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Abstract

Theranostic agents present a promising clinical approach for cancer detection and treatment. We
herein introduce a microbubble and liposome complex (MB-Lipo) developed for ultrasound (US) im-
aging and activation. The MB-Lipo particles have a hybrid structure consisting of a MB complexed with
multiple Lipos. The MB components are used to generate high echo signals in US imaging, while the
Lipos serve as a versatile carrier of therapeutic materials. MB-Lipo allows high contrast US imaging of
tumor sites. More importantly, the application of high acoustic pressure bursts MBs, which releases
therapeutic Lipos and further enhances their intracellular delivery through sonoporation effect. Both
imaging and drug release could thus be achieved by a single US modality, enabling in situ treatment
guided by real-time imaging. The MB-Lipo system was applied to specifically deliver anti-cancer drug and
genes to tumor cells, which showed enhanced therapeutic effect. We also demonstrate the clinical
potential of MB-Lipo by imaging and treating tumor in vivo.
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Introduction

Theranostic particles, which have a dual capacity
for imaging and therapeutics, have emerged as a

novel concept for cancer detection and treatment [1, 2].

The approach could overcome intrinsic mismatch of
key metrics (e.g., pharmacokinetics, selectivity, bio-
distribution) between imaging and therapeutic

agents, thereby allowing for precise, imaging-guided
drug delivery. The technology could also open up a
new opportunity for rapid assessment and adjustment
of treatment regime, based on real-time imaging
feedback during therapy. Many different types of
theranostic agents have been developed using mag-
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netic nanoparticles, quantum dots or novel metal na-
noparticles as substrates [3, 4]. Existing detection
modalities (e.g., magnetic resonance imaging, optical
excitation) could be used to image these agents with
high contrast, and often to actuate them for drug re-
lease. Most of the developed theranostic agents,
however, are still difficult to be translated into clinical
applications. A significant concern is the potential
toxicity of constituent materials (e.g., metal or semi-
conductor nanoparticles) [5, 6]. Some agents also re-
quire specialized equipments, besides imaging in-
struments, to release therapeutic materials (e.g.,
magnetic hyperthermia, photodynamic therapy). Mi-
crobubble (micro-meter sized bubble, MB) and lipo-
some (Lipo) particles, conversely, are promising clin-
ical application materials comprising non-toxic lipid
chemicals. These newly developed materials can be
used for the diagnosis and treatment of cancer and
serve as alternatives to conventional theranostics that
have known toxicological problems [7-11]. Synthe-
sized with biocompatible polymers, these particles are
shown to be non-toxic for in vivo uses. They can also
be loaded with contrast agents for enhanced imaging
(e.g., microscopy, MR, ultrasound), and importantly,
with therapeutic materials to treat tumor [12-17].
Kheirolomoon A. et. al. reported the first thera-
peutic use of microbubbles conjugated with liposomes
encapsulating drugs in their hydrophilic core. They
also used the ultrasound acoustic focusing to enhance
the drug delivery to cells [18]. Albeit pioneering, the
scope of the work for cancer therapy was limited: the
therapeutic efficacy was low due to the non-specific
delivery of the construct, and the application was only
demonstrated in cell culture. The goal of this study is
to further advance lipid-based particles for maximal
treatment efficacy. In particular, we herein report a
new particle construct 1) that can simultaneous de-
liver therapeutic drugs and genes into target cells
with high specificity, and 2) that can be imaged and
activated by US. We selected US both for imaging and
drug/gene delivery mechanism, as it is fast,
non-invasive and deep tissue penetrating. Further-
more, compared to other diagnostic imaging modali-
ties, the US system is safe, cost-effective and routinely
available in most clinics. In designing theranostic US
particles, we adopted a hybrid approach: 1) MB,
gas-filled lipid microsphere, was employed to en-
hance US imaging contrast; 2) Lipo was prepared, that
encapsulated therapeutic drugs and genes; and 3)
multiple Lipos were linked to a MB to form a MB-Lipo
complex. The resulting particles generated high con-
trast under normal US illumination, as MBs oscillated
and generated acoustic waves. For the delivery of
therapeutic material, we burst MBs in situ by applying
higher acoustical pressure; this unloaded Lipos from

MBs as well as temporarily permeabilized cellular
membrane for efficient Lipo delivery [19-21]. The
particle synthesis and loading of therapeutic agents
were optimized. The prepared particles were imaged
and activated using a conventional US scanner. We
also confirmed that MB burst indeed improved the
co-delivery of therapeutic agents. The clinical utility
of MB-Lipo for US theranostics was evaluated in vivo
by treating tumor in an animal model.

Materials and Methods

Preparation of MBs

All phospholipids compounds were purchased
from Avanti Polar Lipids (Albaster, AL, USA) and
used without any purification. 1,2-Dipalmitory-sn-
glycero-3-phophatidylcholine (DPPC, 15.4 mg), dice-
tyl phosphate (DCP, 1.0 mg), 1,2-dipalmitory-
sn-glycero-3-phosphoethanolamine (DPPE, 1.2 mg),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[
PDP(polyethylene glycol)-2000] (DSPE-PEG-PDP, 5.0
mg), and cholesterol (3.5 mg) were dissolved in 5 mL
chloroform (99.9 %, Sigma-Aldrich, St. Louis, MO,
USA). To remove the solvent, the solution was evap-
orated for 5 min at 35 °C and freeze-dried for 24 hr at
-45 °C; this led to the formation of a phospholipid
film. To create a lipid solution, a 2-mL mixture of
glycerin, propylene, and H>O (1:2:7, volume ratios)
was added to the film and transferred to a hermetic
vial (Wheaton, NJ, USA). MBs were prepared via a
mechanical mixing with a high-speed shaking-device
(KIMS, South Korea) and SFs gas filling. Fluorescein
isothiocyanate (FITC, 1 mg, Sigma-Aldrich) was
added to the lipid solution before the mixing for in-
corporation into the MB. Unloaded FITC was washed
by centrifugation (5 min, 13,000 rpm). The MB particle
concentration (C) was measured by AccuSizer
(780/ APS), and the weight (W) of MB particles was
measured from particle precipitates (13,000 rpm, 5
min). We then calculated a weight conversion factor (a
= W/C). In our synthesis setup, a = 0.96 x 1011 mg-mL.
For the subsequent assays, we measured MB concen-
trations and used the conversion factor to estimate the
MB weight.

Preparation of liposome particles

The Lipo particles were produced in a similar
manner. DPPC (154 mg), DCP (1.0 mg), DPPE (1.2
mg) and cholesterol (3.5 mg) were mixed in 5 mL
chloroform. A lipid film was formed after evaporation
(5 min, 35 °C) and lyophilization (24 hr, - 45 °C). Two
milliliters of H,O was added to the film, and the
mixture was treated with sonication for 5 min at 60°C.
To make fluorescent Lipos, hydrophilic organic dye
(Texas red, 1 mg, Sigma-Aldrich) was added to the
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film solution, and excess dye was removed by cen-
trifugation (5 min, 13,000 rpm). The film solution was
subjected to freezing and defrosting cycles (5 times) in
liquid nitrogen and a water bath, respectively. The
liposomal dispersion was extruded through a 200-nm
filter using a mini-extruder at 60 °C (Avanti polar
lipids, Albaster, AL). To add sulfhydryl functional
group on the Lipo surface, amine-active Lipo, derived
from DPPE, was treated with 5 mg
2-iminothiolane-HCl (Traut’s reagent, Pierce) for 2 hr
at 25 °C after adjusting the pH to 8 with 1 M NaHCO:.

Preparation of MB-Lipo complex

0.67 mL Thiol-active MBs (13 mg/mL, 1.2 x 1011
MB/mL), derived from DSPE-PEG-PDP, were mixed
with 2 mL thiolated Lipo (10 mg/mL) by shaking for 2
hr at room temperature. The reaction was monitored
to pyridine-2-thione releasing by UV-Vis spectra. The
prepared Lipo still had an amine functional group on
the surface, despite treatment with Traut’s reagent, as
shown by quantitative amine analysis. The 30 mg
MB-Lipo dispersion aqueous solution (2 mL),
containing an amine functional group, was reacted
with sulfosuccinimidyl-4-(N-maleimidomethyl)cyclo
hexane-1-carboxylate (sulfo-SMCC, 5 mg, Sigma-
Aldrich) for 3 hr at 25 °C after adjusting the pH ~8.2
with 1 M NaHCOs;, to activate maleimide functional
group. This particle solution was then linked to
appropriate antibodies using a general conjugation
procedure.

Doxorubicin (Dox), plasmid DNA, and siRNA
loading into MB-Lipo

Doxorubicin (Sigma-Aldrich) was incorporated
into Lipo particles by the thin-film hydration and
remote-loading method with an ammonium sulfate
gradient. Lipid film (21.1 mg) was hydrated with 2
mL ammonium sulfate solution (250 mM), and the
liposomal suspension was sequentially extruded 5
times through polycarbonate filters with pore sizes of
200 nm. The ammonium sulfate was removed by
centrifugation (5 min, 13,000 rpm). At this point,
ammonium sulfate ions were located only inside of
Lipo particles. The liposomal dispersion and 440 pM
Dox (1:1, v/v) were mixed and incubated for 2 hr at 60
°C. The mixture was washed to remove unloaded
Dox, and the loading capacity of Dox in Lipo was de-
termined by measuring the concentration of Dox in
the supernatant by UV-Vis spectroscopy. Lipopox par-
ticles were then complexes with MBs as described
above. To package plasmid GFP (pGFP) gene into
Lipo, the Lipids film (21 mg) was lyophilized, and
then homogenized with the complexes of pGFP (10
kbp, 34 nM), and a 0.2-mL protamine (PA, 7.5 kD, 18.8
MM) solution, at ratio that was optimized by electro-

phoresis experiments was added to the Lipo powder
(21 mg) and shaken for 5 min at 25 °C. The gene com-
plex containing Lipo was washed 2 times through
centrifugation (5 min, 13,000 rpm) to remove un-
loaded gene complex, and the loading capacity was
measured by UV-Vis spectroscopy. Dox and thera-
peutic siRNA (siSTAT3, Thermo scientific) were in-
corporated into the Lipo particles simultaneously us-
ing the same procedures described above for Dox and
pGFP. All functional 20 mg Lipo particles (2 mL in
PBS) were stored at 4 °C until further complexation
with 0.67 mL of MBs (13 mg/mL, 1.2 x 101" MB/mL)
and conjugation with antibodies. The anchored anti-
bodies were quantitative analyzed by general protein
assay methods [22].

Phantom study for echogenicity of MB-Lipo
particle system

The echogenicity of MB-Lipo (15 mg/mL, 1.6 x
10" MB/mL) was evaluated using a phantom sample.
The phantom was made using plastic connecting tube
with inner diameter of 2 mm, locating in the chamber
filled with water. Ultrasound scanner (iU22, Philips,
Bothell, WA, USA) equipped with 5- to 12- MHz
broadband linear probe was used for imaging.

Transfection of pGFP into cells using MB-Lipo

The day before transfection, 3 x 10* cells were
seeded in the wells of a 48-well plate (BD Falcon) or
confocal 4-well plate (Lab-tex, NY, USA).
HER2-MB-Lipopgrr (DPPC 2.1 mM, pGFP 0.68 nM)
was added to cells in culture media containing 10 %
fetal bovine serum (FBS). Following 1 hr incubation,
MB-Lipo particles were washed away with PBS solu-
tion. For flash application, a clinical ultrasound scan-
ner (iU22, Philips, Bothell, WA, USA) with a 5- to
12-MHz broadband linear probe was used. The probe
was placed in backside of the well plate, and flash
pulses (MI = 0.61) were applied for 1 min. The cells
were washed twice with culture media and cultured
for 2 days.

Cell cytotoxicity assay

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium (MTT) assay kit (Invitrogen) was used to
evaluate cell viability in the presence of MB-Lipo.
SkBr3 cells (ATCC, VA, USA) were cultured in RPMI
supplemented with FBS (10 %) and penicillin and
streptomycin (1 %). Cells were maintained at 37 °C in
a humidified atmosphere containing 5 % CO,. At
confluence, the cells were washed, trypsinized, and
re-suspended in culture media. Cells were then
seeded at a concentration of 5,000 cells/well in a
96-well tissue culture plate and allowed to grow
overnight at 37 °C under 5 % CO,. Various MB-Lipo
solutions were added at different concentrations into
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the culture media, and the cells were allowed to grow
for another 24 hr. To test for cell viability, culture
media were replaced with MTT solution. After 3 hr of
incubation at 37 °C under 5 % CO,, MTT solubiliza-
tion solution was added to dissolve the resulting
formazan crystals. Readings were measured spectro-
photometrically at a wavelength of 570 nm, with
background absorbance at 690 nm, to determine cell
viability.

Tumor rabbit model

This study was approved by the Animal Care
Committee of Seoul National University Hospital
(IACUC No. 12-0315) and was performed in accord-
ance with local ethical guidelines. A total of 9 adult
New Zealand white rabbits (Biogenomics, South Ko-
rea), weighing 2.5-3.0 kg each, were used in this ex-
periment. Rabbits were anesthetized with an intra-
muscular injection of ketamine hydrochloride (25
mg/kg; Ketalar, Yuhan Yanghang, South Korea) and
2 % xylazine hydrochloride (10 mg/kg; Rompun,
Bayer Korea). The abdomen of the rabbit was shaved
and prepared with povidone iodine. Laparotomy was
performed with a 2-cm left paramedian incision to
expose the left kidney. An 18-gauge needle consisting
of a cannula and a core was used for tumor implanta-
tion, and one VX2 tumor fragment was placed into the
lumen of the cannula. The puncture needle was di-
rectly inserted into the sub-capsular parenchyma of
the left kidney, and the tumor fragment in the lumen
of the needle was pushed out the core [23]. After light
pressure on the implantation point to prevent bleed-
ing and leakage of tumor tissues, the left kidney was
returned to the abdominal cavity, and the abdomen
wall was closed in double layers. All the procedures
were performed aseptically, and tumors were allowed
to grow for 2-3 weeks to reach a size of 15-30 mm in
diameter.

Treatment with therapeutic MB-Lipo particle
to the in vivo rabbit model

Trans-catheter intra-arterial administration of 1
mL of HER2-MB-Lipopox+sistats (15 mg/mL, 1.6 x 101
MB/mL) was performed under fluoroscopic guidance
by a interventional radiologist who had > 10 years of
experience in the procedure. The same anesthesia
protocol as with VX2 tumor implantation was used.
An 18-gauge catheter (BD Angiocath Plus with intra-
venous catheter, Becton Dickinson South Korea) was
inserted into the right central auricular artery for ar-
terial access, and a 2.0-Fr micro-catheter (Progreat,
Terumo, Japan) was advanced along the 18-gauge
catheter to the descending aorta by way of the exter-
nal carotid artery. The central auricular artery is the
major artery supplying blood to the rabbit ear. It lies

in the central region of each ear and runs along the
rostral edge of the ear [24]. As the central auricular
branch lies beneath a thin skin sheet, it can be used to
detect the left renal artery. Thus, angiography was
performed to identify the renal arterial anatomy and
the branching arteries feeding the tumor. When the
catheter was advanced to an adequate position in the
left renal artery, the prepared MB solution was in-
fused through the catheter at rate of 6.6 mL/min (1.5
min) using an infusion pump (Genie Plus, Kent Sci-
entific Corporation, Torrington, CT, USA) to avoid
retrograde reflux of the injected materials out of the
renal artery. After completing the intra-arterial injec-
tion, the microcatheter was removed from the auric-
ular artery, and the puncture site was compressed
manually for 90 s.

Ultrasound imaging and applying of flash in
vivo

Before and during delivery of HER2-MB-Lipo
through catheter, a genitourinary radiologist with >
20 years of experience in renal ultrasound imaging
performed the ultrasound imaging. All ultrasound
imaging was performed with an iU22 Ultrasound
scanner (Philips Healthcare, Bothell, WA, USA)
equipped with a 5- to 12-MHz broadband linear
transducer. One minute after starting of MB-Lipo in-
jection through an infusion pump, flashes with me-
chanical index of 0.61 were performed during 5
minutes with pulse width of 3 seconds.

Magnetic resonance imaging (MRI) of tumors

The pre-procedural MR images were acquired to
evaluate presence of tumor and its size. All images
were acquired on a 3.0-T clinical MR scanner (Mag-
netomVerio; Siemens Healthcare, Erlangen, Germany)
using an 8-channel knee coil (In vivo, Gainesville, FL,
USA). T2-weighted coronal TrueFISP images were
obtained covering the both kidneys with following
parameters: repetition time (TR), 5.52 ms; echo time
(TE), 2.76 ms; matrix, 256x256; flip angle, 66 degrees;
slice thickness, 2 mm (25 slices); number of averages,
2; bandwidth of 501 Hz/pixel; and the field of view
(FOV), 150x150mm. A T2-weighted axial turbo spin
echo (TSE) images were also obtained by using fol-
lowing parameters: TR, 5645 ms; TE, 87 ms; matrix,
512x358; flip angle, 144 degrees; slice thickness, 3 mm
(35 slices); echo train length (ETL), 14; number of av-
erages, 2; bandwidth of 250 Hz/pixel; and the FOV,
130x130mm. T1-weighted axial turbo spin echo (TSE)
images were also obtained with TR, 628 ms; TE, 9.1
ms; matrix, 512x369; flip angle, 140 degrees; slice
thickness, 3 mm (35 slices); ETL, 4; number of aver-
ages, 2; bandwidth of 376 Hz/pixel; and the FOV,
130x130mm.  Additional axial and coronal
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T1-weighted images were obtained by using 3D
Volumetric Interpolated Breath Hold Examination
(VIBE) sequence with TR, 5.12 ms; TE, 1.95 ms; matrix,
320%320; flip angle, 15 degrees; slice thickness, 3 mm
(axial) or 2.5 mm (coronal); number of averages, 2;
bandwidth of 401 Hz/pixel; and the FOV,
150x150mm. For imaging follow-up, all subjects un-
derwent the same MR image sets by using the same
imaging parameters.

Results and Discussion

Preparation of functional MB-Lipo particles

Microbubble (MB) and liposome (Lipo) particles
were prepared in separate processes. We synthesized
MB particles from phospholipids and cholesterol (Fig.
1A). A phospholipid film was produced by lyophi-
lizing a mixture of phospholipids and cholesterol. The
film was redissolved in aqueous buffer under me-
chanical vibration and SF¢ gas bubbling, which re-
sulted in the formation of MBs filled with hydropho-
bic SFs gas. During this process, we also added a rela-
tive hydrophobic dye (fluorescein isothiocya-
nate/FITC) that was incorporated into the MB shells.
The prepared green-fluorescent MB particles had a

spherical shape with a mean diameter of 1.5 um
(Supplementary Material: Fig. S1A and C). In a similar
way, Lipo particles were synthesized from a phos-
pholipid lipid film. Instead of employing gas bub-
bling, we used sonication to produce small vesicles
filled with water. During this process, a relative hy-
drophilic red fluorescent dye (Texas Red) was loaded
into the Lipo core. The mean diameter of Lipo parti-
cles was ~ 200 nm as measured from cryo-electron
microscopy and dynamic light scattering (Fig. S1B
and C). To assemble the MB-Lipo particles, Lipo par-
ticles were further terminated with sulfhydryl (-SH)
group and mixed with thiol-active MBs (See Methods
for details). Antibodies against human epidermal
growth factor receptor 2 (HER2) were then anchored
onto the MB-Lipo particles (1.6 pM HER2 antibody
per 21 mM 1,2-Dipalmitoyl-sn-glycero-3-phophati-
dylcholine of particles). Confocal microscopy (Fig. 1B)
and UV-Vis spectroscopy confirmed the formation of
MB-Lipo complex (Supplementary Material: Fig. S2).
Dynamic light scattering further confirmed that the
structure integrity of MB and Lipo particles were
maintained after the linking and antibody conjugation
procedures (Fig. S1D).

(A) 4 Preparation of microbubble (MB) )
gphospholiptd 8 o Fim  SFagas /""\\
s e 0 4 formation bubbling 1
= Y] H
® NH:- . > SFe gas ,’ — . -
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; (DSPE-PEG-PDP)~ =4 ) |
( Preparation of functional liposome (Lipo) Antibody
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T
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Figure |. Synthesis and characterization of microbubble (MB) and liposome (Lipo) complexes. (A) MB particles (average size ~ 1.5 um) were prepared from
phospholipid compounds through mixing, film formation, and bubbling with SFs. Hydrophobic organic dyes could be incorporated into the MB membrane. Lipo particles (200 nm
in diameter) were produced from phospholipid compounds through film formation and sonication. Hydrophilic dyes, pDNA, drugs, or therapeutic genes could be incorporated
into the Lipo core. The prepared MB and Lipo particles were then assembled, and antibodies were conjugated. (B) Fluorescent MB-Lipo complexes were imaged. MBs were
infused with hydrophobic dye (fluorescein isothiocyanate/FITC), whereas Lipos contained a hydrophilic dye (Texas Red). (C) Owing to SFs gas inside the MBs, Ab-MB-Lipo
complexes generated high echogenicity under ultrasound (US) imaging (Ml = 0.08, imaging mode). The echogenicity signal intensity was similar to that with a commercial contrast
agent (SonoVue®). (D) Higher acoustic pressure (Ml = 0.61; flash mode) burst MBs, which decreased the echo signal intensity. The signal from MB complex becomes negligible
after 8 pulses application. The shaded bars indicate the duration when the flash pulse was applied.

http://lwww.thno.org



Theranostics 2014, Vol. 4, Issue | |

1138

We next evaluated the MB-Lipo’s echogenicity,
i.e., the capability of the particles to return US signals.
Phantom samples were prepared by filling plastic
tubes with MB-Lipo or commercial agents (SonoVue®,
Bracco, Milan, Italy), and placed in a water bath.
Samples were then imaged with a clinical US scanner
(iU22, Philips, Bothell, WA, USA). The acoustic pres-
sure, measured by the mechanical index (MI), was MI
= 0.08. MB-Lipo generated a high contrast against the
background (Fig. 1C); its performance was compara-
ble to that of SonoVue®, which confirmed the feasibil-
ity of using MB-Lipo as US contrast agents. Further-
more, the particles maintained echogenicity for > 2
weeks when stored in a gas-filled container (Supple-
mentary Material: Fig. S3). At elevated acoustical
pressure (MI = 0.61, flash mode), MBs underwent
bursting disintegration, which could be observed by a
decrease of their signal intensity. For example, the
signal from MB-Lipo particles gradually reduced with
consecutive application of flash pulses (Fig. 1D); sig-
nal disappeared after 8 pulses.

Cancer cell targeting and enhanced
intracellular delivery of Lipo particles

MB-Lipo particles could be exploited to signifi-
cantly improve the delivery of Lipo particles into
cells; burst of MBs at the flash mode not only released
the attached Lipo particles, but also enhanced the
permeability of the cell membrane (sonoporation) for
more efficient particle uptake (Fig. 2A) [25-27]. We
first investigated such effects in vitro. Dual fluorescent
MB-Lipo particles (MBg, green; Lipog, red) were pre-
pared, and further conjugated with HER2 antibody
(HER2-MBg-Lipor). The particles were incubated with
breast cancer cells (SkBr3) that over-express HER2.
Confocal microscopy showed a highly selective cell
targeting (Fig. 2B). Before the application of US flash (¢
= 0), both green (MB) and red (Lipo) fluorescence
signals were observed on the outer cell membrane, as
MB-Lipo particles were not taken up by the cells
presumably due to the large size of MBs. The targeted
cells were then exposed to US activation. We placed a
5- to 12-MHz linear probe into the culture dish, and
applied US pulses for 1 min (MI = 0.61, flash mode).
After the flash, we observed both green and red fluo-
rescence inside the cells (Fig. 2C). With burst of MBs,
both fluorescent dyes were released and subsequently
transported into the cytoplasm. Note that MB-Lipos
remained on the cellular membrane in the absence of
US flash.

Application of MB-Lipo as gene transfection
agents

We next utilized MB-Lipo particles as a gene
transfection vehicle. We reasoned that the synergistic

effect of MB bursting (i.e., Lipo release and sono-
poration) would significantly enhance the transport of
Lipos that carry target genes. To test this hypothesis,
we transfected cancer cells with plasmid green fluo-
rescent protein (pGFP, 10 kbp) genes. To increase
pGFP loading efficiency into the Lipos, we complexed
the plasmid with protamine (PA, 7.5 kD) [28-30]. The
optimal PA-pGFP complex ratio was 20 pM PA and
34 nM pGFP (600 PA molecules per pGFP). The com-
plex was efficiently loaded into the Lipo with ~ 95 %
loading capacity which was prepared from this lipid
film, and attached to MBs (Supplementary Material:
Fig. 54). The MB-Lipo complex was further derivat-
ized with antibodies (HER2-MB-Lipocrp) for cell tar-
geting. Figure 3 summarizes GFP gene transfection
using the MB-Lipo particles. Cancer cells (SkBr3) were
treated with HER2-MB-Lipocrr (1 hr), followed by the
application of US flash (MI = 0.61) for 1 min and cul-
ture. Control samples were prepared in a similar
manner, but wusing particles without antibody
(MB-Lipocrp). Microscopy analyses (48 hrs post flash)
confirmed target-specific gene transfection; we ob-
served bright green fluorescence in cells targeted with
HER2-MB-Lipocre, while the control had negligible
signal. Furthermore, MB-Lipo particles displayed a
higher transfection efficiency (~ 60 %) than a com-
mercial agent (Lipofectamine, Invitrogen; Supple-
mentary Material: Fig. S5A and B). By changing the
antibody, we could also transfect different cell types
with high yields. For example, cardiac fibroblasts
(CFts), which are known to be difficult to transfect as
a primary cell line, expressed high levels of green
fluorescence when targeted with CD29-specific
MB-Lipocrp and stimulated with US flash (Fig. S5C).

Therapeutic application of MB-Lipo as a
delivery system for anticancer drugs and
siRNA

The MB-Lipo system could serve as a versatile
platform for disease treatment, as different therapeu-
tic agents could be incorporated into liposomes. As a
proof-of-concept, we prepared particles loaded with
doxorubicin (Dox), an anticancer drug. Dox could be
easily incorporated into the hydrophilic core of the
Lipo particles using an ammonium sulfate gradient
(see Methods) [31]. The Dox loading capacity was ~
88.7 %, as determined by UV-Vis spectroscopy. Fol-
lowing the 1-hour incubation of cancer cells (SkBr3)
with HER2-MB-Lipopox (total Dox dose, 0.19 uM), we
treated the cells with US flash (MI = 0.61). The drug
efficiently penetrated into the cell nucleus (Fig. 4A),
leading to significant cell death (35 % viability, 72 hrs
post flash). In contrast, cells incubated with free Dox
(0.19 uM, 1 hr) showed 90 % viability when monitored
72 hours after the treatment.
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The MB-Lipo could also be used to deliver siR-
NA for therapeutic applications. As an example, we
loaded Lipo with a tumor suppressor siRNA for
STATS3 (signal transducer and activator of transcrip-
tion 3), a transcription factor involved in cell prolifer-
ation [32, 33]. As in the case with plasmid DNA, the
siRNA for STAT3 (siSTAT3) was inserted into the
Lipo particles after PA complexation (loading capac-
ity, 95 %). Target cells (SkBr3) were incubated with
HER2-MB-Liposrats, followed by US flashing. With

the delivery of siSTAT3 to SkBr3 cells, the STAT3 gene
was indeed down-regulated. We also observed the
decrease of cyclin D1 and c-Myc gene expressions,
which are involved in cell proliferation (Fig. 4B) [34,
35]. Such altered gene expression changed the cellular
protein expression as well (Supplementary Material:
Fig. S6). The levels of STAT-3 and cyclin D2 both de-
creased, whereas caspase3, an indicator of apoptosis,
increased [36, 37]. The overall cell viability after the
siRNA delivery was ~ 50 % (72 hr post flash).

(A) USflash . .
g e
Cawlatlon
Bubble Intracellular delivery
G Q - _ burst E> (<1 min)
- -~
mmwmomw;w RPN NN m.-z-.-.ﬁm @nopae T NOTOMTOUROTND
mﬂﬁmlﬂlmfﬁi@fﬂllfﬂﬁﬁ O U e O R 00RO :-:-m:-r-:-:w:mm:ﬁnxmmm
Cytosol
MB (green) Lipo (red) Overlay
(B)
o
&
s
o O
o
10 pm

HER2-MBg-Lipor
(without flash)

o

HER2-MBg-Lipor
(1 min post flash)

Figure 2. Specific and enhanced delivery of therapeutic agents with MB-Lipo particles. (A) Delivery scheme. Following specific targeting of MB-Lipo complexes
(left), US pulses (flash mode) are applied to burst MBs and thereby release Lipos. The microjets and shockwaves from the MB burst also induce the formation of transient pores
(~ 220 nm diameter) on cell membrane, which facilitates the intracellular delivery of cargo material (middle). These temporary pores close in < | min (right). (B) Fluorescent
HER2-MBg-Lipor particles were used to label breast cancer cells (SkBr3). Due to their large size (1.5 ym), the MB-Lipo complexes were mostly bound to cell membrane with

minimal intracellular uptake. (C) Application of US flash (Ml =

0.61) burst MBs and released Lipo particles, as confirmed by green and red fluorescent signal inside the cells. The
uptake was fast with most of the organic dyes being taken up within | min of incubation.
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Figure 3. Plasmid gene delivery with MB-Lipo particles. MB-Lipo complexes containing fluorescent plasmid gene (pGFP) were prepared (HER2-MB-Lipogrr). Following
target-specific labeling of cells (SkBr3), US flash was applied for | min to deliver Lipogre into the cells (SkBr3). After 48 hr culture, targeted cells showed green fluorescence
(bottom row); the fluorescence signal was expressed throughout the whole cytoplasm, as is typical for GFP expression by pGFP delivery. Non-flash treating cells as a control (top

row) showed no GFP signal.
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Figure 4. Delivery of therapeutic drug and siRNA. (A) Cancer cells (SkBr3) were targeted with HER2-MB-Lipopox particles that had Lipos loaded with doxorubicin (Dox).

Following the flash treatment (Ml

=0.61, | min) and 24 hr culture, Dox (red) was observed to translocate into the nuclei. In control samples (inset) where cells were incubated

with HER2-MB-Lipopox but did not receive flash pulses, most MB-Lipo particles remained on cell membrane even after 24 hr culture. Scale bars, 20 um. (B) MB-Lipo particles
were used to deliver a tumor suppressor siRNA for STAT3. In cancer cells (SkBr3) treated with HER2-MB-Liposistats and flash pulses, the level of STAT3 gene was lowered, as
determined by polymerase chain reaction (PCR; left). Other cell proliferation gene markers (cyclin DI and c-Myc) were also found to be down-regulated. Control cells with only
flash or siSTAT3 did not show altered STAT3 expression. All changes could be quantified and are statistically significant (right). (C) Cell viability was measured post 120 hr
treatment with different therapeutic agents. Using the MB-Lipo as a delivery vehicle consistently led to a higher therapeutic efficiency, and MB-Lipos loaded with Dox and siSTAT3
demonstrated the highest potency in inducing cell death. Data are presented as mean * SE from triplicate measurements. **p < 0.01.

Figure 4C summarizes the overall therapeutic
efficacy of the MB-Lipo systems. Compared to free
reagents (Dox, siSTAT3 or both), MB-Lipo agents
combined with flash treatment displayed higher po-
tency, which could be attributed to more efficient in-
tracellular delivery of therapeutic agents. MB-Lipo
particles co-delivering both Dox and siSTAT3 (see
Methods) led to the lowest cell viability (25 %) from
synergistic effect (Supplementary Material: Fig. S7).

Theranostic application of MB-Lipo in vivo

We finally applied MB-Lipo particles as
theranostic agents in vivo. Namely, the particles were
used to enhance US imaging contrast, as well as to

enable US-mediated delivery of targeted gene and
drug. For this demonstration, we established a rabbit
renal tumor model by implanting VX2 tumor cells on
the rabbit renal parenchyma (see Methods) [38]. The
implanted tumor expressed HER2 as measured by
immunohistochemistry and Western blotting (Sup-
plementary Material: Fig. S8). We therefore used
HER2-specific MB-Lipo for cell targeting, and loaded
the particles with Dox and siSTAT3 for treatment.
Prepared particles (HER2-MB-LipOpox+sistas) were
injected into the tumor sites through a catheter located
in the left renal artery (see Methods). Following the
intra-arterial (IA) particle injection, US imaging re-
vealed a tumor region with high contrast proffered by
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MBs (Fig. 5A). Subsequently, we applied localized US
pulses (flash, MI = 0.61, 10 times) to burst MBs and
deliver therapeutic-Lipos. The destruction of MBs
could be monitored in situ by observing the loss of
echogenicity in the targeted region (Fig. 5A, right).

The accumulation of HER2-MB-Lipo into tumor
sites could be attributed to the combined effect of high
permeability of tumor vasculature and active target-
ing. In tumor microenvironment, blood vessels are
shown to be defective with large gaps between en-
dothelial cells [39, 40]. MB-Lipo particles thus can leak
from the vessels and enter into tumor interstitium.
Coating MB-Lipo with antibodies further improves
the retention of MB-Lipo in tumor via recep-
tor-mediated active targeting [41].

Local co-delivery of therapeutic agents was val-
idated by performing microscopy and polymerase
chain reaction (PCR) analyses on the tissues extracted
4 days after US flash. The tumor tissue showed in-

Before IA
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trinsic red fluorescence of Dox (Fig. 5B), and the ex-
pression of the target STAT3 gene was efficiently
blocked by siSTAT3 (Fig. 5C). Therapeutic effect was
negligible in control cohorts, which was either
non-targeted with particles (only flash treatment) or
targeted but with no flash applied.

We next sought to verify the therapeutic effect of
MB-Lipo particles on tumor growth (see Methods).
HER2-MB-Lipopox+sistats particles were administered
into tumor sites on two separate days (day 1 and 5),
and exposed to US-flash. MRI imaging was performed
on days 0, 4 and 10 to analyze the tumor size and
growth rate (Fig. 6A). Indeed, tumors that were
treated with MB-Lipo and US flash exhibited signifi-
cantly decreased growth as compared to untreated
tumors and tumors not exposed to flash (Fig. 6B).
Histology data on excised tumor further confirmed
that the cell density of the treated tumors was lower
than those of controls (Fig. 6C).
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Figure 5. Target specific delivery of therapeutic drug and gene in vivo. (A) Therapeutic MB-Lipo particles containing both doxorubicin and siRNA (siSTAT3) were
administered into the implanted tumor (VX2) region in a rabbit kidney via intra-articular (IA) injection. US imaging (Ml = 0.08) confirmed target-specific labeling of tumor with
HER2-MB-Lipopox+sistats particles (middle). Concurrent with US tumor imaging, flash pulses were applied (MI = 0.61) to release therapeutic Lipos. MB burst could be confirmed
by the disappearance of high echo signal (right). (B) Extracted tumor tissue was analyzed for drug delivery. The tumor treated with a combination of HER2-MB-Lipopox+sistaTs
and US flash (middle) showed high concentrations of Dox (red fluorescence). The signal was negligible in control samples (i.e., flash-only, MB-Lipo-targeted but without flash).
Scale bar, 100 pm. (C) The delivery of siSTAT3 was confirmed by performing PCR on tissue extract. The treated tumor (HER2-MB-Lipopox+sistats and US flash) displayed a
significant decrease (**p < 0.01) in STAT3 expression as compared to controls. Each bar represents the mean * SE from triplicate measurements.
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Figure 6. In vivo therapeutic application of MB-Lipo particles. (A) The efficacy of HER2-MB-Lipopox+sistaTs on tumor treatment was evaluated in vivo using a rabbit renal
tumor model. For the treated group, MB-Lipo complexes were introduced on days | and 5 (red arrows) via intra-arterial injections. Half of the treated animal also received US
flash for drug release. Tumor size was monitored by MRl imaging on days 0, 4, and 10. The dotted circles (red) indicate the VX2 tumor region. (B) Tumors treated with particles
and flash showed markedly decreased growth rate. (Inset) Images of extracted tumors, demonstrating the therapeutic effects. (C) After treatment, histological changes in the

implanted tumor tissues were evaluated by hematoxylin and eosin staining.

The bio-distribution of MB-Lipo after targeting
and US flash was determined by analyzing the pres-
ence of fluorescent dyes in the liver, lungs, kidneys,
and tumor (Supplementary Material: Fig. S9). For this
purpose, we used dual fluorescent HER2-MBg-Lipor
particles, which were intravenous injected. Majority
of the particles were found in the liver and lungs, in-
dependent of exposure to flash. However, following
the application of flash at the tumor site, relative
high-intensity fluorescence was observed within the
tumor, which showed a 3-fold increase as compared
to the non-flash control.

Conclusions

Theranostic agents are a promising clinical ap-
plication strategy for accurate, facile disease detection
and treatment method. We herein reported a hybrid
theranostic agent for ultrasound (US), namely a mi-
crobubble and liposome complex (MB-Lipo) particle.
Applying US for its detection as well as activation, we
showed that the MB-Lipo platform has unique ad-
vantages over other theranostic modalities (e.g., pho-
todyamic theraphy, magnetic hyperthermia). First, the
detection modality enables real-time, deep tissue im-
aging, and the use of MBs significantly improves the
signal contrasts. Second, the MB-Lipo particles can be
remotely activated by the same US scanner (flash
mode) during imaging; this capacity not only simpli-

fies the required instrumentation, but also offers high
spatiotemporal precision in treatment. Third, MB
bursting with US pulses could amplify the intracellu-
lar delivery of therapeutic liposomes by temporarily
increasing local cell membrane permeability (sono-
poration). As a proof-of-concept, we have synthesized
and systematically characterized the MB-Lipo parti-
cles. Both MBs and Lipos were produced with
FDA-approved phospholipids, to maximize the
product’s biocompatibility for in vivo applications. As
a contrast agent, the MB-Lipo particles yielded high
US signal, similar to that of a commercial agent
(SonoVue®). Enhanced drug delivery through US ac-
tivation (flash pulses) was also validated. Important-
ly, the MB-Lipo complex was proven to be a versatile
platform for multi-functional operation. It can be
rendered highly target-specific by grafting affinity
ligand, and many different types of agents (e.g., mo-
lecular drugs, genetic material) could be loaded to-
gether to enhance therapeutic efficacy. We used the
MB-Lipo particles to deliver plasmid DNA to cancer
cells as well as to primary cells, achieving transfection
efficiency higher than that of a commercial agent. The
particles also showed a high efficacy in cancer detec-
tion and treatment. In an animal study, we could tar-
get local tumor with MB-Lipo particles, which was
confirmed by concurrent US imaging. Subsequent
application of US flash released therapeutic materials
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in a site-specific and time-specific manner. Such
treatments, benefitting from the efficient delivery and
high potency (combination of anticancer drug and
therapeutic gene) of MB-Lipo, enabled a significant
reduction in tumor burden. All these results validated
the dual use of MB-Lipo particles as a US contrast
agent and a therapeutic delivery vehicle. Going for-
ward, we envision that the developed MB-Lipo parti-
cles could have broader applications. The developed
technology could promote early detection and treat-
ment response monitoring, eventually informing
personalized medicine strategies. The platform could
also be used in other diseases (diabetes or arterio-
sclerosis), wherein US imaging is already widely em-
ployed. To faciliate the MB-Lipo’s clinical translation,
we plan to conduct the toxicology study as well as
pre-clinical trial to evaluate its treatment efficacy.

Supplementary Material

Fig. S1 - Fig. S9.
http:/ /www.thno.org/v04p1133s1.pdf
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