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Abstract

Chemotherapeutic drug delivery is often ineffective within solid tumors, but increasing the drug
dose would result in systemic toxicity. The use of high-intensity focused ultrasound (HIFU) has
the potential to enhance penetration of small molecules. However, operation parameters need to
be optimized before the use of chemotherapeutic drug in vivo and translation to clinical trial. In
this study, the effects of pulsed-HIFU (pHIFU) parameters (spatial-average pulse-average
intensity, duty factor, and pulse repetition frequency) to the penetration as well as content of small
molecules were evaluated in ex vivo porcine kidneys. Specific HIFU parameters resulted in over
40 times greater Evans blue content and 3.5 times the penetration depth compared to untreated
samples. When selected parameters were applied to porcine kidneys in vivo, a 2.3-fold increase in
concentration was obtained after a 2-minute pHIFU exposure. Altogether, pHIFU has shown to be
an effective modality to enhance both the concentration and penetration depth of small molecules
into tissue using the optimized HIFU parameters. Although, performed in normal tissue, this study
has the promise of translation into tumor tissue.
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Introduction

Globally, cancer accounts for nearly 1 in 8 deaths, more than HIVV/AIDS, tuberculosis and
malaria combined (Jemal et al. 2010). It is currently the second most common cause of death
(behind cardiac disease) in the United States and countries of the European Union (Ferlay et
al. 2010). According to surveillance, epidemiology, and end results (SEER) and mortality
data from the National Center for Health Statistics (NCHS), it is estimated that within the
US alone, approximately 1,658,370 new cancer cases diagnosed and about 589,430 cancer
deaths in 2015 (American Cancer Society 2015).

Once diagnosed, there are numerous conventional and novel cancer therapies that are used,
including surgery, radiotherapy, chemotherapy, immunotherapy, gene therapy, hyperthermia
and phototherapy. However, all of these therapies have been slow if not ineffective in
dramatically improving survival rates. Chemotherapeutics are often the treatment of choice,
but conventional systemic administration results in saturation of normal tissue and non-
selective cytotoxicity. In order for chemotherapeutics to be effective, there must be direct
contact between the drug and the cancer cell with sufficient dose. However, increasing the
drug dose would significantly increase the toxicity to healthy tissues. Although
encapsulation of anti-cancer agents can mitigate the side effects accompanied by systemic
delivery, a technique for controlled delivery is still required to release them to the cancerous
tissue.

Efficacy and safety of cancer chemo- and bio-therapies are limited mainly due to poor
penetration of anti-cancer drugs from the blood into tumor cells. The first barrier to
overcome by the drug is the vessel wall. Solid tumors have a high vascular density but the
blood vessels have anatomical and pathophysiological abnormalities, such as large gaps
between endothelial cells. As a result, tumor tissues show selective extravasation and
retention of macromolecular drugs, called the enhanced permeability and retention (EPR)
effect (Fang et al. 2011). Once in the interstitium, molecule diffusion and convection can be
slow due to high interstitial fluid pressure (IFP) as well as the presence of a prominent
stromal matrix that separates the atypical vasculature from the tumor cells (Netti et al. 2000,
Brown et al. 2003). Once at the cells, last physiological barrier for anti-cancer drugs is the
cell membrane. There is a reservoir of clonogenic cells in the region between the maximum
penetration of the drug and the onset of hypoxia, which can repopulate between sessions of
chemotherapy. Therefore, strategies that enhance drug penetration have considerable
potential to decrease cell viability. Anti-vascular endothelial growth factor treatment has
been shown to render vessels more functional, resulting in a decrease in IFP and a
subsequent improvement of drug diffusion within solid tumors (Jain 2005). The extracellular
matrix can also be modified the enable drug penetration to distal cell layers by
hyaluronidase treatment (Kerbel et al. 1996, St Croix et al. 1998) or pHIFU (L.i et al. 2015).
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Modification of the pH of acidic organelles can reduce the sequestering effect for more
penetration of tumor tissue and toxic effects in the cell nucleus (Ouar et al. 2003).

The use of ultrasound energy to enhance efficiency of chemotherapy to tumors began as
early as the 1970s (Frenkel 2008, Zhou 2013). The cytotoxic effect of nitrogen mustard on
mouse leukemia L1210 cells after sonication without any mechanical damage to cells was
observed (Kremkau et al. 1976). Tumors implanted into the hamster flank and sonicated
with the co-administration of a chemotherapeutic (BCNU) improved the survival rate from
29.4% (sonication alone) to 40% (Fry and Johnson 1978).

Despite the promise of HIFU-enhanced drug delivery, the underlying mechanism is not fully
understood and the parameters have yet to be optimized (Frenkel 2008, Mo et al. 2012).
Most importantly, there are few studies on the role of HIFU on overcoming the interstitial
barrier (Li et al. 2015). Current investigations are focused either on the transportation of the
drug to the cancer cell through membrane or delivery to the xenografted tumor, which does
not have the dense stromal structure as the naturally formed one (Primeau et al. 2005). The
absence of a dense stromal matrix in the implanted tumor model may be the reason for
discrepancies of the anti-cancer agent outcomes in animal experiments and clinical trials.

In this study, pHIFU was applied to enhance the penetration of small molecules into ex vivo
tissue in order to explore a new strategy of overcoming the interstitial barrier. Both the mean
arithmetic penetration depth and content of Evans blue albumin (EBA) were used to
evaluate the small molecule delivery efficiency through the capsule of porcine kidney
samples. Ultrasound parameters, spatial-average pulse-average acoustic intensity (Isapa),
duty factor (DF), pulse repetition frequency (PRF), were varied to optimize the treatment
conditions and investigate the underlying mechanism. Furthermore, the enhanced
penetration and concentration of EBA to porcine kidneys after 1V injection by pHIFU was
also confirmed in vivo.

Materials and Methods

Experimental protocol

All experiments were performed with a custom-made air-backed concave HIFU transducer
with a diameter of 34.9 mm, focal length of 50 mm, and resonant frequency of 1.16 MHz
(Hwang et al. 2005). The driving electronics consisted of a function generator (33120A,
Agilent Technologies, Palo Alto, CA, USA), an RF power amplifier (AP-400B, ENI,
Rochester, NY, USA) and a custom-built impedance matching unit. A fiber optical probe
hydrophone (FOPH-2000, RP Acoustics, Leutenbach, Germany) was mounted to a three-
dimensional translation stage (minimum step size of 5 mm, BiSlide, Velmex, Bloomfield
NY, USA), immersed in a testing tank filled with degassed water, and used to determine the
characteristics of the transducer beam (-6 dB focal size of 4.1 mm “x 12.6 mm,
widthxlength). The acoustic power generated by the HIFU transducer was measured using a
radiation force balance with an absorptive tile (Maruvada et al. 2007), and the spatial-
average pulse-average acoustic intensity, | sapa, was calculated (Table 1) (Schafer and
Lewin 1988). The acoustic parameters used in this study are listed in Table 2. A custom-
built truncated cone was attached to the transducer and filled with degassed water to couple
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the acoustic wave propagation. The tip of the cone (diameter 8 mm) was covered with a
polyurethane membrane with an O-ring seal. A custom LabVIEW program (National
Instrument, Austin, TX, USA) was used to control the sonication parameters (voltage
amplitude of sinusoidal pulse, duty factor, burst duration and PRF).

Fresh porcine kidneys were obtained from an abattoir, carefully cut into blocks (25 x 25 x
37 mm), immersed in cold degassed phosphate buffered saline (PBS), and degassed for 60
minutes in a vacuum chamber. After degassing, each specimen was placed into custom-
made sample holder (Fig. 1) with the fibrous capsule facing upwards. A custom-made
cylindrical fluid holder was put in place (with a beveled edge being pushed into the tissue)
to prevent leaking of the small-molecule solution (Evans blue dye bound to bovine serum
albumin (BSA) and fluorescein sodium). Immediately prior to treatment, the remaining PBS
within the fluid holder was aspirated and replaced with 1.5 ml of degassed solution of Evans
blue dye (5 mg/ml), BSA (40 mg/ml), and fluorescein (1 mg/ml). The HIFU transducer was
inserted into the fluid holder, and the top of ex vivo sample was aligned with the focal plane
of the HIFU transducer by checking the time-of-flight (TOF) of the reflected signal using a
pulser/receiver (PR7072R, Olympus IMS, Waltham, MA, USA) and a digital oscilloscope
(Wavesurfer MXs-B, LeCroy, Chestnut Ridge, NY, USA). All samples were exposed to
HIFU sonication for 2 minutes. For the control sample, the transducer was inserted into the
fluid holder filled with EBA for 2 minutes without ultrasound exposure.

Quantitative analysis of drug delivery

Immediately following HIFU exposures or sham treatment, the samples were rinsed three
times with PBS to remove surface bound Evans blue. The treated tissue was extracted using
a 3 mm biopsy punch from the center of the ex vivo sample and then incubated in 500 pl
formamide overnight to extract the EBA completely (Schumacher et al. 2006). The
supernatant was removed from the tissue, and EBA concentration was determined from
absorbance readings at 620 nm using a standard curve (Model 680, BioRad, Hercules, CA).
Given the EBA is only in contact with the tissue at one surface, the concentration of EBA is
dependent on the surface area of the tissue sampled rather than the weight of tissue. The
final content of penetrating EBA is therefore expressed as total weight of EBA (mg) which
was extracted from the sample.

For fluorescein penetration evaluation, samples were rinsed, bisected and embedded in
optimum cutting temperature medium (O.C.T., TissueTek, Sakura, Alphen aan den Rij, the
Netherlands) by immersing in isopentane cooled on dry ice. Three 10 um sections were
taken from the center of each sample and visualized on a digital fluorescence microscope
(Eclipse 80i, Nikon Instrument, Melville, NY, USA) with a filter set of 470-490 nm for
excitation and 520-560 nm for emission. Camera settings were kept constant for the
photography of all samples. The maximum penetration depth was measured perpendicular to
the sample surface using the intensity profile function in ImageJ software (National Institute
of Health, Bethesda, MD, USA). Sustained intensity above the background value was taken
to present fluorescein accumulation in the ex vivo samples. The mean arithmetic depths were
calculated from the geometric depths to overcome any overestimation due to variations in
the cutting angle (Wang et al. 2011). Samples that had significant erosion on the surface
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were excluded in the sample analysis. Serial sections were also taken and stained with
hematoxylin and eosin (H&E) for histological evaluation.

In vivo studies

The kidneys of two domestic swine were treated in vivo following a protocol approved by
the Institutional Animal Care and Use Committee at the University of Washington. Animals
were fasted for 24 h prior to the procedure with the exception of water. On the day of the
procedure animals were sedated with an intramuscular (i.m.) injection of ketamine (22
mg/kg) and acetylpromazine (0.5-1.0 mg/kg) and intubated. Anesthesia was maintained
using isofluorane (1.5%-2.5%) via endotracheal tube. The abdomen was opened, the
intestines were moved to one side and overlying renal fascia was removed to reveal the
kidney. The HIFU transducer with the coupling cone (same transducer used for the ex vivo
studies) was coupled with the surface of the kidney, so the focal plane was about 1-2 mm
below the surface. Ten minutes following Evans blue dye injection (50 mg/kg administered
intravenously) the kidney was treated with pHIFU (Igapa = 900 W/cm?2, PRF = 10 Hz, 1%
DF, 2 minutes). Five to six distinct locations were randomly selected in each of two kidneys
per animal (2 animals). Each kidney had treated and sham regions. The exact treatment
locations were marked immediately after sonication. Prior to euthanasia, the kidneys were
perfused with phosphate buffered saline to wash out the residual EB. Samples from the
treated and control regions were taken with a biopsy punch and weighed, and then incubated
in formamide. The EB concentration was determined as for the ex vivo experiments and
reported per weight of tissue. For the control sample, the HIFU transducer was placed on the
porcine Kidney for 2 minutes after 1V injection of Evans blue but without HIFU exposure.

Statistical analysis

Results

To determine differences in the measurements by condition, a one-way independent analysis
of variance (ANOVA) was performed with post hoc tests. Significance was nominally set at
p < 0.01. The p-statistic was adjusted depending on the number of comparisons (Bonferroni

correction). The number of samples in each group varies from 3 to 22.

After pHIFU exposure and rinsing the samples three times, blue circles could be observed
clearly on the surface of the fibrous capsule (Fig. 2). At the same ultrasound intensity, the
area and darkness of the blue circles appeared to depend on both DF and PRF. Because of a
small tilting angle of the HIFU transducer in the experiment, the blue circle may shift
slightly from the center of the fluid holder. Drug penetration (Fig. 3i) was measured from
fluorescent imaging, and structural changes were qualitatively evaluated from the sequential
sections stained with H&E (Fig. 3ii). In the control group, the penetration was less than 100
mm and only weak fluorescence was detected. After 2-min pHIFU sonication at | gapa = 940
W/cm2, 4% DF and PRF of 1 Hz (40 ms pulse duration), there was a significant increase in
penetration depth and intensity of the fluorescence observed at the center. Doubling the PRF
at the same pulse duration (8% DF and PRF of 2 Hz) resulted in penetrations greater than 1
mm and a conical shape with a convergent angle similar to the focusing of our HIFU
transducer. However, some erosion on the specimen surface, disrupted the hepatocellular
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structure, and formation of cavities in the sonicated region were also found at these levels.
Longer pulse durations (640 ms, 8% DF, and PRF of 0.125 Hz) also resulted in penetration
depths greater than 1 mm, but caused severe disruption of the tissue. Tissue erosion is likely
due to cavitation and occurred in the liquid despite degassing the EBA-fluorescein solution
(Xu et al. 2004). This phenomenon occurred mostly with the longer burst duration and
smaller PRF at the highest Igapa (i.€., Isapa = 940 W/cm?, PRF = 0.1 Hz, DF = 8%, burst
duration = 800 ms).

With varying the Isapa (705-940 W/cm?2, DF = 2%, PRF = 2 Hz), an increase in both mean
EBA content and mean depth of penetration was observed in samples at intensities above
800 W/cm? (Fig. 4). At 940 W/cm?, pHIFU results in about 3.5 times increase in penetration
depth (908.0+£283.9 um vs. 256.3+99.8 um) and 40 times increase in the tissue content of
the EBA (8.34%4.44 pg vs. 0.20£0.28 pg) in comparison to the control. These increases were
found to be significant at the p=0.001 level.

When the I sapa and burst duration were maintained at a constant value (940 W/cm?, and 40
ms), the content of EBA and the depth of penetration showed an almost linear increase with
an increasing DF (1-8 %) and PRF (0.25-2 Hz) (see Fig. 5). However, these increases were
only significant (p < 0.002) above a DF of 2% (or 0.5 Hz PRF). Similar to increasing the
intensity, trends in the depth of penetration matched that in the content of EBA extracted
from the tissue.

In contrast, the trend became more complicated when changing the PRF from 0.125 Hz to
20 Hz or the pulse duration from 640 ms to 4 ms but maintaining the |sapa and duty factor
at a constant value (940 W/cm? and 8%, respectively, in Fig. 6). Both the depth of
penetration and EBA content displayed a peak at PRF of 0.125 Hz (12.76+5.85 g and
820.1+230.1 pm) and 2 Hz (8.37+4.44 g and 907.98+283.92 um) or a pulse duration of 40
ms and 640 ms, both of which were significantly greater than the control (p < 0.001).

In vivo experiments also confirmed the enhancement in small molecule delivery by pHIFU
(see Fig. 7). There is a 2.3-fold increase of EBA concentration per weight in the porcine
kidney (from 11.4+2.9 ng/mg to 25.9+13.9 ng/mg). Although the standard deviation is large,
which may be due to absence of imaging guidance and the heterogeneity of tissue, the
difference between the test groups is significant (p < 0.002).

Discussion

In this study, pHIFU was utilized to enhance small molecule penetration. A frequency of
1.1 MHz was selected as a tradeoff between the maximum propagation distance of
ultrasound and the focused beam width to target an abdominal organ, which is similar to the
driving frequencies of most clinical extracorporeal HIFU devices in the tumor ablation
(Illing et al. 2005, Xiong et al. 2009). The effects of HIFU parameters to the penetration
depth as well as the content of small molecule agents have been evaluated using an ex vivo
model. Both the penetration depth and EBA content was found to increase with Igapa,
pulse duration, and duty factor. At 940 W/cm?2, pHIFU results in about 3.5 times increase in
penetration depth and 40 times increase in the tissue content of the EBA compared to the
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control. The higher standard deviation at high intensities (i.e., 870 and 940 W/cm?2) may be
due to the variation of kidney samples, random formation of internal cavities and tissue
disruption as seen in Fig. 3ii. The higher intensities can also result in a greater likelihood of
cavitation which has been shown to result in increase in drug delivery (Li et al. 2015).

The relationship to the PRF or pulse duration was found to be bi-modal; a double peak in
both depth of penetration and EBA content was present. This double-peak structure could
be due to different effects of the pulse duration and PRF on the drug penetration and content
and increasing PRF while decreasing pulse duration in order to keep the same duty cycle or
effective exposure time (HIFU activation time). Such a biomodal relationship suggests that
the effective exposure time is not the deterministic parameter of small molecule delivery.

Evans blue dye and sodium fluorescein were chosen due to their molecular weights being
within the range of common chemotherapeutic agents. Kidney specimens were used because
the fibrous capsule simulated the fibrous stroma that is seen in tumors (Olive et al. 2009).
The key to successful treatment of tumors resides in more effective penetration of sufficient
amounts of chemotherapeutics without causing significant toxicity to normal tissues. It has
been demonstrated that the concentration of chemotherapeutic agent administered
intravenously decreases exponentially with distance from the tumor blood vessels and with
the characteristic penetration distance of about 40-50 pm, representing the distance from the
nearest vessel where the concentration decreases to half of the perivascular value. However,
the mean distance from blood vessels to regions of hypoxia was 90-140 pm (Primeau et al.
2005). Therefore, greater penetration of systemically administered chemotherapeutic agents
is needed to reach viable malignant cells. The penetration depth produced by pHIFU in our
study is approximately 6 times greater than this distance, suggesting that the interstitial
barrier could be overcome by this method. Furthermore, our preliminary in vivo study
confirmed the ex vivo penetration of enhanced EB penetration and concentration by pHIFU
and establish the foundation for the future experiments of tumor drug delivery. Indeed,
pHIFU has been shown to increase the concentration of doxorubicin to tumors with high
stromal content by up to 4.5 fold (Li et al. 2015).

Pulsed-HIFU has the potential for enhancing the penetration of various agents with different
formulations (small molecules, DNA, and nanoparticles) in solid tumors (Frenkel 2008, Mo
etal. 2012, Li et al. 2015). It has the advantages of immediate enhancement without pre-
treatment; no modification to the chemotherapeutic agent; the ability to target tumors
without damaging intervening tissue; and theoretically, an unlimited number of treatment
sessions. With changes only to the operation parameters, clinical HIFU systems can be used
in conjunction with chemotherapy. Initial trials of HIFU ablation of unresectable pancreatic
cancer during chemotherapy showed higher survival and longer time to tumor progression
than chemotherapy alone (19.5 vs. 10.3 months and 11.6 vs. 4.4 months respectively). No
major complications were reported (Lee et al. 2011). Our study suggests that such enhanced
drug delivery depends on the HIFU parameters used. Parameter optimization is necessary to
achieve the best clinical outcome and may be repeated for different targets because of their
physiological properties and anatomical characteristics.
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The thermal effect is negligible in pHIFU because of the low duty factor, and no coagulative
necrosis was observed from our histological evaluation. This suggests that the underlying
mechanism is mostly mechanical, such as bubble cavitation, acoustic radiation force and
associated streaming. Increasing the efficiency of drug penetration in solid tumors in pHIFU
treatment should be based on the further understanding of the dominant mechanism.

There are a few limitations of this study. First, porcine kidney samples were used to prove
the concept of enhancing drug penetration with pHIFU and considered the most ideal tissue
after testing multiple different tissues, including liver, muscle, and gastrointestinal
epithelium because their fibrous capsule best simulated the fibrous stroma as seen in tumors.
But this model cannot completely simulate all physiological barriers and vasculature
properties in chemotherapeutic drug delivery. Transgenic animal model with naturally
grown tumor instead of xenograft models should be used later to confirm the outcome,
quantitative drug penetration and concentration in the acute study. Although Evans blue has
been used widely as drug surrogate in the cancer chemotherapy investigation because of
easy observation and quantification by spectrophotometry (Matsumura and Maeda 1986),
tumor regression in the survival study using chemotherapeutic agent is necessary to evaluate
the therapeutic potential. Second, although bubble cavitation is assumed as an important
mechanism, its dose in the experiment was not measured. By using a passive acoustic sensor
tuned to higher frequencies and aligned confocally with the HIFU transducer, cavitation
noise emanating from the HIFU focus could be monitored noninvasively (Coussios and Roy
2008). Stable and inertial bubble cavitation produce subharmonics of driving frequency and
broadband white noise, respectively. Thus, they can be delineated using spectrum analysis
(i.e., small-time Fourier transform) and monitored continuously during treatment. Cavitation
monitoring would allow further understanding of the role and variation of cavitation in the
drug delivery. Third, there was no real-time imaging used to monitor the progress of drug
delivery. Measuring drug pharmacokinetics and physiological parameters simultaneously
and continuously with high spatial and temporal resolution is important in investigating the
role of each physiological barrier, but is extremely challenging (Jain 1999).

In conclusion, pHIFU has the ability improve the penetration depth and concentration of
small molecules into tissue. Its performance is dependent on the ultrasound parameters
selected. Thus, parameter exploration and optimization are important for application.
Preliminary in vivo experiments confirm the enhanced delivery of IV injected EBA to
porcine Kidney. Future in vivo studies are required to further evaluate the potential of this
technology for clinical transition.
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Figure 1.

Schematic of the experimental setup. Degassed kidney samples were placed in a custom
holder with an acoustic absorber at the bottom. A custom-built fluid holder was placed on

top of the kidney tissue.
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Figure 2.
Representative photos of the rinsed surface of the kidneys after sonication. The control

samples (a) exhibited a homogenous light blue hue. Blue circles could be observed in the
tissue after 2-min pulsed-HIFU exposure of (b) 940 W/cm?, 4% DF, 1 Hz PRF, (c) 940
W/cm?, 8% DF, 2 Hz PRF, and (d) 940 W/cm?, 8% DF, 0.125 Hz PRF. Scale bar represents
3 mm. DF: duty factor; PRF: pulse repetition frequency.
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Figure 3.
Representative (i) fluorescent images and (ii) Hematoxylin and Eosin stained sections after

(a) control and 2-min pulsed-HIFU exposure of (b) 940 W/cm?2, 4% DF, 1 Hz PRF, (c) 940
W/cm2, 8% DF, 2 Hz PRF, and (d) 940 W/cm?, 8% DF, 0.125 Hz PRF. Control samples
showed an even layer of fluorescence compared to the sonicated samples which often
exhibited an area of fluorescence in the shape of a cone. Tissue erosion on the sample
surface is evident in both the fluorescent images (di) and after staining with H&E (dii).
Scale bar represents 500 um. DF: duty factor; PRF: pulse repetition frequency.
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Mean Evans blue albumin (EBA) content (triangle; dotted line) and mean arithmetic
penetration depth (circle; solid line) in samples treated with varying spatial-average pulse-
average acoustic intensity (Isapa = 705-940 W/cm?), whilst keeping the duty factor, pulse
repetition frequency, and pulse duration constant (8%, 2 Hz, and 40 ms, respectively). Error
bars represent standard deviation. *: statistically different in comparison to the control.
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Mean Evans blue albumin (EBA) content (triangle; dotted line) and mean arithmetic
penetration depth (circle; solid line) in samples treated with varying duty factor (1-8 %) and
pulse repetition frequency (0.25-2 Hz), whilst keeping the spatial-average pulse-average
acoustic intensity and pulse duration constant (940 W/cm? and 40 ms). Error bars represent
standard deviation. *: statistically different in comparison to the control.
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Figure 6.

Mean Evans blue albumin (EBA) content (triangle; dotted line) and mean arithmetic
penetration depth (circle; solid line) in samples treated with varying pulse repetition
frequencies (PRF) and pulse duration, whilst keeping the duty factor and spatial-average
pulse-average acoustic intensity constant (DF = 8% and I gapa = 940 W/cm?). Error bars
represent standard deviation.
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Figure 7.

Comparison of mean Evans blue albumin (EBA) concentration in the porcine kidney in vivo
(Isapa = 900 W/cm2, PRF = 10 Hz, 1% DF). Error bars represent standard deviation. *:
statistically different in comparison to the control.
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Measured peak positive and peak negative pressure at the focus and spatial-average pulse-average acoustic

Table 1

intensity of the HIFU transducer at varying output levels.

Isapa (W/cm?)

Ip’| (MPa)  p* (MPa)

705
800
870
940

3.68 10.72
421 13.21
5.96 16.89
6.79 19.23
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