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Abstract

Potent therapeutic compounds with dose dependent side effects require more efficient and
selective drug delivery to reduce systemic drug doses. Here, we demonstrate a new platform that
combines intravascular ultrasound (IVUS) and drug-loaded microbubbles to enhance and localize
drug delivery, while enabling versatility of drug type and dosing. Localization and degree of
delivery with IVUS and microbubbles was assessed using fluorophore-loaded microbubbles and
different IVUS parameters in ex vivo swine arteries. Using a swine model of neointimal
hyperplasia, reduction of neointima formation following balloon injury was evaluated when using
the combination of IVUS and sirolimus-loaded microbubbles. IVUS and microbubble enhanced
fluorophore delivery was greatest when applying low amplitude pulses in the ex vivo model. In the
in vivo model, neointima formation was reduced by 50% after treatment with IVUS and the
sirolimus-loaded microbubbles. This reduction was achieved with a sirolimus whole blood
concentration comparable to a commercial drug-eluting stent (0.999 ng/mL). We anticipate this
therapy will find clinical use localizing drug delivery for numerous other diseases in addition to
serving as an adjunct to stents in treating atherosclerosis.
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INTRODUCTION

Coronary artery disease (CAD) is a leading cause of death worldwide.1%:58 Percutaneous
coronary intervention (PCI), the mechanical restoration of blood flow in occluded arteries,
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provides a minimally invasive technique to treat CAD. However, PCI can result in
neointimal hyperplasia, an over proliferation of smooth muscle cells at the site of
angioplasty, which induces restenosis and the need for target lesion revascularization (TLR).
The drug-eluting stent (DES) has improved TLR, reduced mortality, and improved patient
outcomes by providing localized antiproliferative therapy following angioplasty.18
Localizing drug delivery has enabled clinical adoption of potent therapeutic compounds that
were previously limited in use due to undesired and significant side effects when delivered
systemically.38 For example, the macrolide sirolimus provides no efficacy when
administered orally to prevent neointimal hyperplasia and poses the risk of side effects
including immunosuppression.” However, when localized by loading on a DES, sirolimus
reduces in-stent restenosis with few side effects.18 Despite these benefits, 70% of all DES
are deployed in off-label lesions, which result in increased risk of death, myocardial
infarction, and TLR as compared to bare metal stents (BMS).8:37:39.52 Fyrthermore, state of
the art DES technology provides only limited drug and dosing options that offer incomplete
drug coverage of the target lesion.

In this work, we present preliminary data suggesting the combination of IVUS and
microbubbles can reduce neointimal hyperplasia following PCI. We believe the combination
of ultrasound and drug-loaded microbubbles can improve overall flexibility by tailoring drug
selection, dose selection, and spatial delivery of antiproliferative therapy following PCI. The
combination of ultrasound and microbubbles simultaneously localizes and enhances
therapeutic uptake.31:32:42

Microbubbles, an ultrasound contrast agent and drug delivery vehicle, are comprised of a
gas core surrounded by a lipid shell that can be loaded with molecules for delivery (e.g.,
fluorophores, drugs, genes, stem cells®®). Importantly, microbubble oscillations enhance
drug deliver by causing the transient permeabilization of the cell membrane.1® This localizes
enhancement of drug delivery within the ultrasound beam. In one study, this enhanced drug
delivery decreased the sirolimus dose required to reduce neointima formation following PCI
by tenfold.42:45 In light of these benefits, we have developed an 1VUS and microbubble drug
delivery strategy, illustrated in Fig. 1. Here, we demonstrate this new technique for drug
delivery within the vasculature, focusing on its application for the prevention of neointimal
hyperplasia following balloon injury in a swine model.

MATERIALS AND METHODS

Microbubbles: Sirolimus and Dil Delivery Vehicles

Microbubbles (MBs) were formulated as described previously.*2 Briefly, an aqueous
micellar dispersion of phosphatidylcholine (2 mg/mL) (Avanti Lipids, Alabaster, AL, USA),
polyethylene glycol stearate (2 mg/mL) (Sigma Chemical Co., St. Louis, MO, USA), and
either sirolimus (0.4 mg/mL, Chemwerth Inc, Woodbridge, CT, USA) or 1,1’-
dioctadecyl-3,3,3’3’-tetramethylindocarbocyanine (Dil, Molecular Probes, Eugene, OR,
USA, ~1% molar ratio Dil:DSPC, MW: 925.49 Da; EX\Em: 549\565) was prepared in
saline. This dispersion was sonicated in the presence of decafluorobutane (DFB, Flura,
Newport, TN, USA). Prior to use, microbubbles were washed via centrifugation to remove
excess lipids and Dil/sirolimus. A 200 ug dose, similar to the dose of a commercial DES,
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was selected to determine the total number of sirolimus-loaded microbubbles to infuse.1:2
The sirolimus concentration of the prepared microbubbles was previously determined
through HPLC-mass spectrometry analysis to be 29 ng/10 MBs.#> The microbubbles had
an average diameter of 2.2 ym.

Intravascular Ultrasound

In order to displace the microbubbles from the catheter to the vessel wall (Fig. 1),30 a
custom 5.3 MHz mechanically rotated single element intravascular ultrasound (1\VUS)
transducer was designed and fabricated. A center frequency of 5 MHz, lower than a
commercial imaging IVUS catheter, was selected to provide better acoustic radiation force
displacement and sonoporation effects with microbubbles.11:28.29 The insonation pulse
applied to the transducer consisted of a displacement pulse and/or a burst pulse (1 or 2 MPa)
based on previously investigated ultrasound conditions.134447 The displacement pulse was
a long (500 cycle), high duty cycle (50%), low peak negative pressure (PNP = 600 kPa)
pulse to displace microbubbles from flow to the vessel wall. The burst pulse was a short (50
cycle), low duty cycle (1%), high peak negative pressure (PNP = 1 or 2 MPa) pulse designed
to disrupt microbubbles and induce drug release and uptake by cells. The increase in
temperature at the face of the IVUS transducer temperature was measured while driving the
transducer with the 50% duty cycle, PNP = 600 kPa pulse for 20 min while in a beaker of
water. Over three trials a maximum increase of 1.8 °C was measured.

Fluorophore Delivery in Ex Vivo Swine Arteries

An experimentally verified ex vivo model of fluorophore delivery in swine arteries was used
to optimize the ultrasound parameters for IVUS and microbubble enhanced delivery.22 Dil
microbubbles dispersed in bovine blood (40-45% hematocrit) at a concentration of 2.25 x
10% MB/mL were infused into common carotid arteries harvested from swine at a local
abattoir.#0 Human coronary artery flow was modeled by infusing blood (105 mL/min flow
rate) into the arteries (average diameter 5.78 = 0.1 mm). The flow rate was selected to
correspond to a laminar flow velocity similar to that of the average peak velocity of the
human coronary artery of 13.3 cm/s.2°

Four treatments were applied to four different longitudinal locations within each artery
(Table 1, Supplemental Fig. 1B). Each longitudinal location received four consecutive 15 s
insonations divided between displacement and burst pulses. Each of the four treatments
(Table 1) was repeated in three arteries for a total of 12 treated artery sections.

Following treatment, the arteries were cut longitudinally and imaged en face. Arteries were
imaged on a confocal microscope (LSM700, Carl Zeiss Microscopy LLC, Thornwood, NY,
USA) with a 555 nm excitation. A mosaic of images along the circumference of each
treatment region was collected using the ZEN software (Zeiss Microscopy LLC,
Thornwood, NY, USA).

Neointima Reduction Following Balloon Injury in Swine

Eight domestic Yorkshire farm pigs were used as a model of balloon injury in the coronary
artery due to the anatomical similarity of swine to human coronary arteries.4® Balloon injury
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was performed in 2—3 coronary arteries in each pig. Vessel diameter was measured by
angiography and inflation pressure was selected such that the balloon (Maverick 12-20 mm
length, Boston Scientific, Natick, MA, USA) was 1.3x the artery diameter. The 1.3x
inflation diameter was selected to maximize vessel injury and induce neointima formation.1’
The balloon was inflated three times for 30 s with a 1 min rest between inflations.>* Animal
protocols were approved by the University of Missouri Animal Care and Use Committee in
accordance with the “Principles for the Utilization and Care of Vertebrate Animals Used in
Testing, Research and Training.”

Sirolimus-Loaded Microbubble Treatment

Histology

After injury, the IVUS transducer was positioned within the injured segment of the vessel
under angiographic guidance. Arteries were treated with (MB + IVUS) or without IVUS
application (MB - IVUS). In arteries treated with I\VUS, the optimal acoustic parameters, as
determined from the ex vivo experiments, were applied (5 MHz center frequency, 500
cycles, 50% duty cycle, PNP = 600 kPa) as the I\VVUS transducer was translated
longitudinally 2 mm/min and rotated at a rate of 250 RPM within the catheter sheath.

During IVUS treatment, a dispersion of sirolimus-loaded microbubbles (5 mL at 1.38 x 10°
MB/mL) was infused into the catheter lumen at a rate of 1 mL/min while agitating the
syringe to prevent buoyancy-based separation of the microbubbles. The microbubbles then
exited through an ejection port at the distal end of the catheter proximal to the transducer
into the blood stream. I\VVUS treatment was randomized among vessels and applied to an
average vessel length of 14.7 £ 2.6 mm. Venous whole blood samples were drawn from
three pigs to measure the serum concentration of sirolimus. Samples were drawn before
treatment, after each vessel was treated, and 24 h after the procedure. The sirolimus
concentration of these samples was measured using high performance liquid
chromatography (HPLC).

Twenty-eight days after injury, the pigs were euthanized and their hearts were removed and
placed in Krebs bicarbonate solution during coronary dissection. Injured segments were
excised after identification based on anatomical landmarks from angiograms. After
dissection, arteries were fixed in a 10% paraformaldehyde solution. Verhoff VVan Gieson
(VVG)-stain was applied and images of sections were obtained.

Analysis of vessel morphometry was performed using ImageJ software by a blinded
observer.2 Intimal and medial areas were measured, using the luminal and internal elastic
lamina as the boundary of the intimal area. The rupture length (RL) and the internal elastic
lamina length (IEL) were measured and used to determine the rupture index (Rl = RL/IEL).4
The rupture length was defined as the length of discontinuity of the injured internal elastic
lamina. The intima to media ratio was calculated as a measure of neointima formation (IM =
intimal area/medial area). Efficacy was measured by normalizing IM to RI to account for the
degree of vessel disruption (IM/R1).453 Analysis was performed on 5 MB — IVUS arteries
and 7 MB + IVUS arteries. Analysis was performed on both the average IM/RI of all
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sections within each artery (Mean IM/RI in Fig. 2a) and on the section with the largest IM
from each artery (Maximum IM in Fig. 2a).

Statistical Analysis

Analysis of variance (ANOVA) was applied to compare the fluorescence intensity increase
across ex vivo artery segments treated with different ultrasound parameters. A significance
value (p) < 0.01 was considered significant with a Bonferroni correction applied (p/number
of comparisons). A Wilcoxon Rank-Sum test was applied to compare IM/RI following
treatment with and without therapeutic ultrasound for in vivo sirolimus delivery
experiments. A p < 0.05 was considered significant.

RESULTS

Fluorophore Delivery in Ex Vivo Swine Arteries

In ex vivo swine arteries treated with IVUS and Dil microbubbles, a sixfold increase in
fluorescence intensity was measured when applying displacement pulses alone. Under the
same flow and microbubble conditions, no increase was measured when applying bursting
pulses (6.01 + 2.01 vs. 0.66 + 0.15 fold, respectively, p < 0.01; Fig. 2a). Microscopy of
vessel segments verifies the localization of the Dil delivery, with fluorescence detected in a
band along the region of the artery wall that received ultrasound treatment (Figs. 2b and 2c).

Reduction of Neointima Formation: Morphometric Analysis

Following balloon injury and treatment with IVUS and sirolimus-loaded microbubbles,
vessel intima to media ratio decreased by 50% on average (Table 2). When normalized by
the degree of injury, a decrease in IM/RI of 33% was measured on average (Table 2; Fig. 3a
—3.90 £ 0.43 vs. 5.82 £ 1.28, p = 0.030) in arteries treated with IVUS and sirolimus-loaded
microbubbles (Fig. 4b) as compared to arteries treated with sirolimus-loaded microbubbles
alone (Fig. 4a). Comparing only the histological sections with the greatest IM from each
vessel (maximum IM), mean IM/RI decreased by 50% (Table 2; Fig. 3a—2.14 = 0.31 vs.
8.63 + 1.28, p = 0.0055).

Reduction of Neointima Formation: Whole Blood Drug Concentration

The peak sirolimus serum concentration after treating three arteries with sirolimus-loaded
microbubbles was 0.999 + 0.129 ng/mL (Fig. 3b). A trend of decreasing sirolimus
concentration is apparent 24 h after the procedure with a half life of 60 h, which is within the
reported range for humans.60

DISCUSSION

The present study is the first preclinical application of IVUS and drug-loaded microbubbles
for the prevention of neointimal hyperplasia in a large animal model. IVUS and microbubble
enhanced sirolimus delivery was compared to treatment with sirolimus-loaded microbubbles
alone, 28 days after angioplasty. Ultrasound application improved the intima to media ratio,
suggesting enhanced drug delivery within the vessels due to IVUS and microbubbles (Fig.
5).
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In the ex vivo artery study, an increase in fluorescence intensity was measured in arteries
when a displacement pulse was applied to the microbubbles. This fluorescence intensity
increase is likely due to enhanced Dil uptake in endothelial cells of the artery because no
denuding process has been performed. We hypothesize two potential mechanisms for the
enhanced delivery in the displacement cases. First, it has been previously demonstrated that
microbubble displacement in blood requires a higher duty cycle ultrasound pulse than in
water or saline.3%40 The lower duty cycle for the bursting pulses alone may have been
insufficient to displace the microbubbles to the vessel wall preventing Dil uptake into the
tissue at the designated flow speeds and viscosities. Second, previous studies have
documented the release of dye from within the microbubble shell without rupture due to
lipid shedding® and the transient permeabilization of the membrane due to
microstreaming.>® Without microbubble bursting, the enhanced uptake of dye may have
been caused by more sustained release due to lipid shedding with persistent microbubbles
continuing to permeabilize the cell membrane.

A sirolimus dose comparable to the state of the art for antiproliferative therapy, a
commercial DES (200 pg®), was used in this study. With this dose, a 33-50% reduction in
neointima formation was measured. As a lone therapy, the ultrasound activated sirolimus-
loaded microbubbles yielded reductions in neointimal formation in line with those of
previous studies using drug-eluting stents or drug-eluting balloons, which ranged from 22 to
559%.23.33.38,51 Other studies have used microbubbles without ultrasound to provide
sirolimus delivery, but required a much higher dose of sirolimus to reduce neointimal
hyperplasia.32

Sirolimus concentration within the blood following infusion of three arteries with sirolimus-
loaded microbubbles was comparable to that found after implanting two drug-eluting stents
(Cypher—1.05 ng/mL at 3.4 h).2 When comparing whole blood concentration per artery,
IVUS and drug-loaded microbubbles yield a lower concentration (0.38 ng/mL per infusion)
when compared to two DES (0.5 ng/mL per stent). This decrease in sirolimus concentration
of the blood may imply a greater drug uptake within the tissue due to sonoporation. Also
important to note, is that the DES releases sirolimus over time while the microbubble
delivery method delivers the sirolimus at one time. Previous studies have demonstrated
improved reendothelialization with BMS as compared to DES,12:26.27 gyggesting that a
reduction in overall sirolimus dose or period of sirolimus exposure may also improve
reendothelialization following balloon injury.

The results of this study must be understood in terms of its scale as a pilot. The experimental
conditions tested in this study were selected based on results found in the literature.
Sirolimus alone has been studied through oral dosing and found to provide no therapeutic
benefit in patients.” Another study used co-injection of microbubbles and sirolimus without
ultrasound to reduce intimal area by 62% with with a total dose of 2 mg per vessel, tenfold
higher than the dose administered in this study.32 When ultrasound alone is applied above
the FDA regulated MI neointima formation can be reduced,1’” however ultrasound alone
below the FDA regulated MI does not provide any reduction in neointima formation.*2
Measurement of the whole blood concentration of sirolimus provided an indication of
procedure safety and trended towards a decrease, but the study was limited in terms of
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sample size and no statistically significant difference in whole blood concentration of
sirolimus was measured in comparison to the Cypher DES.

This study has focused on the use of drug-loaded microbubbles and ultrasound for enhanced
drug delivery. However, other studies have demonstrated that co-injection (simultaneous
injection of plain microbubbles and drug) with and without ultrasound can also enhance
drug and fluorophore delivery.13:32 In this study, sirolimus was loaded into the microbubble
shell because it ensures that the drug and the microbubble are together for delivery. By
loading drug into the microbubble shell, we ensure that acoustic radiation force guides both
the microbubble and the drug to the vessel wall for delivery. Microbubble proximity is
critical to sonoporation,16:24:56 and by guiding both the microbubble and drug to the site of
delivery, better control of delivery can be achieved while concentrating drug at the cell.
However, a direct in vivo comparison must be made between direct intravenous infusion of
drug, ultrasound enhanced intravenous infusion, and microbubble and ultrasound enhanced
drug delivery (co-injection and drug-loading of microbubbles) to verify these benefits of
drug-loading.

Previous studies demonstrated enhanced drug uptake in animal models using transcutaneous
ultrasound and microbubbles. However, these studies infused microbubbles and drug
systemically while applying high PNP ultrasound (> 1 MPa).3142:50 As a result of the
catheter based approach and the proximity to the lesion, we can infuse the drug-loaded
microbubbles at the location of treatment, reducing overall drug dose while using a lower
ultrasound pressure (600 kPa).

Although IVUS and microbubble enhanced antiproliferative delivery decreased neointimal
formation by 50%, this effect may be enhanced by the mechanical support of stenting.18 By
augmenting DES and bare metal stents (BMS) with an adjunct therapy such as IVUS with
sirolimus-loaded microbubbles, patient outcomes following PCI may be improved.
Designing drug delivery to address specific DES off-label lesions may reduce the risk of
death, Ml, and TVR by reducing systemic antiproliferative drug dose and enhancing drug
uptake, thereby improving reendothelialization.6:2146 The combination of ultrasound and
MBs has been demonstrated to enhance drug uptake by transiently permeabilizing the cell
membrane.316.28 Enhanced drug delivery may enable shorter drug delivery duration and
lower required doses for therapeutic effect.3

Two benefits of enhanced short drug delivery instead of sustained duration therapy from
DES are reduced dual antiplatelet therapy (DAPT) duration and quicker healing (i.e.,
reendothelization). Reducing antiproliferative therapy duration with IVUS and MBs may
enable shorter DAPT duration, reducing cost and risk of bleeding complicationsl4-34:41
while still preventing restenosis. Delivering drug in a single localized dose with IVUS and
MBs instead of prolonged therapy with a DES can improve injury healing while preventing
restenosis, resulting in a quicker recovery and reducing complications associated with slow
healing such as thrombosis.26:27:35 The stent would provide mechanical support of the vessel
following therapy, a component included in previous preclinical studies, while the sirolimus-
loaded microbubble delivery may provide more uniform delivery between stent struts and
enable delivery tailored to the specific patient.
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IVUS already has a role diagnosing and guiding vascular interventions.*® Twenty percent of
PCI procedures use 1VUS to guide intervention1? and IVUS has been proven to improve
patient outcomes following PC1.57 These strengths make 1VUS ideally positioned to deliver
therapy to prevent post-PClI restenosis. However, current clinical catheters are not optimized
for ultrasound and microbubble enhanced drug delivery due to their high frequency and low
power output.29 In order to overcome this limitation, we designed and fabricated a custom
IVUS catheter with a lower center frequency, capable of insonating microbubbles to
enhance drug delivery.

In addition to comparable efficacy and safety, IVUS and sirolimus-loaded microbubble
delivery can provide versatility that existing drug delivery techniques do not. Current stent
technology is limited to select drugs, doses, and strut-defined delivery patterns. These
limited stent options result in limited treatment options. By complementing stents with
IVUS and microbubble enhanced delivery drug choice, dosing, and coverage can be adapted
to the patient’s needs and the current clinical best practices. IVUS and microbubble
enhanced drug delivery also raises the possibility of new treatments, including multi-drug
therapies, molecularly targeted therapies, and gene therapy. Looking beyond PCI, other
interventions and therapies may also benefit from the localized enhancement of drug
delivery.

CONCLUSIONS

This preclinical study using a DES comparable sirolimus dose demonstrates that IVUS and
microbubble enhanced drug delivery can improve antiproliferative drug delivery within the
vasculature. IVUS and sirolimus-loaded microbubbles may enable patient tailored drug
delivery to improve post-PCI outcomes.
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Microbubbles

Rotating IVUS

FIGURE 1.
Schematic of ultrasound and microbubble enhanced delivery within the coronary artery.

Sirolimus-loaded microbubbles are infused through the catheter while the I'VUS transducer
rotates and displaces the microbubbles to the vessel wall with ultrasound.
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FIGURE 2.
Microscope images following ex vivo fluorophore delivery with application of (a) 2 MPa

burst pulse, (b) displacement pulse, (c) displacement and 1 MPa burst pulses, and (d)
displacement and 2 MPa burst pulses. Artery circumference was from right to left in each
image. Scale bar = 500 pm.
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FIGURE 3.
(a) Comparison of the fluorescence intensity increase + standard deviation due to

fluorophore delivery from microbubbles insonated by displacement (D) and/or burst pulses
(1 & 2 MPa; n = 3). *p<0.01 for compared to 2 MPa. (b—c) Two perspectives of the ex vivo
artery fluorescence after delivery, mapped on a cylinder.
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FIGURE 4.
(@) Intima to media (IM) normalized to rupture index (RI) + standard error of the mean with

(n =5) and without ultrasound (n = 7). Left—Mean IM/RI across all sections. Right—mean
IM/RI of the histology sections with the greatest IM ratio from each vessel. *p<0.05
compared with no ultrasound application when testing with the Wilcoxon Rank-Sum test.
(b) Serum concentration of sirolimus measured before treatment (T0), after treating each
vessel (T1-3), and 24 h after treatment (T4). N= 3.
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FIGURE 5.
Representative images of histological sections following sirolimus-loaded microbubble

infusion (a) without ultrasound and (b) with ultrasound. The area of the intima (I) and media
(M) within each section is outlined. Scale bar = 500 pm.

Ann Biomed Eng. Author manuscript; available in PMC 2016 November 01.



Page 18

Kilroy et al.

Author Manuscript

'sas|nd apnyidwe ybiy ‘aj9A2 Ainp moj a1am (ediN Z %9 T) sasind E:m_n_

'sas|nd apnyjdwe moj ‘ajoAa Ainp ybiy atem (Q) sesind EmEmom_%_om

"S-0E PUOISS PUE 1SI1J Y} UI JUBLYE8I] BUWIES dUI YHM ‘S 09 JO [€]0] € IA0 pareadal sem Juauiesl) yoe3

BdIN ¢ a ®edNZ a qedNc+ed’P
edIN T a edNT a qedNT+ed?
a a Auoa-q
edIN T ednz  Aluogedinze
0 le vz T2 8T ST ¢l 6 9 €
(s) swiL

‘sjuswiadxe oAIA X8 ay) ul paljdde saouanbas Buisind ay1 Jo Arewwing

T374avl

Author Manuscript Author Manuscript Author Manuscript

Ann Biomed Eng. Author manuscript; available in PMC 2016 November 01.



Page 19

Kilroy et al.

(SN+ENND/(SN-8NINIL = I o_smn

(SN+ENINDSN-ENH/NLD = 1/ oney_

"ERIR WL V| /N1 = 18/N1 X3pUt imidn i ‘ol eipaw of ewnut Wi,

'Sase0 SN — 9IN PUe SN + gIAl 8yt Buriedwos sanjea d 18] WwNG yuey UoxoolIm,,

G8'¢C 10°¢C 6¥T°0 L1700 €VE0 08700 S L Kiaue 1y xe
18'C €0'¢ 2020 §G0S00°0 €VE0 08700 ] L Kispe NI Xe
S0°C 6v'T 0€5°0 €0€0°0 ¢02'0 9010 S L Kiaue ues|y
pgNl - orgld/NI ndﬂm:_g d) g.m@:_ms d) g.m@:_ms d) g.m@:_ms d) soidwes  sojdwes
oney oney Vi 14/ 1 NI Ssn-dN  sn+dN

‘(SN - gIN) auoje ssjggngoJoiw pue (SN + gGIA) punosel|n pue $ajqgngoJaiw Yum juswiressl ayy burredwos sisAjeue A60jo1siy sy Jo Alewwing

Author Manuscript

¢3714avl

Author Manuscript Author Manuscript Author Manuscript

Ann Biomed Eng. Author manuscript; available in PMC 2016 November 01.



