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Fluorescein permeability and electrical resistance
of human skin during low frequency ultrasound
application

Limary M. Cancel, John M. Tarbell and Abdellaziz Ben-Jebria

Abstract

Transdermal drug delivery offers an alternative to injections and oral medication but is limited by
the low skin permeability of most drugs. The use of low-frequency ultrasound over long periods of
time, typically over an hour, has been shown to enhance skin permeability, a phenomenon referred
to as sonophoresis. In this study, we investigated the effects of short time sonication of human skin
at 20kHz and at variable intensities and duty cycles on the dynamics of fluorescein transport across
the skin (permeability) as well as the changes in the skin’s structural integrity (electrical resistance).
We found that a short application of ultrasound enhanced the transport of fluorescein across human
skin by a factor in the range of 2-9 for full thickness skin samples and by a factor in the range of
2-28000 for heat-stripped stratum corneum samples (however, samples with very high (103)
enhancement were likely to have been damaged by ultrasound). The electrical resistance of the
skin decreased by an average of 20% for full thickness samples and 58% for stratum corneum
samples. Increasing the duty cycle from 10 to 60% caused a significant increase in permeability
enhancement from 2.3t0 9.1, and an increase in intensity from 8 to 23mW cm~2 induced a significant
increase in permeability enhancement from 2 to 7.4, indicating a clear dependence of the permeability
on both duty cycle and intensity. The increase in solute flux upon ultrasound exposure was
immediate, demonstrating for the first time the fast response dynamics of sonophoretic enhancement.
In addition, a quantitative analysis of the thermal and convective dispersion effects associated
with ultrasound application showed that each contributes significantly to the overall permeability
enhancement observed.

Introduction

Transdermal drug delivery offers several advantages over traditional delivery methods
by avoiding drug loss due to liver metabolism, providing sustained release of thera-
peutics and offering better patient compliance (Bronaugh & Mibach 1989). However,
very few drugs are able to penetrate the skin by passive diffusion at a rate sufficient to
make drug delivery viable.

The application of ultrasound has been shown to increase the low skin permeability
for various drugs (sonophoresis) (Mitragotri etal 1995a, b, 1996). The mechanisms and
applications of sonophoresis have been reviewed in the literature (Joshi & Raje 2002;
Mitragotri & Kost 2004). Cavitation, the growth and collapse of gas bubbles, is generally
recognized to be the dominant mechanism of sonophoresis. Cavitation is thought to
disorder the lipid bilayers in the outermost layer of the skin, the stratum corneum,
creating mass transfer pathways and thus increasing the diffusion coefficient of solutes.
However, cavitation alone cannot account for the total mass transfer enhancement
observed. Several mechanisms seem to contribute to this transport phenomenon,
among them, structural changes caused by cavitation (Levy etal 1989; Mitragotri etal
1995b, 1996), thermal effects (Levy etal 1989; Suslick 1989; Bommannan etal 1992;
Mitragotri et al 1995b), mixing in the liquid phase (Levy etal 1989) and acoustic stream-
ing through hair follicles and sweat ducts (Tachibana & Tachibana 1993). In addition,
the results of recent studies point to a convective mechanism of enhancement (Mitragotri
etal 2000; Ristic 2000), although no quantitative analysis has been proposed.
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The electrical resistance of the skin is a good instanta-
neous indicator of the structural properties of the skin
(Allenby etal 1961). Due to significant hindrance of the
ionic transport through the lipid bilayers, the electrical
resistance of the skin is very high and, in most previous
studies, it has been used to verify that the structural
integrity of skin samples is within the normal range.
However, the continuous monitoring of skin electrical
resistance during ultrasound application can provide
insight into the mechanisms governing the enhancement
of mass transfer through this biological barrier.

As most previous studies examined the long-term (sev-
eral hours) effects of sonophoresis, the principal aim of this
study was to investigate the short-term (few minutes) effects
of low frequency (20 kHz) ultrasound on the permeability
of fluorescein (MW 376, solubility in H,O 25g L") across
stratum corneum and full thickness human skin.
Fluorescein is a small hydrophilic molecule with a passive
permeability through skin similar to that of sucrose. The
effect of duty cycle and intensity on the enhancement and
the dynamics of the skin’s response to ultrasound were also
examined.

Materials and Methods

Materials

Fluorescein and phosphate-buffered saline (PBS) were
obtained from Sigma Chemicals (St Louis, MO). Fresh
(non cadaver) human skin (both sexes, abdomen) was
obtained from local clinics. Full thickness skin samples
were prepared by removing the thick (3—5cm) layer of fat.
The skin was then stored in a freezer at —20°C for later
use. Samples were defrosted immediately before perform-
ing the experiments on full thickness skin. For experi-
ments on stratum corneum, heat stripping of full
thickness samples was performed. Briefly, the full thick-
ness skin was immersed in de-ionized distilled water at
60°C for 2min followed by removal of the stratum cor-
neum. The stratum corneum was then stored at 4°C and
95% humidity for up to 2 weeks. The Institutional Review
Board of The Penn State University Research Protections
approved the use of anonymous human skin samples.

Ultrasound equipment

Low frequency ultrasound was applied with a sonicator
operating at 20 KHz (Model XL2020; Misonix Inc.,
Farmingdale, NY), using a tapered microtip probe (dia-
meter 1/8”, microtip area 0.08cm?). The sonicator was
operated in a pulsed mode with duty cycles of 10, 20, 40
and 60% and an intensity level of 8-24mW cm 2. In all
cases the pulse repetition period was 1 s.

The free-field intensity of the ultrasound was measured
using a hydrophone (Model TC4033; Reson Inc., Goleta,
CA) placed 1 cm below the transducer tip in a large water
tank. The compressional (P.), rarefactional (P,) and root-
mean-square (P.,s) pressure amplitudes were recorded
using an oscilloscope (Agilent 54622A, 100 MHz). The

spatial peak—temporal peak (I,,) and spatial peak—tem-
poral average (Iy,,) intensities were calculated from the
pressure amplitudes by:

P2
Isptp _ peak
- (1)
PZ
Loyt = rms
p e

where Py, is the larger of P, and P,, p is the density of
water (kgm ) and c is the speed of sound in water (ms ).

Measurement of fluorescein concentration

Fluorescein concentrations were measured using a dye
fluorometer (C&L Instruments, Hummelstown, PA) by
collecting samples (140 L) periodically. The fluorescence
of the samples was determined at characteristic fluorescein
excitation and emission wavelengths of 485nm and
535 nm, respectively.

Fluorescein transport

The transport experiments were conducted in a modified,
custom made, Franz diffusion cell (A.B. Seal Glassblowing
Spec. Inc., Bellefonte, PA) which consists of two glass
compartments, the donor compartment having a volume
of about 1mL, and a receiver compartment having a
volume of about 7mL. These two compartments were
clamped together after mounting the skin sample with the
stratum corneum side facing the donor compartment. The
cross-section exposed to ultrasound had a diameter of
0.9cm. In the experiments using stratum corneum, a flat
rubber ring was placed below the membrane to seal and to
prevent the membrane from being scratched by the edges of
the diffusion cell. Both compartments were filled with PBS,
and the fluorescein was added to the donor compartment.
At the beginning of each experiment the levels of fluid in the
donor and receiver compartments were balanced and the
system was equilibrated for at least 30 min to eliminate a
hydrostatic pressure gradient across the skin. A magnetic
stir bar provided mixing in the receiver compartment. All
the experiments were carried out at room temperature
(~293K). The temperature of the solution immediately
above the skin was measured periodically by inserting a
standard thermocouple into the donor compartment.
The permeability (P.) of the skin is given by:

Cp—-Cr ACp dt

where J is the flux of fluorescein, Cp and Cgr are the
concentrations in the donor and receiver compartments,
Vg is the volume of the receiver compartment, A is the
surface area of the skin, dCg/dt was calculated from the
measured concentration profiles in the receiver compart-
ment by least-square regression and we have assumed that
Cr is negligible compared to Cp. Separate regression lines
were obtained for the passive, sonophoretic and recovery
portions of the concentration profile. The permeability
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enhancement was defined as the sonophoretic permeabil-
ity divided by the passive permeability of the skin.

Passive permeability

The donor compartment was filled with a fluorescein
solution (~530 M) and the receiver compartment was
filled with PBS. The concentration in the receiver com-
partment was monitored by withdrawing 140-uL samples
every 30 min for a minimum of 2 h. The amount of solu-
tion removed from the receiver was immediately replaced
with fresh PBS. The passive permeability across human
skin was found to be 4.24 x 1072+ 1.73 x 10 °cm s~ ' and
5.58x 1077 4£2.33x 10 "cms ™" for full thickness skin
and stratum corneum samples, respectively.

Sonophoretic permeability

Immediately following the measurement of passive perme-
ability, the tip of the ultrasound transducer was introduced
in the donor compartment and placed about 8 mm above the
skin. Low frequency ultrasound was applied in a pulsed
mode in the range 10-60% and at intensity levels in the
range 8-24mW cm 2. The concentration in the receiver
compartment was monitored by withdrawing 140-uL sam-
ples after 1.5, 6, 15 and 30 min of sonication. For the experi-
ments where the duty cycle or intensity was varied, samples
were withdrawn from the receiver 1.5, 6, 10 and 15 min after
each step change of the operating conditions. In every case,
the amount of solution removed from the receiver compart-
ment was immediately replaced with fresh PBS. The con-
centration in the donor compartment was monitored by
withdrawing 20-uL. samples at the beginning and at the
end of each experiment. The recovery of the permeability
after sonication was monitored by measuring the concentra-
tion of fluorescein in the receiver compartment every hour
for at least 4 h after the sonication was terminated.

Electrical resistance of the skin

Electrical resistance was measured by means of a pair of
Ag/AgCl electrodes (InVivo Metrics, Heraldsburg, CA).
An AC field, having a voltage of 100 mV and a frequency
of 10 Hz, was applied for a short period of time (typically
15s) using a function generator (Model 3011B; BK
Precision, Chicago, IL). A resistor (R =54k(2) was con-
nected in series with the diffusion cell to allow determina-
tion of the small (~1 x 107°uA) current through the
circuit by measuring the voltage drop across the known
resistance. In addition, the added resistance stabilized
voltage measurements across the diffusion cell and mini-
mized unwanted reactions on the surface of the electrodes,
thus ensuring accurate voltage measurements and increas-
ing the electrode lifetime. The voltage drop across the
diffusion cell (Ugy) and across the resistor (Ug) were
measured using digital multimeters. Applying Ohm’s law
to the resistor and the diffusion cell leads to the following
expression for the resistance of the diffusion cell (Reep):

Ucell

Rcell =R UR

()

Ultrasonic permeability of human skin 111

The PBS resistance was calculated separately using the
same set-up without mounting the skin. Considering the
PBS and the skin as two resistors connected in series, the
resistance of the skin was found by subtracting the PBS
resistance from the measured resistance of the diffusion
cell. Samples having resistance below 10kQ-cm? were
discarded. The resistance was monitored during ultra-
sound application by stopping the sonicator for a short
period of time (typically 30s) to make the measurement.
Skin resistance was also monitored after ultrasound appli-
cation, typically for a period of 4 h.

Statistical methods

The data for the electrical resistance and fluorescein per-
meability of the skin is presented as normalized values.
The electrical resistance was normalized by the initial
resistance and the permeability was normalized by the
passive permeability of the sample. The values for electri-
cal resistance and permeability presented are means =+ s.e.
Statistical significance was analysed by f-test or, when
multiple treatments were employed, by analysis of vari-
ance. P < 0.05 was used as the significance level for the
statistical analysis.

Results and Discussion

General effect of ultrasound on the permeability
of stratum corneum and its electrical resistance

The electrical resistance and permeability to fluorescein of
11 stratum corneum samples was monitored during ultra-
sound application (20kHz, 10% duty cycle, §mW cm~?).
The flux of fluorescein increased within 2min of ultra-
sound application and was found to remain constant (at
this increased value) for the entire period of sonication.
Once the ultrasound was turned off, the solute flux imme-
diately returned close to its original baseline value.
Straight lines were used to fit the concentration profiles.
A typical concentration profile is shown in Figure 1.

The behaviour of the electrical resistance and permeability
was found to fall in one of two regimes. First, when the
electrical resistance of the samples decreased by an average
of 47%, asignificant (P < 0.04) enhancement in permeability
of 5.1+ 1.8 times the baseline value was obtained (Table 1,
Figure 2). Five minutes after sonication, although the elec-
trical resistance increased only slightly from its value imme-
diately after turning the ultrasound off, the permeability
returned close to its original baseline value (0.7 £0.2 times
its baseline value, P > 0.05). Second, when the electrical
resistance decreased beyond 50% (up to an average of
75%, Figure 2), the permeability of the stratum corneum
was variable, with an enhancement that ranged from 465 to
28 000 (data not shown). The recovery of permeability for the
samples in this regime was also quite variable, fluctuating
between 7 and 800 times the baseline value (data not
shown). The recovery of electrical resistance after sonication
in this regime was found to be minimal (Figure 2). One
possible explanation for this wide range of permeability
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Figure 1 Typical concentration profile for a 30-min sonication
experiment using stratum corneum. Squares show the passive flux
of fluorescein (Cr = concn in receiver compartment), diamonds show
the flux during the 30-min sonication and triangles show the flux
after the ultrasound has been turned off.

enhancement and large drop in resistance is an irreversible
mechanical stretching or deformation of the tissue caused by
oscillation and vibration of the tissue upon exposure to ultra-
sound. The extent of the deformation may depend on the
elastic properties of the stratum corneum, which can vary
from sample to sample. These stratum corneum samples were
probably damaged by the ultrasound and therefore these
results are not typical. It was observed that large, irreversible,
permeability enhancements were obtained only for samples
for which the drop in electrical resistance was larger than
70%. Our results indicate that this may be the threshold value
between the two regimes.

1.04

0-91 —e— Regime 1
—— Regime 2

0.8 J

0.7 1

0.6 -

0.5 1

0.4 -

Normalized skin electrical resistance

0.3

0.2
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Time (min)

Figure 2 Variation of the normalized stratum corneum electrical
resistance upon ultrasound exposure (10% duty cycle, 8 mW cm ™),
Regime 1 (diamonds) and Regime 2 (triangles). Ultrasound (US)
exposure began at time=0 and ended where indicated. Data are
means £s.e., n=6 or 4 for Regime | and 2, respectively.

Figure 2 shows that the drop in electrical resistance is
immediate and largest during the first 2 min of sonication
and then slowly approaches a plateau after the initial large
drop. For the samples in Regime 1, after an initial drop of
33% in the first 2min of ultrasound exposure, the elec-
trical resistance dropped by only 14% during the remain-
ing 28 min of sonication. Similarly, for the samples in
Regime 2, an initial electrical resistance drop of 50% in

Table 1 Summary of permeability results for all experimental conditions

Protocol Tissue type Duty cycle Intensity Normalized permeability
30 min sonication Stratum corneum

During US 10% 8mW cm ™2 5.1+1.8*
Post-US — — 0.7+0.2
30 min sonication Full thickness

During US 10% 8 mWcm 2 524 1.2%
Post-US — — 0.9+0.2
Variable duty cycle Full thickness

Step 1 10% 8mW cm ™2 2.340.3%
Step 2 40% 8 mW cm 2 4.440.7%%
Step 3 60% 8mW cm 2 9.142.6%*
Post-US — — 1.94+0.5
Variable intensity Full thickness

Step 1 10% 8 mW cm 2 2.0+£0.3%
Step 2 10% 15.4mW cm > 40+0.9
Step 3 10% 23.4mW cm > 7.4 £2.0%*
Post-US — — 0.8+0.2

US, ultrasound. *P < 0.05 vs baseline; **P < 0.05 vs Step 1.




the first 2 min was followed by a drop of only 25% in the
remaining time of sonication. Since the drop in electrical
resistance is believed to be due to the disordering of the
lipid bilayers by cavitation bubbles, these results suggest
that cavitation effects occur rapidly, but reach a plateau
beyond which no more pathways can be opened despite
continued ultrasound application. This may be due in part
to decreased availability of cavitation nuclei in the liquid
medium (Mitragotri et al 1995b).

Both permeability and resistance were monitored for a
long period of time (4 h) after sonication. The permeability
of the stratum corneum was found to be constant during
this period of time while its electrical resistance did not
deviate significantly from the value obtained 5min after
sonication. In the case of the samples in Regime 1, the
permeability returned close to its original baseline value,
while the electrical resistance recovered partially (by an
average of 11%). These results indicate that (passive) diffu-
sion through the disordered lipid bilayers can not account
completely for the observed permeability enhancement. It is
clear that, in addition to opening diffusion pathways by
cavitation, ultrasound provides an additional driving force
for mass transfer that further enhances the permeability of
the stratum corneum. In Regime 2, while the permeability
returned to a value higher than the original baseline of
passive diffusion, there was virtually no recovery of electri-
cal resistance. For these samples, it appears that the struc-
tural changes caused by cavitation were sufficient to
enhance even the passive diffusion through the membrane.
However, the enhancement observed for these samples was
even larger when the ultrasound was on, indicating the
action of an additional mechanism of transport, perhaps
convective, which in conjunction with cavitation produces
the total enhancement observed.

General effect of ultrasound on the permeability
of full thickness skin and its electrical resistance

To evaluate the role of the supporting epidermis layer in
the sonophoretic enhancement, full thickness skin samples
were exposed to ultrasound (20kHz, 10% duty cycle,
8mWcem ™) for 30min. The electrical resistance of the
skin decreased by a maximum of 16% (Figure 3). As with
the stratum corneum, the largest drop in resistance was
observed during the first 2min of sonication. However,
the skin began to recover its electrical resistance during
sonication. Unlike the stratum corneum, the full thickness
resistance increased significantly beyond its original base-
line value (P < 0.002) immediately after turning off ultra-
sound. The average permeability enhancement was found
to be 5.2+ 1.2 (P < 0.02). After turning the ultrasound off,
the permeability immediately decreased to 0.93 + 0.17 times
the baseline value (not significantly different from baseline,
P > 0.3). These results are similar to those obtained for
stratum corneum samples in Regime 1, with the main dif-
ference being the full recovery of the skin’s electrical resis-
tance after stopping the ultrasound. During these experi-
ments we observed that the oscillation and vibration of
the skin upon ultrasound application was greatly reduced.
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Figure 3 Variation of the normalized electrical resistance of full
thickness skin samples upon ultrasound application (10% duty cycle,
8 mW cm2). Ultrasound (US) exposure began at time =0 and ended
where indicated. Data are means £s.e., n=>5.

These findings suggest that the full thickness of the skin
provides support to the stratum corneum and prevents
irreversible mechanical stretching and deformation.

Effect of duty cycle on skin permeability and
electrical resistance

To evaluate the effect of duty cycle on the measured skin
parameters, a sample of full thickness skin was exposed to
step changes of duty cycle from 10% to 40% to 60% while
the intensity was kept constant at §mW cm 2. At each of
these step changes of duty cycle, the skin was sonicated for
15min. The flux of fluorescein at each duty cycle was
found to be nearly constant and straight lines were used
to fit the concentration profiles, yielding a single value of
permeability for each duty cycle.

Application of ultrasound to the full thickness skin
induced a quick reduction in the electric resistance that
reached a minimum of 86% of its baseline value during
the 10% duty cycle phase (Figure 4A). A fast drop in skin
resistance was subsequently observed in response to every
step increase of duty cycle. After turning off the ultra-
sound, the skin electrical resistance recovered beyond its
baseline value, reaching a maximum of 140% (signifi-
cantly different from baseline, P < 0.05). Low frequency
sonication of full thickness skin also induced an enhance-
ment in permeability that was dependent on duty cycle.
Fluorescein flux increased within 2min after the duty
cycle was elevated, indicating a fast response of the skin
permeability to ultrasound. After reaching a maximum
enhancement at 60% duty cycle (9.1 £ 2.6), the permeabil-
ity decreased to 1.9 £0.5 times its original value, immedi-
ately after removal of ultrasound.
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Figure 4 A. Effect of duty cycle on the variation of the normalized
skin resistance during ultrasound (US) application (8§ mW cm ™, vari-
able duty cycle) to full thickness skin. Data are means £s.e., n=>5. B.
Effect of acoustic intensity on the variation of the normalized skin
resistance during ultrasound (US) application (10% duty cycle, vari-
able intensity) to full thickness skin. Data are means +s.e., n=>5.

These results for variable duty cycle confirm that other
mechanisms acting in conjunction with cavitation are
responsible for the observed permeability enhancement
since the effects of cavitation on the structural integrity
of the skin, as measured by the electrical resistance, were
diminishing while the permeability continued to increase.
In addition, the fast response of the skin’s permeability
(both enhancement and recovery) to sonication suggests a
convective mechanism governing this enhancement. Our
findings are consistent with those reported by Mitragotri

& Kost (2000), who observed that the pressure wave
provided an additional driving force for mass transfer,
resulting in a larger enhancement when the ultrasound
was left on than when the skin was only pre-treated with
ultrasound. However, thermal effects and acoustic stream-
ing through hair follicles and sweat glands, in addition
to convection, might have contributed to the overall
enhancement observed.

Effect of intensity on skin permeability and
electrical resistance

To evaluate the effect of acoustic intensity on permeability
and electrical resistance of full thickness skin, experiments
were performed in a manner similar to that described
above for duty cycle. In this case, the duty cycle was
maintained at 10% and the intensity was increased every
15 min from 8 to 15.4 to 23.4mW cm 2. The initial 15 min
of ultrasound application induced a fast reduction of 16%
in the electrical resistance from its baseline value (Figure
4B). This reduction was not exceeded at any operating
intensity for as long as ultrasound was applied. The skin
resistance recovered significantly beyond its original value
(147% of the baseline value, P < 0.001) once the ultra-
sound was terminated. Ultrasound caused an increase in
permeability that was dependent on the acoustic intensity
and reached a maximum of 7.4 +2 at 23.4mW cm 2 The
return of permeability to its original passive diffusion level
was complete after turning off the sonicator (0.80 £0.21).

Mechanisms

Among the mechanisms governing ultrasound-induced
enhancement of the mass transfer of molecules through
skin, cavitation, temperature elevation, acoustic streaming
and convective dispersion are believed to be factors that may
substantially contribute to the efficacy of low frequency
ultrasound. Cavitation effects are generally recognized to
be the dominant mechanism of sonophoretic enhancement.
These effects are directly related to the observed drop in the
electrical resistance of the skin. A porous pathway model
relating skin resistance and permeability has been proposed
(Tezel etal 2003). Using simple engineering models, quan-
titative analyses of the contributions of the remaining
mechanisms (temperature, acoustic streaming and convec-
tive dispersion) are suggested in the following sections.

Effect of temperature

Table 2 shows that the application of ultrasound increased
the temperature of the fluid in the compartment above the
skin for all the experiments performed. It can be observed
that the increase in temperature was in all cases higher for
full thickness tissues than for the stratum corneum. These
results suggest that the full thickness of the skin absorbs
more acoustic energy than the stratum corneum. Most
previous studies have used only the stratum corneum
and reported an increase in temperature of ~7°C
(Mitragotri etal 1995b). In-vivo, temperature effects are
likely to be higher, similar to those encountered in-vitro
with full thickness samples.



Ultrasonic permeability of human skin 1115

Table 2 Effect of temperature increase on the permeability enhancement across human skin as estimated by equations 4 and 5

Ultrasound 10% Duty cycle 10% Duty cycle Variable duty cycle 10% Duty cycle
parameters (8mW cm2) (8mW cm2) 8mWcm?) (variable intensity)
Tissue type Stratum corneum Full thickness Full thickness Full thickness
Max. temp. increase observed (°C) 5.74 7.92 26.52 15.24

Viscosity of water (cp) 0.885 0.848 0.584 0.722
Enhancement observed 5.1 52 9.1 7.4

Enhancement (due to temperature increase) 1.15 1.22 1.87 1.46
Enhancement % (due to temperature increase) 23 24 21 20

The increase in temperature increases the diffusion
coefficient of fluorescein, thus increasing the permeability
according to:

D¢ - K
—_— 4
L “)

where P, is the permeability (cms™"), D is the effective
diffusion coefficient (cm?s™'), K is the partition coef-
ficient between the liquid phase and the membrane and
L is the membrane thickness (cm). The effective diffusion
coefficient can be represented as Der=D H, where D is
the free diffusion coefficient and H is a function of the
structure of the tissue.

Since the solutions used in this study were dilute, the
Wilke—Chang equation (Bird etal 1960) can be used to
estimate the dependence of the free diffusion coefficient
(D) on temperature. This theory shows that

Pe

Dot (5)
n

where T is the temperature and 7 is the viscosity of the
solvent (PBS). Assuming the viscosity of PBS is equal to
that of water, and that neither K nor H (equation 4) are
affected by temperature, the increase in permeability result-
ing from the maximum temperature increase observed in
each experiment has been estimated in Table 2. Thermal
effects can explain about 20% of the overall enhancement.
While this is only a portion of the total enhancement, it is
clear that thermal effects play a role in sonophoresis.

Effect of acoustic streaming
Exposure to ultrasound can generate fluid velocities in a
porous medium, a phenomenon termed acoustic stream-
ing. Fluid velocities can enhance transport by inducing
convective mixing of the solute. In the skin, this process
occurs mainly in the sweat glands and hair follicles
(Edwards & Langer 1994). When the skin is exposed to
low frequency ultrasound, convective transport through
the aqueous pores of the corneocytes made available by
cavitation can also occur.

The convective velocity generated by ultrasound in a
cylindrical pore scales as (Gooberman 1968):

2
- Rpla

1c

U (6)

where R, is the radius of the pore, I is the intensity of the
ultrasound, « is the absorption coefficient of the fluid, p is
the fluid viscosity and c is the sound velocity in the medium.
The radii of sweat ducts, hair follicles and corneocytes pores
has been estimated by Edwards & Langer (1994) to be 5 um,
1 pm (annular space of follicle) and 1.8 nm, respectively.
With these estimates, equation 8 yields convective velocities
of 2.3 x 10 8 cms™! (sweat ducts), 9.2 x 107 °cms™! (hair
follicles) and 2.7 x 10" cms™" (corneocytes pores). While
the convective velocities generated through sweat ducts and
hair follicles are comparable to the permeability of fluor-
escein through the skin, the area fraction of each of these
routes is small enough (7.9 x 10~ for sweat ducts and
1.9 x 10~* for hair follicles (Edwards & Langer 1994)) to
make the convective flow through them negligible.

Effect of convective dispersion

Time-periodic convection may give rise to significant dis-
persion, even when the net convection is zero (Brenner &
Edwards 1993). Convective dispersion phenomena in
pores arise from the non-uniformity of the solute velocity
across the pore cross section. Taylor (1953) showed that
the dispersion process, for times sufficiently long to allow
radial molecular diffusion across the velocity field, obeys
a convective-dispersion equation and the axial Taylor
dispersivity (D") may be expressed as the sum
D' =D" +D" (7)
of a hindered axial molecular diffusion coefficient D"
and a convective dispersion coefficient D . The calcula-
tion of these two coefficients is presented in the Appendix.
Table 3 shows the contribution of the convective disper-
sion to the total dispersivity. Also shown are the criteria
established by equations A10 and A11. Note that in these
calculations Rp refers to the radius of an aqueous pore
through a corneocyte. That is, we have assumed that the
transcorneocyte route of transport has been made avail-
able by the effects of cavitation. It can be seen from Table
3 that a small, but still present, enhancement in the total
dispersivity is provided by convective dispersion.

Summary and conclusions

In the past, sonophoresis studies have primarily evaluated
the effect of long-term ultrasound application, typically
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Table 3 Contribution of convective dispersion through corneocytes to the permeability enhancement

1 (Wem2) V (ems™) L/Rp Npe Re D€ (em?s™Y) D' (em?s™Y) D’/DM
0.008 0.73 8333 6.23 0.0000131 1.38%x107° 225x10°% 1.07
0.015 1.00 8333 8.53 0.0000180 2.58x 1077 237x 1078 1.12
0.023 1.24 8333 10.56 0.0000223 3.96x 1077 251x10°% 1.19

ﬁc, convective dispersion coeffiecient; ﬁM, hindered axial molecular diffusion coefficient; D", the total axial dispersivity (equation 7). The
ratio 5*/§M represents the enhancement in dispersivity provided by convective dispersion. Values used for the calculations were:
a=0.485nm (determined using Lydersen’s method (Lydersen 1955) with group contributions to critical volume obtained from Polling etal
(2001)); L=15um; p=1000kg m~>; Rp=1.8nm (Edwards & Langer 1994); u= 1073 Pas; Dy=6x 10 8cm?s™!; Hc=0.35 (equation Al);

Hp=0.23 (equation A7).

from 1 to 5h. Only recently, Mitragotri & Kost (2000) and
Tang etal (2002) have shown the effectiveness of short
exposure times on mannitol and inulin transport.
Regardless of the ultrasound exposure time, all of the
previous studies have neglected the short-term dynamics
of the skin’s response to ultrasound exposure. In this
study, we have shown the rapid increase in solute flux
upon ultrasound exposure by measuring the fluorescein
concentration at intervals generally no longer than 5 min.
In addition we have also shown a rapid decrease in solute
flux immediately after the ultrasound is turned off. In this
manner we have demonstrated the fast dynamic response
of sonophoretic enhancement of skin permeability.

Most previous studies have used stratum corneum as a
model system for in-vitro studies. While it is clear that the
principal barrier to solute transport across the skin is the
stratum corneum, the experiments performed in this study
have demonstrated that the full thickness of the skin
provides support and prevents irreversible damage caused
by oscillations of the skin membrane upon ultrasound
exposure. We have also demonstrated that the use of
stratum corneum as an experimental model resulted in
an overestimation of the ultrasound-induced enhancement
of permeability, because of the probable alteration of its
structural integrity.

Our experimental data suggest that the enhancement of
fluorescein transport occurs through several mechanisms.
During the first few minutes of sonication, cavitation pre-
sumably disorders the lipid bilayers, lowering the electrical
resistance of the skin and opening pathways through
which solutes can diffuse. However, we have shown that
while the effects of cavitation quickly reach a plateau and
the skin starts to recover its structural integrity (electrical
resistance), the permeability enhancement is sustained.

Our data indicate that thermal effects can account for
a portion (generally about 20%) of the mass transfer
enhancement. The fast dose-response dynamic behaviour
of the skin’s response to ultrasound suggests a convective
contribution to the enhancement induced by the ultrasound
pressure wave. Acoustic streaming effects through hair fol-
licles, sweat glands and the aqueous pores of the corneo-
cytes were found to be negligible. The convective dispersion
model, on the other hand, predicts an enhancement of
7-19%, depending on the intensity of the ultrasound. This

corresponds to 16-20% of the enhancement observed.
Note, however, that the convective dispersion process
could take place only after the lipid bilayers have been
disordered by cavitation, making transport through aqu-
eous pores of the corneocytes possible. Therefore, we con-
clude that while the disordering of the lipid bilayers by
cavitation is probably the dominant mechanism of sono-
phoresis, thermal effects and convective dispersion contri-
bute significantly to the observed enhancement.
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Hindered diffusion arises from wall effects when the size of the molecule is comparable with the diameter of the pore. In
such a case, the diffusion coefficient of a solute becomes dependent ¢ Qn the ratio of the radius of the solute («) and the
radius of the pore (R},), 2= a/R,. The hindered diffusion coefficient D is the product of the free diffusion coefficient D,
and a hindrance coefficient, Hc, which is a function of . It was shown by Mavrovouniotis & Brenner (1988) that for
small values of /, the hindrance coefficient can be estimated by:

1 -2l — 1,539,
SR ot i (A1)

¢ (1-2)
For A — 1, they showed H¢ can be estimated by:
-7\
He =0.984 g (A2)

The hindrance coefficient for intermediate values of / can be estimated by interpolation between equations Al and
A2.
The Taylor convective dispersion coefficient is defined as (Brenner & Edwards 1993):

=2
—C R%U

48D,
where U is the mean flow velocity, Rp is the pore radius, Hp, is a hindrance coefficient and Dy is the free diffusion
coefficient. For ultrasound propagation in a pore, the mean flow velocity is replaced by the root-mean square velocity of

the oscillations of fluid molecules in the direction of ultrasound propagation, U (Slutsky etal 1980). The root-mean
square velocity is related to the amplitude of the acoustic oscillations, ug, by (Leighton 1994):

Hp (A3)

5, 1
2= 3 u (A4)
and uy is related to the acoustic intensity by (Leighton 1994):
21
ul == (A35)
oc
hence, U is:
1
U= 4/— (A6)

pc
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where I is the ultrasound intensity (Wcem™2), p is the density of the medium (gem ™), and c is the ultrasound velocity
(cms™).

Hp is a coefficient which is a function of / that accounts for convective dispersive hindrance arising on the pores. For
small 4, Hp is given by (Mavrovouniotis & Brenner 1988):

_ 2[0.1581n° 1 — 0.901 In1 + 1.385]

Hp = A7
° (1-2)° (A7)
For 7 — 1, Hp can be estimated by (Mavrovouniotis & Brenner 1988):
-2\
Hp =0.0143(—= (A8)

The Taylor dispersion model given by equation 7 is valid for the viscous flow in pores. Significant viscous effects can
be expected during acoustic propagation through pores only when the pore size is sufficiently small such that the
acoustic Reynolds number is smaller than some critical value, which is believed to be of order 10 (Slutsky etal 1980).
This criterion can be formulated as:

Re = pud <10 (A9)
I

where p is the density of the medium, U is the root-mean square velocity of the molecules in the pore, d is the pore

diameter and p is the dynamic viscosity of the medium. In addition, the Taylor model is only valid for the long-time

behaviour of the solute, corresponding to time t > Rﬁ /D. Since it takes a time t = L/U for the solute to sample the axial

length L, this criterion can be formulated as:

L

— >N Al
Rp > Pe ( O)
where Pe is the Peclet number:

RpU

Npe = 5 (A11)




