei), which are powered by
and, therefore, extract energy from the incident acoustic
field. Some of this energy (about 10%) is reradiated as an
acoustic wave; the remainder, however, is transformed into
other forms of energy and may appear as heat (resuiting in
the production of highly energetic, short-lived chemical spe-
cies) or as shock waves or hydrodynamic shear fields, which
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can easily disrupt biological tissues. The occurrence of cav-
itation in a medium is crucially dependent upon the number
and availability of these micronuclei, the intensity and fre-
quency of the ultrasound wave, and a number of additional
variables. Furthermore, cavitation occurs randomly and is,
therefore, more difficult to study. There are a few in vitro
studies which report the effects of ultrasound in the mega-
hertz range on human platelets. Miller et al. (6,7), for exam-
ple, showed that these cells aggregate when exposed to ul-
trasound at intensities <100 mW/cm?. However, the cavita-
tional effects on skin caused by high-frequency ultrasound
have not been examined. Even in the case of diagnostic ul-
trasound, which has been used for decades, the possible
adverse effects of cavitation remain unclear (8). To our
knowledge, we present here the first examination of nonther-
mal (cavitational) effects caused by high-frequency ultra-
sound on skin in vivo.

MATERIALS AND METHODS

Adult hairless guinea pigs (Charles River Laboratories,
Boston, MA) were anesthetized with ketamine (approxi-
mately 500 mg/kg; QUAD Pharmaceuticals, Indianapolis,
IN). An aqueous suspension of colloidal lanthanum hydrox-
ide (LLH) was prepared by dissolving lanthanum nitrate (2%,
w/v) in water, and the pH of the solution was adjusted to 7.6
by the addition of sodium hydroxide. The suspension was
applied topically to one of the animal’s flanks; the site was
then immediately treated with 10- or 16-MHz ultrasound (at
0.2 W/cm?) for either 5 or 20 min. The ultrasound equipment
and its validation were the same as those described in our
earlier publication (1). The LH suspension was an adequate
ultrasound coupling medium, and the penetrated lanthanum
served as an electron dense tracer for microscopic visualiza-
tion (9). Unlike the permeation experiments (1), in which
control and treatment procedures were performed on the
same animal to minimize intersubject variability, the EM
work utilized different animals in the two sets of experiments
because of the invasive nature of the protocol. As before (1),
control experiments were identical to those outlined here
except that the transducer was not activated. After the ex-
posure period, full-thickness skin was biopsied using a S-mm
punch. The excised skin was then carefully cut into smaller
pieces (<0.5 mm), which were fixed in modified Kar-
novsky’s fixative for 1 hr at room temperature and then left
overnight at 4°C. Subsequently, the samples were rinsed
with cacodylate buffer (0.1 M, pH 7.3), postfixed in buffered
ice-cold 1% 0sOQ, for 1 hr, dehydrated in graded ethanol
solutions, and embedded in an Epon-epoxy mixture (9).
Thin sections (600-800 nm), cut using an MT2B ultra micro-
tome, were examined either unstained or after double stain-
ing with uranyl acetate and lead citrate, using a Zeiss elec-
tron microscope (Model 10A; Carl Zeiss, Inc., Thornwood,
NY) operated at 60 kV.

RESULTS

Controls

Control preparations, to which LH was applied topi-
cally without activating the ultrasound transducer, showed
normal epidermal morphology and a compact SC, with the
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secreted contents of lamellar bodies filling the intercellular
domain at the stratum granulosum (SG)-stratum corneum
(SC) junction (Fig. 1). There was no evidence of tracer per-
meation into the intercellular domains of SC (Fig. 2) or ex-
tending into the nucleated cell layers below (SG). Basal cells
displayed abundant ribosomes, mitochondria (M), keratin
filaments (KF), and hemidesmosomes (HD) at the zone of
contact with the basement membrane (BM). Intercellular
spaces are prominent between the adjacent cells of stratum
basale (Fig. 4). Superficial dermis shows collagen filaments
(C) in both longitudinal and cross-sectional profile and is
devoid of any tracer particles (Fig. 4). These studies indicate
that the tracer neither penetrates into nor traverses the intact
permeability barrier.

Ultrasound-Treated Skin

Pathways and Extent of Penetration. In animals treated
with ultrasound for 5 min, LH appeared patchily distributed
within the intercellular domains of the SC (Fig. 3). Abundant
precipitates of the tracer were found in (a) the intercellular
spaces of the stratum basale (SB), (b) the zona lucida of the
basement membrane region, and (c) in the superficial dermis
(Figs. 5-8). The lower dose of ultrasound (10 MHz for 5 min)
also drove LLH into the dermis (Fig. 6), and as with the higher
dose, the tracer again concentrated at the epidermal-dermal
junction. These micrographs provide strong evidence that
the epicutaneously applied tracer permeated through the in-
tercellular route. In comparison to the discrete distribution
of LH after ultrasound treatment for 5 min, the longer period
(20 min) of sonophoresis led to more extensive accumulation
and aggregation of the tracer within the dermis (Figs. 9 and
10).

Morphological Effects. The morphology of nucleated

Fig. 1. Electron micrograph of control skin not previously exposed
to ultrasound. Shown are outer layers of the epidermis, the stratum
corneum (SC), and the stratum granulosum (SG) cells below the
SC-SG junction. In the SC, the dark structures are the corneocytes
and the electron-lucent regions are the lipid-enriched intercellular
domains between the corneocytes. Keratohyalin (kh) appears as
dark patches in the outer SG. Arrows point to secreted lamellar
body contents at the SC-SG junction. n, nucleus. X16,000; reduced
to 65% for reproduction.
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Fig. 2. Electron micrograph of control SC demonstrating the ab-
sence of tracer in both cytosolic and intercellular (*) domains.
x32,000; reduced to 69% for reproduction.

epidermal cells was not apparently altered by 5 min of ex-
posure to ultrasound (Figs. 5-8). However, 20 min of sono-
phoresis damaged some of these cells (Fig. 12). In contrast,
the cytosol and membranes of the corneocytes were unaf-
fected and looked similar in appearance to the untreated
controls (Fig. 11).

DISCUSSION

The results presented above demonstrate unequivocally
that low-intensity sonophoresis rapidly drives a hydrophilic,
colloidal tracer across the epidermal permeability barrier
into the dermis. While the relevance of LH transport to the
diffusion of lipophilic drugs, for example, can be questioned,
the usefulness of the approach for (a) direct visualization of
permeation pathways and (b) determination of the time
course of such a delivery mechanism is clear. Confocal mi-
croscopy is another promising method for the visualization
of transport pathways, but it is expensive, is limited to cer-
tain classes of nonreactive fluorophores, and awaits com-

Fig. 3. Electron micrograph of SC after 5 min of ultrasound treat-
ment at 16-MHz frequency showing the patchy distribution of the
tracer (arrows) in the intercellular spaces of the SC. x20,000; re-
duced to 69% for reproduction.
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Fig. 4. Electron micrograph of control skin showing the basal layer,
epidermal-dermal junction, basement membrane (bm), and dermis
(D). The collagen fibers are arranged in bundles, which are seen as
rods in longitudinal section and as circles in cross section. Note the
complete absence of tracer between adjacent basal cells and in the
dermis. kf, keratin filaments; m, mitochondria; hd, hemidesmo-
somes. x24,000; reduced to 65% for reproduction.

plete validation by complementary methods (10). Soluble-
tracer autoradiography, at the light microscopic level, has
been used (11), but the approach is technically demanding
and does not provide sufficient resolution to allow evalua-
tion of toxicity in the same sample. Another method of po-
tential interest is in situ precipitation, which depends on the
generation of an electron-dense reaction product within the
stratum corneum (12,13).

Lanthanum nitrate solution, at a pH slightly greater than
7, generates a suspension of lanthanum hydroxide particles
(14), which are the smallest colloidal tracers known (15).
Penetration of this probe through membrane junctions has,
therefore, been used to evaluate the integrity of permeability
barriers in a variety of tissues (16). A most unexpected result
in the present study was the appearance of tracer at all levels
of the epidermis, and in the dermis, after only 5 min of sono-
phoresis at 16 MHz. Since LH permeation by passive diffu-
sion in the control experiments was not measurable, it can be
assumed that sonophoresis was responsible for the observed
tracer displacement. In parallel studies, utilizing an alterna-
tive penetration enhancement technique, we have found that
continuous iontophoresis for 45 min drove the tracer only to
the level of the stratum granulosum of hairless mouse skin
(unpublished observations). Therefore, the finding that
sonophoresis, for a period as short as 5 min, can deliver

Fig. 5. Electron micrograph of skin after treatment with ultrasound
for 5 min at a 16-MHz frequency showing the lanthanum tracer as
discrete electron-dense particles (i) between a basal cell (stratum
basale; SB) and the basement membrane (bm) zone and (ii) within
the dermis (D). x20,000; Inset: Lanthanum deposition around col-
lagen bundles (compare with Fig. 4). x28,000; reduced to 65% for
reproduction.
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Fig. 6. Electron micrograph of skin treated for 5 min with 10-MHz
ultrasound. The tracer has been driven deep into the dermis (D).
However, lanthanum (arrows) is less abundant than that observed
after 16-MHz treatment for an equivalent period. x20,000; reduced

to 65% for reproduction.

tracer into dermal tissues provides new support for the po-
tential of this approach in percutaneous drug delivery.

Electron microscopy reveals further details about the
possible paths of tracer penetration across the SC. Within
the SC, the tracer appears to be patchily distributed within
the intercellular lipid lamellae within the locales that corre-
spond to the ‘‘lacunae’’ that punctuate the lipid bilayers (17),
previously suggested to be possible polar or head-group do-
mains. The possibility that these channels may be intercon-
nected, serving as a tortuous reticulum of hydrophilic do-
mains, needs to be examined. Once past the SC, the tracer
seems to be uniformly distributed within the hydrophilic in-
tercellular spaces of the nucleated layers of the epidermis.
However, it is also possible that 5 min of sonophoresis drove
most of the tracer through the outer epidermal layers, and
down to the SB, and therefore the tracer may have been
“chased’” through by sonophoresis.

N R Wk s

Figs. 7 and 8. Electron micrographs of skin after 5-min treatment at
16-MHz frequency, indicating that, even within this short time, the
tracer (arrows) has traversed the stratum corneum and most of the
epidermis, to the stratum basale (SB) (Fig. 7). Figure 8 shows abun-
dant tracer in the intercellular spaces of the SB. Fig. 7, x13,600;
Fig. 8, x30,000; reduced to 69% for reproduction.
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tracer in large aggregates in the dermis (D) and subjacent to the
basement membrane (bm) after 20 min of ultrasound at 16-MHz
frequency. Arrows indicate possible cavitational effects (see text).
Fig. 9, %10,000; Fig. 10, x10,000; reduced to 65% for reproduction.

Finally, the effects of ultrasound on the cellular struc-
tures of the skin require comment. Sonophoresis for 5 min,
at either 10 or 16 MHz, did not appear to alter cellular mor-
phology. However, 20 min of sonophoresis at 16 MHz ap-
peared to result in significant cytotoxic effects. Cavitation
may have produced this adverse finding. This suggestion is
based on Figs. 9 and 10, in which the tracer appears to be
aggregated and to line the surface of imaginary spheres
(compared to the discrete distribution of particles seen in
Figs. 5 to 8). The aggregation of tracer following the ex-
tended treatment at 16 MHz could be explained by the fol-
lowing mechanism. Assume the presence of bubbles (micro-
nuclei) in the intercellular spaces. It is plausible that 20 min
of continuous-wave ultrasound causes this bubble to grow
(cavitation). The tracer in this region that is initially dis-
persed can now be pushed toward adjoining cell structures
by bubble expansion. Finally, when the bubble collapses,
the tracer may be in close proximity to the surface of the
adjacent structures (as suggested by Figs. 9 and 10). Con-
comitantly, the repeated expansion and self-destruction of
micronuclei in the skin due to cavitation may induce en-
hanced penetration of the permeant. We believe that Fig. 10
provides evidence that cavitation occurs. We refrain, at this
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Figs. 11 and 12. Electron micrographs of epidermis after 20-min
treatment with 16-MHz ultrasound at 0.2-W/cm? intensity. Compare
the normal-appearing stratum corneum (SC) (Fig. 11) with the cy-
totoxicity within the stratum granulosum (SG) cells (Fig. 12). Again,
tracer is observed primarily between the cells (arrows), even in the
presence of extensive cytotoxicity. Fig. 11, x30,000; Fig. 12,
X 40,000; reduced to 65% for reproduction.

time, from characterizing the effect as either stable or un-
stable cavitation—both phenomena could produce the ob-
served effects, but our ‘“‘detection’” technique (i.e., EM)
cannot distinguish between the two. While stable and unsta-
ble cavitations exhibit different kinds of bubble behavior in
response to an acoustic field, violent stable cavitation is not
easily differentiated from unstable cavitation.

In summary, this investigation has examined the effects
of ultrasound on the permeation of an electron-dense tracer.
The results reveal that 5 min of sonophoresis, at a frequency
of 10 or 16 MHz, delivers the tracer through the epidermis
into the dermis, a remarkable achievement. The penetration
pathway of the tracer appears to be intercellular. Longer
exposure of the skin to high-frequency ultrasound (20 min,
16 MHz) resulted in structural alterations of the stratum
granulosum and stratum basale cells. These results lead us to
questions of reversibility and the adverse effects of different
frequencies and exposure times. Are the changes induced by
ultrasound irreversible? If they are, how long does the per-
turbation last? These issues remain unanswered and must
form the basis of future work.
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