
Review
Cardiac gene delivery using
ultrasound: State of the field
Davindra Singh,1 Elahe Memari,2 Stephanie He,1 Hossein Yusefi,2 and Brandon Helfield1,2

1Department of Biology, Concordia University, Montreal, QC, Canada; 2Department of Physics, Concordia University, Montreal, QC, Canada
Over the past two decades, there has been tremendous and
exciting progress toward extending the use of medical ultra-
sound beyond a traditional imaging tool. Ultrasound contrast
agents, typically used for improved visualization of blood flow,
have been explored as novel non-viral gene delivery vectors for
cardiovascular therapy. Given this adaptation to ultrasound
contrast-enhancing agents, this presents as an image-guided
and site-specific gene delivery technique with potential for
multi-gene and repeatable delivery protocols—overcoming
some of the limitations of alternative gene therapy approaches.
In this review, we provide an overview of the studies to date that
employ this technique toward cardiac gene therapy using car-
diovascular disease animal models and summarize their key
findings.
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INTRODUCTION
Ultrasound is one of the most widely used imaging modalities to
assess and diagnose conditions of the heart, in part due to its real-
time, non-ionizing nature. Ultrasound contrast agents, which consist
of a suspension of small encapsulated bubbles between 1 and 5 mm in
diameter, are strong reflectors of ultrasound and enhance the signal
from the blood pool to which they are confined, adding diagnostic
utility in the assessment of blood flow and perfusion.1 Leveraging
the excellent safety profile of medical ultrasound and the near global
approval of microbubble contrast agents, recent work has explored
the possibility of extending its use toward image-guided therapy for
a range of disease conditions.2 Perhaps one of the most notable ap-
proaches is using these microbubbles for the purpose of targeted nu-
cleic acid therapeutics. Either through co-injection or via attachment
of a genetic payload, ultrasound-triggered microbubbles can be made
to locally deposit molecular therapeutics within a target diseased tis-
sue. Currently, the most clinically advanced application of this
technique is brain therapy via the reversible opening of the blood-
brain-barrier under magnetic resonance imaging (MRI) guidance
(e.g., Alzheimer’s disease3).

Cardiovascular disease (CVD), however, has long been envisioned as
a candidate for such a gene therapy, which, despite advancements in
pharmacological and imaging approaches, remains a major cause of
morbidity and mortality in North America and worldwide.4 Despite
initial trials showing neutral or modest results, significant advance-
ments in the development of gene delivery vehicles, specifically
non-viral techniques, have brought it back into the spotlight.5,6 As
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such, ultrasound-mediated gene delivery within the context of CVD
holds tremendous promise since this approach7 is (1) non-viral,
which avoids potential immunogenic responses and dose-limiting
side effects; (2) can be inherently image-guided, as these bubbles still
function as ultrasound-enhancing agents; (3) non-invasive, which
opens the opportunity for protracted, repeated therapy; and (4) inte-
grates nicely within the clinical arena, as echocardiography is a com-
mon approach toward the initial diagnosis of many CVDs. In fact,
this technique has been shown feasible for the delivery of many types
of molecular therapeutics (Table 1).

In this review, we provide an overview of ultrasound-mediated gene
delivery to the heart. We acknowledge that this a subset of the appli-
cations for which microbubble-mediated therapies have been demon-
strated, both within CVD (e.g., vascular disease8) and outside of it
(e.g., cancer,9 blood-brain-barrier-based approaches3). We do touch
upon some of these topics but refer the reader to excellent, recent re-
views on those subject matters.10 Here, we begin with setting the
context for this review by a brief survey of current gene therapy ap-
proaches for CVD, followed by an overview of microbubble dynamics
within an ultrasound field to provide context for their use in targeted
CVD gene therapy; and continue with a summary of postulated mi-
crobubble-based bioeffects and bubble agents that are employed for
ultrasound-assisted gene therapy. Next, we provide an overview of
the preclinical in vivo studies to date that specifically target the heart.
Finally, we provide an outlook on this exciting inherently image-
guided approach to targeted cardiac gene delivery.
CURRENT METHODS FOR CARDIAC GENE DELIVERY
Perhaps the most direct and earliest approach is the naked delivery of
molecular therapeutics via surgical intervention.11,12 Recently, the
clinical study EPICCURE (NCT03370887) was the first to report
direct epicardial injection of naked mRNA encoding vascular endo-
thelial growth factor (VEGF)-A.13 This trial demonstrated an excel-
lent safety profile with no severe adverse affects, yet the relatively
small sample size rendered interpretation of the efficiency chal-
lenging. While very promising, naked delivery is typically character-
ized with sub-optimal gene uptake,14 and direct needle injection into
ical Development Vol. 32 September 2024 ª 2024 The Author(s).
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Table 1. Summary of vectors, along with select examples, that have been

used in conjunction with ultrasound for targeted delivery in the context of

CVD

Vector Example gene

Plasmids VEGF,8 S100A6,89 Ang1118

siRNAs ICAM-1,119 galectin-7120

miR miR-21,121 miR-126109

Anti-miR antimiR-23a,63 antimiR-155122

Piggybac GLP-1,123 ANGPTL8124

Minicircle DNA VEGF106

Ang1, angiopoietin-1; ANGPTL8, angiopoietin like protein 8; GLP-1, glucagon-like
peptide; ICAM-1, intercellular adhesion molecule-1; miR, microRNA; S100A6, S100
calcium binding protein A6; VEGF, vascular endothelial growth factor.
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the target poses challenges in achieving homogeneous tissue distribu-
tion, potential localized damage from the needle, and clinical imple-
mentation is limited by the impracticality of repetitive needle injec-
tions into sites that may be difficult to access.15,16

The most recognized vehicle-based method of cardiac gene therapy to
date is the use of viral vectors. Robust preclinical research has revealed
two viral vector systems that yield effective gene transfer: adenovirus
and adeno-associated virus (AAV).6 Earlier works with adenovirus
vectors have advanced to clinical trials for heart failure17; however,
this type of vector still retains many adenoviral genes and results in
strong inflammatory cascades that raise safety concerns. The gold-
standard viral approach is the use of AAVs,18 which despite their
proven efficiency, are still met with limitations including packaging
capacity, tissue specificity, and immune evasion—all areas of active
research.16 Additionally, unlike adenovirus methods in which trans-
gene expression returns to baseline over the time course of a few
weeks,19 AAV methods result in permanent transgene expression.
While this presents safety concerns in terms of off-target effects, it
may also not be desirable from a pathophysiology viewpoint.20 The
strategy for delivery for these viral vectors remains relatively invasive,
with one of the more common approaches the direct intramyocardial
injection either through surgical access or through intraventricular
delivery via percutaneous catheter.

Attempts to address these concerns have led to more recent work
exploring the use of non-viral approaches, one example of which is
lipid nanoparticles (LNPs) as a delivery vehicle. Indeed, LNP formu-
lations of small molecule drugs represent a relatively mature technol-
ogy,21 and considerable research is ongoing to expand their applica-
tion to gene delivery.22 The first such application of LNP-mediated
gene delivery with significant in vivo efficiency was demonstrated in
2006, carrying small interfering RNA (siRNA) to silence genes in he-
patocytes.23 While there is much investigation into the lipid compo-
sition and overall design of gene-bearing LNPs, this approach is still
limited in the context of CVD; including the resulting immune
response to LNP formulations of RNA and DNA, and challenged
by delivery to non-hepatocyte tissues, in part due to a lack of mech-
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
anistic understanding of their systemic biodistribution.24 Beyond
LNPs, extracellular vesicles (EVs), which are cell-derived lipid nano-
particles typically involved in cell-to-cell communication, have
gained a lot of traction in recent years as non-viral gene delivery vec-
tors.25 Intrinsic benefits of EVs include their stability, increased pro-
pensity for cellular uptake, and their ability to avoid interaction with
the immune system.26 Recent studies have demonstrated the potential
for EV-based gene therapy for CVD,27–30 and while such studies high-
light the exciting promise of this methodology, several challenges
need to be addressed, including the development of techniques for
the characterization of EV cargo, design and integration of platforms
to monitor the vesicles in vivo, and the development of strategies to
modify EVs to improve their targeted accumulation in specific tis-
sues.31 To this end, recent work has demonstrated improved cardiac
retention of intramyocardial delivered EVs by using genetic modifica-
tions to incorporate cardiac binding peptides on their surface.32

Either alone or in combination with the current and emerging ap-
proaches listed here, ultrasound-assisted cardiac gene delivery using
contrast agent microbubbles has many advantages, including its
non-viral nature, the inherent image guidance, and excellent gene
localization potential.

BRIEF OVERVIEW OF THE SALIENT FEATURES OF
MICROBUBBLES
Owing to the compressibility of the gas core, microbubbles vibrate as
they pass through the acoustic beam, expanding and contracting
about their resting, equilibrium radius R0. Microbubble agents are
polydisperse and exhibit resonance; the specific frequency at which
a given bubble vibrates with maximum amplitude is inversely related
to its size.33 Microbubble vibrations can be broadly subdivided into
two categories (Figure 1). Under low acoustic intensity, microbubbles
undergo periodic oscillations about their equilibrium size resulting in
echoes that possess a rich resonant structure, exhibiting energy at har-
monic frequencies (integer multiples of the transmit frequency) and
often sub-harmonic frequencies (half-order multiples of the transmit
frequency).34 This type of vibration is often termed stable oscillation,
which is desired in routine contrast imaging. In this vibration regime,
microbubbles generate local shear forces on neighboring cells and tis-
sue, as well as local fluid streaming (termedmicrostreaming).35 Under
higher intensities, microbubbles can be made to disrupt due to rapid
expansion and subsequent violent bubble collapse. This vibration
regime, termed inertial cavitation, can generate highly localized in-
creases in pressure and temperature, which may result in shock
wave production or the formation of high-speed liquid jets.36 The
propensity for microbubbles to initiate sustained stable cavitation
or inertial cavitation is defined by a confluence of factors, not the least
of which is the mechanical index (MI), defined as the acoustic pres-
sure scaled by the square root of the frequency.37

OVERVIEW OF ULTRASOUND-ASSISTED GENE
DELIVERY
It was first observed in the late 1990s that ultrasound-mediated mi-
crobubble activity can result in vessel permeability.38,39 These
er 2024
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Figure 1. Schematic diagram depicting the concept of stable versus inertial cavitation and cardiac gene delivery

(A) Stable cavitation consists of periodic vibrations, whereby the bubble gets bigger during rarefaction and smaller during the compressional phase. Inertial cavitation is the

process whereby large bubble expansion results in subsequent bubble disruption. (B) Externally applied ultrasound to the heart can result in local bubble cavitation and/or

molecular therapeutic release. Enhanced cellular and vascular permeability results in transfection of target cells. Note that two main strategies exist: co-injection of standard

microbubbles with a molecular therapeutic, and gene-bearing microbubbles (shown here).
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studies spurred the onset of many mechanistic physical and biolog-
ical investigations, as well as application-driven research aimed at
harnessing this bioeffect for therapeutic purposes. With respect to
gene delivery, the concept is to promote such transient cellular
and vascular permeability while simultaneously depositing a nucleic
acid payload to the target tissue of interest. As microbubbles remain
intravascular, successful gene delivery to the heart first requires
interaction between them and endothelial cells. In this section, we
briefly describe microbubble-induced endothelial permeabilization
and outline some of the approaches toward ultrasound gene
delivery.

Microbubble-mediated bioeffects on endothelial cells

In one of the earliest mechanistic, real-time studies conducted in the
context of microbubble-endothelial cell interactions,40 it was
observed that vibrating bubbles in contact with an endothelial cell
result in plasma membrane deformation due to the local fluid mo-
tion (i.e., a pushing and pulling effect). It was later determined that
bubble vibration amplitude, itself a function of intensity and other
intrinsic factors, is a threshold indicator for localized, resealable
endothelial membrane perforation and the loosening of intercellular
junctions41 (Figure 2). The shear stress induced by the vibrating mi-
crobubbles on the neighboring endothelial cells triggers calcium ion
influx42–44 and local ATP release,45 which is responsible for many
downstream cellular and vascular processes including flow augmen-
tation and vasoactivity.46 Even without direct endothelial cell
permeability, the mechanical stress generated by microbubble oscil-
lations has been shown to stretch the blood vessel wall,47 activate
mechanosensitive ion channels, and open up otherwise tight intra-
endothelial junctional contact48,49 providing a paracellular entry
route for gene delivery. Indeed, given the enhanced local perme-
ability of the vasculature, one of the advantages of this approach
is that it does not in principle require activation of endocytic path-
ways and thus payloads do not require release from early endo-
somes to be effective. However, there is mounting evidence that
locally vibrating microbubbles do have an influence on endothelial
endocytosis,50,51 which may play either a primary or an ancillary
role in transcellular delivery routes.
Molecular T
There are many investigations confirming microbubble-mediated
transient vascular permeability enhancement without evidence of
vascular rupture.52 These studies, broadly speaking, are conducted
using pulsed ultrasound (�0.1–10 ms) and low duty cycles, resulting
in restoration of native endothelial permeability on the order of
1–2 min,53 and vascular barrier function fromminutes to hours,54 de-
pending on the pulsing scheme and tissue type. However, it is impor-
tant to note that large-magnitude microbubble vibration may cause
local damage to neighboring endothelial cells and tissue. Excessive
driving force (e.g., MI, burst length, duty cycle, exposure duration)
will result, all else equal, in large microbubble excursions and
increased probability of violent bubble collapse.34 Prolonged perfora-
tion, whether it be due to very large perforations or those that do not
reseal in a timely manner, have been shown to cause endothelial cell
death.44,55 Indeed, aside from bubble vibration characteristics, there is
a limited set of experimental data that highlights that perforation time
course is also a function of biological regulatory mechanisms (e.g.,
availability of calcium ions,56 plasma membrane constituents44). On
the vascular level, treatment with exceedingly largeMI (�1.3–2.0) un-
der certain acoustic schemes can cause vascular rupture and hemor-
rhage,57–59 although the specific damage thresholds will depend on a
range of acoustic (e.g., pulse scheme, microbubble composition and
concentration) and non-acoustic (e.g., vessel properties, tissue type)
variables.60,61

Microbubble gene carrier agents

With respect to the delivery approach, there are two main strategies.
The first is via a co-injection of both microbubble agent and the mo-
lecular therapeutic. While this can be done with in-house synthesized
agents, the microbubbles used here are similar to those commonly
clinically used in medical imaging. In fact, clinical agent Definity, Op-
tison, and SonoVue have all been used for this purpose. Combining a
Food and Drug Administration (FDA)/Health Canada approved mi-
crobubble agent and an approved molecular therapeutic is likely ad-
vantageous for easier entry into clinical trials.

The second strategy is through the design of newly constructed
gene-bearing agents. While many design types exist (see Lentacker
herapy: Methods & Clinical Development Vol. 32 September 2024 3
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Figure 2. Ultrasound-enhancing agents vibrate in the vasculature and can give rise to local and reversible increases in vascular permeability and modulate

intercellular signaling

(A) Ultrafast-frame camera recording of a single gas-filled microbubble contrast agent oscillating under 1MHz ultrasound (MI = 0.8). This vibration generates local shear stress

on neighboring tissue. Scale bar, 5 mm. (B) An individual microbubble (black arrow) can reversibly perforate endothelial cell plasma membrane (green) to locally delivery a

therapeutic (red). White-dotted lines demarcated each endothelial cell. The white arrow depicts the resealable perforation caused by the single microbubble and the white

arrowheads denote intercellular gaps between adjacent endothelial cells. MI = 0.8. Scale bar, 25 mm.Modified fromHelfield et al. PNAS 201641 with permission. (C) Individual

microbubble oscillation (white asterisk) causes a direct increase in intracellular Ca2+ (yellow) as well as intercellular Ca2+ signaling to neighboring, non-treated cells. Scale bar,

25 mm. Modified from Helfield et al. Ultrasound Med Biol. 202044 with permission.
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et al.62 for a nice overview), the most common approach used in
preclinical cardiac delivery work is through the development of a
cationic lipid-encapsulated agent, whereby nucleic acid payloads
are charge-coupled to the surface of the bubbles.8,63 In principle,
this ensures that the microbubble activity and local nucleic acid con-
centration are spatially temporally coherent, that is to say that the
presence of the molecular therapeutic remains in close proximity
to the ultrasound-induced permeability-enhancing effect, and that
it protects the nucleic acid payload from degradation. However,
this brings along new considerations as to whether the same ultra-
sound conditions that “shake” off the drug from the bubble (which
will be a function of how strongly bound the polyanion is to the
cationic lipid) are the same conditions that result in safe, repeatable
vascular and cellular permeability. Additionally, incorporation of
the therapeutic within the bubble design can also limit the payload
size.

Non-cardiac implementation of ultrasound-assisted gene

delivery

Currently, the most advanced application of ultrasound-assisted gene
therapy is within the context of delivery to the central nervous system
(CNS).64 Over the past 12 years, MRI-guided focused ultrasound has
demonstrated successful gene delivery in preclinical models (e.g.,
mice, rats, non-human primates).65 This progress is largely owed to
the expansive research spanning decades into the localized and
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
reversible opening of the blood-brain-barrier via focused ultra-
sound.66–70 Indeed, MRI-guided microbubble-mediated opening
of the blood-brain-barrier is a rapidly expanding technology
currently in clinical trials within the context of oncology (e.g.,
NCT03626896), Alzheimer’s (e.g., NCT03739905), and Parkinson’s
disease (NCT03608553). In neuro-oncology patients, which is the
most clinically advanced sub-area, promising pilot clinical studies
have confirmed feasibility of this technique for the targeted delivery
of chemotherapeutics (e.g., temozolomide,71 carboplatin72) and im-
munotherapies (e.g., monoclonal antibodies73,74). Simultaneously to
this, there is active research on utilizing the acoustic feedback of the
microbubble vibrations to control the acoustic beam in order to
localize the intended bioeffects and minimize unintended dam-
age.75–77 These treatments are performed with specifically designed
transducer systems, either transcranial (e.g., ExAblate Neuro; In-
sightec, Haifa, Israel) or implanted (e.g., SonoCloud, CarThera, Paris,
France), to achieve the desired treatment and/or acoustic monitoring
function.78

Aside from this, there is ongoing preclinical research on ultrasound-
assisted gene therapy to extracranial applications, which for the most
part utilize single-element or commercial array transducers, including
ocular disease,79 cancer,9,80 and diabetes.81 A subset of this work em-
ploys separate, co-aligned transducers to provide some indication of
microbubble activity throughout the treatment.
er 2024
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Table 2. Pillars of gene therapy targets for CVD

Gene therapy pathway targets for CVD Example genes

1. Promoting angiogenesis VEGF-165,125 FGF-4126

2. Modifying CM Contractility SERCA2a,127 AC6128

3. Apoptosis inhibition AM,129 Bcl-2130

4. Superseding cell checkpoints to promote CM
proliferation

Wnt11131

5. Increasing cytoprotective mechanisms VEGF-B167,132 HO-1133

6. Exogenous cardiac stem cells or progenitors SDF-1134,135

AC6, adenylyl cyclase 6; AM, adrenomedullin; Bcl-2, B-cell lymphoma 2; CM, cardio-
myocyte; CVD, cardiovascular disease; FGF-4, fibroblast growth factor 4; HO-1,
heme oxygenase-1; SDF-1, stromal-cell-derived factor 1; SERCA2a, sarcoplasmic/endo-
plasmic reticulum Ca2+ ATPase.
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APPLICATIONS OF ULTRASOUND-ASSISTED GENE
DELIVERY TO THE HEART
Recent advances in identifying key molecular pathways and genes
involved in the initiation and evolution of CVD have enabled the
concept of targeted molecular therapeutics. The genes that are
selected as a target molecular therapeutic for CVD broadly fall into
several categories,5 summarized in Table 2. There is a wide array of
preclinical studies in animal models investigating CVD gene therapy,
using a wide range of target genes highlighting successful and prom-
ising results. This has led to several clinical trials examining this tech-
nology toward translation to human patients, but despite their careful
design, many of these trials show either neutral or modest benefit.82

This highlights the need to examine the details of these approaches,
from the initial gene selection, vector dosing, frequency of adminis-
tration, and the mode of delivery—all in relation to the target disease
process and its stage. When considering the mode of delivery, the
typically employed method of choice is viral vectors. Although
currently available vectors have demonstrated promising transduc-
tion to cardiac tissue, undesired side effects, including non-specific
uptake in non-target tissue and the presence of neutralizing anti-
bodies against the gene products may be limitations moving forward.5

In recent years, ultrasound-assisted gene therapy has been gaining
traction as a non-invasive, non-viral tool to tackle some of the limita-
tions described above. The “controllability” of this approach, granted
by spatial targeting of the ultrasound beam, along with its inherent
image-guided nature, make it an attractive option for cardiac gene de-
livery. The first application of this approach was demonstrated over 2
decades ago, in which healthy rodents were subjected to ultrasound in
conjunction with albumin microbubbles linked to b� galactosidasen
and exhibited a myocardial expression over 10-fold more than un-
treated controls 4 days post treatment.83 As an exhaustive summary
of all ultrasound-assisted CVD gene therapies is out of the purview
of this review, the following sections summarize applications in which
ultrasound-assisted gene therapy targeted toward the heart (as
opposed to peripheral tissue8) has been demonstrated in diseased an-
imal models (as opposed to pure proof-of-principle studies in healthy
models84); the summary of which is presented in Table 3.
Molecular T
Myocardial infarction

Acute myocardial infarction is one of the more severe manifestations
of coronary heart disease, which is attributed to over 40% of all deaths
due to CVD in the United States.4 Perhaps one of the first applications
of functional gene delivery to the heart in an acute myocardial infarc-
tion model was demonstrated by Kondo and colleagues85 via the de-
livery of hepatocyte growth factor (HGF) in a rat model. HGF plays a
role in preventing myocyte death due to oxidative stress and cardio-
myocyte apoptosis during reperfusion. In fact, it has been demon-
strated through viral approaches that gene delivery of HGF before
myocardial infarction attenuates reperfusion injury and induces
angiogenesis in infarcted myocardium.86 Starting 2 h after coronary
ligation, plasmid HGF (1.5 mg) was infused into the left ventricle
(LV) via catheter for 1.5 min while simultaneous clinical contrast
agent Optison was injected in the femoral vein at 0.2 mL/min for
5 min.85 In the treatment groups, echocardiography was administered
using a Philips Sonos 5500 system (S3 probe) operating in ultrahar-
monic mode at 1.3 MHz and an MI = 1.8 for 4 min, triggered every
eighth end-systole. A week post surgery, HGF was quantified using
immunohistochemistry, revealing homogeneous expression in the
treated groups compared with patchy or non-existent expression in
HGF alone and negative control groups respectively. At 3 weeks
post treatment, serial echocardiography measurements confirmed
that LV mass was decreased, and histology data revealed reduced
scar size, and capillary/arterial density was much improved in the
treated groups compared with controls.

More recently, studies are beginning to explore the synergistic effects
of gene therapy in conjunction with stem cell therapies. Wang and
colleagues87 demonstrated the simultaneous delivery of two genes:
SERCA2a, which regulates cardiac contraction and relaxation by con-
trolling intracellular Ca2+ handling, and Cx43, well-known tomediate
electrical coupling between cardiomyocytes via gap junctional intra-
cellular communication. Dual-gene therapy was performed in a rat
model of acute myocardial infarction both with and without pre-
transplantation of bone mesenchymal stem cells (BMSCs) 4 weeks
post ligation surgery. Their motivation here was the hypothesis that
BMSC transplantation would amplify the effect of gene transfection
by providing better preconditioning in the border zone. Four weeks
after treatment, they observed about a factor of 2x increase in
SERCA2a and Cx43 protein expression relative to non-treated con-
trols in both the infarct and border zones, with no difference in
remote cardiac tissue and no change in infarct size. Further, echo
measurements confirm greater LV ejection fraction (LVEF) and LV
fractional shortening (LVFS) compared with control groups, and
that LV function was improved slightly in treated model rats that
were pre-conditioned with BMSCs (�4%–5% increase in LVEF
and LVFS).

Ischemia/reperfusion injury

Early work by Erikson and colleagues88 investigated the use of anti-
sense oligodeoxyribonucleotides (ODNs) as a gene therapy strategy
to attenuate expression of tumor necrosis factor (TNF)-a in a rat
model of ischemia/reperfusion (I/R) injury. Using a 1-MHz treatment
herapy: Methods & Clinical Development Vol. 32 September 2024 5
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Table 3. Summary of ultrasound-assisted gene delivery to the heart in preclinical CVD models

Author GOI/Model/Targeted pathwaya/Injection route Ultrasound settings Results summary

Ischemic heart disease

Wang et al. 202287
Cx43 and SERCA2a/Rat/#2/tail
vein (intravenous [i.v.])

US system: Kunlun 7 (Mindray)
Probe/Frequency: L11-3 U
Pressure/Power: MI = 1.0
Pulse length: Single flash frame
Interval: Triggered manually every 3–5 s
Total duration: 10 min.
MB: Single treatment with in-house gene-carrying
lipid agent (@4 � 109 MB/mL); injection volume
of 100 mL consisting of bubble-bound to
Ad-encoding of either Cx43, SERCA2a or both
(MOI of 500); infused via tail vein at 15 mL/h.

Direct readout: About a 2-fold increase in protein levels of
SERCA2a and Cx43 using dual-gene-carrying microbubbles
at 4 weeks post treatment in the infarct zone; similar result for
each protein using the single-gene-loaded bubble.
Other details: BMSCs were transplanted by myocardial injection
4 weeks post ligation surgery. Modest improvements in LVEF
and LVFS in treated groups with BMSC pre-treatment,
but no change in infarct size.

Cao et al. 2021118 Ang1/Canine/#1/elbow vein (i.v.)

US system: Single element
Probe/Frequency: 0.3 MHz Pressure/Power: 2W/cm2

Pulse length: 10s
Interval: PRI of 10s
Total duration: 20 min.
MB: Single treatment 24 h post surgery with
co-loaded SonoVue and Ang1 plasmid
(0.25 mg/mL) cocktail resulting in 1.5 � 108 MB/mL;
a 2-mL volume was infused at 12 mL/h.

Direct readout: At 30 days post surgery, they showed a 3x increase
in Ang1 compared with a negative control plasmid delivery.
Other details: Compared with untreated controls, they observed an
increase in microvascular density, decrease in sympathetic nerve
density, and increase in LVEF and LVFS.

Sun et al. 2020136 SDF-1/Rat/#6/caudal vein (i.v.)

US system: Single element
Probe/Frequency: 1 MHz Pressure/Power: 2W/cm2

Pulse length: DC of 50%
Interval: PRF of 1 kHz
Total duration: 2 min
MB: One to three treatments (in 2-day intervals)
of in-house lipid agent (4 � 109 MB/mL) in a
0.5-mL volume with 250 mg of plasmid DNA
infused at 15 mL/h. Post-treatment, infusion
of shRNA-PHD2 modified BMSCs (1 mL).

Direct readout: Compared with controls, authors also observed
an �2x increase in SDF-1 after a single US + MB treatment.
Other details: Main results are increased BMSC survival, reduced
myocardial apoptosis, reduced infarct size, increased vascular
density, and improved cardiac function (LVEF and LVFS at
4 weeks post) compared with the controls following a
three- treatment regimen.

Zhang et al. 2017137 shRNA for PHD2/Rat/#1/tail vein (i.v.)

US system: Sonitron 2000V (Nepa Gene)
Probe/Frequency: 1 MHz
Pressure/Power: 2W/cm2

Pulse length: Not specified.
Interval: DC of 50%
Total duration: 2 min.
MB: Three treatments with in-house gene-carrying
lipid bubble (�4 � 109 MB/mL) containing
600 mg/kg of shRNA 0.5-mL sample was
infused at 15 mL/h.

Direct readout: At 4 days post treatment, they observed a 57% decrease
in PHD2 mRNA levels and a 39% decrease in PHD2 protein levels
compared with untreated controls.
Other details: Treatments on day 0 (10 min after ligation), day 2,
and day 4 with cationic microbubbles. LVFS and LVEF significantly
increased at 4 weeks.

Deng et al. 2015138 Ang1/Rabbit/#1/ear vein (i.v.)

US system: iE33 (Philips)
Probe/Frequency: M3S/1.7 MHz
Pressure/Power: MI of 1.3
Pulse length: Single flash frame
Interval: Triggered every 4–8 cardiac cycles
Total duration: 5 min.
MB: Single treatment. Co-injection of either
SonoVue or ICAM-1 decorated SonoVue

Direct readout: Compared with single treatment with standard
SonoVue, the targeted MB treatment resulted in approximately
1.7x increase in Ang-1 mRNA and 1.2x increase in Ang-1 protein
expression. Pure negative controls expressed no human Ang-1.
Other details: Compared with controls, a 1.6x increase in
microvessel density, and LVEF, LVIDd, and LVAWd
all increased at 2 weeks.

(Continued on next page)
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Table 3. Continued

Author GOI/Model/Targeted pathwaya/Injection route Ultrasound settings Results summary

and 100 mg of plasmid in a 1-mL volume.
Details on infusion speed/time were not provided.

Liu et al. 2015139 miR-21/Porcine/#5/ear vein and LAD

US system: Not specified.
Probe/Frequency: 1 MHz
Pressure/Power: 1–3 W/cm2

Pulse length: Not specified.
Interval: DC of 50%
Total duration: 20 min.
MB: Single treatment with in-house lipid bubble;
co-injection with miR-21 (4 mg) in a volume
of 6 mL (�1.9 � 109 MB/mL). Details on
infusion speed/time were not provided.

Direct readout: Approximately 12–15x higher levels of miR-21
after 4 days in the heart, with the higher delivery efficiency observed
via intracoronary injection vs. i.v.
Other details: The authors assayed for PDCD4 protein expression,
a downstream target of miR-21, and showed a significant decrease
of PDCD4 (�40% decrease) compared with control.

Li et al. 2015140 MSCs/Rat/#6/caudal vein (i.v.)

US system: Acuson S2000 (Siemens)
Probe/Frequency: 2 MHz
Pressure/Power: MI = 1.3.
Pulse length: Not specified.
Interval: Not specified.
Total duration: 10 min.
MB: Single treatment. In-house lipid bubble
(0.1 mL/kg @ 7.5 � 109 MB/mL) co-injection
with MSCs. Details on infusion speed/time
were not provided.

Direct readout: Results show increase in the number of
homing MSCs (1.3x increase) in the US-treated group compared
with non-treated controls.
Other details: Higher protein expression of SDF-1 (1.9x) and
CXCR4 (�1.5x) were observed in the ischemic myocardium
treated vs. control groups.

Sun et al. 201393 AKT/Rat/#1/tail vein (intravenous)

US system: Vivid 7 (GE)
Probe/Frequency: M3S/1.6 MHz
Pressure/Power: MI = 1.3
Pulse length: Single flash frame
Interval: ECG triggered every fourth end-systole
Total duration: 20 min.
MB: Single treatment with in-house
gene-carrying lipid bubble or Definity
containing 0.2 mg/kg of plasmid DNA.
0.4-mL sample was infused at 1.2 mL/h.

Direct readout: Three days post treatment, protein levels of AKT
were increased using either Definity (1.3x) or the in-house
agent (1.7x) compared with untreated control.
Other details: Other protein targets included p-AKT (�1.7x for
Definity; 2.5x for in-house), survivin (1.1x for Definity; 1.3x for
in-house) and p-BAD (2x for Definity; 3x for in-house). Treatment
with the in-house agent lowered infarct size, increased infarct
thickness, reduced apoptosis, increased vascular density (after 3 days),
and improved cardiac function/perfusion (21 days) compared
with using Definity and to non-treated controls.

Zhou et al. 2013141 HGF/Rat/#1/femoral vein (i.v.)

US system: CGZZ ultrasonic gene
transfection instrument
Probe/Frequency: 0.3 MHz
Pressure/Power: 2
Pulse length: 10s CW
Interval: PRI of 10s
Total duration: 5 min.
MB: Single treatment with in-house cationic
gene-carrying bubbles with 1 mg of plasmid
DNA and/or TAT peptide; 1-mL sample
was infused at 12 mL/h.

Direct readout: Single treatment on day 3 post ligation. RT-qPCR
data indicate an approximately 4-fold increase in HGF mRNA
compared with untreated controls.
Other details: A synergistic effect was found when using MBs contained
both TAT peptide and HGF, resulting in a 6.5-fold increase in HGF
expression compared with untreated controls (�1.5x more than
US + MB without TAT). All analyses were performed on
day 10 post ligation (7 days post treatment). MVD was found to
modestly increase with gene-carrying MBs compared
with US + MBs alone, but represents an approximate
factor of 2- to 2.5-fold increase over negative controls.

Ling et al. 2013142 MSCs/Canine/#6/femoral vein (i.v.)

US system: UTG 1025
Probe/Frequency: 1 MHz
Pressure/Power: 0.5–2 W/cm2

Pulse length: 5s (PRF of 1 kHz)
Interval: DC of 50%
Total duration: 10 min.

Direct readout: None reported.
Other details: In study 1, results indicate increased levels of SDF-1,
VCAM-1, and VEGF expression at highest power. In study 2, canine
MSCs were injected post US treatment and reveals improved
myocardial perfusion (assessed via SPECT) and heart function
(LVEF, LVIDs, and LVFS) at 4 weeks post treatment.

(Continued on next page)

M
o
le
c
u
la
r
T
h
e
ra
p
y:

M
e
th
o
d
s
&
C
lin
ic
a
lD

e
ve
lo
p
m
e
n
t
V
o
l.
3
2

S
e
p
te
m
b
e
r
2
0
2
4

7

w
w
w
.m

o
le
c
u
la
rth

e
ra
p
y.o

rg

R
e
vie

w

http://www.moleculartherapy.org


Table 3. Continued

Author GOI/Model/Targeted pathwaya/Injection route Ultrasound settings Results summary

MB: Three treatments with 2 mL of in-house
lipid MB (2 � 108 MB/mL) on day 1, 4, and 7
post-myocardial infarctionwith or without
MSCs. Details on infusion speed/time were
not provided.

Yuan et al. 2012143 HGF/Canine/#1/direct LV injection

US system: UTG 1025
Probe/Frequency: 1 MHz
Pressure/Power: 1 W/cm2

Pulse length: 30s (CW)
Interval: DC of 75%
Total duration: 1 min.
MB: Single treatment with in-house lipid
bubble (0.1 mL) co-injected with 100 mg of
plasmid DNA intramyocardially delivered in
5 locations (total of 0.5 mL of MB
and 500 mg of DNA).

Direct readout: None reported.
Other details: Single treatment 5 min post ligation. After 28 days,
authors observed decreased LV mass, decreased infarct size, and
increased MVD. They also observed a 1.8x-fold increase in VEGF
levels compared with HGF+US group (no MBs).

Zhong et al. 2012144 MSCs/Canine/#6/femoral vein (i.v.)

US system: UTG 1025
Probe/Frequency: 1 MHz
Pressure/Power: 0.5–2 W/cm2

Pulse length: not specified.
Interval: DC of 50%
Total duration: 10 min.
MB: Three treatments with in-house lipid
bubbles (2-mL volume at 2 � 108 MB/mL)
on days 7, 9, and 11 post-MI. On day 14,
MSCs were injected (5 mL at 1.35 � 106 cells/mL).
Details on infusion speed/time were not provided.

Direct readout: The number of MSCs increased by 4.57-fold
compared with untreated controls, as measured via
immunohistochemistry.
Other details: Following a single treatment of only US + MBs,
mRNA levels of VEGF, SDF-1, VCAM-1, and IL-1b were
increased in the infarcted myocardium by a factor of 4x, 5x,
4x, and 5x, respectively, vs. controls.

Fujii et al. 201195 SCF, SDF-1 a/Rat/#6/tail vein (i.v.)

US system: Sequoia (Siemens)
Probe/Frequency: 15L8
Pressure/Power: MI = 1.6
Pulse length: single frame
Interval: every 1.8–2 s in contrast mode
Total duration: 20 min.
MB: Starting 7 days post ligation, up to 6 treatments
with Definity co-incubated with 0.6 mg/kg of plasmid
DNA infused at 1.5 mL/h. Heart was scanned from
base to apex (3-min cycle)

Direct readout: Levels of SCF protein at 4 weeks post
treatment increased statistically by an approximate factor of 1.7
after 6 treatments compared with untreated control, a steady
improvement over a single treatment (�1.1x) and three
treatments (�1.4x). Similar results were found for SDF-1a.
Other details: On day 24, stem cell homing (as measured via
c-kit and CXCR4), and myofibroblast recruitment increased
while infarct size decreased with more treatment repeats.

Xu et al. 2010145 MSCs/Rabbit/#6/auricular vein (i.v.)

US system: Vivid 7 (GE)
Probe/Frequency:1.7 MHz
Pressure/Power: MI = 1.3
Pulse length: not specified.
Interval: every 2 s
Total duration: 10 min.
MB: At 7 days post-MI, single treatment with
in-house lipid bubble (0.1 mL/kg) with or
without MSCs. Details on infusion
speed/time were not provided.

Direct readout: The number of MSCs increased by 1.45-fold
compared with untreated controls, as measured via
immunohistochemistry.
Other details: Treatment increased MVD (via contrast
echocardiography and staining), increased level of VEGF
in ischemic myocardium, V-CAM1 expression and improved
heart function (LVEF, LVFS) at 4 weeks post treatment.

Fujii et al. 2009146 SCF, VEGF/Mouse/#6, #1/tail vein (i.v.)
US system: Sequoia (Siemens)
Probe/Frequency: 15L8; 8 MHz
Pressure/Power: MI = 1.6

Direct readout: Measured 14 days post treatment, VEGF and
SCF protein within the whole heart were approximately
1.2 and 1.3-fold greater than untreated control.

(Continued on next page)
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Table 3. Continued

Author GOI/Model/Targeted pathwaya/Injection route Ultrasound settings Results summary

Pulse length: single frame
Interval: every 0.5 s in contrast mode
Total duration: 20 min.
MB: Single treatment 7 days post-MI
of Definity incubated with 0.6 mg/kg of
plasmid DNA and infusion over 1 min.
Heart was scanned from base
to apex (3 min cycle)

Other details: Five days after treatment, progenitor recruitment
was found to be higher in both treatment groups as compared
with control, and MVD was also increased compared
with controls on day 14.

Kondo et al. 200485
HGF Plasmid/Rat/#1/femoral vein
(bubbles), direct LV injection (plasmid)

US system: Sonos 5500 (Philips)
Probe/Frequency: S3/1.3 MHz
Pressure/Power: MI = 1.8
Pulse length: 3 frames
Interval: Triggered every eighth end-systole
Total duration: 4 min.
MB: Single injection of Optison at 12 mL/h
over 5 min combined with LV injection
of naked plasmid (1.5 mg)

Direct readout: HGF levels were approximately 3-fold higher
in the US + MB group vs. the HGF only group as measured
via immunohistology.
Other details: At 3 weeks, both LV mass infarct size decreased,
while capillary and arterial density increased in treated groups
compared with HGF injections alone.

Ischemic heart disease (I/R injury)

Erikson et al. 2017147 TRAF3IP2, p65, JNK1 Mouse/#3/jugular vein (i.v.)

US system: Sonicator 730
(Mettler Electronics)
Probe/Frequency: 1 MHz
Pressure/Power: 0.6 W/cm2

Pulse length: Not specified
Interval: Not specified
Total duration: 15 min.
MB: Albumin-based MBs bound to
AS-ODN (100 mg) were arterially
infused “slowly” over 10 min. Three
agents were tested, each binding to
either TRAF3IP2, p65, or JNK1 oligo.

Direct readout: Protein levels in the heart of treated mice were
significantly lower for all three tested MBs; resulting in
approximately a 1.75x, 1.5x, and 1.5x decrease in TRAF3IP2,
p65, and JNK1 using their respectively targeted bubbles.
Other details: AS-ODN targeting TRAF3IP2, p65, or JNK1
all attenuated I/R-induced myocardial injury (infarct size)
at 24 h post delivery.

Mofid et al. 201789 S100A6/Rat/#2/jugular vein (i.v.)

US system: Sonos 5500
Probe/Frequency: S12/5 MHz
Pressure/Power: 120V
Pulse length: single frame
Interval: every 10 cardiac cycles
Total duration: 30 min.
MB: Single pre-treatment with in-house
cationic MBs (1 � 109 MB) coupled
to S100A6 plasmid (500 mg) 2 days
prior to I/R infused over 5 min.
Infusion speed not provided. Heart
was scanned from base to apex.

Direct readout: The authors demonstrate an approximate
8-fold increase in S100A6 within the anterior LV compared
with normal myocardium on day 1 post I/R (3 days post treatment).
Other details: Increased expression of S100A6 up to 28 days
post cardiac I/R, reduced infarct size and improved left
ventricular systolic function, with less myocyte apoptosis,
attenuated cardiac hypertrophy, and less cardiac fibrosis
compared with untreated controls.

Du et al. 2017148 GDF11/Mouse/#6/tail vein (i.v.)

US system: Vivid 7 (GE Healthcare)
Probe/Frequency: M3S/1.6 MHz
Pressure/Power: MI = 1.3
Pulse length: single frame
Interval: ECG triggered every
fourth cardiac cycle
Total duration: 20 min.

Direct readout: The mRNA levels of GDF11 were about 1.3-fold
higher in treated vs. untreated hearts, as measured 9 days
post I/R (3 days post treatment).
Other details: Treatment effective in old mice (not young mice),
whereby it improved cardiac function (LVFS), reduced infarct size,
decreased senescence markers (p16, p53), and increased

(Continued on next page)
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Table 3. Continued

Author GOI/Model/Targeted pathwaya/Injection route Ultrasound settings Results summary

MB: Two treatments (day 3 and
6 post I/R) of in-house gene-carrying
cationic lipid bubbles infused
at a rate of 1.2 mL/h

proliferation of cardiac stem cell antigen (Sca-1+) cells and
homing of endothelial progenitor cells and angiogenesis.

Kwekkeboom et al. 2016149 Antagomir/Mouse/tail vein (i.v.)

US system: Sonos 5500 (Philips)
Probe/Frequency: S3 and S12, 1.5, 6 and 7 MHz
Pressure/Power: MI = 1.4–1.8, B-mode
and Power Doppler mode
Pulse length: 1 s
Interval: every 5 s
Total duration: 15 min.
MB: Single treatment with cationic in-house
lipid bubbles (2 � 109 MB/mL) conjugated
to 0.75 mg/kg of antagomir in 0.1 mL volume.
Details on infusion speed/time were not provided.

Direct readout: The authors found an increase in antagomir
ranging from 2- to 2.5-fold in US-treated diseased heart as
compared with untreated controls, as measured via
fluorescence microscopy.
Other details: While they show interesting improvement in
healthy rodent hearts, no significant differences in
functional delivery for I/R hearts. Delivery of antagomir
was maximal when using the treatment paradigm with
the highest MI and more frequent pulses (Doppler
mode with S12 probe).

Yan et al. 2014150 Timp 3/Rat/#5/tail vein (i.v.)

US system: Vivid 7 (GE)
Probe/Frequency: M3S/1.6 MHz
Pressure/Power: MI = 1.3
Pulse length: single frame
Interval: ECG trigger interval of four cardiac cycles
Total duration: 20 min.
MB: Single treatment of an in-house, targeted
lipid agent decorated with MMP2 antibody
co-injected (0.4 mL) with naked Timp3 plasmid
(0.2 mg/kg) and infused at 1.2 mL/h for 20 min.

Direct readout: Anti-MMP2 microbubble treated
groups resulted in an approximate 2.1x increase in TIMP3
protein expression within the scar/border zone at 3 days
post treatment as compared with untreated controls.
Other details: Non-targeted US treatment still exhibited an
increase in TIMP3 protein at 3 days post treatment (�1.6x)
All increases in protein levels were no longer present by 3 weeks
post treatment. MMP2 and MMP9 activity were reduced,
resulting in smaller and thicker infarcts and improved
cardiac function (LVEF, LVIDs, LVIDd).

Erikson et al. 200388 Antisense TNF-a oligo/Rat/#2/jugular vein (i.v.)

US system: Sonicator 730 (Mettler Electronics)
Probe/Frequency: 1 MHz
Pressure/Power: 0.6 W/cm2

Pulse length: Not specified.
Interval: Not specified.
Total duration: 15 min.
MB: Either single or triple treatment through
i.v. or direct LV injection of in-house albumin-based
gene-carrying bubbles (100 mg) infused at
4 mL/h in a total volume of 1 mL.

Direct readout: There was no significant difference in
TNF- a mRNA levels between positive controls and
single or triple treated rats when performed via venous
administration, but a decrease of �39% (i.e., �1.6-fold
decrease) in protein level was observed.
Other details: The authors also tested direct injection
within the LV, with the US-treated groups showing no
difference in mRNA but a slightly more attenuated level
of TNF-a protein expression (�56.6% decrease).
Timing experiments showed that treatment just before
I/R was more efficient than just after I/R, as well as
lower IL-1b and ICAM-1 levels.

Cardiomyopathy (CM)

Qin et al. 202392 Sirt3/Porcine/#5/ear vein (i.v.)

US system: EPIQ 5 (Philips)
Probe/Frequency: S5-1
Pressure/Power: MI = 1.2–1.35
Pulse length: single frame
Interval: triggered every 4 cardiac cycles
Total duration: 30 min.
MB: Three treatments using an in-house
gene-carrying lipid bubble (no MB
concentration given) containing 6–7 mg
of plasmid diluted into a 50-mL sample
and infused via ear vein at 100 mL/h.

Direct readout: Seven days after treatment, human Sirt3
protein levels were 2.8x higher than in untreated controls.
Other details: Short-term assessment performed 7 days
post treatment demonstrated decreased levels of ROS.
Long-term benefits were determined 2 months after
treatment preventing LV thickness and mass increase,
as well as decrease in pressure overload associated
apoptosis and fibrosis. Protein and mRNA levels of ANP,
BNP, and a-SMA were decreased compared with
controls 2 months post surgery.

(Continued on next page)

1
0

M
o
le
c
u
la
r
T
h
e
ra
p
y:

M
e
th
o
d
s
&
C
lin
ic
a
lD

e
ve
lo
p
m
e
n
t
V
o
l.
3
2

S
e
p
te
m
b
e
r
2
0
2
4

w
w
w
.m

o
le
c
u
la
rth

e
ra
p
y.o

rg

R
e
vie

w

http://www.moleculartherapy.org


Table 3. Continued

Author GOI/Model/Targeted pathwaya/Injection route Ultrasound settings Results summary

Gao et al. 2021151 FGF21/Mouse/#5/tail vein (i.v.)

US system: Single element
Probe/Frequency: 0.5 MHz
Pressure/Power: 2W
Pulse length: Not specified.
Interval: DC of 50%
Total duration: 5 min.
MB: With a regimen of two times a week
for 8 weeks, in-house gene-carrying polymer
bubbles (no MB concentration given)
were loaded with 100 mg/kg of FGF21.
Details on infusion speed/time
were not provided.

Direct readout: None reported.
Other details: After the 8-week treatment period, the US-treated
groups demonstrated a decrease in hypertrophic phenotypes,
fibrosis, and apoptosis. Further, an increase in cardiac function
(LVEF, LVFS, and E/A ratio) was observed.

Zheng et al. 2020152 FGF1/Rat/#1/tail vein (i.v.)

US system: Acuson Sequoia 512C (Siemens)
Probe/Frequency: 15L8-w/12–14 MHz
Pressure/Power: MI = 1.9
Pulse length: single frame
Interval: Not specified.
Total duration: Not specified.
MB: Twice a week for 12 weeks, injections
consist of a co-administration of SonoVue
(2 � 108 MB/mL) with nanoliposomes
bound to FGF1 (15 mg/kg). Details on
infusion speed/time were not provided.

Direct readout: None reported.
Other details: US was applied until bubbles were no longer visible
in the LV. After treatment, assessment of cardiac function was
performed demonstrating an improved cardiac function (LVEF
and LVFS) compared with non-US-treated controls. Further, increase
in myocardial capillary density was observed and an improvement
in the regional myocardial blood flow, the hemodynamics
(LVESP and LVEDP) and the myocardial ultrastructure (using SEM).

Kopechek et al. 201963 AntimiR-23a/Mouse/#2/jugular vein (i.v.)

US system: Sonos 7500 (Philips)
Probe/Frequency: S3/1.3 MHz
Pressure/Power: MI = 1.0
Pulse length: 4 frames
Interval: 1 s
Total duration: 20 min.
MB: Three treatments consisting of
in-house, gene-carrying lipid bubble;
100 mL infusion (@2 � 109 MB/mL)
containing 35 pmol of antimiR at
0.4 mL/h for 15 min via the jugular vein.

Direct readout: After the 2-week protocol, miR-23a levels
were found to have decreased by 43% (i.e., a 1.73-fold decrease)
compared with untreated, disease model controls.
Other details: CM was induced with phenylephrine, which was
delivered daily starting at day 0. Treatments were delivered
on days 0, 3, and 7. Treated hearts demonstrated no disease-
related increase in cardiac mass on day 7. Also, LVFS was
shown to be preserved on day 14. Isolated hearts on day 14
demonstrated a significant decrease in miR-23 compared
with non-treated diseased hearts.

Cardiomyopathy (DOX-induced, adriamycin-induced)

Sun et al. 2020121 miR-21/Mouse/#5/tail vein (i.v.)

US system: Not specified.
Probe/Frequency: 0.66 MHz
Pressure/Power: MI = 1.6
Pulse length: Not specified.
Interval: DC of 50%
Total duration: 1 min.
MB: Weekly treatments spanning 4 weeks
of a co-injection of SonoVue (2 � 108 MB/mL)
with exosome-encapsulated miR-21
(100 mg; achieved through electroporation)
in 0.2 mL. Details on infusion speed/time
were not provided.

Direct readout: The authors observed an approximate
4.8-fold increase in miR-21 within the heart tissue of
treated mice (US + MB and miR-21 loaded exosomes)
as compared with untreated controls.
Other details: Assessment of cardiac function performed
28 days post-delivery, demonstrating improved
cardiac function (LVEF and E/A ratio) compared
with non-treated controls.

Tian et al. 2017153 MaFGF/Rat/#5/tail vein (i.v.)
US system: Acuson Sequoia 512C (Siemens)
Probe/Frequency: 15L8-w/12–14 MHz

Direct readout: None reported.
Other details: Hearts were treated until bubbles were

(Continued on next page)
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Table 3. Continued

Author GOI/Model/Targeted pathwaya/Injection route Ultrasound settings Results summary

Pressure/Power: Not specified.
Pulse length: 10s
Interval: 1s off-interval.
Total duration: 33s
MB: Co-injection of SonoVue (2 � 108 MB/mL)
with in-house gene-loaded nanoliposomes (3 mg/kg of
MaFGF) in 1 mL via the caudal vein over 6 weeks with
two treatments weekly. Details on infusion
speed/time were not provided.

no longer visible. Prevention of disease-related cardiac
physiology (HW/BW) and dysfunction (LVEF, LVFS, LVIDd,
LVIDs) was observed post-final treatment. Disease-associated
oxidative stress, fibrosis, and ap sis were shown to be
attenuated in treated samples. A creased expression of
anti-apoptotic proteins (pAkt a cl-2), as well as the
decreased expression in pro-apo ic protein (Bax)
were also observed.

Chen et al. 2015123 GLP-1/Rat/#5/not specified (i.v.)

US system: Sonos 5500 (Philips)
Probe/Frequency: S3/1.3 MHz
Pressure/Power: MI = 1.4–1.5
Pulse length: 4 frames
Interval: ECG triggered every 4 cardiac cycles
Total duration: Not specified.
MB: Treatment regime consisted of a 2-week
window with three treatments per week using
an in-house gene-carrying lipid bubble; each
injection consisted of 50 nmol/kg of plasmid.
Details on infusion speed/time were not provided.

Direct readout: Levels of GLP-1 NA exhibit an 84-fold
increase in US-treated hearts vs trol rat hearts (these are
healthy hearts that did not expr ny GLP-1).
Other details: A secondary expe nt delivered GLP-1 and
treated 2 weeks after adriamycin uced CM to determine
recovery potential. A decrease o -associated phenotypes
(LV mass and wall thickness) a proved cardiac function
(LVFS) were observed in both t ents. As well,
regeneration and proliferation o ult cardiomyocytes
were evident in treated hearts.

Lee at al. 201491 Survivin/Rat/#3/not specified (i.v.)

US system: Sonos 5500 (Philips)
Probe/Frequency: S12/5 MHz
Pressure/Power: 120V
Pulse length: single frame
Interval: every 10 cardiac cycles
Total duration: 5 min.
MB: Single treatment with in-house,
gene-carrying lipid bubbles via a 1-mL
volume (109 MB with 500 mg DNA) infused
over 5 min. Heart was scanned from base to apex.

Direct readout: At 7 days post t ent, survivin expression
increased by approximately 2.8- in treated vs. untreated hearts.
Other details: Increased express f survivin lasted for up to 3 weeks
post delivery. Improved cardiac tion (LVFS and LVEDV)
and decrease in fibrosis was dem trated 3 weeks post-delivery
compared with non-treated hea s well, a decrease in
disease-associated apoptosis wa erved 1 week post-delivery
in surviving-treated hearts.

Heart transplant rejection

Wang et al. 2020120 Galectin-7/Rat/#5/tail vein (i.v.)

US system: Not specified
Probe/Frequency: 1 MHz
Pressure/Power: 0.8 MPa/2 W/cm2

Pulse length: Not specified.
Interval: DC of 50%
Total duration: 2 min.
MB: Four treatments of in-house,
gene-carrying lipid bubbles of 200 mL
(0.39 nmol of siRNA per MB; no MB
concentration given). Treatment performed 30 s
after injection. Details on infusion
speed/time were not provided.

Direct readout: Three days post tment regimen, galectin-7 levels
were about a factor of 2 lower i ated hearts compared with
controls, as measured both by i nofluorescence and RT-qPCR.
Other details: No significant red on in galectin-7 levels was
found in non-heart issue. A dec in apoptotic cells and
immune cell penetration, indica prevention of
rejection, was also observed.

Yi et al. 2020122 Anti-miR-155/Mouse/#5/not specified (i.v.)
US system: Sonitron 2000 (Nepa Gene)
Probe/Frequency: 2 MHz
Pressure/Power: 2W/cm2

Direct readout: On day 7 post t lant, mRNA levels of
miR-155 in treated hearts dropp o 40% of native levels
(i.e., a 2.5-fold decrease) as com d with untreated controls.

(Continued on next page)
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Table 3. Continued

Author GOI/Model/Targeted pathwaya/Injection route Ultrasound settings Results summary

Pulse length: Not specified.
Interval: DC = 50%
Total duration: 2 min.
MB: Three treatments (day 1, 3, and 5 after transplant)
consisting of in-house, gene-carrying lipid bubbles.
Volume administered was 150 mL (@ 2 � 109 MB/mL)
with 0.8 nmol of antimiR. Details on infusion
speed/time were not provided.

Other details: Anit-miR-155 delivered with US also ensured a
longer survival of allograft heart compared with non-US
controls. Treated hearts also demonstrated reduced expression
of inflammatory cytokines (e.g., IL-6) up to 7 days
after heart transplant.

Fibrosis

Feroze et al.154 miR-29b mimic/Mouse/jugular vein (i.v.)

US system: Sonos 7500 (Philips)
Probe/Frequency: S3/1.3 MHz
Pressure/Power: MI = 1.0
Pulse length: 4 frames
Interval: 1s
Total duration: 20 min.
MB: Three treatments of in-house, gene-carrying
lipid bubble (4 � 108 MB/mL) consisting
of 3.5 � 10�8 mg/MB of miR at 1.2 mL/h for 15 min.

Direct readout: One day after a single treatment, there was
a 2.26-fold increase of miR-29b expression within the heart in
the treatment cohort vs. sham-treated controls.
Other details: After three treatments, fibrotic transcripts and
a-SMA levels were lower in the treated vs. sham groups. Heart
physiology was also improved in the treatment groups.
Echo data confirming a decrease in LVED volume and
an increase in fractional shortening and ejection fraction
were confirmed on day 10.

Li et al. 2023155 Gal-3/Rat/#4/not specified

US system: Sonitron 2000 (Nepa Gene)
Probe/Frequency: 1 MHz
Pressure/Power: 2 W/cm2

Pulse length: Not specified.
Interval: DC of 50%
Total duration: 20 min.
MB: Three treatments (day 1, 3, and 7 post-operation)
using an in-house, gene-carrying lipid bubble of a
volume of 500 mL consisting of 120 mg of Gal-3 shRNA
and infused over 20 min. Details on infusion
speed were not provided.

Direct readout: The authors observed a 3x and 5x decrease
in native Gal-3 mRNA levels at 7 and 21 days post MI, respectively.
Other details: Gal-3 protein levels did not change by day 7, and
were significantly lower by day 21. LVEF, LVFS, LVIDd, and LVIDs
were elevated by 21 days compared with untreated controls,
as measured by echo.

Coronary microembolization (CME)

Su et al. 2015156 miR-21/Pig/#5/marginal ear vein (i.v.)

US system: Not specified.
Probe/Frequency: 1 MHz
Pressure/Power: 2 W/cm2

Pulse length: 10s
Interval: DC of 50%
Total duration: 20 min.
MB: Single treatment with in-house,
gene-carrying lipid bubble at a
volume of 6 mL infusion consisting
of 2 mg mL�1 of plasmid. Details on
infusion speed/time were not provided.

Direct readout: There was a 4.48-fold increase in miR-21 within
the heart of treated pigs vs. control.
Other details: Nine hours post-CME introduction improved
cardiac function (LVEF, LVIDd, LVFS, and CO) was shown
compared with CME group. As well, a lower expression of
gene associated with CME induced inflammation
(PDCD4/NF-kB/TNF-a).

BW, body weight; CO, cardiac output; CX43, connexin-43; DC, duty cycle; E/A, mitral ratio of peak early to late diastolic filling velocity; Gal-3, galectin-3; GOI, gene of interest; HGF, hepatocyte growth factor; HW, heart
weight; LVAWd, LV anterior wall thickness in diastole; LVEDP, LV end-diastolic pressure; LVEDV, LV end-diastolic volume; LVEF, LV ejection fraction; LVESP, LV end-systolic pressure; LVFS, fractional shortening;
LVIDd, left ventricular internal dimension-diastole; LVIDs, left ventricular internal dimension-systole; MaFGF, Mutant acidic fibroblast growth factor; MB, microbubble; MSC, mesenchymal stem cells; MVD, microvascular
density; PHD2, prolyl hydroxylase-2; PRF, pulse repetition frequency; PRI, pulse repetition interval; ROS, reactive oxygen species; SCF, stem cell factor; SEM, scanning electron microscopy; Sirt3, sirtuin-3; TAT, trans-
activating transcriptional activator; TIMP3, TIMP metallopeptidase inhibitor 3; TNF-a, tissue necrosis factor; TRAF3IP2, TRAF interaction protein 2.
aTargeted pathways as defined in Table 2.
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protocol for 15 min, they compared their treatment approach using
albumin-coated bubbles carrying the ODN in two different scenarios:
24 h before I/R, and treatment during the first 15 min of reperfusion.
With either a single treatment or a multiple treatment strategy (three
treatments daily for 3 consecutive days), the authors found an
approximate 40% decrease in protein levels of TNF-awhile observing
no significant change inmRNA expression with treatment 24 h before
I/R injury. With similar findings in each scenario (before or after I/R
injury), the authors found a much stronger therapeutic effect with
direct injection of ODN-bound bubbles within the LV, observing de-
creases on the order of 70–75% in this manner. Importantly, the
decreased expression of TNF-a significantly inhibited other post-
ischemic inflammatory mediators on both the protein and mRNA
level, including ICAM-1 and IL-1b.

More recently, robust work by Mofid et al.89 confirmed successful
functional delivery of S100A6 plasmid in a rodent model of I/R, high-
lighting that cardiac overexpression of this gene leads to improved
myocardial perfusion injury and LV function. Indeed, S100A6 is a
key Ca2+-binding protein that plays a role in many cellular processes,
including cell proliferation, differentiation, cardiomyocyte contrac-
tility, hypertrophy, and apoptosis. In this work, the authors coupled
either S100A6 plasmid or an empty plasmid (as a control) to cationic
lipid microbubbles at a dose of 500 m g per 109 bubbles. With a 5-min
injection of the DNA-microbubble complexes via the jugular vein,
high-powered ultrasound was delivered via a Sonos 5500 Philips sys-
tem using an S12 transducer at a frequency of 5 MHz placed along the
short axis of the LV. The probe was slowly moved from the base to the
apex of the heart to increase dose deposition, and the total treatment
duration was 30 min. Treatment was performed 48 h before I/R
injury, and the data highlights increased expression of S100A6 in
the anterior LV of S100A6-treated rats up to 28 days after I/R induc-
tion, with an 8-fold increase in expression at day 1 that decreased over
time. Additionally, LVEF and fractional area assessed through echo-
cardiography progressively improved in treated rats compared with
control up to day 28, with markedly smaller scar tissue regions
(approximately 2-fold less).

Cardiomyopathies

Cardiomyopathy (CM) refers to a heterogeneous group of diseases
that cause abnormalities in the myocardium resulting in impaired
cardiac activity,90 including dilated CM, hypertrophic CM, restrictive
CM, and CM caused as a side effect of known cancer therapeutics
(e.g., doxorubicin-induced CM). An early example of using ultra-
sound-mediated cardiac gene delivery for this application was shown
in a study by Lee et al.,91 in which a survivin gene plasmid was deliv-
ered to a doxorubicin-induced cardiomyopathic rodent model. Survi-
vin is a gene recognized for its ability to inhibit apoptosis, and the
motivation for its targeted delivery is that this would help prevent dis-
ease-related cell death and thus LV systolic dysfunction. The study
utilized a cationic microbubble formulation bound with a survivin
plasmid to perform a single delivery 3 weeks after beginning doxoru-
bicin injection. Treatment was conducted using an S12 transducer
from a Philips Sonos 5500 ultrasound system, positioned transversely
14 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
over the heart at the mid-papillary level while slowly sweeping. A fre-
quency of 5 MHz and 120 V power was utilized for 5 min with a puls-
ing interval of 10 cardiac cycles during infusion of the plasmid bound
bubbles. This therapeutic gene was confirmed to successfully reach
the cardiomyocytes and significantly increased expression 1 week
post-delivery (4 weeks after beginning doxorubicin). The cardiovas-
cular therapeutic benefit was clearly demonstrated with decreased
apoptosis and fibrosis observed 1 week post-delivery, and improved
cardiac function (LVEDV and LVFS) 3 weeks pos-delivery.

In comparison, one of the more recent examples of this technique be-
ing used for cardiomyopathy is shown in a study by Qin and col-
leagues.92 The gene of focus is Sirt3, which has been shown to have
antioxidative activity and regulate hypertrophy. A Sirt3 plasmid
bound to a cationic bubble formulation was employed and delivered
to a pathological hypertrophy porcine model. Here, the treatment
protocol takes advantage of the non-invasive nature of ultrasound-
mediated delivery to perform multiple treatments. This therapeutic
gene is delivered three times with one day intervals, and treatment
was done using an S5-1 transducer on a Philips EPIQ5 ultrasound
system, with an MI of 1.2–1.35 triggered every four diastolic cardiac
cycles for a 30-min period throughout the infusion of the plasmid-mi-
crobubble solution. Repression of hypertrophic phenotypes was
observed at 7 days and as long as 2 months after final treatment,
including inhibition of disease-related conditions such as cardiac
enlargement, fibrosis, and apoptotic activity. This study also analyzed
organs such as kidneys, livers, and lungs for any potential damage
associated with the treatments. However, no impact was shown,
thereby highlighting the spatial specificity and safety from off-target
effects.

Though both studies look at different therapeutic genes and different
forms of cardiomyopathy, they both provide robust evidence of the
efficiency and capability of ultrasound-mediated delivery to this class
of disease. These examples highlight effective therapy with plasmids,
but other therapeutics have been used with success, including miRNA
and even small proteins (Table 3).

OUTLOOK AND FUTURE DIRECTIONS
Global summary

The wide array of treatment parameters, in terms of ultrasound (e.g.,
system, sequences, duration), dosing (e.g., microbubble concentration
and injection details, gene concentration), readouts (e.g., mRNA, pro-
tein, physiological), and disease model make comparisons between all
studies (Table 3) a non-trivial matter. However, some general trends
within the field of cardiac gene delivery using ultrasound can be pro-
posed, as we have summarized in Figure 3. This figure attempts to
quantify the effectiveness of gene delivery through the metric of
“direct readout,” which is, when reported, a direct measure within
the diseased heart of the genetic material delivered via ultrasound
and microbubbles as compared with a control, untreated diseased
cohort (i.e., the negative controls within the respective study), here
demarked as a fold-change. Indirect measures of therapeutic effi-
ciency, including physiological improvements of the diseased heart,
ber 2024
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Figure 3. Aggregate data from all reported studies depicting a measurement of “direct readout,” which is—when available—a relative measure of the

delivered gene product within the diseased heart of ultrasound-treated vs. control groups

The central red line within each box marks the median, and the bottom and top edges mark the 25th and 75th percentile, respectively. The whiskers extend to the most

extreme data points not considered outliers, while the red plus signs indicate data outliers. There is a notable trend of increasing cardiac gene delivery efficiency with

(A) increasing size of the preclinical model (p < 0.02), (B) when custom, in-house microbubbles were employed compared with clinical ones (p < 0.02), and (C) when the

transmit frequency was kept at or below 1 MHz (p = 0.008).
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and downstream cytokine or protein expression, are not possible to
compare due to the distinct differences in model disease and hetero-
geneity/sparsity of their measurements. As shown in Figure 3A, there
is a general trend of increasing delivery efficiency in larger preclinical
models, with a median fold-change in delivery of 1.7, 2.0, 3.8, and 4.5
in mice, rats, canines, and pigs, respectively (p < 0.02 between pigs vs.
rats, and p < 0.02 for pigs vs. mice). Indeed, many of these studies use
clinical systems with clinical frequencies, and thus the acoustic beam
is more compatible with human-sized anatomy. This suggests that as
this technique scales up to the clinical area, it will only serve to
strengthen the direct and targeted therapeutic delivery efficiency.
There is also a slight increase in gene delivery efficiency reported in
studies using in-house, usually lipid-based bubbles compared with
commercially available, clinical agent (2.0 vs. 1.33; p < 0.02) (Fig-
ure 3B). Indeed, in the few studies that directly compared these two
types of agent, gene-loaded in-house agents yielded slightly higher ef-
ficiencies.93 There is however a strong correlation with transmit fre-
quency, with studies using at or below 1 MHz (f%1) yielding more
effective cardiac gene delivery than those above (f>1) – 2.7 vs. 1.7
(p = 0.008) (Figure 3C). While higher transmit frequencies would
bring imaging resolution more in line with anatomical length scale
in the smaller preclinical models, microbubble response (and thus
gene delivery potential) does not scale in the same manner, owing
to their nonlinear and resonance response.2,33,94 It is important
here to note that, while not evident within this aggregate data sum-
mary, studies in which multiple, repeated treatments were performed
do suggest prolonged gene expression as compared with single-treat-
ment paradigms.95

Molecularly targeted contrast microbubbles

While conventional microbubbles are used clinically for routine
contrast imaging, there is another class of contrast microbubbles
that are designed to adhere to specific molecules or cells within the
vascular system. Typically, these are synthesized via conjugation of
Molecular T
disease-targeting ligands (e.g., antibodies, peptides) to the surface of
the bubbles. The disease-specific retention of contrast bubbles, which
ultimately provides a disease-specific contrast-enhanced echo, has
many applications from assessing spatial/temporal patterns of expres-
sion and disease progression, to evaluating and optimizing new ther-
apies, to early diagnosis of disease, and to monitor disease progres-
sion. Indeed, robust research using these molecularly targeted
microbubbles in atherosclerosis and ischemia-based imaging preclin-
ical applications have demonstrated selective imaging of VCAM-1,96

ICAM-1,97,98 and P-selectin.99,100 Recently, the first targeted micro-
bubble agent selective for VEGFR has been translated into humans
for cancer detection, the initial results of which were published in
2010.101 With respect to cardiovascular applications, there is an
ongoing trial (NCT03009266) investigating a commercially available
agent and its use toward selective imaging of ischemic memory.102

There is some preclinical evidence that molecularly targeted micro-
bubbles can further be made to carry a genetic payload and used to
improve gene delivery as compared with more traditional, non-tar-
geted agent. Within the context of CVD, Xie and colleagues57 were
perhaps one of the first to show that endothelial targeting (via
P-selectin and ICAM-1) of gene-carrying microbubbles was feasible,
and in fact increased the gene efficiency by 5-fold at a modest MI of
0.6 in a murine model of hindlimb ischemia compared with non-tar-
geted control bubbles. Zhou et al.103 demonstrated a similar result, us-
ing ICAM-1 targeted microbubbles to deliver Ang1 in a rabbit model
of myocardial infarction, which resulted in an approximate 3-fold in-
crease in delivery efficiency compared with non-targeted bubbles us-
ing a Philips iE33 system in contrast mode at 1.7 MHz and an MI
of 1.3.

Microbubble-assisted vascular gene delivery

While this review focuses on delivery to the heart, it is important to
note that there has been exciting progress in ultrasound-assisted
herapy: Methods & Clinical Development Vol. 32 September 2024 15
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gene delivery for vascular therapy in peripheral tissues. In one of the
earlier studies in this area, Takeuchi et al.104 investigated ultrasound-
mediated potentiation of C-type natriuretic peptide (CNP) in a rat ca-
rotid artery ballon injury model to prevent neointimal hyperplasia.
They employed a co-infusion approach of CNP with commercially
available Optison agent, with 10-min-long treatments repeated five
times at 3-min intervals using a clinical probe at 1.8 MHz and an
MI of 1.0. Their results indicated that ultrasound-mediated delivery
of CNP markedly reduced the intima/media ratio to 18% of that of
the control rats, which persisted for 28 days post-injury, and resulted
in a drastic decrease in the dose requirement of CNP (10x decrease).

Direct gene delivery of an otherwise impermeable plasmid was first
demonstrated in a rodent model of hindlimb ischemia by Leong-
Poi and colleagues8 through administration of a cationic microbubble
formulation coupled to VEGF165 plasmid continuously infused for
10 min. Using a Philips Sonos 5500 system at 1.3 MHz, treatment
was performed for 20 min while gradually sweeping the probe along
the length of the proximal hindlimbmuscles. In this work, the authors
convincingly demonstrate through contrast ultrasound imaging and
confocal microscopy that VEGF-treated hindlimb exhibited increased
muscle perfusion and vascular density at 2 weeks post treatment
(4 weeks post surgery) with partial regression at 6 weeks. Further,
they showed using GFP plasmid that gene delivery was localized
within the vascular endothelium of both arterioles and capillaries,
as well as evidence of delivery to adjacent cardiomyocytes. Since
then, there have been a handful of other studies investigating ultra-
sound-assisted delivery of plasmids to peripheral tissues for vascular
gene therapy, including VEGF,105,106 Ang-1,107 SDF-1,108 and
microRNA.109

Microbubble-mediated CVD gene modulation without gene

delivery

As previously mentioned, it has long been observed that contrast
agent microbubbles under specific acoustic conditions are able to
permeate blood vessels.39 It was hypothesized soon thereafter that
this local blood vessel rupture might stimulate the growth and remod-
eling of neovessels via natural repair mechanisms,110,111 without the
need to deliver an exogeneous compound. In these studies, standard
ultrasound-enhancing microbubbles were used in conjunction with a
single-element transducer at 1 MHz. Treatment consisted of 0.1 s of
ultrasound every 5 s to either healthy or occluded rat skeletal muscle
at an MI ranging from 0.5–0.75 for 1 min. The results highlight that,
compared with non-treated controls, stimulating the muscle with ul-
trasound and microbubbles resulted in increased lateral hyperemia
blood flow and density of smooth muscle cell a-actin positive vessels
up to 14 days post treatment. Subsequent work investigating the mo-
lecular underpinnings of this approach using a mouse model of limb
ischemia revealed increased levels of VEGF and recruitment of leuko-
cytes (e.g., macrophages and T cells).112

With the concept of microbubble-induced angiogenesis as a basis,
more recent work has demonstrated this technique toward reversing
cardiac dysfunction in an animal model of diabetic cardiomyopa-
16 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
thy.113,114 Using clinical SonoVue agent, a commercial scanner
(VINNO 70, 4 MHz, 8–36 cycles, DC = 60%, 20 min duration) aimed
directly at the heart improved reparative neovascularization, and
increased cardiac perfusion was observed in a rat model of this
disease.113

Perspectives

Targeted delivery of molecular therapeutics using ultrasound has
tremendous potential for cardiac gene delivery. While met with
exciting preclinical success, it is important to acknowledge its limita-
tions. First, the results summarized here demonstrate modest trans-
fection efficiency, notably in comparison with viral methods. Given
the non-invasive and localization potential of this method, this chal-
lenge can be mitigated by repeat injections, as well as the development
of more efficient molecular therapeutics, e.g., in combination with
CRISPR-Cas9 approaches.115 Second, the mechanisms of this
approach are not fully elucidated, particularly the way in which intra-
vascular microbubbles deliver the payload to extravascular target tis-
sue. To this end, there are many ongoing investigations exploring this
concept in both cardiac and oncology contexts.44,53,116 Indeed, com-
parisons of gene quantification using this natively intravenous
approach vs. direct intramyocardial injection has not been thoroughly
addressed but would be a useful measure to appreciate the efficiency
of ultrasound-assisted cardiac gene delivery. Further elucidation of
this concept will drive modulation of the approach itself (e.g., pulse
parameters, microbubble concentration) toward improving the deliv-
ery efficiency.

With a view toward advancing the technique of cardiac gene delivery
using ultrasound there are numerous factors that need optimization.
First, the summarized data in Figure 3B suggest that, generally
speaking, incorporation of the gene construct with a cationic bubble
agent results in increased transfection compared with co-injection.
What is less clear, however, is the amount of gene dosing in these
studies. Quantification of the mass of molecular therapeutic that re-
mains bound to the microbubble solution post-synthesis (i.e., how
efficient the loading process is) is not often reported. Further, synthe-
sis of in-house cationic agent is sensitive to agent handling, and the
resulting effects on microbubble formulation and size distribution
play a large role in the efficiency of gene loading and overall gene ca-
pacity. Indeed, even if the same dose of microbubble-bound therapeu-
tic is administered, slight differences in bubble size distribution and
in vivo stability will change the available concentration of gene
construct to be deposited. Herein lies the major advantage of using
a co-injection strategy with clinical agent, whereby the dose of in-
jected gene construct, along with the bubble agent characteristics
and resulting acoustic physics are well documented and more
reproducible.

In terms of ultrasound transmit conditions, perhaps the most direct
approach is the use of clinical scanners around 1–2 MHz. Here, im-
age-guided delivery is possible via standard contrast-enhanced
modes, and parameters for the disruption-replenishment techniques
including acoustic power and number of burst frames can be
ber 2024
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modified. The real-time visualization of contrast perfusion helps
confirm agent and injection reproducibility, and treatment pulses
can be triggered either manually or externally to allow microbubbles
to replenish the target cardiac tissue. Given the imaging nature of
these scanners, a drawback of this technique is the inability to modify
the pulse length itself, which is fixed to diagnostic pulses. However,
recent technical advancements have been employed to modify com-
mercial transducer probes to incorporate longer duration pulses
(up to 20 ms).117 Further, a subset of the studies using clinical probes
in Table 3 translated the probe position during therapy to ensure
complete treatment of the heart. While this may not be necessary
in applications in which the focal volume of the acoustic beam is
size-matched to the region of the interest within the heart, it will likely
be required for translation within the clinical arena.

Concluding remarks

With the recent clinical successes of gene therapy, including seven
FDA-approved products and several hundred more in the final stages
of the clinical approval pipeline, research into cardiac gene therapy is
on the rise.6 Given that the gene delivery approach plays a critical role
in gene therapy efficiency, ultrasound-mediated gene delivery, which
uses ultrasound-stimulated microbubbles, is an exciting and
emerging methodology. Indeed, this technique is an inherently im-
age-guided approach that can be performed using both clinical scan-
ners and clinical agents—facilitating its translation into clinical prac-
tice—notably in diagnostic situations in which echocardiography is
the standard of care. While there is still more fundamental work to
be explored, including optimal therapeutic protocols (e.g., injection
timing, relevant dose, high MI parameters), selection of molecular
therapeutic, and perhaps the design of new therapeutic transducers
or non-viral acoustically sensitive vectors, the tremendous advance-
ments that have been demonstrated in preclinical models to date rein-
force the idea that translation of contrast echocardiography-mediated
localized cardiac gene delivery is a feasible near-term objective.
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