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ABSTRACT: Microbubbles (MBs) and nanobubbles (NBs) can oscillate
and collapse in response to ultrasound exposure, resulting in contrast and
delivery effects. Therefore, the retention of the entrapped gas is an
important condition in bubble formulations, especially for MBs and NBs
with lipid shells, and the stability of the lipid membrane is considered to be
affected. We previously developed NBs, which are polyethylene glycol-
modified liposomes entrapping an ultrasound contrast gas that can serve as Py
nucleic acid carriers and ultrasound contrast agents. In particular, NBs oot In
containing cationic lipids were useful as systemic delivery tools that can load Namgbb!e {*74/ \
genes and nucleic acids on their surfaces. However, the gas retention of NBs w\'%
containing cationic lipids were low, leaving room for improvement as
ultrasound contrast agents. In this study, we attempted to prepare NBs
containing anionic lipids to improve their stability in vivo, and found that
they lasted longer in contrast time than previous NBs. In order to utilize anionic NBs, we evaluated their usefulness as systemic
delivery tools for cationic-peptide-conjugated phosphorodiamidate morpholino oligomers (PMO). PMO has attracted attention as a
therapeutic agent for Duchenne muscular dystrophy (DMD); however, its charge neutrality makes its delivery into muscle fibers
challenging, especially more difficult to apply PMO to myocardial damage. We examined the systemic delivery of PMO to the heart
using a combination of anionic NBs and ultrasound. Furthermore, we evaluated the usability of octaarginine (R8), a cationic cell-
penetrating peptide (CPP), in loading PMO onto the surface of NBs and verified the potential of PMO-loaded NBs as a therapy for
cardiac dysfunction in muscular dystrophy.
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1. INTRODUCTION We previously developed lipid-based NBs that function as
ultrasound contrast agents and delivery tools for genes or
nucleic acids.'” ™ Particularly, NBs containing cationic lipids
can load genes and nucleic acids onto their surfaces, enabling
efficient delivery during systemic administration.”*™*" How-
ever, NBs with cationic lipids tended to be unstable because of
their low gas retention capacity compared with neutral NBs,
although there were differences depending on the lipid

Ultrasound-responsive drug delivery systems are expected to
be noninvasive and site-specific and have been actively
investigated for application involving various modalities, such
as small molecules, pDNA, siRNA, miRNA, mRNA, and
adeno-associated virus (AAV)."”'° The use of microbubbles

(MBs), which are ultrasound contrast agents, in combination

with ultrasound can easily induce the oscillation and cavitation composition and ratio.”® The gas retention capacity has a
of bubbles."' " It has been found that not only the ultrasound significant effect on the contrast and delivery effects resulting
imaging effect but also the drug delivery effect is enhanced by from cavitation. For accurate diagnosis and high therapeutic
these physical phenomena. Most MBs, including the approved efficacy, it is necessary for an appropriate amount of NBs to
ultrasound contrast agents, are composed of hydrophobic gases
and a shell of lipids, polymers, proteins, or surfactants. Received: December 2, 2024
Nanobubbles (NBs) are also being developed with the Revised:  February 6, 2025
potential to reach deep tissues, and most of their compositions Accepted: February 12, 2025
are similar to those of MBs. In lipid-based MBs and NBs, it has Published: February 27, 2025
been reported that the composition and ratio of lipids have a

15,16

significant impact on gas retention capacity.
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circulate for sufficient time. MBs containing anionic lipids have
been reported to stabilize and maintain the ultrasound contrast
effects.”>”* In this study, to improve the gas retention capacity
of NBs, we prepared NBs with anionic lipids and examined
their physical properties and imaging abilities when combined
with ultrasound. It is thought that the preparation of anionic
NBs with high stability will improve their usefulness not only
as ultrasound contrast agents but also as systemic delivery
tools. Therefore, to evaluate the usability of anionic NBs for
systemic delivery, we attempted to load cationic peptide-
conjugated phosphorodiamidate morpholino oligomers
(PMO) onto the surface of NBs. PMO are neutral antisense
nucleotides that have attracted attention as therapeutic agents
against Duchenne muscular dystrophy (DMD). DMD is
considered the most common severe form of muscular
dystrophy. It is a muscle disease in which mutations in the X
chromosome DMD gene encoding the dystrophin protein
result in the loss of its expression.”” We also reported that the
delivery of PMO by ultrasound-responsive NBs may provide
an effective treatment method for the lower-limb muscles in
DMD.*****" Several PMOs have been shown to skip exons to
allow functional dystrophin expression.”> However, these
effects are primarily observed in skeletal muscles and are
difficult to achieve in the myocardium. This is because delivery
of PMO to the myocardium is challenging.”” In addition to
reaching the heart stably, PMO must be transfected into the
myocardial cells under the strong mechanical forces of beating
and blood flow. We examined the systemic delivery of PMO to
the heart using the combination of anionic NBs and
ultrasound. Furthermore, we evaluated the usability of
octaarginine (R8), a cationic cell-penetrating peptide
(CPP),”** in loading PMO onto the surface of NBs and
verified the potential of PMO-loaded NBs as a treatment for
muscular dystrophy.

2. MATERIALS AND METHODS

2.1. Materials. Lipids, 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphatidyl-
choline (DSPC), and N-(carbonyl-methoxypolyethylene glycol
2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE-PEG,), were purchased from NOF Corporation
(Tokyo, Japan). Anionic lipid, 1,2-dipalmitoyl-sn-glycero-3-
phospho-(1’-rac-glycerol) (DPPG) was purchased from Avanti
Polar Lipids (Alabaster, AL, USA). Perfluoropropane gas was
obtained from Takachiho Chemical Inc. Co. Ltd. (Tokyo,
Japan). Phosphorodiamidate morpholino oligomers (PMOs)
M23D (+7-18:5'-GGCCAAACCTCGGCTTACCTGAAAT-
3’) and 3’-carboxyfluorescein-labeled PMOs were purchased
from Gene Tools (Philomath, OR, USA).

2.2. Animals. C57BL/10gg,mdx mice (mdx mice) carrying
a nonsense mutation in exon 23 of dystrophin were purchased
from Japan SLC, Inc. (Shizuoka, Japan). Normal CS7BL/6
mice (S weeks old) were purchased from Tokyo Laboratory
Animals Science Co., Ltd. (Tokyo, Japan). All animal
experiments and relevant experimental procedures were
approved by the Tokyo University School of Pharmacy and
Life Sciences Committee on the Care and Use of Laboratory
Animals.

2.3. Liposomes to Form NBs. Anionic liposomes were
prepared using the reverse-phase evaporation method as
described previously.36 DPPC and PEG,,, were dissolved in
chloroform. DPPG was dissolved in chloroform, methanol, and
HEPES-buffered saline (HBS; 150 mM NaCl, 10 mM HEPES,
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pH 7.0) (60:30:5 v/v/v). Lipids were mixed at various ratios in
chloroform, diisopropyl ether, and HBS (1:1:1 v/v/v),
sonicated, and then evaporated. The organic solvent was
completely removed, and the size of the liposomes was
adjusted to less than 200 nm using extrusion equipment and a
sizing filter (Whatman Plc, Kent, UK). After sizing, the
liposomes were filter-sterilized using a 0.45 pym syringe filter
(Asahi Techno Glass Co., Chiba, Japan). Liposome concen-
tration was determined using a phosphorus assay based on the
Fiske protocol.”” A calibration curve was established on
KH,PO, aqueous solutions with concentrations ranging from 0
to 4 mM. For ashing, the liposome suspension was mixed with
perchloric acid and nitric acid and incubated at 200 °C for 1 h.
After cooling down to room temperature, ammonium
molybdate tetrahydrate aqueous solution, hydrochloric acid
solution, and freshly prepared ascorbic acid solution were
added. The tubes were then plunged into water bath at 60 °C
for 2.5 min before reading the absorbance at 820 nm. This
assay is on the fact that inorganic phosphate derived from
degradation of phospholipids forms a complex with ammo-
nium molybdate that is then reduced by ascorbic acid to
provide a colored compound.

To form NBs, 2 mL sterilized vials containing 0.8 mL
liposome suspension (total lipid concentration: 1 mg/mL)
were filled with perfluoropropane gas, capped, and pressurized
with 3 mL of perfluoropropane gas. The vials were placed in a
bath sonicator (40 kHz, Bransonic M2800; Branson Ultra-
sonics Co., Danbury, CT, USA) for 5 min. The zeta potential
and mean size of the liposomes and NBs were determined
using a light-scattering method with a zeta potential/particle
sizer (Nicomp 380ZLS, Santa Barbara, CA, USA).

2.4. Ultrasound Imaging. NBs (total lipid concentration:
1 mg/mL, 100 L) diluted in HBS (8 mL) were dispensed into
6-well plates. B-mode recordings were performed using a high-
frequency ultrasound imaging system (50 MHz, NP60R-UBM;
Nepa Gene Co., Ltd., Chiba, Japan).

For in vivo experiments, male ICR mice were anesthetized
and injected with NB solution in HBS into the tail vein.
Examination of the heart was performed using an Aplio80
ultrasound diagnostic machine (Canon Medical Systems,
Tokyo, Japan) and a 12 MHz wideband transducer with
contrast harmonic imaging at a mechanical index of 0.27. The
mean intensities at various time points after injection into the
ROI (region of interest) was quantified.

2.5. PMO Loading onto the Surface of NBs. The RS
peptides and PMO were conjugated using the bifunctional
cross-linker, N-(6-maleimidocaproyloxy)succinimide. The
PMO with primary amine at the 5’ end was reacted with the
cross-linker and subsequently with an R8 peptide to form an
R8 modified PMO (R8-PMO). To prepare R8-PMO-loaded
NBs, adequate amounts of R8-PMO were added to the NBs
and gently mixed. FITC-labeled R8-PMO (R8-PMO-FITC)
and flow cytometry were used to examine the interaction
between R8-PMO and NBs. PMO-FITC without R8 and
neutral NBs were also used to evaluate the electrostatic
interactions in PMO loading onto the surface of NBs. The
fluorescence intensity of the R8-PMO-NBs was analyzed using
FACSCanto (Becton Dickinson, San Jose, CA, USA).

2.6. PMO Delivery to the Heart of mdx Mice. To
evaluate the delivery of PMO into the cardiac tissues of mdx
mice, a 200 uL solution of R8-PMO-loaded NBs (PMO 100
ug/60 pL, NBs 140 ug lipid/140 L) was injected into the tail
vein of mdx mice (5—6 weeks old, male), and the hearts were
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Table 1. Physical Properties of Liposomes and NBs

particle size (nm)

zeta potential (mV)

DPPC/DPPG/PEG liposomes NBs liposomes NBs
94:0:6 154.7 + 44.6 648.1 + 73.3 —0.40 + 0.35 0.16 + 0.50
64:30:6 141.6 + 47.4 651.6 + 73.0 —0.96 + 0.83 —-0.27 + 0.27
44:50:6 1429 + 45.2 644.7 + 73.3 —0.53 + 1.08 —0.51 + 0.38
0:94:6 126.0 + 54.8 594.6 + 82.6 —0.46 + 0.06 —0.42 + 0.58

immediately exposed to ultrasound irradiation (frequency, 1
MHz; duty, 50%; intensity, 2 W/ cm?; time, 60 s). Sonitron
2000 (NEPA GENE Co., Ltd. Chiba, Japan) was used as
ultrasound generator. For comparison, groups treated with a
mixture of NBs and PMO without R8 were also processed
under the same conditions. Two weeks after injection, the
heart was collected and embedded in an OCT compound, and
immediately frozen at —80 °C. Serial sections 6 ym thick were
cut using a cryostat. Sections were stained with an NCL-DYS2
monoclonal antibody that strongly reacts with the C-terminal
region of dystrophin. Alexa Fluor 546 (Thermo Fisher
Scientific Inc., MA, USA) was used as the secondary antibody.
Each section was observed under a fluorescence microscope
(KEYENCE, BZ8100). For dystrophin-positive fiber counting,
the maximum number of dystrophin-positive fibers in one
section was counted using a fluorescence microscope.
Myofibers were considered dystrophin-positive if more than
two-thirds of single myofibers showed continuous staining.””

2.7. Echocardiographic Measurements. Transthoracic
echocardiography was performed on PMO-injected and
ultrasound-exposed mice according to a previously described
method.”” Normal C57BL/6 or mdx mice were immobilized
with 30 mg/kg i.p. injected sodium thiopental, and their chest
hair was shaved off before examination. During the measure-
ments of cardiac parameters, the body temperature of mice was
kept at 37 °C on a heated mat. Two-dimensional and Doppler
imaging were performed by using a ProSound 5500 (Aloka,
Tokyo, Japan) equipped with a 13 MHz transducer. A
transthoracic echocardiographic probe was used to obtain the
short- and long-axis views. The left ventricular internal
diameters at end-diastole and systole were measured, and left
ventricular fractional shortening (FS) and ejection fraction
(EF) were calculated from the left ventricular dimensions.

2.8. Creatine Kinase Measurement. Blood was collected
through a small cut at the end of the tail 1, 2, 6, 10, and 24 h
after the injection of PMO. Creatine kinase levels were
analyzed in a clinical pathology laboratory (Oriental Yeast Co.,
Ltd., Tokyo, Japan).

2.9. Statistics. All data are presented as the mean + SD (n
= 3—4). Data were considered statistically significant at P <
0.05. Two-way ANOVA or Student’s t-test was used to
calculate statistical significance.

3. RESULTS

3.1. Physical Properties of Anionic NBs. We first
examined the effect of anionic lipids on the physical properties
of the NBs. Liposomes were prepared by varying the
composition ratio of the anionic lipid DPPG and then filled
with perfluoropropane gas to form NBs. The particle size and
zeta potential were evaluated. Although the particle sizes of
liposomes containing DPPG were slightly smaller than those of
liposomes without DPPG, the particle sizes of the NBs were
similar for all compositions. The zeta potential in the
preparation solvent did not change significantly for any
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composition of liposomes and NBs, regardless of the DPPG
content (Table 1 and Figure S1). We then compared the
ability of the NBs to retain ultrasonic gas. The contrast images
showed similar levels of brightness regardless of the anionic
lipid content (Figure 1A). No remarkable differences in the
intensity or the persistence were also observed when the
brightness of the region of interest (ROI) was quantified
(Figure 1B).

(A) )
e = T

0 min 30 min 60 min

140

®)

m0 min @30 min @60 min

Mean intensity in the ROI

0%

30% 50% 94%

Figure 1. Ultrasound contrast effects of NBs containing anionic lipid.
(A) Ultrasonographic images of NBs in the well plate was obtained by
NP60R-UBM and its probe (50 MHz). (B) The mean intensity of
pixels in the ROI (region of interest) was quantified.

3.2. Ultrasound Imaging Ability of NBs Containing
Anionic Lipid. To investigate the usability of the NBs
containing anionic lipids as ultrasound contrast agents, we
compared their ultrasound imaging capabilities with those of
our previously developed NBs without anionic lipids. When a
diagnostic ultrasound probe was applied to the heart after NBs
were administered via the tail vein, the contrast intensity of the
NBs containing anionic lipids persisted for a longer period, as
shown in Figure 2. This result suggests that NBs containing
anionic lipids can stably retain gas in vivo.

3.3. Loading of R8-PMO onto the Surface of Anionic
NBs. NBs containing anionic lipids have the potential to
become useful carriers by loading cationic materials onto their
surfaces. To verify this possibility, we added fluorescently
labeled octa-arginine peptide-conjugated PMO (R8-PMO) to

https://doi.org/10.1021/acsomega.4c10896
ACS Omega 2025, 10, 9639—-9648
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Figure 2. The effects of lipid composing NBs on ultra-sonographic imaging in vivo. (A) Ultra-sonographic images of the heart was obtained by
Aplio and its probe (12 MHz). (B) The mean intensity of pixels in the ROI (region of interest) was quantified.

the NBs and analyzed the interaction by flow cytometry. The
analysis by flow cytometry could be utilized as a simplified
assessment of the interactions, because fluorescently labeled
PMOs are too small to be detected by flow cytometry and
become detectable when loaded onto NBs. As shown in Figure
3A, the interaction between PMO and NBs was significantly
increased by the combination of R8-PMO and anionic NBs.
These results suggested that R8-PMO could be loaded onto
anionic NBs by electrostatic interaction. The interaction
between NBs and R8-PMO increased in a dose-dependent
manner following the addition of R8-PMO. The upper limit of
the interaction was suggested to be approximately 400 pmol of
R8-PMO for 60 ug of NBs, and no significant changes were
observed in the physical properties of the NBs (Figures 3B, S2,
and Table 2).

3.4. PMO Delivery to the Heart by the Combination
with R8-PMO-Loaded NBs and Ultrasound. We attempted
to deliver PMO or R8-PMO to the heart using a combination
of ultrasound and NBs and evaluated dystrophin expression
following PMO transfection using immunohistochemistry. As
shown in Figure 4A, dystrophin expression in heart sections
was restored by treatment with R8-PMO compared to that
with PMO, even when neutral NBs were used. The effect was
enhanced in the group treated with R8-PMO-loaded NBs
rather than with a mixed solution of neutral NBs. Quantitative
evaluation of the number of dystrophin-positive fibers showed
that the number of positive fibers significantly increased in the
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group treated with R8-PMO-loaded anionic NBs in combina-
tion with ultrasound exposure to the heart (Figure 4B). In
addition, echocardiographic and biochemical studies showed
that these treatments were safe in normal and DMD model
mice, with no adverse effects on cardiac function before or
after the treatments (Figure 4C—E).

4. DISCUSSION

We previously developed NBs with lipid shells and
demonstrated their usefulness as gene and nucleic acid delivery
and contrast agents.wi23 In particular, NBs containing cationic
lipids that can load pDNA and nucleic acids have been
effective for systemic delivery through microvessels.”*
However, there are challenges in sustaining the ultrasound
contrast gas retention. Previously, it has been reported that the
inclusion of small proportions of anionic lipids, such as DPPA
(1,2-dipalmitoyl-sn-glycero-3-phosphate) and DPPG (1,2-
dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol)), can re-
duce coalescence due to the associated electrostatic repulsion
between bubbles, resulting in stabilization of the bub-
bles.'¥***" Additionally, it has been reported that addition of
phosphatidylglycerol (PG) to lipid membranes composed of
phosphatidylcholine (PC) increases the phase transition
temperature and stabilizes the membranes.*’ Reports on the
stabilization of phospholipid bilayers and the lipid composition
of liposomes may be helpful in bubble formulations with lipid

https://doi.org/10.1021/acsomega.4c10896
ACS Omega 2025, 10, 9639-9648
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E 15000 | PMO-FITC-loaded NBs were detected with high fluorescence
§ 10000 intensity. These results suggest that R8-PMO interacts with the
S 000 | surfaces of anionic NBs. PMOs are chemically modified DNA
§ 6000 derivatives in which the deoxyribose pentose sugar units are
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Figure 3. Interaction between R8-PMO and NBs containing anionic
lipid. (A) The influence of electrostatic interactions in PMO loading
on NBs surfaces. PMO or R8-PMO (100 pmol) was added to NBs
(60 pg) containing 94 mol % DPPC or DPPG. Mean fluorescence
intensity was analyzed by flow cytometry. The bars show the mean
and SD (n = 3). * indicates P < 0.01 using a two-way ANOVA with
Tukey’s posthoc test. (B) FITC-labeled R8-PMO (0—500 pmol) was
added to NBs (60 pg) containing 94 mol % DPPG and the interaction
was analyzed by flow cytometry.

shells. In fact, it is useful to refer to the information in the case
of liposomes to determine the components of lipids in the
preparation of NBs containing cationic lipids.”® Furthermore,
MBs containing PC and PG have been reported to show higher
stability and blood retention than the approved contrast
agents, Sonazoid and SonoVue.*”* 1In this study, NBs
containing DPPG, an anionic lipid, were prepared to improve
their stability in vivo.

When comparing the contrast brightness of the NBs
solutions in the well plates, no significant changes due to PG
content were observed (Figure 1). We employed NBs with a
higher DPPG content because our goal was not only to
improve stability but also to load cationic molecules. The in
vivo ultrasound contrast effect of anionic lipid-containing NBs
was more persistent than that of neutral lipid-only NBs, which
were more stable than cationic lipid-containing NBs (Figure
2). These results indicated that we successfully created stable
NBs in vivo, which was one of our objectives. We then
attempted to load R8-PMO onto the surface of the anionic

efficacy with minimal toxicity.*> However, the main weakness
of this approach is the low efficiency of delivering charge-
neutral PMO to the muscle fibers. There have been several
reports of PMO conjugated with CPP to address this issue for
the treatment of DMD.**™** We previously achieved efficient
delivery of neutral PMO to hind limb muscles using a
combination of NBs and the physical energy of ultra-
sound.”***! These reports were targeted to the hind limb
muscles via administration into the tibialis anterior muscle or
vein of the hind limb. The sites of administration and
irradiation were close to each other, which may have allowed
for efficient delivery. In the treatment of myocardial damage
observed in advanced DMD, it is important to deliver PMO to
the heart; systemic administration may be less invasive and
more useful than direct myocardial administration. Although
PMO is a stable nucleic acid in vivo, its presence with the NB,
which is the driving force for transfection, is expected to
enhance transfection efficiency after systemic administration.
In this study, we used R8-PMO to load neutral PMO onto
stable anionic NBs for efficient delivery to the heart and to
further improve the transfection efficiency of PMO into
myofibers. The combination of NBs and ultrasound improved
the delivery efficiency of PMO at doses that were ineffective
with PMO alone, further enhancing the efficiency of R8-PMO
(Figure 4). Comparison of the results of PMO and R8-PMO
delivery by neutral NBs and ultrasound suggested that the
presence of R8, which is a CPP, increased the transfection
efficiency of PMO into the myocardium. Furthermore, a
comparison of neutral NBs and NBs containing anionic lipids
revealed a marked enhancement in dystrophin expression in
the myocardium. These results indicated that loading PMO
onto NBs using R8 is useful for systemic administration.
Conventionally, the loading of nucleic acids onto NBs also
aims to improve the in vivo stability of nucleic acids. However,
as mentioned above, PMO is a stable nucleic acid; therefore, its
contribution in improving the efficiency of delivery to the heart
is more significant. Since this delivery method utilizes the
oscillation and collapse of NBs in response to ultrasound
irradiation, it was thought that the delivery effect was enhanced
only in the area exposed to ultrasound, the heart tissues.
Previous studies have also suggested that the combination of
ultrasound and intravascularly administered NBs has little
effect on delivery to areas that are not irradiated with

Table 2. Physical Properties of R8-PMO-Loaded NBs

particle size (nm)

zeta potential (mV)

DPPC/DPPG/PEG R8-PMO (-) R8-PMO (+) R8-PMO (-) R8-PMO (+)
94:0:6 648.1 + 73.3 615.7 + 80.2 -0.03 + 027 0.05 + 0.16
0:94:6 594.6 + 82.6 5219 + 60.1 —0.45 + 0.45 —0.63 + 0.60
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Figure 4. Restoration of dystrophin expression in the cardiac tissue of mdx mice after the PMO transfection with R8-PMO-loaded NBs and
ultrasound. PMO (100 pg) and NBs (140 pg) were injected into the tail vein and the heart was exposed to ultrasound (frequency, 1 MHz; duty,
50%; intensity, 2 W/cm?; time, 1 min). Dystrophin expression was detected by staining with NCL-DYS2 2 weeks after intravenous injection of
PMO. (A) Cardiac tissue of normal C57BL/6, mdx, and mdx mice treated with PMO. Scale bar: 50 ym. (B) Quantitative evaluation of total
dystrophin-positive fibers in the cardiac tissue section. The bars show the mean and SD (n = 4). * indicates P < 0.01 using a two-way ANOVA with
Tukey’s posthoc test. Cardiac function was measured using echocardiography before and after intravenous injection of NBs with ultrasound.
Cardiac function is represented by (C) fractional shortening (FS) and (D) ejection fraction (EF). (E) Serum creatine kinase (CK) levels were
measured before and 1, 3, 6, 10, and 24 h after the intravenous injection of PMO or R8-PMO with NBs and ultrasound.
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ultrasound.'®** In this study, the CPP-bound PMO released
from the surface of NBs by ultrasound could circulate from the
heart to other tissues and affect their cells. However, as shown
in Figure 4A, no dystrophin expression was observed in the
group treated with R8-PMO alone, suggesting that the dosage
used in this study had little effect on other tissues. In the
future, it is essential to evaluate the effects of R8-PMO on
other organs, including the side effects, when considering the
administration conditions for developing cardiac therapy of
muscular dystrophy. Although the exon skipping efficiency was
not evaluated in this study, we assessed the induction of exon
skipping and restoration of dystrophin expression following the
transfection of PMO wusing a combination of NBs and
ultrasound in previous reports.””’' Further detailed evalua-
tions, including exon skipping efficiency, the duration of the
effects, and toxicity assessment, are required to verify the
efficacy of the PMO delivery to the heart by our method in the
treatment of DMD. Repeated administration is likely required,
as is the case with currently approved drugs. Therefore, the
ability to safely deliver PMO without adversely affecting
cardiac function is valuable for DMD treatment. Because we
used relatively young mdx mice (5—6 weeks old) in this study,
there were no significant differences in cardiac function from
normal mice either before or after treatment. Therefore,
further studies involving older mdx mice are warranted. In
recent years, exon skipping by using antisense oligonucleotides
is one of the most promising therapeutic techniques for DMD.
The first PMO-based exon-skipping drug for treating DMD
received approval from the US Food and Drug Administration
(FDA) in 2016. This PMO-based drug, eteplirsen, showed
limited dystrophin restoration in skeletal muscles.”® However,
there has been no evidence of significant eteplirsen uptake or
activity in the heart.’' Recently, conjugating PMOs with
peptides or antibody fragments has been develoqu and
reported to be an effective treatment in heart.**>>>® The
combination of ultrasound and NBs may be also useful in
enhancing the delivery effect of these conjugated PMOs.
Furthermore, each of skeletal, myocardial, and respiratory
muscles can be easily targeted by changing the ultrasound
irradiation site. This is a major advantage of ultrasound-
mediated delivery in the treatment for DMD, a progressive
disease. Indeed, in advanced stages of DMD, injury to the
diaphragm can be as severe as myocardial damage, leading to
respiratory failure. Our method was useful for treating the
diaphragm by changing only the position of the ultrasound
probe (Figure S3). The stable NBs developed in this study
could be used not only for PMO, but also for other nucleic
acids, although some modifications to the nucleic acid are
necessary. In recent years, genome-editing tools have been
developed with the advantage of longer-lasting efficacy
compared to PMO treatment.”*>® Combined with the
technologies, this method is expected to contribute to the
development of effective therapies for DMD.

5. CONCLUSION

In this study, we developed stable NBs containing anionic
lipids. The gas encapsulated in these NBs can be retained in
vivo for a long period, which is expected to improve its
effectiveness as both an ultrasound contrast agent and as a
gene and nucleic acid delivery tool. It was also revealed that the
cationic molecule, R8-PMO could be loaded onto its surface,
indicating its potential as a new nucleic acid delivery tool to
target cardiac dysfunction via systemic administration.

9645

Although further detailed analysis of the therapeutic effects
and the possibility of repeated administration should be
explored, this work has provided the basis for a methodology
that enables efficient PMO delivery to the myocardium and
diaphragm, which is considered difficult. It is also expected that
other cationic molecules will be loaded onto the surface of NBs
or that these NBs will be applied to the treatment of other
diseases via systemic administration.
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