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Abstract: Research on the capability of non-viral gene delivery systems to induce tissue regeneration
is a continued effort as the current use of viral vectors can present with significant limitations. Despite
initially showing lower gene transfection and gene expression efficiencies, non-viral delivery methods
continue to be optimized to match that of their viral counterparts. Ultrasound-mediated gene transfer,
referred to as sonoporation, occurs by the induction of transient membrane permeabilization and has
been found to significantly increase the uptake and expression of DNA in cells across many organ
systems. In addition, it offers a more favorable safety profile compared to other non-viral delivery
methods. Studies have shown that microbubble-enhanced sonoporation can elicit significant tissue
regeneration in both ectopic and disease models, including bone and vascular tissue regeneration.
Despite this, no clinical trials on the use of sonoporation for tissue regeneration have been conducted,
although current clinical trials using sonoporation for other indications suggest that the method
is safe for use in the clinical setting. In this review, we describe the pre-clinical studies conducted
thus far on the use of sonoporation for tissue regeneration. Further, the various techniques used to
increase the effectiveness and duration of sonoporation-induced gene transfer, as well as the obstacles
that may be currently hindering clinical translation, are explored.

Keywords: gene therapy; microbubbles; regenerative medicine; sonoporation; tissue regeneration;
ultrasound-targeted microbubble destruction (UTMD)

1. Introduction

The field of regenerative medicine was established with the goal of regrowing human
tissues to restore endogenous function following traumatic injury or disease [1]. The global
popularity of this interdisciplinary field has resulted in a paradigm shift from palliation
to an emphasis on restorative therapies [2]. Gene delivery, the administration of genetic
material to modify gene expression, presents a promising approach to accomplish this
goal across various disease states. However, identifying safe delivery vectors capable of
producing a sustained biological effect, crucial for clinical implementation and success,
remains a major challenge to this day [3,4].

There are two fundamental gene delivery systems: viral and non-viral [5]. Viral
vectors utilize the ability of viruses to introduce their DNA into host cells, a process called
transduction. While capable of successfully yielding gene expression due to the ability
of the viral structure to prevent degradation, several studies have demonstrated that the
use of these carriers presents several limitations, including immunogenicity [6], off-target
delivery [7], and difficult vector production [8]. Despite advances to improve the safety
of viral vectors [9–11], the development of effective non-viral delivery systems is still
needed [12].
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Non-viral approaches include the injection of naked DNA, the extended-release of
DNA from biodegradable scaffolds, known as gene-activated matrices (GAMs) [13–15],
complexation with various chemical agents that facilitate membrane penetration, and the
use of physical methods, including electroporation, sonoporation, and magnetofection [16].
This review focuses on sonoporation, while these other methods have been detailed else-
where [17,18]. Table 1 provides a brief overview of the advantages and disadvantages of
the non-viral gene delivery systems mentioned above.

Table 1. Advantages and disadvantages of non-viral gene delivery methods.

Delivery Method Mechanism Advantages Limitations References

Naked DNA Injection Direct injection of DNA
at targeted site

Simplest and least
expensive delivery

method, localized DNA
uptake

Poor and variable expression
levels, damage to tissue

surrounding injection site
[19]

Gene-Activated Matrix
Scaffolds implanted for

extended release of
DNA at targeted site

Directed and sustained
gene expression, both

in vivo and ex vivo
approaches available,
3D template for tissue

regeneration

May require other viral or
non-viral vectors to increase

expression, possible DNA
damage during scaffold

formation

[20]

Magnetofection

Magnetic particles
complexed with DNA

and an external
magnetic field

Fast delivery of nucleic
acids, high

transduction efficiency,
low-dose requirements

Localization can be difficult
in vivo, particle size impacts

cell entry, cytotoxicity
[6]

Electroporation

High voltage electric
pulses to increase

membrane
permeability

High throughput, low
cost, more efficient than
naked DNA injection or

sonoporation

Variable transfection efficiency,
limited cell viability,

non-homogenous tissue
regeneration, potential tissue

damage

[21,22]

Sonoporation

Ultrasound waves
create pores in cell
membrane due to

cavitation

Noninvasive, less tissue
damage compared to

electroporation,
ultrasound is highly

accepted in the clinical
setting, more efficient

than naked DNA
injection, systemic
injection is possible

Low transfection efficiency, cell
membrane damage is possible,

low reproducibility
[23]

Within the last two decades, the use of sonoporation-based gene delivery for tissue
regeneration has gained traction, and while promising results have been previously demon-
strated, further improvements are still being made. In this review, we will focus on the use
of sonoporation for tissue regeneration and outline the in vivo studies conducted thus far.

2. Sonoporation-Based Gene Delivery

Sonoporation has been shown to be an effective non-viral gene delivery system in both
in vitro and in vivo studies across many organ systems [23–25]. In comparison to some non-
viral methods, however, sonoporation is noted as having lower gene transfer efficiency and
may also cause cells to undergo apoptosis due to damage to the cell membrane [23]. The
use of ultrasound energy to enhance gene delivery into targeted cells was first evaluated in
the 1980s [26]. Ultrasound waves can modify the permeability of the cell plasma membrane,
and this characteristic can be applied to gene delivery. In order to enhance the efficiency
of sonoporation-based gene delivery, the use of ultrasound contrast agents, microbubbles,
was explored and has since become quite commonly used. The ultrasonic waves induce
cavitation, the growth, oscillation, and collapse of small gas bubbles in a fluid, which was
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first visualized in 1999 using scanning electron microscopy [27]. Cavitation results in greater
permeabilization of cell membranes, allowing for nucleic acids to passively diffuse into the
cytoplasm through cavitation-induced pores (Figure 1). Moreover, the use of microbubbles
enables real-time monitoring of the sonoporation process on the ultrasound screen.
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Figure 1. Image depicting the induction of a pore in the cell membrane by cavitation of microbubbles,
allowing exogenous nucleic acids to passively diffuse into the cytoplasm. Created with BioRender
(BioRender.com, accessed on 20 April 2022).

In addition to serving as a contrast agent in medical imaging [28], first approved by the
United States Food and Drug Administration (FDA) in 1994 [29], microbubbles have been
shown to enhance sonoporation. When used in conjunction with microbubbles, ultrasound-
induced cavitation effects increase the efficiency of DNA uptake through cavitation-induced
pores. Studies have been conducted in which microbubbles have been excluded, and
plasmid DNA was injected with low-intensity pulsed ultrasound (LIPUS) alone [30], but
transfection was far superior when microbubbles were incorporated [31]. In certain models,
without the synergistic effect between microbubbles and ultrasound, effective gene transfer
and expression did not occur at all [32].

Both in vitro and in vivo studies have shown that sonoporation outcomes are sig-
nificantly impacted by the power settings on the ultrasound, the duration of ultrasound
exposure, and the plasmid and microbubbles being injected [27,33–35]. One study found
that there was an inverse relationship between microbubble concentration and cell viabil-
ity [36], while another suggested that the use of microbubbles during sonoporation was
capable of reducing the skeletal muscle damage observed when naked DNA is injected
directly into the tissue [19]. In addition, the type of microbubbles used may impact the
resulting gene expression and cell viability. Biotinylated cationic microbubbles appear to
be preferable to neutral forms due to their more efficient binding of both cells and nucleic
acids, and they also seem to provide protection when the ultrasound power density is
increased, although only a few studies have conducted a direct comparison [32,36].

Current studies are trying to find a balance between cell viability and gene expression.
In attempts to prolong expression in vivo, up to 85 days, it appears that the plasmid
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being used has a role to play in the duration of gene expression [37,38]. Studies have
found that the delivery of the gene through an implanted scaffold or matrix may enhance
sonoporation-induced gene transfection at the target site up to 25-fold [32]. A scaffold
may also attract endogenous progenitor/stem cells to the injury site [39,40] or provide
a protective factor for implanted stem cells, the targets of transfection [32,41]. However,
further studies are warranted to determine how to overcome the possible ultrasound wave
attenuation caused by the implanted materials [32,42].

3. Applications of Sonoporation for Tissue Regeneration

The use of sonoporation for tissue regeneration has been characterized in various
animal models (Table 2).

Table 2. The use of sonoporation for tissue regeneration.

Regeneration Model Animal Model References

Bone Regeneration Mouse [22,31,35,43]

Pig [39]

Soft Tissue-Bone Integration Pig [40]

Myocardial Angiogenesis Mouse [44,45]

Rat [46,47]

Peripheral Angiogenesis Rabbit [48]

Rat [49–52]

Pancreatic Islet Regeneration Rat [53–56]

3.1. Sonoporation for Skeletal Tissue Regeneration

Despite the remarkable regenerative capacity of bone tissue, there are several instances
where biological processes are unable to fully recuperate and repair bone loss, leading to
conditions such as nonunion fractures [57]. Preliminary studies on sonoporation focused on
the ultrasound parameters necessary to achieve efficient gene transfection when injecting
naked plasmid DNA into skeletal muscle [48]. These parameters were adopted for use
in a 2008 study by Sheyn et al., the first in vivo study on the use of sonoporation for
skeletal tissue formation [22]. Published less than 10 years after it was demonstrated that
sonoporation induces membrane permeabilization, this study found that the intramuscular
injection of a plasmid encoding recombinant human bone morphogenic protein-9 (rhBMP-
9), mixed with lipid-stabilized microbubbles, resulted in ectopic bone formation in 6 out
of 8 mice treated with sonoporation. However, this study compared these results to
electroporation and found that all mice that received electroporation experienced ectopic
bone formation. When comparing the ectopic bone formed in each treatment group,
the bone volume in electroporation-treated mice was significantly larger than the bone
generated by sonoporation. Conversely, the bone volume density of the newly formed
tissue generated by sonoporation was found to be significantly larger than that formed
by electroporation. Even though it was found to be less efficient than electroporation,
this study demonstrated that sonoporation was capable of inducing bone regeneration.
The authors also indicated that sonoporation did not exhibit the same adverse effects
seen with electroporation, namely muscle tissue damage. Other studies have found that
while electroporation increased transfection and induced bone regeneration [58], it can be
accompanied by other undesirable effects, such as passive involuntary muscle contractions,
tissue damage associated with thermal changes at the site of electric pulses, and non-
homogenous tissue regeneration [59,60].

A year after the initial Sheyn et al. study was published, researchers in Japan utilized a
plasmid-based human BMP-2 construct and transcutaneous sonoporation in male mice [43].
Sonoporation with lipid microbubbles was repeated at 24-h intervals for up to 7 days. By
21 days after the final ultrasound treatment, cartilage and immature bone were observed
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in the gastrocnemius muscle, and evaluation of muscle fibers revealed bone matrix with
bone marrow that included blood cells and adipocytes. In addition, alkaline phosphatase
(ALP) activity increased significantly and the Ca2+ concentration was higher, indicating that
sonoporation had indeed caused osteoinduction. This study demonstrated that repetition
of this procedure significantly increased osteoinduction in the target muscle compared
to only one session of sonoporation. This is consistent with other studies that have used
sonoporation for gene delivery for other disease models, including cancer [61]. It is
important to note, however, that repeated intramuscular injection of naked plasmid DNA
can cause various degrees of muscle damage and inflammatory responses, even when not
applying ultrasound, and thus, repeated injections may introduce additional risks [62].

In an attempt to increase the effectiveness of sonoporation, the use of a matrix, referred
to as matrix-assisted sonoporation (MAS), was evaluated by Nomikou et al. [31]. Published
in 2018, the researchers utilized an advanced ultrasound-responsive gene-activated matrix
(GAM). This matrix, injected into the hind leg of mice, was composed of fibrin and collagen
and contained polymeric microbubbles, pVAX-BMP2/7 co-expression plasmids, and C2C12
mouse myoblast precursor cells. Following external application of the ultrasound, enhanced
ectopic bone formation was evident in 100% of mice treated with GAM and ultrasound,
with a 5.7-fold increase compared to passive GAM (no ultrasound) and a 16.44-fold increase
compared to standard sonoporation (injection of DNA and microbubbles followed by
ultrasound, no GAM/exogenous cells). An interesting finding from this study was that
only 6.5 µg of DNA were needed to elicit this response; a previous study from 2014, the
first to evaluate sonoporation with BMP2/7 co-expression plasmids in a bone defect model,
found it necessary to use 100 µg of DNA in multiple consecutive injections, along with
a much higher ultrasound energy density [35]. In this study by Feichtinger et al., results
included irregular ectopic bone structure, multiple centers of ossification, and skin burning
at the exit site of the ultrasound when using a 4 W/cm2 protocol. A possible advantage of
using a GAM is that while formulated as a liquid, the fibrin gelling time can be adjusted to
occur directly after injection, and this may minimize off-target bone generation.

The study by Nomikou et al. emphasized the importance of specific “responder”
cells at the target site. This point was further demonstrated by a study in Yucatan mini-
pigs with a critical-sized bone fracture in the tibia, where a collagen scaffold was then
implanted to facilitate the recruitment of endogenous mesenchymal stem cells (MSCs) into
the fracture site [39]. Two weeks after the defect was created, transcutaneous ultrasound-
mediated delivery of hBMP-6 plasmid led to complete radiographic and functional fracture
healing in all animals at 6 weeks post-sonoporation. In control animals, nonunion was
evident. This study, the only one that has reported on the use of sonoporation for tissue
regeneration in large animals thus far, suggested that the delayed administration of BMP-6
may have allowed for sufficient endogenous progenitor migration and retention in the
scaffold at the target site prior to treatment. This approach has been previously suggested
in a study that delayed the administration of a BMP-2-encoding adenoviral vector and
found improved bone formation in a critical-sized femoral fracture in rats [63]. Compared
to the sonoporation group, similar results were found in animals treated with a bone
autograft, the current standard of care, suggesting that the sonoporation method used was
as efficient; the authors also noted that the bone autografts used in this experiment might
be far superior to autografts typically available in the clinical setting [39].

Targeting endogenous progenitor/stem cells using sonoporation was also demon-
strated in skeletal soft tissues. Delalande et al. had previously established optimized
parameters for effective gene expression to tendons [64]. In a separate study, an anterior
cruciate ligament (ACL) reconstruction procedure was conducted in Yucatan mini pigs.
Allogeneic tendon grafts were secured in femoral and tibial bone tunnels, and a collagen
scaffold was implanted around the grafts to attract endogenous progenitor/stem cells [40].
Two weeks after the tendon graft and scaffold implantation, transcutaneous ultrasound
was used to deliver a BMP-6 gene. Results showed that, in addition to a 15-fold increase in
the expression of BMP6 in animals treated with ultrasound, osteointegration of the tendon
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grafts was significantly enhanced. Animals treated with sonoporation exhibited twice the
bone volume as the control animals, and the researchers noted tissue continuity and a lack
of ectopic bone formation. The absence of mononucleated cells in the grafts post-mortem
suggested that sonoporation did not invoke an inflammatory reaction.

Table 3 summarizes the studies that have used sonoporation for skeletal tissue regen-
eration thus far. Despite promising results, improvements in transfection efficiency are
still desired. Studies have found that adjustments to ultrasound parameters can increase
gene expression in the bone defect model for up to 21 days [65]. However, sonoporation
is especially challenging in sites involving bone and metal implants, such as those used
in the fixation of fractures, as they are highly reflective of ultrasound waves. Hence, effi-
cient transfection may require longer ultrasound times [64], but this may lead to adverse
side effects.

Table 3. The use of sonoporation for skeletal tissue regeneration.

Model Animal Ultrasound Frequency
(MHz) Conclusion References

Ectopic Mouse

Rich-Mar
Sonitron 2000

1

Sonoporation applied with intramuscular
injection of rhBMP-9 plasmid and

lipid-stabilized microbubbles resulted in
ectopic bone formation

[22]

Rich-Mar
Sonitron 2000

Repeated sonoporation with BMP-2
plasmid significantly increased

osteoinduction compared to one
treatment session

[43]

Sonidel SP100

Using 4 W/cm2 sonoporation and
constitutive BMP2/7 co-expression

plasmid significantly increased ectopic
bone formation, but with variable
morphology and irregular shape

[35]

Sonidel SP100

Use of a GAM and BMP2/7
co-expression plasmid significantly
enhanced ectopic bone formation

compared to standard sonoporation

[31]

Femur Defect Rat Sonidel SP100 1

Use of a BMP2/7 co-expression plasmid
resulted in fracture union in 33% of rats,

compared to the 0% union rate in the
control group, although this result was

not statistically significant

[35]

Tibia Defect Pig
Philips Sonos

5500; S3
transducer

1.3

Using a collagen scaffold and hBMP-6
plasmid led to complete radiographic
and functional healing, similar to that

shown with autograft implantation

[39]

ACL Recon-
struction Pig

Philips Sonos
5500; S3

transducer
1.3

Collagen scaffold and BMP-6 plasmid
injection significantly enhanced

osteointegration and tissue continuity,
with no ectopic bone formation

[40]

3.2. Treatment of Myocardial Ischemia with Sonoporation

Cardiac wound healing in mammals is severely limited due to the development of scar
tissue and the necrosis that results due to the loss of blood supply [66]. To try to address this
lack of self-regeneration, a preliminary study from 2012 used ultrasound and microbubbles
to deliver the thymosin beta 4 (TB4) gene under a piggyBac transposon plasmid to normal
rat hearts [67]. TB4 was found to stimulate angiogenesis and arteriogenesis and promote
the proliferation and differentiation of resident WT1-positive adult cardiac progenitor
cells into three intact cardiac cell lineages: vascular endothelial cells, coronary artery
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smooth muscle cells, and cardiac muscle cells. This study provided support for the use
of sonoporation for cardiac regeneration, whereas the first study to demonstrate this was
published in 2009 [44]. In this study from 2009, lipid microbubbles and plasmid DNA were
injected intravenously into mice 7 days after coronary artery ligation, which is used to
model a myocardial infarction (MI). The plasmid injected was encoded for either vascular
endothelial growth factor (VEGF) or stem cell factor (SCF). Results from this study showed
that injection of either plasmid yielded greater capillary and arteriolar density, myocardial
perfusion, and enhanced cardiac function compared to the control group, which received
empty plasmids. A follow-up study was conducted by the same authors to determine the
effect of multiple treatments in the MI rat model [46]. They found that multiple injections
of SCF and stromal cell-derived factor-1α (SDF-1α) resulted in the greatest increase in
vascular densities compared to the control, although all sonoporation recipients did exhibit
an increase in vascular density and a smaller infarct region. Myocardial perfusion and
ventricular function also improved progressively with the number of treatments.

Soon after, the use of cationic microbubbles was compared to commercially available
lipid microbubbles. This comparison was assessed based on the ability to deliver the
therapeutic AKT gene, a serine/threonine-protein kinase, to ischemic rat myocardium
via intravenous injection [47]. The authors found that the cationic microbubbles bound
70% more plasmid DNA, and they attributed this to the high zeta potential of cationic
microbubbles. In an ischemia/reperfusion (I/R) rat model, the authors demonstrated that
AKT transfection reduced infarct size, increased infarct thickness, and reduced apoptosis. It
was also found that ejection fraction was significantly improved and that the densities of the
capillaries and arterioles within the border region of the infarct were significantly increased
compared to the control animals treated with a vector control or lipid microbubbles. The
study concluded that cationic microbubble-based delivery of the AKT gene produced the
greatest increase in ventricular function and myocardial perfusion.

Unlike previous studies, which injected a plasmid, a more recent study aimed to
increase the delivery of antagomir to the myocardium of both healthy control mice and
in an I/R injury mouse model [45]. Antagomir is a microRNA (miRNA)-inhibitor, but it
has low myocardial specificity, and thus, cardiac treatment with antagomir requires high
doses, which can result in adverse side effects. The researchers found that ultrasound and
cationic microbubbles significantly increased local antagomir delivery to the non-ischemic
heart; they also noted only modest side effects, including neutrophil invasion, but did not
observe an increase in apoptosis. The findings from this study also suggest that antagomir
enters cardiomyocytes within 30 min post-treatment and remains there for at least 48 h.
After I/R injury, antagomir readily enters the infarcted zone, but the results did not show
any additional regenerative benefits when using the ultrasound. Interestingly, this study
demonstrated that the extent and location of antagomir delivery were dependent on the
ultrasound frequency and mode. While delivery occurred mostly to the anterior wall of the
heart, a higher frequency led to more restrictive delivery to the anterior wall, while a lower
frequency enabled delivery to more parts of the heart. In support of the proposed safety of
sonoporation, this study found that any damage to the heart was local and temporal and
that treatment did not cause damage to the cardiomyocytes themselves.

The use of miRNA-inhibitors (antimiR) and sonoporation has also been proposed to
prevent the destruction of heart tissue. Researchers found that multiple treatments with
cationic microbubbles and antimiR-23a in a phenylephrine-induced cardiac hypertrophy
mouse model resulted in a 41% decrease in cardiac miR-23a levels, a decrease in the mass
of the left ventricle, and a higher fractional shortening [68]. Cardiac levels of hypertrophic
mRNAs (ANP and MYH7) also decreased, but this difference did not reach statistical
significance. This suggests that ultrasound significantly reduces the antimiR dose needed
for therapeutic efficacy by a factor of over 200-fold. However, this does not address whether
treatment can cause a regression in established or chronic cardiac hypertrophy. In addition,
the researchers saw a loss of protection against left ventricular hypertrophy by one-week
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post-ultrasound treatment, with ongoing phenylephrine infusions, but did note increased
protection against systolic dysfunction during ultrasound treatments.

Similar to the use of sonoporation for skeletal tissue regeneration, the optimal ultra-
sound parameters and injection method for cardiac transfection still need to be confirmed.
For example, a study in 2015 aimed to transfect microRNA-21 (miR-21) in healthy swine
hearts and wanted to compare the efficacy of intravenous injection to that of injection
directly into the myocardium [69]. The authors found that an ultrasound intensity of
2 W/cm2 and a 50% duty ratio for 20 min was best and did not cause any injury to the
myocardium. Using these parameters, they found an increase in gene expression in the
myocardium, regardless of the miR-21 delivery route, but they did note a slight increase in
transfection efficiency with intracoronary injection; it is important to note that this increase
in transfection efficiency was observed even when the dose for the intracoronary injection
was half that of the intravenous injection. This study also suggested that preconditioning-
regulated miR-21 could protect the heart against injury via anti-apoptosis through its
target PDCD4.

In addition, in an effort to increase the efficiency of gene delivery for cardiac regen-
eration, a recent study explored the use of sonoporation for the delivery of therapeutic
genes to an MI rat model, using microbubbles conjugated to adenoviruses encoding for
the Ca2+ ATPase 2a (SERCA2a) and connexin 43 (Cx43) genes [70]. This study showed that
animals that received both genes had the best cardiac contractile function and electrical
stability compared to controls, although there was evidence of a change in the infarct size.
Interestingly, the therapeutic efficacy was further increased when bone marrow MSCs were
injected at the infarct site and border zones 4 weeks prior to sonoporation. The authors
did not determine whether the injected cells were subsequently transfected during the
sonoporation process, but they did hypothesize, based on previous studies, that the stem
cells helped to maintain an important population of cardiomyocytes that were targeted
for transfection. This study further supports the importance of targeting the right respon-
der cells at the site that requires regeneration and proposes the potential benefit of using
sonoporation in conjunction with other gene delivery systems to maximize the resulting
therapeutic effects. Table 4 summarizes the studies that used sonoporation for cardiac
tissue regeneration, but it is evident that additional research is needed.

Table 4. The use of sonoporation for cardiac tissue regeneration.

Model Animal Ultrasound Frequency (MHz) Conclusion References

Ischemia/reperfusion
(I/R) Injury

Mouse

Siemens
Acuson Sequoia C256;

15L8 transducer
8

Injection of either VEGF or SCF plasmids resulted in
greater capillary and arteriolar density, myocardial

perfusion, and enhanced cardiac function compared
to the control group

[44]

Philips Sonos 5500;
S12 transducer 7

Myocardial perfusion and ventricular function
improved progressively with the number of

treatments of stem cell factor (SCF) and stromal
cell-derived factor-1α (SDF-1α) plasmids

[45]

Rat

Siemens
Acuson Sequoia C256;

15L8 transducer
8

Cationic microbubble delivery of the AKT gene
produced the greatest increase in ventricular

function and myocardial perfusion, resulting in
decreased infarct size and reducing apoptosis

[46]

GE Healthcare
Vivid 7; M3S
transducer

1.6

Antagomir delivery to the myocardium is
dependent on ultrasound frequency and mode, and
delivery primarily occurred at the anterior wall of

the heart

[47]

3.3. Treatment of Peripheral Ischemia with Sonoporation

Like the biological limitations of resolving a myocardial infarction, peripheral artery
disease also cannot be resolved through self-regeneration. In a rabbit peripheral ischemia
model, hepatocyte growth factor (HGF) plasmid and lipid microbubbles were injected
locally into the pretibial muscle, followed by ultrasound application [48]. Five weeks
after transfection, the angiographic score and capillary density of animals treated with
ultrasound significantly increased compared to those only injected with the HGF plasmid.



Bioengineering 2022, 9, 190 9 of 17

This was accompanied by a significant increase in blood flow and in the blood pressure ratio.
This study provided evidence that sonoporation could be a safe and useful gene-based
therapy to treat peripheral artery disease.

In a rat model of severe chronic hindlimb ischemia, a study showed that VEGF-165
plasmid, infused intravenously over 10 min, and ultrasound application resulted in a sig-
nificant improvement in microvascular blood flow and in an increase in vessel density [49].
Improvement in tissue perfusion was attributed to increases in noncapillary blood volume
(arteriogenesis), with perfusion peaking at 14 days post-treatment, followed by a partial
regression of neovascularization at 6 weeks. Transfection was localized primarily to the
vascular endothelium of arterioles. Later, a similar study design compared the efficacy of
treatment with different sites of injection, intravenous (IV) and intramuscular (IM) [50].
They found that both IM and IV delivery produced significant increases in microvascular
blood volume and microvascular blood flow, but microvascular blood flow was greater
in IV-treated animals, even 8 weeks post-treatment. Interestingly, VEGF165/GFP mRNA
expression was significantly greater in IM-treated animals. Intravenous delivery resulted in
directed vascular transfection over a wider distribution, which may account for the greater
degree of angiogenesis in this group.

More recently, a study was designed to compare temporally separated VEGF and
angiopoetin-1 (Ang-1) delivery to concomitant delivery and single VEGF delivery for
therapeutic angiogenesis in a chronic unilateral hindlimb ischemia rat model [51]. Using
cationic microbubbles, the authors found that VEGF delivery improved blood flow and
vessel density, but flow reserve remained low, and supporting cell coverage in the new
vessels was poor. VEGF/Ang-1 co-delivery marginally increased blood flow and vessel
density, but the authors did note that co-delivery improved flow reserve and supporting
cell coverage. Temporally separated VEGF and Ang-1 delivery, with VEGF delivered at
2 weeks after ligation and Ang-1 delivered at 4 weeks post-ligation, resulted in increased
blood flow and vessel density and increased and sustained the flow reserve, with improved
pericyte coverage at 8 weeks.

Lastly, Cao et al. published a sonoporation study in 2015, using miR-126-3p and
cationic microbubbles in rats following chronic left femoral artery ligation [52]. Treatment
of the chronic ischemic hindlimb muscle resulted in improved perfusion and vessel density,
enhanced arteriolar formation, pericyte coverage, and phosphorylated Tie2 levels and
did not affect miR-126-5p or delta-like 1 homolog levels. The authors speculated that the
observed biological effect was a result of suppressing sprouty-related protein-1 (SPRED1)
and phosphatidylinositol-3-kinase regulatory subunit 2 (PIK3R2) and enhancing VEGF and
Ang-1 signaling. This study also showed that the use of cationic microbubbles stabilized
and extended the circulatory time in vivo, finding that conjugating the microbubbles and
miRNA prior to injection led to prolonged circulatory time compared to that of unbound
miRNA. Overall, this study showed that treatment with miR-126-3p resulted in significant
improvements in microvascular perfusion, with minimal to no uptake in remote organs.
Animals that underwent repeated injection and ultrasound treatment exhibited an even
greater angiogenic response. Table 5 summarizes the studies that have explored the use of
sonoporation as a therapy for peripheral ischemia thus far.
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Table 5. The use of sonoporation for ischemia in peripheral tissue.

Model Animal Ultrasound Frequency
(MHz) Conclusion References

Hindlimb ischemia

Rabbit Not specified 1

Angiographic score and capillary density of
animals treated with ultrasound and HGF
plasmid was significantly greater than the

control, resulting in a significant increase in
blood flow and blood pressure ratio

[48]

Rat Philips Sonos 5500;
S3 transducer

1.3

Infusion of VEGF-165 plasmid resulted in
significant improvement in microvascular

blood flow and increased vessel density, with
transfection localized predominantly to the

vascular endothelium of arterioles

[49]

Both IM and IV delivery of VEGF-165 plasmid
produced significant increases in

microvascular blood volume and blood flow,
but microvascular blood flow was greater in

IV-treated animals

[50]

Temporally separated VEGF and Ang-1
plasmid delivery resulted in increased blood

flow, vessel density, and sustained an increase
in flow reserve

[51]

Treatment with miR-126-3p resulted in
significant improvements in microvascular

perfusion, and repeated treatment exhibited
an even greater angiogenic response

[52]

3.4. Sonoporation for Pancreatic Islet Regeneration

Pancreatic islets contain multiple cell types, including beta (β) cells that produce in-
sulin, and are therefore a treatment target in the effort to reverse diabetes mellitus. The first
study that demonstrated the ability of ultrasound-targeted gene therapy to regenerate pan-
creatic islets, thus leading to recovery from diabetes, without the use of a viral vector, was
published in 2010 [53]. Chen et al. utilized lipid-stabilized microbubbles with a modified rat
insulin promoter (RIP3.1) for greater targeting to β-cells, in a streptozotocin (STZ)-induced
diabetic rat model. Several genes were used, but while PAX4, Nkx2.2, Nkx6.1, Ngn3, and
Mafa produced alpha-cell hyperplasia, there was no significant improvement in the β-cell
mass or in blood glucose levels 30 days post-sonoporation. In contrast, injection of RIP3.1-
NeuroD1 promoted islet regeneration from surviving β-cells, resulting in the normalization
of glucose, insulin, and C-peptide levels at 30 days post-treatment. In a longer-term experi-
ment, 4 out of 6 rats had a return of diabetes by 90 days, which was accompanied by β-cell
apoptosis. However, for rats pretreated with SP600125, a JNK inhibitor, β-cell apoptosis
was restricted, and researchers noted an extension in the duration of islet regeneration
and normoglycemia to 90 days, suggesting that an immunosuppressive regimen for islet
protection may need to be established going forward.

A similar study from this group delivered islet transcription factor genes using a
piggyBac transposon gene delivery system for long-term transgene expression of Nkx2.2
in the pancreas of an adult diabetic rat model [54]. Results showed that the Nkx2.2 gene
induced robust proliferation and differentiation of adult pancreatic progenitors. Using
high-resolution confocal images, the authors were able to show how one differentiated
pancreatic progenitor cell developed into islet-like clusters, and then into mature islets
with normal morphology. This pancreatic islet regeneration process enabled a reversal in
STZ-induced diabetes for 3 months.

Previous work has shown that gene therapy with cyclin D2/CDK4/GLP-1 plasmids
targeted to the pancreas of STZ-treated rats could force cell cycle re-entry of residual
G0-phase islet cells into the G1/S phase in order to regenerate β cells [55]. A single
treatment of sonoporation induced β-cell regeneration with reversal of diabetes for 6
months, without evidence of toxicity or the activation of oncogenes. Cyclin D2/CDK4/GLP-
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1 gene delivery initiated robust proliferation of the adult pancreatic progenitor cells that
exist within islets. A similar study used the ANGPTL8 gene, delivered to the pancreas,
liver, and skeletal muscle of normal adult rats [56]. ANGPTL8 was detected in circulation
1-month post-treatment. Sonoporation with ANGPTL8 significantly alleviated but did not
totally reverse STZ-induced diabetes in this rat model. The largest improvement, however,
was seen when ANGPTL8 was targeted to the pancreas. Pancreas-targeted treatment
promoted the proliferation of adult and aged β cells, expanded the β cell mass, improved
glucose tolerance, and increased the fasting blood insulin levels without causing severe
hypertriacylglycerolaemia. The authors suggested that the lack of disease reversal may be
due to the fact that the treated animals did not have enough β cells to undergo replication
in sufficient numbers to actually reverse the disease.

A more recent study hypothesized that gene therapy with a plasmid cDNA cock-
tail of BMP7/PRDM16/PPARGC1A, injected into the skeletal muscle of obese Zucker
diabetic fatty rats, would produce a brown adipose tissue phenotype with UCP-1 over-
expression [71]. This proof-of-concept project used lipid-stabilized microbubbles injected
intravenously. Treatment produced a reliable pattern of enhancing skeletal muscle overex-
pression of the UCP-1 gene, indicating that this plasmid DNA construct may be capable
of reprogramming adult skeletal muscle tissue into brown adipose cells in vivo. Table 6
provides an overview of the studies that have demonstrated the ability of sonoporation to
induce the regeneration of pancreatic islet cells, but this study highlights the additional
ways in which sonoporation may be used to ameliorate the diabetic condition, supporting
the need for additional research in this area.

Table 6. The use of sonoporation as a therapy for diabetes.

Model Animal Ultrasound Frequency
(MHz) Conclusion References

STZ-induced
diabetes Rat Philips Sonos 5500;

S3 transducer
1.3

RIP3.1-NeuroD1 plasmid promoted islet
regeneration from surviving beta-cells, with

normalization of glucose, insulin, and
C-peptide levels up to 30 days, but pretreating
with SP600125 could extend the duration of

islet regeneration and normoglycemia to
90 days

[53]

Injection of the Nkx2.2 gene induced robust
proliferation and differentiation of adult

pancreatic progenitors, curing STZ-induced
diabetes for 3 months

[54]

A single sonoporation treatment with cyclin
D2/CDK4/GLP-1 plasmids induced β-cell
regeneration with reversal of diabetes for 6

months without evidence of toxicity or
activation of oncogenes

[55]

ANGPTL8 gene targeted to the pancreas
significantly alleviated but did not totally

reverse STZ-induced diabetes, but treatment
did promote the proliferation of adult and

aged beta cells, expanding the beta-cell mass
and improving glucose tolerance

[56]

3.5. Other Applications of Sonoporation for Tissue Regeneration

In addition to the studies detailed above, sonoporation has also been tested in other
models of tissue regeneration. The use of sonoporation for dental conditions is desirable
because current gene delivery methods exhibit low transference and efficiency in the pulp
space. In 2002, Nakashima et al. aimed to use gene therapy to induce reparative dentin
formation for potential pulp capping since the conventional method, using calcium hydrox-
ide, only induces a small amount of reparative dentin [72]. This group of researchers had
previously optimized the transference of a growth/differentiation factor 11 (Gdf11)/BMP11
plasmid into dental pulp stem cells by in vivo electroporation but also noted an accumula-
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tion of erythrocytes in a plasma clot adjacent to the electrode, potentially caused by thermal
effects. As a result of these findings, the authors hoped to eliminate the adverse effects
by utilizing sonoporation instead [60]. While therapeutic reparative dentin formation can
be achieved with BMPs [73], the half-life of the morphogen is a limiting factor, and the
BMPs must reach the pulp tissue stem cells in order to be effective. Sonoporation of Gdf11
stimulated a large amount of reparative dentin formation in the amputated dental pulp
of canine teeth in vivo. This was a promising result, suggesting that sonoporation may
be useful in endodontic dental treatment, although no in vivo dental regeneration studies
have been conducted since. In 2014, Sugano et al. were able to optimize the intensity and
exposure time of sonoporation for treating periodontitis in rats, although this study was
not designed to demonstrate tissue regeneration, and thus, did not use genes relevant for
regeneration [74].

Two recent studies have investigated how the principles of sonoporation can be used
to increase hair follicle growth [75,76]. Liao et al. focused on the potential of inhibiting
bacteria and allergies on the scalp with the use of lysozyme-shelled microbubbles, finding
that ultrasound application significantly enhanced hair growth rates in mice [75]. Ryu et al.
designed a microbubble-nanoliposomal particle to act as a Cas9/sgRNA riboprotein com-
plex carrier and found that the protein constructs were successfully transferred into dermal
papilla cells, effectively treating the mice with androgenic alopecia [76]. The results of this
study demonstrated that the external application of ultrasound allowed the treatment to
diffuse deeper and that the riboprotein complex carrier experienced a high efficiency of
recognition and gene editing, with an on-target effect of about 70%. The authors of this
study encouraged future research on how this method could be applied to the treatment of
skin carcinoma and melanoma.

Sonoporation has also been used to reverse the innate reparative processes of the body,
such as the creation of fibrotic tissue. Cirrhosis, a chronic liver disease, occurs due to the
progressive deterioration of liver function and results in fibrosis, which may lead to liver
failure. A study found that intravenous delivery of the hepatocyte growth factor (HGF)
gene and application of ultrasound markedly attenuated fibrosis in rats and resulted in
a significant decrease in the serum levels of alanine transaminase (ALT) and aspartate
transaminase (AST), and the expression of collagen I, collagen II, and α-SMA proteins [77].
Soon after this study was published, another examined the antifibrotic effect of an artificial
microRNA designed to target a connective tissue growth factor (CTGF). Conjugated with
cationic microbubbles, using a biotin-avidin system, this study showed that repeated
delivery of artificial miRNAs is safe and convenient, and the results demonstrated that the
progression of hepatic fibrosis was effectively ameliorated, and cirrhosis was successfully
prevented by downregulating CTGF expression [78]. Despite effective delivery to the liver,
however, liver injury was not reversed. This finding suggests that the induction of healthy
tissue growth may not always be sufficient to reverse a chronic condition and that efforts to
address innate scarring processes, for example, may also need to be employed.

4. Considerations for Clinical Translation

Currently, sonoporation is only cited in three ongoing clinical trials. Although up
to 115 studies reference the use of ultrasound and microbubbles, most studies focus on
the imaging and diagnostic applications or are using ultrasound-induced cavitation for
thrombolysis. However, of the three ongoing clinical trials using sonoporation, none utilize
sonoporation for gene delivery nor for tissue regeneration. The current clinical utilization
of sonoporation is to enhance the targeted delivery of chemotherapeutic agents [79]. The
preliminary results from these trials, including one in which sonoporation is used to
disrupt the blood–brain barrier in patients with recurrent glioblastoma [80], demonstrate
that systemic delivery of microbubbles and repeated ultrasound exposure is a safe practice
for humans.

That said, there are various factors which need to be addressed further before this
application of sonoporation can be translated to the clinical setting. These factors primarily
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pertain to the specifics of the microbubble and plasmid injection. The current body of
research has not been able to conclusively identify the best type of microbubbles to use,
although it appears that cationic microbubbles may increase transfection compared to
lipid-coated microbubbles [32,47], nor have researchers been able to establish the best
timeline for gene delivery [51]. While it appears that there are benefits to the co-delivery of
genes [31,35,81], it will be important to determine the best ratio of the genes and whether,
indeed, the genes should be delivered at the same time or if they should be delivered
at separate times [51]. In addition, especially in cases when a scaffold is utilized in the
target site, while it has been found that delayed administration of plasmid DNA allows
for sufficient endogenous progenitor cell migration [39,40,63,64], it will be necessary to
determine the most optimal delay in sonoporation.

Clarification on when the ultrasound should be applied, with respect to the injec-
tion, is also needed. Some studies have utilized continuous infusion during ultrasound
application [47], while others have completely infused the plasmid and microbubbles and
then applied the ultrasound [44]. It may be the case that the ultrasound should be applied
during infusion and then for a set time after the infusion has been completed to ensure that
all microbubbles still in circulation have been destroyed [49]. In addition, while repeated
treatments have been found to be safe and may result in greater regeneration [43,46], the
timeline of treatment must be assessed further, as there is still the risk of muscle damage
and inflammatory reaction with each intramuscular injection [62].

Additionally, the site of injection is important to study further; while the majority of
studies utilize intravenous injection, it will be important to deduce how direct injection
impacts transfection efficiency, as one study found that intracoronary injection of a half-
dose resulted in slightly higher transfection efficiency than intravenous injection [69].
Despite this, intravenous injection appears to be a safe practice and may present the least
burdensome injection method, which would further support the adoption of this method
in the clinical setting.

The location of where the ultrasound is applied may also need to be studied further.
Transcutaneous sonoporation has been found to successfully induce osteoinduction [43]
but may be limited in its clinical use for fractures located in deeper tissues, such as in
the case of hip fractures [82]. The concept of implantable sonoporation devices has not
yet been heavily studied for tissue regeneration, but cases that have used sonoporation
for blood–brain barrier disruption in the treatment of brain disorders have found it to be
beneficial. Particularly, implantation enables researchers to avoid the large ultrasound
wave attenuation caused by the skull when ultrasound is applied externally [80].

While sonoporation has been found to have minimal to no off-target delivery, studies
have demonstrated that the frequency and mode of the ultrasound may alter the extent
of delivery to certain tissues. This was seen in the study by Kwekkeboom et al., where
delivery primarily occurred to the anterior wall of the heart unless a lower frequency
was used [45]. Despite the current collection of pre-clinical studies on the induction of
tissue regeneration by sonoporation, there is a clear need for greater guidance on how to
optimize the therapeutic benefits, although this may likely differ depending on the targeted
organ system.

5. Conclusions

The application of ultrasound as a method to increase gene delivery is advantageous
because ultrasound has already been integrated into clinical practices, and it allows for the
visual monitoring of the transfection process when microbubbles are co-injected. While
the in vivo studies discussed above present promising results for the use of sonoporation
for tissue regeneration, the lack of current clinical trials may allude to the existence of
additional hurdles that need to be addressed in pre-clinical, regeneration-focused research.
Despite this, the clinical trials currently utilizing sonoporation show that it is a safe practice
in humans, which should lend support to the development of clinical protocols specifically
targeting tissue regeneration.
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In addition to the limitations addressed above, there are also concerns regarding the
scalability of sonoporation, as most of the pre-clinical experiments only utilized small
animal models. A recent study on acousticfluidic sonoporation appears to present encour-
aging results for increasing the scalability of intracellular delivery, achieving a throughput
of 200,000 cells per minute in a single channel [24], although large animal studies will be
needed to further evaluate this technique.

A greater understanding of how sonoporation impacts other biochemical processes
may be necessary prior to clinical implementation. For example, it has been suggested that
more research is needed to characterize the effect that sonoporation has on extracellular
vesicles (EVs), as the release of EVs seems to be part of the action to reseal the disrupted
plasma membrane, with one study reporting a significant increase in EV release between 2
and 4 h after sonoporation [83].

A few studies have proposed that combining sonoporation with other transfection
strategies may have the potential to increase transfection efficiency and the therapeutic
benefits of sonoporation. The coordinated use of sonoporation with other gene delivery
systems, including viral vector injection [84] or magneto-sonoporation [85], may further
enhance the regenerative potential of sonoporation [81], as suggested in a recent study [70].
It is evident that sonoporation has the potential to play a large role in the future of regener-
ative medicine but will benefit from a greater foundation of pre-clinical research.
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