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Abstract

More than 1800 gene therapy clinical trials worldwide have targeted a wide range of conditions
including cancer, cardiovascular diseases, and monogenic diseases. Biological (i.e. viral),
chemical, and physical approaches have been developed to deliver nucleic acids into cells.
Although viral vectors offer the greatest efficiency, they also raise major safety concerns including
carcinogenesis and immunogenicity. The goal of microbubble-mediated sonoporation is to
enhance the uptake of drugs and nucleic acids. Insonation of microbubbles is thought to facilitate
two mechanisms for enhanced uptake: first, deflection of the cell membrane inducing endocytotic
uptake, and second, microbubble jetting inducing the formation of pores in the cell membrane. We
hypothesized that ultrasound could be used to guide local microbubble-enhanced sonoporation of
a reporter gene encoding DNA. With the aim of optimizing delivery efficiency, we used nonlinear
ultrasound and bioluminescence imaging modes to optimize the acoustic pressure, microbubble
concentration, treatment duration, DNA dosage, and number of treatments required for in vivo
Luciferase gene expression in a mouse thigh muscle model. We found that mice injected with 50
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ug luciferase plasmid DNA and 5 x 105 microbubbles followed by ultrasound treatment at 1.4
MHz, 200 kPa, 100-cycle pulse length, and 540-Hz pulse repetition frequency (PRF) for 2 min
exhibited superior transgene expression compared to all other treatment groups. The
bioluminescent signal measured for these mice on Day 4 post-treatment was 100-fold higher (p <
0.0001, n =5 or 6) than the signals for controls treated with DNA injection alone, DNA and
microbubble injection, or DNA injection and ultrasound treatment. Our results indicate that these
conditions result in efficient gene delivery and prolonged gene expression (up to 21 days) with no
evidence of tissue damage or off-target delivery. We believe that these promising results bear
great promise for the development of microbubble-enhanced sonoporation—induced gene

therapies.
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Introduction

Gene-based therapy is the modulation of gene expression intended to prevent, stop, or
reverse a pathological process. Therapeutic exogenous nucleic acids, such as DNA, mRNA,
microRNA, and small interfering RNA, are used to change gene expression. More than 1800
gene therapy clinical trials worldwide have targeted a wide range of pathologies, including
cardiovascular and monogenic diseases [1]. The most commonly transferred gene types are
antigens, cytokines, and tumor suppressors to treat cancer. Regenerative medicine — oriented
gene therapy approaches have also been investigated for the treatment of many diverse
conditions such as p-thalassemia, rheumatoid arthritis, myocardial infarction, and Duchenne
muscular dystrophy [1].

While gene therapy has many possible applications, developing effective and safe delivery
vectors remains a major challenge. Since both nucleic acids and the cell membrane are
negatively charged, electrostatic forces result in their mutual repulsion. To overcome this
limitation, biological (i.e. viral), chemical, and physical approaches have been developed.
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Although viral vectors are the most efficient and commonly used vectors applied in clinical
trials, their use raises major concerns such as carcinogenesis [2], immunogenicity [3], off-
target delivery [4], and difficulty of vector production [5]. Nonviral gene therapy could
potentially address many of these safety limitations, mostly at the expense of lower
efficiency of gene delivery. Nonviral approaches include the injection of naked DNA alone
or via physical methods such as electroporation, sonoporation, and magnetofection [6-8].

Sonoporation is the use of ultrasound to increase cell membrane permeability, thus
enhancing uptake of drugs and nucleic acids [9, 10]. A mechanical method, sonoporation
induces a spatiotemporally controlled, transient formation of pores in the cell membrane,
which is followed by restoration of cell membrane integrity. Since ultrasound application
can be localized to a region of interest, deep tissues can be specifically sonoporated with
minimal systemic effects. Most sonoporation studies have combined plasmid DNA with
microbubbles (MBs) in order to enhance membrane permeability via the effects of
microbubble volume fluctuations and/or collapse [11-15]. The mechanisms for
microbubble-mediated sonoporation depend on acoustic pressure [16-18]. At low-pressure
amplitudes, microbubbles decrease and increase in size successively, subsequently pushing
and pulling adjacent cell membranes [16, 17]. At the same time, the ultrasonic radiation
force initiates motion and displacement of the oscillating microbubbles. The movement of
oscillating microbubbles causes cell membrane deformation, which is hypothesized to
induce endocytosis [18, 19]. At high-pressure amplitudes and low ultrasound frequencies,
microbubbles will rapidly collapse, producing liquid jets capable of penetrating cell
membranes and creating microstreaming, shock waves, and shear stresses [20, 21]. In
addition, microbubbles can reach extremely high pressures and temperatures, resulting in
friction that can create pores in the cell membrane [22].

In addition to enhancing sonoporation, microbubbles can serve as imaging contrast agents
[23]. They are composed of a gas core and a stabilizing shell, which is usually composed of
lipids, proteins, or polymers. Since the average diameter of microbubbles is 1-10 um, they
can be safely injected systemically and used to image vascular structures. The gas core
reflects and scatters the ultrasound field, thereby increasing contrast between the vasculature
and surrounding tissue. Recent advances have allowed researchers to functionalize
microbubbles to carry a payload and/or to specifically target desired cell populations [24].
Nevertheless, microbubblemediated sonoporation remains a complex strategy involving
microbubble excitation by ultrasound, excited microbubble-cell interactions, intracellular
delivery of nucleic acids, and gene expression modulation. Here, we use the contrast-pulse
sequencing (CPS) imaging mode to optimize the insonation parameters with a goal of
visualizing the oscillation of the injected microbubbles over a period of minutes. As
compared to systemically injected microbubbles, which will continuously replenish a region,
local therapies require an approach in which microbubbles are not immediately destroyed,
but instead stably transfect cells. Taking advantage of the minimally invasive, local, and
targeted nature of sonoporation while optimizing delivery efficiency and minimizing side
effects will be key to advancing sonoporation to the clinic.

Previous studies have not comprehensively optimized the various parameters involved in
local microbubble-assisted sonoporation for in vivo gene delivery. In the present study we
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compared in vivo reporter gene expression over time between mice treated with different
combinations of various doses of DNA and microbubbles, acoustic pressures, treatment
durations, and numbers of treatments. The aim of the present study was to pave the way to
development of efficient nonviral gene therapy for regenerative medicine.

Ethics Statement

All animal experiments were performed under a protocol approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of California, Davis (Protocol
No. 17336). Anesthesia was administered for all imaging and surgical procedures. All mice
were housed in accordance with approved IACUC protocols.

Plasmid DNA production

The reporter vector pLuc2 encoding for the luciferase? gene under the control of the
ubiquitin promoter was used to monitor transgene expression in vivo. The plasmid was
amplified using standard procedures and purified using an EndoFree Kit (Qiagen, Valencia,
CA, USA).

Microbubble production

Phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Microbubbles were prepared as described previously [25]. Briefly, 1,2-dipalmitoyl-
snglycero- 3-phosphocholine, 1,2-dipalmitoyl-sn-glycero-3-phosphate, and 1,2- dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)- 5000] in a
0.82/0.1/0.08 molar ratio were rehydrated with a degassed buffer of normal saline,
propylene glycol, and glycerol in a 0.8/0.1/0.1 v/v/v ratio and adjusted to a pH of 7.2-7.4 for
a total concentration of 2.5 mg of lipid per 1 ml buffer. This solution was transferred to a
vial, and the headspace of the vial was replaced with perfluorobutane. Lipid suspension was
activated by 45 sec of shaking within a Vialmix shaker (Lantheus Medical, N. Billerica,
MA, USA). Following activation, the bubbles were washed three times with Dulbecco's
phosphate-buffered saline (DPBS, Thermo Fisher Scientific) without calcium or magnesium,
and a bubble cake was formed by gentle centrifugation for 3 min at 1000 RPM in a Centra
CL2 centrifuge (Thermo Fisher Scientific Inc., Waltham, MA, USA). The buffer solution
was discarded and replaced with fresh DPBS. The bubble cake was then gently inverted to
mix. Following washing, the bubbles were sized with an Accusizer 770A unit (Particle
Sizing Systems, Port Richey, FL, USA) and used within 3 hours.

Spacer production

Agarose powder (Avocado Research Chemicals, Morecambe, UK) and DPBS were
combined in a weight/total-volume ratio of 2%. They were mixed and microwaved until
completely dissolved (90°C) and then placed in a vacuum for 10 min for degassing. After
degassing, the solution was poured into a cubic mold and allowed to solidify for at least 3 h
at room temperature (23°C). Finally, the spacer was cut down to 3 cm x 5 ¢cm x 3.25 cm to
fit the ultrasound transducer and allow for treatment at the natural focus of the ultrasound
beam.

J Control Release. Author manuscript; available in PMC 2017 February 10.
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Ultrasound setup

In this study, we used a Siemens Antares system (Siemens Health Care, Inc., Ultrasound
Division, Mountain View, CA, USA) with software modifications; a custom array
transducer, known as a co-linear array and described elsewhere [26]; a control system; and a
feedback path into the scanner. Images were acquired using the Cadence Contrast Agent
Imaging mode (also known as CPS) at 5.33 MHz. For the transfection studies, we used the
following parameters: 1.4 MHz, 100-cycle pulse length, 540-Hz PRF, with the CPS imaging
frame acquired every second. The transducer was set to face upward, allowing the spacer to
be attached to it using ultrasound gel (Aquasonic, Parker Laboratories, Fairfield, NJ, USA)
to couple them. On top of the spacer more ultrasound gel was used to couple the mouse
thigh to the spacer.

Parameter optimization

An initial in vitro study was performed to determine the approximate parameter range for
the ultrasound pressure and microbubble concentration. In this study, microbubbles were
injected into a saline-filled void in an agarose gel spacer. Parameters that resulted in a
visible CPS image for a period of at least 2 minutes were selected for testing in vivo.

In vivo gene delivery

Female FVB/N mice (10 wks old, Charles River, Wilmington, MA, USA) were anesthetized
by continuous administration of 1%-3% isoflurane mixed with 100% medical-grade oxygen,
after which the animals were shaved to remove all fur from both thighs. The thigh of interest
was swabbed with 70% ethanol and placed in ultrasound gel on the spacer (Fig. 1B,C).
Finally, the thigh was covered with more ultrasound gel to reduce reflections.

Using ultrasound guidance, we injected either plasmid DNA or a mixture of plasmid DNA
and microbubbles into the thigh muscle, close to the femur (Fig. 1E; see Table 1 for the
various treatment groups). Specifically, between 25 pg and 100 pg plasmid DNA was
premixed with between 5 x 104 and 5 x 106 microbubbles per 20 pul or PBS. A total volume
of 20 pl per injection was kept constant for all the studies and the injection was performed at
a consistent rate, requiring approximately 5 seconds to inject the entire volume. Immediately
after the injection, the needle was removed and the therapeutic ultrasound sequence was
applied to some animals (Fig. 1F). Different sequences were tested by varying the amplitude
between 50 kPa and 320 kPa as well as the total treatment time between 0.5 min and 10 min.
During treatment, the injection site was visualized using CPS imaging. Finally, the injection
and the ultrasound sequence were repeated for some animals for a total of two treatments.
After both thighs had been treated, the mouse was allowed to recover in a warmed cage.

Bioluminescence imaging

Luciferase expression in the thigh muscle was detected and recorded at different time points
using a BLI system, as described previously [27, 28]. Briefly, 10 min before BLI of the mice
commenced, the animals were given an intraperitoneal injection of luciferin diluted with
PBS (126 mg/kg body weight; Promega, Madison, W1, USA). Then the mice were
anesthetized by continuous administration of 1.0%-3.0% isoflurane mixed with 100%
medical-grade oxygen. Light emission was evaluated using the IVIS Spectrum system
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(Perkin Elmer, Waltham, MA, USA). The exposure time was set automatically, and
bioluminescence was quantified as the average signal normalized to the exposure time and
the area covered by the region of interest. Bioluminescence for each animal was measured
on Days 1, 4, 7, 14, and 21 after treatment (Day 0).

Histological and immunofluorescence analyses of reporter gene expression

To analyze muscle tissue after the various treatments and to detect luciferaseexpressing
cells, four mice (one per group, groups 3, 18-20) were sacrificed 21 days after treatment.
Hind limbs were removed and processed for histological analysis, as previously described
[28]. Briefly, tissue samples were fixed in 4% formalin, decalcified using 0.5M
Ethylenediaminetetraacetic acid solution (EDTA, pH 7.4), dehydrated using a graded series
of ethanol solutions, and embedded in paraffin. Sections (5 pm thick) were cut from each
paraffin block using a motorized microtome (Leica Microsystems, Wetzlar, Germany).
Hematoxylin and eosin (H&E) staining was performed to evaluate the morphological
characteristics of the tissue. To detect cells that had been transfected with the reporter gene,
immunofluorescent staining against the luciferase (Luc) protein was carried out. Slides were
deparaffinized, and the antigens were retrieved by incubation in preheated Target Retrieval
SolutionTM (Dako, Carpinteria, CA) for 45 min in 37°C. Nonspecific antigens were
blocked by applying blocking serum — free solution (Dako, Carpinteria, CA). The slides
were incubated with primary rabbit anti-luciferase polyclonal antibody (diluted in PBS at a
ratio of 1:250, Cortex Biochem, San Leandro, CA) overnight in 4°C and with secondary
Alexa Fluor® 488-conjugated donkey anti-rabbit antibody (diluted in PBS at a ratio of
1:1000, Jackson ImmunoResearch Laboratories, West Grove, PA) for 1 h at room
temperature, after which the slides were washed with PBS. The slides were then stained with
4',6-diamidino-2-phenylindole dihydrochloride (DAPI, 1 ug/ml) for 5 min in the dark, after
which they were again washed three times with PBS. VectaMountTM mounting medium
(Vector Laboratories, Burlingame, CA) was applied to the tissue. Photomicrographs were
obtained using a four-channel Laser Scanning Microscope 780 (Zeiss, Pleasanton, CA) with
20x magnification, z-stacking, and 2 x 2 tile scanning. All samples were scanned using the
same gain and exposure settings.

Statistical analysis

Results

Values are expressed as mean and standard error. Longitudinal data analysis was conducted
to compare gene expression between treatments by performing two-way analysis of variance
with Bonferroni post-tests using GraphPad Prism, version 5.00 for Windows (GraphPad
Software, San Diego CA, USA, www.graphpad.com).

Acoustic pressure effect

All treatment protocols resulted in a visible CPS image within the muscle for approximately
1.5 minutes. Further, all treatment protocols resulted in well-localized transient gene
expression with maximal expression on Days 4 and 7 post-treatment. The bioluminescence
intensity measured for the 200 kPa group (Group 3) was significantly higher on Day 4 (100-
fold, p < 0.01) than the 50 kPa treatment group (Group 1) and more than 10-fold higher than
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the 100 kPa, 250 kPa, and 320 kPa groups (Groups 2, 4, and 5, respectively) (Fig. 2).
Luciferase expression decreased over time after Day 4, until no signal was detected on Day
21 in all but one group: the 200 kPa group (Group 3). Luciferase expression for the 200 kPa
group was found to last until Day 42 (data not shown).

Microbubble dose effect

Almost all treatment groups exhibited well-localized transient gene expression with peak
expression on Days 4 and 7; the exception was the 5 x 106 microbubble treatment group
(Group 9), for which low-to-no expression of luciferase was found at all time points (Fig. 3).
The 5 x 105 microbubble treatment group (Group 3) exhibited significantly higher
transfection efficiency (100-fold, p < 0.0001) than all other groups on Day 4.

Treatment time effect

When the total treatment time was increased from 0.5 min (Group 10) to 2 min (Group 3),
we detected significantly increased efficiency of gene transfection on Days 4 (p < 0.001) and
7 (p < 0.05) (Fig. 4). However, no increase in gene delivery efficiency was observed for
longer treatment times, such as 3 min (Group 12) and 10 min (Group 13) (p > 0.05 for a
comparison of Groups 12 and 13).

DNA dose and the multiple treatment effect

Animals treated with 50 pg pLuc2 once (Group 3, “50 ug once”) demonstrated significantly
greater gene expression than animals treated with 25 g once (Group 14, “25 ug once™) or
100 pg once (Group 17, “100 ug once”) pLuc2 when examined on Days 4 (p < 0.05) and 7
(p < 0.05) post-treatment (Fig. 5). Interestingly, pLuc?2 treatment at a dose of 25 pg once
(Group 14) or 100 g once (Group 17) resulted in the same luciferase activity at all time
points.

In addition to investigating whether increasing the DNA concentration would increase
transfection efficiency, we also looked into the possible use of repeated treatments to
improve gene delivery. Two groups of mice were treated with two consecutive injections of
5 x 105 microbubbles and 25 pg pLuc2 (Group 15, “25 ug twice™) or 5 x 105 microbubbles
and 50 pg pLuc? (Group 16, “50 ug twice” ), providing total amounts of 50 pug and 100 pg
DNA, respectively. Therapeutic ultrasound with an acoustic pressure of 200 kPa was applied
for 2 min after each mixture injection. Both treatment regimens resulted in significantly
lower luciferase activity than that found in 50 pg once group on Day 4 (Fig. 5, p < 0.05).

Combining ultrasound and microbubbles for gene delivery

After individually optimizing the acoustic pressure, the duration of ultrasound application,
and the dosage of microbubbles and DNA for gene delivery, we compared the optimized
treatment (protocol used in Group 3) to the results obtained in the control groups (Groups 18
—20). The following controls were used: DNA injection alone (Group 18, “DNA”); injection
of both DNA and MBs (Group 19, “DNA + MBs”); and injection of DNA with ultrasound
(US) treatment (Group 20, “DNA + US”). Only the combined DNA-microbubble injection
followed by ultrasound treatment (Group 3, “DNA + MBs + US”) resulted in a 100-fold
significant increase (p < 0.0001) in luciferase activity on Day 4 compared to all controls
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(Fig. 6A). Furthermore, immunofluorescence analysis (Fig. 7) demonstrated significantly
more Luciferase expression on Day 21 for the DNA + MBs + US group compared to gene
expression in the control groups. Importantly, no evidence of structural damage to muscle or
bone was found for the optimized treatment group or controls (H&E staining, Fig. 7). In
conclusion, the optimized DNA + MBs + US group was found to result in an early (Days 4
and 7, Fig. 6A) and lasting (Day 21, Fig. 7) significant increase in gene delivery efficiency
while keeping up with a spatial (Fig. 6B — E) and temporal (H&E, Fig. 7) expression pattern
that is consistent with nonviral gene delivery systems.

Discussion

Ultrasound is widely used in the clinic for diverse purposes such as imaging, lithotripsy, and
tumor ablation. Preclinical studies have been conducted to investigate the possibility of
ultrasound-mediated gene therapy. This is an attractive approach, because it results in
transient gene expression and does not require potentially tumorigenic and immunogenic
viral vectors or invasive electroporation. However, the major limitation of ultrasound-
mediated gene delivery is its relatively lower efficiency compared to the aforementioned
methods. Therefore, optimizing the efficiency of ultrasound-mediated gene delivery is
crucial in promoting its future therapeutic applicability.

In this study, we explored a number of key parameters affecting local naked DNA delivery
by using microbubble-assisted sonoporation. First, we looked at the effect of acoustic
pressure on delivery efficiency. Low acoustic pressures are known to induce symmetrical
microbubble oscillations, known as stable cavitation, with microbubble oscillations
deflecting the cell membrane and potentially inducing endocytotic uptake. Higher acoustic
pressures cause rapid growth of microbubbles and inertial cavitation. Shock waves and
microjets produced by inertial cavitation are very stressful for cell membranes, resulting in
membrane disruption and perforation [29]. As a result, the effects of inertial cavitation
extend further into the tissue. Our study shows that increasing the acoustic pressure from 50
kPa to 250 kPa increases gene expression on Day 4 to the maximum and that no further
increases in gene expression result from higher pressures. The reduction in gene expression
at higher pressures may be a result of increased cell lysis and apoptosis [30, 31]. Since
bioluminescence imaging was used to measure gene expression its limitations may have also
influenced these results. While bioluminescence imaging is very common, highly sensitive
and specific the complexity of the luciferase catalyzed reaction and in vivo light propagation
pose certain limitations. Regarding the luciferase-luciferin reaction both substrate and co-
factors: ATP, oxygen and magnesium are required so limited availability of any of these
components may result in an underestimation of luciferase activity [32]. Additional factors
influencing luciferase activity include pH, perfusion and cellular viability [33]. While the
aforementioned factors could have been modified by the change in treatment we have found
a strong correlation between in vivo bioluminescence signal (Fig. 6) and ex vivo
immunohistochemical staining for luciferase expression (Fig. 7).

It is also important to recognize that each treatment involved only a single injection of
microbubbles and the higher acoustic pressure rapidly destroyed the microbubble
population. The limited microbubble lifetime in the face of higher acoustic pressure may
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also play a role in the decrease in observed transfection. Therefore, to achieve maximal gene
delivery efficiency, one must apply enough acoustic pressure to excite microbubbles but not
irreversibly damage the cells or immediately destroy the microbubbles. Avoiding cell
damage is particularly important for regenerative purposes. Interestingly, the optimal
acoustic pressure found in this study was lower than acoustic pressures reported in some
similar studies [11, 34]. Although no structural damage was reported in those studies, our
results indicate that even lower acoustic pressures may be used for successful gene delivery,
so the probability of side effects such as tissue heating would be reduced, thereby providing
a safer delivery protocol.

Next we found that delivery of 5 x 105 microbubbles per 50 ug DNA led to significantly
enhanced transfection when compared to lower and higher dosages of microbubbles. This
result suggests that the concentration of microbubbles in the injected solution must be kept
in a very tight range to achieve enhanced sonoporation. Below this concentration, there may
be too little impact from microbubble oscillation and the microbubbles may be more rapidly
destroyed. If the microbubble concentration is too high, however, the microbubbles may
shield each other from the acoustic field and the effect would be attenuated. Alternatively,
too many microbubbles could cause increased tissue damage. Previous studies reported
using higher concentrations of injected microbubbles for intramuscular gene delivery [35,
36]. For example, Li et al. [36] used as many as 8 x 106 microbubbles per 20 pl (Sonidel
MB101®, Sonidel Ltd, Ireland), which were similar in size and structure to the
microbubbles used in our study for sonoporation in the mouse hind leg muscle. However,
since no data on gene expression without ultrasound treatment were shown, it is hard to
conclude whether such a high concentration of microbubbles can effectively enhance
sonoporation.

Similar to our results, Nomikou et al. [37] found that higher microbubble concentrations
significantly reduced cell viability but did not increase transfection efficiency. We found
that prolonged ultrasound exposure (> 2 min, Fig 5) and excess DNA (> 50 jg) decrease the
efficiency of gene transfection. Both prolonged ultrasound exposure and excess DNA can
also result in cellular toxicity via a mechanical mechanism [38]. Here, optimized ultrasound
exposure time and microbubble concentration correlated with microbubble survival
observed by CPS imaging. Nonlinear contrast imaging of microbubbles may be a useful
approach to maximize transfection while minimizing cellular toxicity in other tissue types.
Delalande et al. [39] evaluated the effect of different parameters on gene expression in the
Achilles tendon of mice. While similar ultrasound settings and microbubble concentrations
were found to be optimal by that group, their total treatment time was 10 min compared to
our 2 min. This probably stems from differences in the acoustic properties surrounding the
region of interest. The Achilles tendon, being closer to bone than the thigh muscle, is a more
difficult site for sonoporation because bone is highly reflective of ultrasound waves.
Therefore, it is very likely that a longer treatment time is needed to induce the same
treatment effect in tendon that is observed in muscle.

Another important factor is the microbubble shell, which can be composed of either a lipid
or a protein. Different shell structures behave differently when ultrasound is applied.
Protein-shelled microbubbles have a thicker and more rigid shell [40]. In contrast, lipid
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shells are held together by “weak” forces, which make them more compliant to expansion
and compression during ultrasound sonication. Lipid shells also possess the ability to reseal
themselves following fragmentation [41]. Therefore, lipid-shelled microbubbles exhibit
favorable characteristics for ultrasound-mediated gene delivery. In one report, commercially
available lipid shells (Definity, Lantheus Medical, N. Billerica, MA, USA) were associated
with higher efficiencies related to uptake of DNA and different drugs than protein-shelled
microbubbles (Optison, GE Healthcare, Princeton, NJ, USA) [42].

One of the parameters not tested in this study is the effect of microbubble size and
composition on gene delivery. Previous studies showed that cavitation behavior and stability
of microbubbles mainly depend on microbubble size [43, 44]. The natural frequency of
microbubbles depends on their diameter [45]. Also, large microbubbles are known to be
more resistant to destruction and can require higher acoustic pressures to achieve the same
wall velocity and therefore affect membrane permeability. For the study performed here, the
persistence of the small microbubbles was sufficient to achieve transfection. In other
applications, larger microbubbles may be desired to extend the oscillation lifetime. An
additional factor that could increase the transfection efficiency is the use of lipoplexed DNA
that is shielded from nucleases. Future studies should also explore the possibility of using
lipoplexed DNA for pre clinical and clinical trials.

In this study, we used the CPS image to monitor microbubble oscillation. CPS image
amplitude is dependent on nonlinear microbubble oscillation and therefore can be used to
monitor microbubble persistence. With the Antares system used in this study, specific
harmonics could not be differentiated and therefore the nature of the cavitation (transient or
stable) was assessed only by the microbubble lifetime. Future studies will emphasize the
development of capabilities to directly assess cavitation.

These results bear great promise for the future development of therapies based on direct
gene delivery to tissues. Our data clearly demonstrate that ultrasoundmediated gene delivery
is dependent on acoustic pressure, microbubble and DNA dosage, and treatment time. The
combination of these parameters allows an efficient and prolonged gene expression, with no
evident damage to treated tissues, thus making it a suitable approach for gene therapy.
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Fig. 1.
Experimental design. A. On Day 0 the mice were injected with a mixture of plasmid DNA

(pLuc?2) and microbubbles. Immediately after the injection, an ultrasound sequence was
applied. Follow-up bioluminescence imaging (BLI) was performed on Days 1, 4, 7, 14, and
21. B and C. On Day 0 ultrasound gel was used to couple the thigh (red arrow) to a spacer
on the ultrasound transducer. D and E. With the aid of ultrasound guidance (D, the thigh
[marked by a red circle] can be seen on the top of the spacer [marked by a yellow line]), we
injected the thigh (E, needle in the thigh [marked by a blue line] can be seen injecting the
microbubbles [marked by a red arrow]) with the plasmid DNA — microbubble mix. F and G.
During treatment (F, red arrow marks microbubbles) and immediately afterward (G), the
injection site was visualized using a contrast-enhanced mode.

J Control Release. Author manuscript; available in PMC 2017 February 10.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shapiro et al.

Page 15

] 50kPa
£ 100kPa
200kPa
250kPa
Bl 320kPa

Average Radiance [p/s/cm?/sr]

NSNS S SSNSNSNSNSNSNSSNSNSSNSNNN

A S S SN SNSNSNANNNANNN

NASSSNSNSNSNSANSNN]

D N
N v
3

&)

Fig. 2.
Luciferase expression profile in mice treated with microbubble-enhanced sonoporation at

various acoustic pressures. Mice were injected once with 50 ug plasmid DNA premixed with
5 x 105 microbubbles and then treated with an acoustic pressure of 50 kPa, 100 kPa, 200
kPa, 250 kPa, or 320 kPa for 2 minutes. The treatment effect was monitored using BLI for
21 days after treatment.
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Fig. 3.

Ll?ciferase expression profile in mice treated with microbubble-enhanced sonoporation at
various microbubble doses. Mice were injected once with 50 pg plasmid DNA premixed
with 5 x 104, 105, 5 x 105, 106, or 5 x 106 microbubbles and then treated with an acoustic
pressure of 200 kPa for 2 minutes. The treatment effect was monitored using BLI for 21
days after treatment.
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Luciferase expression profile in mice treated with microbubble-enhanced sonoporation and

with various total treatment times. Mice were injected once with 50 ug plasmid DNA

premixed with 5 x 105 microbubbles and then treated with an acoustic pressure of 200 kPa
for 0.5 min, 1 min, 2 min, 3 min, or 10 min. The animals. The treatment effect was

monitored using BLI for 21 days after treatment.
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Fig. 5.

Ll?ciferase expression profile in mice treated with microbubble-enhanced sonoporation at
various DNA doses and, in some groups, with repeated treatments. Mice were injected once
with 25 g, 50 pg, or 100 pg DNA premixed with 5 x 105 microbubbles and then treated
with an acoustic pressure of 200 kPa for 2 min. Other mice were injected with 25 ug or 50
ug DNA premixed with 5 x 105 microbubbles treated with an acoustic pressure of 200 kPa
for 2 min and then injected and treated again using the same parameters. The treatment
effect was monitored using BLI for 21 days after treatment.
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Fig. 6.

A.g Luciferase expression profile in mice treated with microbubble-enhanced sonoporation of
Luc2 in vivo. Mice were injected once with 50 pg plasmid DNA (DNA and DNA + US
groups), or 50 pg plasmid DNA premixed with 5 x 105 microbubbles (DNA + MBs and
DNA + MBs + US groups) and then treated with an acoustic pressure of 200 kPa for 2 min
(DNA + US and DNA + MBs + US group). The treatment effect was monitored using BLI
for 21 days after treatment. B. Representative images obtained in each group (respectively in
panels B, C, D, and E) on Day 4 with the region of interest indicated by a red oval.
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Fig. 7.
In situ luciferase expression induced by microbubble-enhanced sonoporation of Luc2 in vivo

and detected by immunofluorescent staining. Mice were injected once with 50ug plasmid
DNA (DNA and DNA + US groups), or 50ug plasmid DNA premixed with 5 x 105
microbubbles (DNA + MBs and DNA + MBs + US groups) and then treated with an
acoustic pressure of 200 kPa for 2 min (DNA + US and DNA + MBs + US group). Thigh
muscle sections were treated with H&E or with immunofluorescent staining of luciferase
with a DAPI counterstain.
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