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Gene therapy targeting ischemic heart disease is a promising
therapeutic avenue, but it is mostly restricted to viral-based
delivery approaches which are limited due to off-target immu-
nological responses. Focused ultrasound presents a non-viral,
image-guided technique in which circulating intravascular mi-
crobubble contrast agents can reversibly enhance vascular
permeability and gene penetration. Here, we explore the
influence of flow rate on the microbubble-assisted delivery of
miR-126, a potent pro-angiogenic biologic, using a custom
acoustically coupled pressurized mesenteric artery model.
We demonstrate that under the same ultrasound conditions,
increased flow rates enhance microbubble-mediated cell
permeability; yet, miR-126 delivery itself exhibits a negative
correlation with increasing flow velocity. Post-ultrasound as-
says confirmed vessel vasoreactivity, maintaining vasoconstric-
tion and vasodilation capacities. These findings underscore the
critical role microbubble flow rate plays in focused ultrasound
gene therapy, especially notable for applications in which blood
velocity itself is a salient pathophysiological indicator of disease
progression, including ischemia.

INTRODUCTION

Despite ongoing advancements in specialized surgeries and pharma-
cotherapies," ischemia and related cardiovascular diseases remain the
leading causes of mortality.” Nucleic acid gene therapy is a rapidly
advancing alternative to these approaches, and one of the most prom-
ising candidates for this technique in this disease context is micro-
RNA-126 (miR-126), a strong regulator of angiogenesis.”* Despite
the initial success of miR-126 therapy, the lack of a safe and effective
delivery method remains a significant challenge. Common strategies
rely on viral vectors, which, while effective, carry the risk of eliciting
dose-limiting immune responses and potential long-term safety
concerns.”

Focused ultrasound and microbubbles have been extensively investi-
gated as an alternative, non-viral approach to targeted gene delivery,
addressing many of the limitations associated with other types of vec-
tors. Microbubbles are small, gas-filled bubbles encapsulated often
within a lipid shell. They remain entirely intravascular due to their
size (1-8 pm in diameter) and are traditionally used as contrast agents
in clinical imaging, particularly in cardiology.” When exposed to ul-

trasound, microbubbles oscillate and scatter nonlinear ultrasound en-
ergy that can be harnessed for contrast.” However, under specific
acoustic conditions, they can be made to generate mechanical forces
that temporarily increase the permeability of neighboring vasculature
and cellular membranes.* "' This transient increase in permeability
allows for the delivery of otherwise impermeable therapeutic agents,
a technique that has made recent and significant advances in targeted
blood-brain barrier permeation in the context of neurology and
neuro-oncology,'>"” and is rapidly expanding in the cardiovascular
disease arena.'*

The extent to which ultrasound-mediated microbubble vibrations
permeate the surrounding vasculature, and the salient factors that
affect its efficiency as a targeted therapeutic tool, is an expanding
area of research. Chief among these factors is the microbubble flow
rate, which has been shown recently to influence ultrasound-assisted
endothelial cell membrane permeability enhancement'” due, in part,
to the local number density of bubbles passing through the acoustic
beam per unit time, as well as the flow-regulated endothelial secre-
tome.'® Indeed, there is a paucity of information with respect to the
relationship between flow velocity and enhanced drug/gene uptake.
Notably, this is a critical parameter in the context of vascular stenosis,
angiogenesis, arteriogenesis, and ischemia, where flow rate is expected

to be modulated based on the extent and time course of disease.'”'®

Here, we aim to explore how flow rate influences microbubble-assis-
ted permeability and vascular delivery of pro-angiogenic miR-126
within a pressurized mesenteric artery model. With the development
of this new model, we are able to additionally monitor vessel vasoac-
tivity and vessel viability both before and after ultrasound exposure.
After confirming viable vessel isolation, we assess the effect of
increasing flow rate on microbubble-mediated cell permeability. We
follow this with a subset of parallel experiments for the delivery of
miR-126 under a range of acoustic conditions, and finally, we discuss
our results within the broader context of focused ultrasound therapy.
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Figure 1. Viable extraction of third-order rat mesentery arteries

(A-E) Representative micrographs (see Video S1) of a pressurized vessel (60 mm Hg) responding to cumulative dosing of phenylephrine: (A) OM, (B) 5 x 107" M, (C) 107° M,
(D) 107° M, and (E) 10~° M and 10~* M acetylcholine (Ach). Scale bar, 300 um. (F-l) Sample vessel diameter versus time in response to either (F) phenylephrine-induced
vasoconstriction alone or in combination with (H) acetylcholine-induced vasodilation and the (G and I) global summary of these vasoactivity assays. Arrows indicate when the
doses were applied in (F) and (H). All data represented as mean + SD, derived from at least n = 3 individual vessels per condition.

RESULTS

Our first objective was to confirm that our mesentery isolation
and handling (Figure S1) yields viable vessels and to obtain a
baseline of their vasoactive response. We performed two
assays, phenylephrine-induced vasoconstriction and acetylcho-
line-induced vasodilation, representative examples of which are
shown in Figures 1A-1H (see also Video S1). The global results
are presented in Figures 1G-11, in which the constriction percent-
age is reported (see the supplemental methods). Cannulated vessels
obtain gradual vasoconstriction, reaching >40% constriction by
107> M phenylephrine (p < 2.6e—6 as compared to 0 M) and
recovering up to >90% of its original diameter (p < 0.003 as
compared to 0 M). Furthermore, recovery was observed under
simultaneous 10> M phenylephrine and 10™* M acetylcholine,
corresponding to endothelium-dependent vasodilation. These
levels of pressured vascular vasoconstriction and subsequent
vasorelaxation are consistent with viable arteries reported

5
elsewhere.'”*’
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We proceeded to incorporate clinical microbubble contrast agent Def-
inity and a real-time membrane permeability marker (propidium iodide
[PI]) within the perfusate. After confirmation of intravascular micro-
bubbles (Figures 2A-2D; Video S2), the vessels were treated with ultra-
sound for 5 s (Figures 2E-2H, where the PI signal is shown in red). The
complete dataset is summarized in Figures 2I-2K, where the relative
number of PI" cells as compared to untreated sham controls as a func-
tion of flow rate is depicted under three ultrasound conditions (11.1%-—
44.4% duty cycles [DCs]). For the lowest acoustic setting, the number of
permeabilized cells increased from 1.89- to 2.39-fold over control from
0.83-1.89 cm/s flow velocities (flow rates of 60-136 pL/min; see supple-
mental information), exhibiting a statistically significant increase be-
tween the slowest and fastest flow conditions (p < 0.02). When doubling
the number of ultrasound cycles (22.2% DC), we observe a similar trend
ranging from a 2.64- to 6.01-fold increase as compared to flow-matched
controls (p < 0.002), and a 1.6- to 4.0-fold increase at 44.4% DC
(p <0.02). These conditions resulted in similar ultrasound-induced mi-
crobubble disruption (Figure S2). The control datasets here are vessels
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Figure 2. Vascular cell permeability increases with increasing microbubble flow rate

(A-D) Successful Definity entry into the vasculature was confirmed via bright-field microscopy (see Video S2). Representative bright-field micrograph of a vessel (A) without
and (B) with microbubbles, along with SD-filtered processed versions to better delineate the flowing microbubbles (C and D). (E-H) Propidium iodide-positive (PI*) cells before
(E and F) and after (G and H) focused ultrasound treatments with an 11.1% duty cycle (DC) pulse under flow velocities 0.83 and 1.89 cm/s, respectively. (-K) Quantification of
flow-dependent cellular permeability, highlighting PI* fold increase within vessels treated at (I) 11.1% DC, (J) 22.2% DC, and (K) 44.4% DC at each of the flow velocities
employed. All of the ultrasound-treated groups were statistically different from the control group, indicators of which were omitted to simplify the figure. Scale bar, 200 um.

*p < 0.05; *p < 0.01; **p < 0.001.

that received ultrasound without the incorporation of contrast agent
microbubbles.

While enhancing vascular cell membrane permeability is likely a
necessary step for vascular gene delivery, it may not be sufficient.
Thus, after confirming this flow rate-dependent bioeffect using Defi-
nity, our next objective consisted of delivering a relevant microRNA
(pro-angiogenic miR-126) to the vascular tissue. Our results indicate
that while ultrasound-assisted miR-126 delivery is also flow rate
dependent at every acoustic condition employed here, the dependence
on flow velocity is approximately opposite that of membrane perfora-
tion (Figure 3). Under an 11.1% DC treatment, we observe a 79-fold
increase in miR-126 levels compared to sham and negative controls
at the slowest flow rate (0.83 cm/s), with this level of delivery

decreasing to 25-fold (p < 0.003 compared to slowest flow) and
51-fold (p < 0.026 compared to slowest flow; p < 0.004 compared to
middle flow condition) at 1.47 cm/s and 1.89 cm/s, respectively (Fig-
ure 3A). This trend persisted as the DC increased to 22.2% (Figure 3B),
whereby miR-126 levels increased 105-fold at 0.83 cm/s, 22-fold at
1.47 cm/s (p < 0.007 compared to slowest flow group), and 12-fold
at 1.89 cm/s (p < 0.004 compared to slowest flow group). Finally, the
stronger acoustic condition (44.4% DC) confirms this trend (Figure
3C), resulting in miR-126 levels of 23-fold at 0.83 cm/s, 17-fold at
1.47 cm/s (p < not significant compared to slowest flow group) and
4-fold at 1.9 cm/s (p < 0.01 compared to slowest flow group).

To more easily compare the effect of the acoustic conditions, we sum-
marize the data in Figure 3D, in which all three acoustic condition
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Figure 3. Focused ultrasound-mediated vascular
delivery of miR-126 is flow dependent

(A-D) The delivery of miR-126 due to focused ultrasound
treatments at (A) 11.1%, (B) 22.2%, and (C) 44.4% DC
exposures. Data are represented as normalized to a
housekeeping gene (see supplemental information). A
global summary of miR-126 delivery as a function of flow
velocity is shown in (D). (E and F) Phenylephrine-induced
vasoconstriction assay (E) and (F) acetylcholine-induced
vasodilation assay performed 30 min after focused ul-
trasound treatments at each DC regimen compared to
the untreated controls (n = 3 for each), highlighting no loss
of vessel viability. All of the focused ultrasound-treated
groups were statistically different from the control (ultra-
sound with no miR-126) and sham (miR-126 but no ul-
trasound) groups, indicators of which were omitted to
simplify the figure.
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10° o locities when subjected to the same acoustic
stimulus.'® Faster microbubble velocity allows
for more replenishment of new agents within
the acoustic focus, and these are more likely to
interact with the surrounding vessel tissue. In
addition to a pure number density argument,
microbubbles are known to respond differently
as a function of burst length, including an
increased propensity for acoustically driven
disruption”® and radiation force-induced bub-
ble translation®” with increasing pulse dura-
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decrease the average distance between micro-

tions. bubble translation serves to
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datasets are overlaid. Here, two interesting trends can be observed.
First, as previously mentioned, there is an overall inverse relationship
between microbubble flow velocity and miR-126 delivery. Second, at a
given flow velocity, it is not directly the case that more ultrasound
bursts (i.e., increasing DC) result in increased levels of miR-126 deliv-
ery. Both of these observations run contrary to the extent of plasma
membrane permeability (Figures 2I-2K). Finally, we confirm vessel
viability post-ultrasound therapy with all three acoustic regimes em-
ployed here (Figures 3E and 3F).

DISCUSSION

While the vast majority of mechanistic studies are performed on cell
cultures under static microbubble conditions and different acoustic
arrangements, the trend of increasing pulse duration resulting in
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10°  Ach bubbles and the vessel wall, it also serves to
locally increase the microbubble concentration
(i.e, secondary Bjerknes force*®). This may
trigger unique bubble-bubble interactions that
are entirely dependent on the inter-bubble spacing,”” in which bub-
bles that are usually non-responsive to the specific acoustic stimulus
employed here become active and thus may additionally contribute to
the observed bioeffects. While not directly observed here, these acous-
tic phenomena may explain the increased cell membrane perforation
between the acoustic regimes at a given flow velocity. Finally, another
aspect to consider is the susceptibility to mechanical perforation of
the vasculature due to the differential flow-induced shear stress across
the three flow velocities considered in this study. We have recently
demonstrated in an endothelial monolayer model under flow condi-
tions that shear-stress preconditioning can influence microbubble-as-
sisted ultrasound-induced membrane perforation'®—specifically that
the shear-induced levels of cytokine secretion from endothelial cells
may correlate with the propensity of ultrasound-assisted membrane
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perforation. In regard to the vascular delivery of microRNA, the flow-
dependent deposition of miR-126 (Figure 3) runs counterintuitively
to the permeation data (Figure 2). Mechanistically, this may suggest
that the molecular weight of the target biologic is a key factor in de-
livery efficiency under flow (668 g/mol vs. ~20,000 g/mol between PI
and miR-126, respectively), the practical implications of which
point to context-dependent ultrasound sequences and/or dosing
paradigms.

We have demonstrated, for the first time, focused ultrasound-as-
sisted gene delivery in a physiologically intact vessel and revealed
its dependence on the flow rate of the perfusate. These results have
implications for emerging focused ultrasound therapeutics span-
ning diseases that range in anatomical and pathophysiological
flow conditions, including vascular stenosis and ischemia.

MATERIALS AND METHODS

See the supplemental information, which is available online (https://
doi.org/10.1016/j.omtn.2024.102426).
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