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INTRODUCTION

Over the last decade, a driving factor in pharmaceutical development and drug
delivery has been the ability to target disease at the cellular and tissue levels. Local
delivery of therapeutics often allows higher doses to be delivered without side effects
that restrict dose levels in systemic delivery. Local delivery can be combined with
controlled release to provide sustained high concentrations of drug in the immediate
vicinity of affected tissue [1-3]. Local delivery is especially important in treating brain
disorders, because most therapeutics administered intravenously do not cross the
blood-brain barrier. Recent developments in treating brain gliomas, which are
infiltrative tumors that present poor prognosis for patients, rely on local delivery
methods. After resection of the tumor, malignant cells that have migrated from the
tumor remain behind, surrounded otherwise by healthy tissue. These cells continue to
grow, leading to the recurrence of the disease. CED is a local delivery technique in
which therapeutics are infused directly into the brain interstitium through an implanted
needle microcatheter [4, 5]. The infusion induces a convective flow of infusate
through the interstitium. The infused drugs are subject to elimination via a variety of
mechanisms. Therefore, the challenge in CED is to enhance penetration of infused
therapeutics so that they reach migrating malignant cells before they are eliminated.
Some of the most promising drugs for treating gliomas are large proteins and drugs
packaged in nanoparticles, which, owing to their size, are especially difficult to move



through brain interstitium under the convective force of the infusion. Therefore, any
method to enhance transport of infused drugs could benefit the outcome of the
therapy.

The use of ultrasound to enhance drug delivery has evolved over several decades.
Perhaps the most extensively studied example is the use of ultrasound to enhance
transdermal drug delivery [6, 7]. Exposure of skin to ultrasound can increase the
permeability of the stratum corneum, allowing transport across skin of some
therapeutic compounds that would otherwise be excluded and enhancing transport
rates of others. Although a variety of thermal and non-thermal mechanisms could be
responsible for transport enhancement, acoustic cavitation and microstreaming [8, 9]
may be the most important. At lower acoustic power, oscillations of endogenous
microbubbles or microbubbles added to an infusate may induce similar
microstreaming, even in the absence of cavitation.

We present results on the enhancement of Evans blue dye (EBD) transport into soft
animal tissues using 1.58 MHz low spatial-average ultrasonic powers of 1.3 and 5.25
W in combination with an applied convective flow under conditions that simulate
convection-enhanced drug delivery [10, 11].

METHODS
Sample Preparation

Neurological-tissue-mimicking phantoms were prepared by filling 12 oz Solo Cups
with a soulution of 0.6 wt% agarose powder (MP Biomedicals, Solon, OH) [12]. The
powder was dissolved in distilled water at 100° C for 5 min and then poured into the
cups to a height of 1.5 cm. The cups were covered and allowed to cool and gel (about
20 min). Equine horse brain was harvested from the Cornell School of Veterinary
Medicine immediately post-mortem and cut into 3 x 3 x 1.5 cm cortical slices.
Experiments were conducted within 30 min of brain harvesting. Avian muscle tissue
was purchased from a local supermarket and cut into 3 x 3 x 1.5 cm slices. A 0.25
wt% aqueous solution of Evans blue dye (MP Biomedicals, Solon, OH) was used to
mimic a water-soluble drug. The EBD solution provided sufficient contrast to measure
its extent of penetration into the phantom and tissue samples [10, 11, 13, 14].

Convection Background and Setup

In CED, an infusion into the brain establishes a radial flow outward from the needle
tip. The average velocity of infusate in the tissue 6 decays as 7 8 where s the
distance from the needle tip. For a volumetric infusion rate of 1 pL-min™, a typical
value in rodent experiments, 6 ranges from 670 to 3.0x10” ms™', from the needle tip
to 9 1.5 cm [16, 17]. The pressure gradient associated with this flow can be
calculated from Darcy’s law, provided that the porosity = and hydraulic permeability
; of the tissue can be estimated. For brain tissue, avian muscle, and agarose brain
phantom estimates are ;  =5.63 x 10'12, : =5.00x 107 ; 92.05 x 10" and
- 98%< : 9 =< = 990% [16-19]. To achieve values of 6 that are



similar to those in CED, pressure gradients were applied across the equine brain, avian
muscle and brain phantom samples in conjunction with topical application of EBD.

The apparatus shown in figure 1 was used to apply pressure gradients of 1330
kPa-m™ for the brain and phantom samples, and 6650 kPa-m™ for the avian muscle
samples. In this system, the average velocity flow due to the applied pressure gradient
is unidirectional and constant throughout the sample. The sample was held in place at
the bottom of a cylindrical chamber, which was filled with EBD solution to a height of
5 cm. The bottom of the chamber contained a hole that opened into a collection
chamber. The tissue sample was placed on a screen that covered the hole. The pressure
in the collection chamber was reduced to the appropriate value for each sample by
drawing a vacuum (Model 2534B-01, Welch Inc., Niles, IL). The resulting values of
6 were estimated from the applied pressure difference across the sample, including
the hydrostatic pressure from the liquid above the sample. For the specimens in this
study we estimated 6 as 3.75 x 10, 2.02 x 10™ and 2.98 x 10° m's™ for the brain,
muscle and phantom samples respectively.
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FIGURE 1. Experimental setup for ultrasound-enhanced CED. The pressure gradient across the sample
was primarily provided by a vacuum pump, which induced convective flow through the sample.

Ultrasound Setup and Dosing

Ultrasound (US) energy was generated by a lead zirconate titanate (PZT-4), 1.58
MHz, 25.4 mm diameter piezoelectric ceramic with radius of curvature corresponding
to 40 mm (EBL Products Inc., Hartford, CT). The ceramic, which was air-backed and
housed in a PVC plastic assembly, was driven at 1.58 MHz. US was applied at 100%
duty cycle at the spatial-average power of 1.30 and 5.25 W in the sample’s geometric
center for durations of 1 to 4 min. The transducer was positioned with its focus at the
sample-dye interface. To increase the sonicated volume of tissue, the transducer was
translated periodically over a distance of 30 mm perpendicular to the sample’s surface
at 0.25 Hz. The transducer was driven by a custom-built portable system and
calibrated using a force balance technique in which we measured the force that the
ultrasound exerted on an acoustic absorbing object [20]. Results were compared with
electrical measurements of power, using the power conversion efficiency [21]. The
temperatures of the sonicated samples were recorded with a calibrated thermocouple
placed 1.5 cm from the focus (Model 5211, Fluke Inc. Everett, WA).



Data Analysis

The experiment was run for the three tissue samples for 1, 2, 3 and 4 min with and
without the applied pressure gradient and with and without exposure to ultrasound. For
data analysis a 3 mm slice was taken from the geometric center of each sample. The
sample was imaged with a CCD camera and microscope (Nikon Cool Pix 995, Nikon
Inc. USA and Olympus BXS51, Olympus Inc. USA). Images were imported into
Matlab 6.5 (Math Works Inc. Boston, MA) to determine the extent of the EBD
perfusion into each sample. RGB color mapping was used to determine color intensity
as a function of distance into the sample. The four spectral intensity curves for each
time point were averaged. Area under the curve was calculated to quantify the amount
of EBD uptake in each case.

RESULTS

The distance of EBD penetration into all samples increased in the following order:

No applied pressure gradient and no ultrasound
Applied pressure gradient and no ultrasound

No applied pressure gradient and 1.3 W ultrasound
No applied pressure gradient and 5.25 W ultrasound
Applied pressure gradient and 1.3 W ultrasound
Applied pressure gradient and 5.25 W ultrasound

SIS

Ultrasound exposure led to increases in the sample temperature. For equine brain
and brain phantom, temperature changes were similar among the samples. For 1.3 W
ultrasound, the temperature increase was 0.5, 1, 2 and 3 °C at 1, 2, 3 and 4 min,
respectively. For 5.25 W ultrasound, the corresponding increases were 1, 2, 5 and 6
°C. Temperature increases for avian muscle tissue were slightly larger. For 1.3 W
ultrasound, they were 1, 2, 3 and 4 °C; for 5.25 W ultrasound, they were 1, 3, 4 and 7
°C. No tissue damage or changes in tissue morphology were observed in any sample.

Figure 2 shows the EBD intensity as a function of distance into the sample for
avian tissue after 4 min. The red curve shows the profile with no applied pressure
gradient and no ultrasound; in this case EBD transport is purely diffusive. The green
curve shows the profile with an applied pressure gradient but no ultrasound, which
simulates CED. The blue curve shows the profile for tissue exposed to ultrasound with
no applied pressure gradient. The yellow curve shows the profile for tissue exposed to
ultrasound with an applied pressure gradient, which simulates an ultrasound-enhanced
CED.
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FIGURE 2. EBD profile of avian muscle tissue after sonication at 1.3 W (left) and 5.25 W (right) for 4
min. US combined with CED provided greatest EBD uptake enhancement of 240% (left) and 390%
(right) as compared with diffusion alone.

For 1.3 W ultrasound (figure 2 left), the increase in total EBD uptake, compared with
no ultrasound and no applied pressure gradient, was 130% with an applied pressure
gradient and no ultrasound, 220% with no applied pressure gradient and ultrasound,
and 240% with an applied pressure gradient and ultrasound. For the 5.25 W ultrasound
(figure 2 right), the corresponding increases were 130%, 260% and 390%,
respectively. For both power levels the combined effect of ultrasound and an applied
pressure gradient gave greatest EBD uptake in avian muscle. In brain tissue (figure 3
left) the increases in total EBD uptake, compared with no ultrasound and no applied
pressure gradient, were 185% for an applied pressure gradient and no ultrasound,
450% for no applied pressure gradient with ultrasound, and 560% with an applied
pressure gradient and ultrasound. For the brain phantom samples (figure 3 right), the
corresponding increases were 310%, 590% and 880%, respectively.
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FIGURE 3. EBD profile of equine brain tissue (left) and brain-mimicking phantom (right) after 5.25 W
sonication for 2 and 1 min, respectively. US combined with CED provided greatest EBD uptake
enhancement of 560% (left) and 880% (right) compared with diffusion alone.
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Figure 4 i1s a compilation of sectional EBD profile images used to produce figures 2
and 3. Moving from left to right across the columns in the image shows the
enhancement of EBD penetration into the three samples.

As in our previous studies [10, 11], the EBD intensities at the tissue/dye interface
(x=0 mm) are not identical in the four cases in each figure. This suggests the presence
of a mass transfer resistance at the surface of the samples. Apparently, the application
of ultrasound at 1.3 and 5.25 W decreases this mass transfer resistance at the interface
and increases uptake into the sample.
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FIGURE 4. Compilation of sectional profile images to produce EBD profile curves in figures 2 and 3.
The column color in the figure matches the respective profile curve color for easy comparison. Moving
from left to right across the image, the uptake of EBD us enhanced in all tissue samples.

Discussion

The shapes of the concentration profiles in figures 2 and 3 for cases with ultrasound
suggest that ultrasound provides a mass transfer mechanism in addition to diffusion.
The nearly flat profiles the EBD/sample interface (x=0) suggest a convection-
dominated regime in this region. Further into the samples, the steeper concentration
gradients that are found are consistent with mass transfer dominated by diffusion.

Temperature rise in the tissue samples from the absorption of ultrasound is a
possible source of diffusion enhancement. According to the Stokes-Einstein relation,
the diffusivity is directly proportional to temperature and inversely proportional to
solvent viscosity. For a 4 and 7 °C increase in temperature, the diffusivity would
increase by 11% and 16%, respectively, which is insufficient to explain the observed
increases in EBD uptake, suggesting that enhanced diffusion due to tissue heating is
not the dominant mechanism for enhanced EBD uptake.

Conclusion

We studied effects of therapeutic 1.58 MHz focused ultrasound at 1.3 and 5.25 W
spatial-average power levels in combination with convective flow on the uptake of
Evans blue dye into avian muscle, equine brain and neurological-tissue-mimicking
phantoms. Ultrasonic power levels were applied below tissue damage thresholds.
Convection velocities were in the range of typical CED infusions in rodent brain. The
study showed synergistic effects when ultrasound was combined with CED in all
samples at both power levels. The results suggest that CED in combination with
ultrasound may enhance the penetration of therapeutics in the brain and increase the
concentration of infused drugs over the penetration distance, which may improve the
outcome of CED therapy.
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