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Abstract

Introduction—Ultrasound-targeted microbubble destruction
(UTMD) has been shown a promising approach for target-
specific gene delivery and treatment of many diseases in the
past decade. To improve the therapeutic potential of UTMD,
the gene carrier of microbubbles should possess adequate
DNA condensation capability and (or) specific cell or tissue
selectivity. The tissue-targeted and ultrasound-targeted ca-
tionic microbubbles were developed to meet gene therapy.
Methods—A tissue-targeted stearic acid-inserted cationic
microbubbles (SCMBs) were prepared for ultrasound-tar-
geted gene delivery. Branched PEI was modified with stearic
acid and further mixed with 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) and biot-1,2-distearoyl-sn-glycero-
3-phosphoethanolamine- N-[methoxy (polyethylene glycol)-
2000] (ammonium salt) (Biot-DSPE-PEG2000), intercellular
adhesion molecule-1 (ICAM-1) antibody and plasmid DNA
to prepare cationic microbubbles through ultrasonic hydra-
tion. The ICAM-1 antibody and plasmid DNA were
expected to assemble to the surface of SCMBs via biotin-
avidin interaction and electrostatic interaction, respectively.
Results—It was found that the SCMBs had higher zeta
potential compared with neutral microbubbles (NMBs) and
cationic microbubbles (CMBs). In contrast, DNA incorpo-
rated SCMBs4 showed negative potential, exhibiting good
DNA-binding capacity. Confocal images showed that the
HeLa cells were attached around by the SCMBs4 from the
view of green fluorescence of fluorescein isothiocyanate-
loaded IgG which conjugated to ICAM-1 antibody on their
surface. After ultrasound treatment, HeLa cells treated with
SCMBs exhibited slightly stronger red fluorescence under
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confocal laser scanning microscope, indicating a synergistic
promotion for transfection efficiency.

Conclusions—This tissue- and ultrasound-targeted cationic
microbubble demonstrated here showed a promising strategy
for improving gene therapy in the future.

Keywords—Gene therapy, Cationic microbubbles, Ultra-
sound-targeted  microbubble  destruction = (UTMD),
Polyethylenimine (PEI), Tissue targeting.

INTRODUCTION

Gene therapy has been shown to be novel and
potential strategies for treating or preventing various
diseases, namely, cardiovascular disease, malignant
tumors, and other genetic diseases.”'”***® One of
most critical challenges for gene therapy is low effi-
ciency of gene delivery to the target tissue, limiting the
potential of this type of therapy.'>'® Currently, a wide
variety of lipid- and polymer-based materials have
been investigated as vehicles to condense DNA or
RNA into nano- (or micro-) complexes that facilitate
cellular gene delivery."*® Approaches for improving
target selectivity and efficiency of gene expression in-
clude development of gene carriers that are selective to
specific cell or tissue and (or) responsive to external
localized physical triggers.>*!7* And one robust
methodology is based on ultrasound and microbub-
bles.!”

Microbubbles are fluorinated gas-filled microparti-
cles made of lipids, saccharide, albumin, biocompatible
polymers and other materials.'*'®® which collapse
under ultrasound through sonoporation, cavitation
and other effects.?!
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Ultrasound-targeted  microbubble  destruction
(UTMD) has been widely studied for gene therapy
because of its low toxicity, low immunogenicity of
vectors, minimum invasiveness, repeatability and
effectiveness.'*”* The ultrasound effects can also
increase local permeability of tissue and cell mem-
branes to DNA or RNA nano- (or micro-) complexes
and augment gene transfer at target sites.>'"** UTMD
is definitely a promising strategy to improve efficiency
of gene delivery for multiple application, and organs
which can be targeted with its high specificity proven
by increasing evidences.®>>?’

To improve the therapeutic potential of UTMD,
the gene carrier of microbubbles should possess
adequate DNA condensation capability and (or)
specific cell or tissue selectivity. One method is to
greatly condense DNA to the microbubbles by
incorporating cationic lipids in the microbubbles. As
the gold standard of polycations, polyethylenimine
(PEI) has been widely used for gene delivery because
of its efficient gene expression and the effect of
proton sponge.”'**?° Another method is to specifi-
cally target microbubbles to the cell or tissue of
interest by conjugating receptor ligands or antibodies
to their surface.*® As a cell surface glycoprotein,
intercellular adhesion molecule-1 (ICAM-1), which is
expressed by inflammatory endothelial cells, partici-
pates in leukocyte and endothelial adhesion and
transmigration.”! Overexpression of ICAM-1 is con-
sidered to be a marker of endothelial cell dysfunction
or injury and has been observed in a number of
related diseases.”’**

Therefore, in the current study, PEI was modified
with stearic acid and mixed with 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) and biotinylated-
1,2-distearoyl-sn-glycero-3-pho-sphoethanolamine- V-
[methoxy (polyethylene glycol)-2000] (ammonium salt)
(Biot-DSPE-PEG2000) to prepare cationic microbub-
bles (SCMBs), expecting to obtain adequate DNA
loading capacity. Intercellular adhesion molecule-1
(ICAM-1) antibody was selected to conjugate to the
surface of SCMBs via biotin-avidin interaction, aiming
to facilitate attachment to the injured paraurethral
anterior vaginal wall. The relevant properties of the
SCMBs, including concentration, size distribution,
zeta potential, and DNA loading capacity were
explored. Cytotoxicity, DNA loading capacity and
transfection efficiency of the neutral biotinylated
NMBs, biotinylated CMBs and SCMBs were studied
to evaluate the gene therapy potential of the
microbubbles.
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MATERIALS AND METHODS

Materials

1,2-Distearoyl-sn-glycero-3-phosphocholine

(DSPC) and biot-1,2-distearoyl-sn- glycero-3-phos-
phoethanolamine- N-[methoxy (polyethylene glycol)-
2000] (ammonium salt) (Biot-DSPE-PEG2000) were
supplied by A.V.T (Shanghai, China). Branched PEI
(molecular weight = 600 Dalton, PEI600), stearic
acid, chloroform, diethylether, and N,N’-carbonyl
diimidazole (CDI) were purchased from Aladdin
(Shanghai, China). Rabbit anti-ICAMI1 biotin-conju-
gated antibody and goat anti-rat IgG/fluorescein
isothiocyanate (FITC) antibody were provided by
Bioss (Beijing, China). Rat TIMP-1 plasmid contain-
ing the red fluorescent protein (RFP) gene was pur-
chased from Vigene Biosciences (Shangdong, China).
3,8-Diamino-5-[3-(diethylmethylammonio)propyl]-6-
phenylphenanthridinium diiodide (PI) and Cell
Counting Kit-8 were supplied by Beyotime (Shanghai,
China).

Preparation and Characterization of Stearic Acid
Modified Polyethylenimine 600 (SPEI600)

Stearic acid modified polyethylenimine 600
(SPEI600) was prepared referring to previous litera-
ture.'* Briefly, 0.35 g CDI and 0.6 g stearic acid were
dissolved in 10 mL dry chloroform, respectively. Then
CDI solution was added drop wise into the stearic acid
solution, and stirred with argon protection at room
temperature for 2 h. Up to 20 mL branched PEI
solution (3.5% (w/v)) was added drop wise into the
mixture, and stirred with argon protection at room
temperature for 24 h. After the reaction, the solution
was precipitated with cold ether (400 mL) and then
collected using a centrifuge at 4500 rpm for 10 min.
The SPEI600 product was obtained after drying in a
vacuum oven. The structure of SPEI600 was verified
by proton nuclear magnetic resonance spectroscopy
("HNMR, 400 MHz Bruker Avance DPX-300 spec-
trometer).

Preparation of Neutral Microbubbles (NMBs),
Cationic Microbubbles (CMBs) and SCM Bs

Microbubbles were prepared as described by Jin
et al®® In a typical procedure, DSPC, Biot-DSPE-
PEG2000, SPEI600 or PEI600 were dissolved in chlo-
roform. Next the solvent was removed by nitrogen
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flow and a lipid film was formed. The film was then
dried for 4 h under high vacuum to remove the resid-
ual chloroform. Buffer consisting of Tris (0.1 M),
glycerol, and propylene glycol (volume ratio, 8:1:1)
was added into a vessel of dry lipid films to prepare a
liposome suspension with a concentration of 3 mg/mL.

Subsequently, the solution was sonicated for 30 min
under 55-60 °C by using a bath sonicator (40 kHz,
360 W). The aqueous solution was sealed in a 2 mL
penicillin bottle (1 mL each). Air was removed using a
vacuum pump, and C3;Fg was charged into the bottle
by using a homemade apparatus. The bottle was ulti-
mately subjected to shock by using a vibrator for 45 s
and washing it thrice in a centrifugal tube (400xg,
3 min). NMBs, CMB, and SCMB shells of 3 MBs were
prepared, and the lipid compositions of the MB shells
are summarized as Table 1. Microbubbles were mea-
sured and the concentration was determined by using
Accusizer 780A (Particle Sizing System, Santa Bar-
bara, USA). Confocal laser scanning microscopy of
MB samples was performed on TCS SP8 X (Leica,
Solms, Germany).

Characterization of Microbubbles

Zeta potential of SCMBs diluted in PBS, deionized
(DI) water and a 10 mM NaCl solution to 10* MBs/
mL was determined using Zetasizer 3000 (Malvern,
Worcestershire, U.K.). NMBs, CMBs, and SCMs di-
luted in H,O solution were measured. All samples were
measured three times.

Evaluation of DNA-Binding Capacity of SCMBs

For this assay, the microbubbles of different con-
centrations were diluted by DI water. The concentra-
tions were 1 x 107, 5x 10", 1 x 10%, and
2 x 10* MBs/mL respectively. 0.5 ug plasmid DNA
and 1 mL SCMBs suspension of varying concentra-
tions were incubated for 15 min and then washed trice
with 10 mM NaCl solution in a centrifugal tube
(400x g, 3 min) at 4 °C to remove free plasmid DNA.
The same SCMB solution at a final volume was de-
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stroyed in a bath sonicator heated at about 60 °C for
several minutes until the suspension became transpar-
ent. The DNA loaded MBs were measured using Na-
noDrop 2000 (Thermo Scientific, MA, USA).

And next, 10, 20, 30, 40 and 60 uL of plasmid DNA
(1 ug/uL) were added to 1 mL of SCMB suspension
(5 x 10® MBs/mL) and incubated for 15 min, respec-
tively. Then the suspensions were washed thrice with a
10 mM NacCl solution in a centrifugal tube (400xg,
3 min) at 4 °C. Then 10 mM NaCl solution was added
to DNA-loaded MB complexes to maintain the same
volume (0.5 mL in total). The suspensions were de-
stroyed in a bath sonicator and heated at about 60 °C
for several minutes until the suspension became
transparent. The solutions were measured using Na-
noDrop 2000 (Thermo Scientific, MA, USA).

Preparation of Tissue-Targeted SCM Bs

Biotinylated monoclonal antibodies can conjugate
to the surface of the MBs via a streptavidin link. 30 ug
streptavidin 1 was added to 1 x 10® SCMB and incu-
bated with repeatedly and gently blown off for 5 min.
After centrifuged and removed the unreacted strepta-
vidin, 10 uLL Rabbit anti-ICAM1 biotin-conjugated
antibody was added to the suspension with sonication
for 15 min at room temperature. SCMBs were washed
with DI water three times in a centrifuge at 400x g for
3 min at 4 °C to remove excess free [CAM-1. The [gG/
FITC antibody was used to show that ICAM-1 was
incorporated into the shell of the SCMBs. After
binding ICAM-1, the suspension was incubated with
10 pug plasmid DNA for 15 min and washed once with
a 10 mM NacCl solution. A PI fluorescence solution
was then used to determine whether DNA was loaded
on the shell of the SCMBs by electrostatic interaction.

Cell Culture

HeLa cells were cultured with Dulbecco’s modified
Eagle’s medium. The medium was supplemented with
10% fetal bovine serum, 100 U/mL penicillin and

TABLE 1. Percent molar ratio of lipid-based components in the designing microbubbles.

Microbubble DSPC (20 mg/mL) Biot-DSPE-PEG2000 (18 mg/mL) SPEI600 PEI600 (40 mg/mL)
NMBs 92.3 7.7 0 0

CMBs 66.1 5.5 0 28.4
SCMBs1 83.9 6.9 9.2 0

SCMBs2 77.3 6.4 16.3 0

SCMBs3 711 5.9 23 0

SCMBs4 66.1 5.5 28.4 0

SCMBs5 61.7 5.1 33.2 0
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0.1 mg/mL streptomycin. Cells were cultured in a
humidified atmosphere with 5% CO, at 37 °C.

Cell Viability Assay

HeLa cells were seeded on 96-well plates, with cell
concentration of 1 x 10°. NMB, CMB, and SCMB
suspension was incubated with plasmid DNA for
15 min at room temperature, respectively. When cell
confluence reached 70-80%, NMB/DNA, CMB/
DNA, and SCMB/DNA solutions were added. The
final concentrations of the DNA and MBs were
maintained at 0.5 ug and 1 x 10" MBs/mL each well.
Cytotoxicity testing was performed with or without
ultrasound exposure. After 24 h incubated, cells were
added with Cell Counting Kit-8 for 2 h at 37 °C. Ab-
sorbance values at 450 nm was recorded on the FC 680
microplate reader (ThermoFisher, MA, USA).

Evaluation of SCMB Targeting Capability

HeLa cells were seeded on six-well plates. After 24 h
incubated, 250 uL. SCMBs solution (I x 10’ MBs/mL)
was added to each well, the ICAM-1 antibody has been
loaded on the shell of SCMBs, and then incubated for
15 min. A medium (250 uL) was then added into the
well. The IgG/FITC antibody was used to measure the
target of ICAM-1 antibody conjugated SCMBs. Flu-
orescence microscopy was evaluated on the MF43
fluorescence microscope (Leica, Solms, Germany).

In Vitro Transfection of SCM B-Labeled DNA Carrying
MMPY Gene

10 ug plasmid DNA was added to 250 uL of NMB,
CMB, and SCMB solutions (5 x 10° MB/mL),
respectively. The solutions were incubated for 15 min
under room temperature, followed by washing twice
with 10 mM NaCl and centrifugation for 3 min at
2000 rpm to remove the free DNA. HeLa cells were
seeded on 6-well plates (1 x 10° cells) and labeled with
DNA-carrying SCMBs as earlier described. After
incubation for 15 min, wells exposed to ultrasound
incubation for 30 s with a sonoporation device (Soni-
Gene System, Visual Sonics, Toronto, Canada) at
1.0 MHz, 2 W/em?, and 50% duty cycle. The treated
plates were incubated for 6 h in a humidified atmo-
sphere with 5% CO, at 37 °C. Subsequently, the
medium was replaced with a complete medium and
cultured 48 h. Red fluorescent protein RFP was eval-
uated using the MF43 fluorescence microscope (Leica,
Solms, Germany).
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Western Blot Analysis

Transfected HeLa cells were lysed in a buffer (pH
8.0) containing 20 mM Tris. HCI, 137 mM NaCl, 1%
NP-40, 10% glycerol, 1 mM Na3;VO,, | mM PMSF,
1% aprotinin, and 20 ug/mL leupeptin. Protein con-
centrations were determined using the Lowry method.
For whole cell lysates, Laemmli sample buffer was
added and boiled. Equal amounts of protein were
separated by SDS-PAGE. The proteins were blotted to
PVDF membranes and probed with antibodies for
MMP9. Densitometry was conducted using Scion
Image (Scion Corporation, Frederick, MD). The
quantities of MMP9 were equalized relative to MMP9.
All blots were repeated at least three times.

Statistical Analysis

Experimental data were analyzed using SPSS ver.
16.0. The results were presented as the mean £ SD
(standard deviation). Multiple groups were statistically
analyzed by one-way ANOVA. When the p value was
< 0.05 (p < 0.05), the data were considered signifi-
cantly different.

RESULTS

Synthesis and Characterization of SPEI600

Synthesis scheme of SPEI600 was shown in Fig. la.
Stearic groups were conjugated to PEI using car-
bonyldiimidazole-activated acids. "H NMR analysis
confirmed that 13% of the PEI amino groups were
acylated (Fig. 1b). The chemical shift 0.9 ppm is as-
signed to the proton -CHj on stearic acid backbone
(marked for a); 02.5-2.93 ppm are assigned to the
proton —-NCH,CH,N- protons of the PEI backbone
(marked for e, f, g, h, i, j, k, [ and m); 61.24 ppm is
assigned to the proton (CH»);4 on PEI backbone
(marked for b); 61.58 ppm and 62.13-2.17 ppm are
assigned to the proton -COCH,CH,— on stearic acid
(marked for ¢ and d); and 62.93-3.3 ppm are assigned
to the proton —-CONHCH,— on PEI backbone (marked
for n and o).

Preparation and Characterization of M Bs

In SPEI, the hydrophobic stearic groups were ran-
domly distributed along the PEI backbone chains to
form core—shell structure. This structure had a highly
similar conformation like phospholipid shells, which
are conducive to form MBs. As shown in Fig. 2, SPEI,
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FIGURE 1.

Synthesis and characterization of SPEI600. (a) Schematic illustration of synthesis of SPEI600. (b) '"H-NMR spectra of

SPEIl in CDCI3. The chemical shift 0.9 ppm is assigned to the proton —CHj; on stearic acid backbone (marked for a); §2.5-2.93 ppm
are assigned to the proton -NCH,CH,N- protons of the PEI backbone (marked for e, f, g, h, i, j, k, |and m); 41.24 ppm is assigned to
the proton (CH,):4 on PEI backbone (marked for b); 1.58 ppm and 2.13-2.17 ppm are assigned to the proton -COCH,CH,— on
stearic acid (marked for c and d); and §2.93-3.3 ppm are assigned to the proton -CONHCH,—- on PEI backbone (marked for n and o).

DSPC and DSPE-PEG(2000)-Biotin were self-assem-
bled to form SCMB under a C;Fg environment. The
biotin tag incorporated in the microbubble shell can
further combined with ICAM-1-biotin antibodies in
the suspension via the existence of avidin by biotin-
avidin interaction, leading the tissue-targeted SCMBs.
The SPEI could enhance the DNA-loading capability
of the SCMBs, which were expected to exert ultra-
sound-mediated DNA transfection. To determine a
suitable concentration of SPEI600 in the shell of
SCMBs, SCMBsl, SCMBs2, SCMBs3, SCMBs4, and
SCMBsS5 were prepared with varying amount of the
components. Figure 3a showed that with the increase
of the SPEI600 mol ratio, the mean diameters of
SCMBs increased, ranging from 2.4 to 3.9 um. How-
ever, no significant differences were found for median
diameter, ranging from 1.7 to 2.1 um. Figure 3b
showed that the increased amount of SPEI600 en-
hanced the zeta potential of the SCMBs. The zeta

potential values of SCMBsl, SCMBs2, SCMBs3,
SCMBs4 and SCMBs5 in DI water were 20.33 & 1.44,
4093 + 1.07, 44.63 +1.64, 4528 +1.76, and
52.73 £ 0.91 mV, respectively. The zeta potential val-
ues of SCMBs increased with the addition amount of
SPEI600 and showed significantly higher than CMBs
and NMBs, which were — 1297 +£0.75 and
1.93 £ 0.42 mV, respectively. The cytotoxicity of the
different types of SCMBs was assessed using the CCK-
8 assay (Fig. 3c). The cell viability of SCMBs4 was
> 90%, exhibiting low cytotoxicity. The SCMBs4 was
determined to had a defined structure of dark circular
rings with bright C;Fg gas cores (Fig. 3d).

Three different dispersion medium of SCMBs4 were
chosen to evaluate their properties. Figure 4a showed
that the zeta potential values of the same concentration
of SCMBs4 dispersed in H,O, 10 mM NacCl, and PBS
were 45.28 £ 1.76, 16.93 & 0.63 and 0.96 & 0.14 mV,
respectively. Especially for SCMBs4, SCMBs4 dis-
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FIGURE 2. Schematic illustration of self-assembly and formation of cationic microbubbles. SPEI600, DSPC and DSPE-PEG(2000)-
Biotin first self-assembled to form SCMBs under a CsFg environment. Then biotinylated ICAM-1 assembled onto the shell of the
SCMBs by avidin-biotin interaction. Meanwhile the plasmid DNA can further assemble on the SCMBs through electrostatic
interaction because of the presence of SPEI600 on the SCMBs, and finally forming the HelLa cell targeted SCMBs/ICAM-1/DNA
complex.
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FIGURE 3. Characterization of the microbubbles. (a) Mean and median size of SCMBs with varying ratios of the components. (b)
Zeta potential of NMBs, CMBs, and series of SCMBs. **p < 0.01 compared with the NMBs and CMB groups, #p < 0.01 compared
with the SCMBs 2-4 group, #*p < 0.01 compared with the SCMBs2-5 group. (c) Cell cytotoxicity assay of the SCMBs. Cell viability
was measured using the CCK-8 assay after 24 h. (d) Bright-field images of SCMBs4. All microbubbles were washed with water.
Scale bar: 10 ym.
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respectively. And the size distribution of NMBs, CMBs, and SCMBs4. (a) Zeta potential of SCMBs4 after dealing with DI water, NaCl
solution and PBS, respectively. (b) Size distribution and concentration of SCMBs4 after dealing with DI water, NaCl solution and
PBS, respectively. (c) Size distribution and concentration of NMBs, CMBs and SCMBs4.

persed in H>O showed the maximum zeta potential,
concentration, and mean diameter (Fig. 4b). The
concentration and mean diameter of SCMBs4 were
(17.9 + 0.68) x 10° MBs/mL and 2.34 £ 0.047 um,
respectively. DI water is more suitable for SCMBs4 to
maintain positive charge for DNA loading. Figure 4c
showed that the concentrations of NMBs, CMBs and
SCMBs  were (11.94 £ 0.08) x 10° MBs/mL,
(8.31 £ 0.1) x 10®* MBs/mL, and (17.9 + 0.68) x 10°
MBs/mL. And the mean diameters of NMBs, CMBs,
and SCMBs were 2.77 & 0.08, 2.67 £+ 0.07, and
2.34 £+ 0.05 um, respectively.

ICAM-1 Antibody and Plasmid DNA Binding
on the SCMBs4

To prepare SCMBs4 for targeted delivery, biotiny-
lated ICAM-1 monoclonal antibodies was conjugated
on the shell of biotinylated SCMBs4 via a streptavidin
link. FITC-labeled secondary antibody IgG was used
to combine with ICAM-1 antibody. Figure 5a showed
that ICAM-1 antibody was successfully conjugated on
the surface of SCMBs4 by the green fluorescence of
FITC. After incubation of the plasmid DNA and

SCMBs4 for 15 min, DI water was used to wash un-
bound DNA. The zeta potential of SCMBs4 signifi-
cantly decreased from 4528 £ 1.76 mV  to
—20.21 £ 0.61 mV (Fig. 5b), proving that plasmid
DNA was connected on the surface of SCMBs4 suc-
cessfully by electrostatic interaction. After washing the
DNA and SCMBs4 complex with 10 mM NacCl solu-
tion, a small amount of DNA was loaded on SCMBs4
(Fig. 5¢). And the amount of attached DNA increased
as concentration of SCMBs4 increased (Fig. 5c).

To evaluate the DNA-loading capacity of SCMBs4,
the same concentration of SCMBs4 (5 x 10° MBs/mL)
was incubated, followed by varying amounts of plas-
mid. Figure 5d showed that DNA-loading capacities
were 9.25 + 0.17, 15.92 &£ 0.25, 18.77 £ 0.36, and
23.475 + 0.31 pg after adding with 10, 20, 30 and
40 ug of plasmid DNA, respectively. It was found
there is no difference for DNA loading amount with a
step further addition of plasmid DNA to 60 ug. And
an amount of 23.5 ug plasmid DNA can be fully loa-
ded on the SCMBs4 at a concentration of
2 x 108 MB/mL. To evaluate the ICAM-1 antibody
and plasmid DNA bound on the surface of SCMBs4,
FITC-labeled IgG and PI were used for staining. Fig-
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FIGURE 5. The Binding capacity of antibody ICAM-1 and plasmid DNA on SCMBs4. (a) Confocal images of SCMBs4/ICAM-1/DNA
complex. (a1) Bright-field microscopy and (a2) green fluorescence microscopy images. Scale bar: 25 um. (b) Zeta potential of
SCMBs4, SCMBs4/ICAM-1 complex, and SCMBs4/ICAM-1/DNA complex. The SCMBs4 has a concentration of 10° MBs/mL. (c) DNA
binding capacity with varying amount of SCMBs4 after cleaning by DI water or 10 mM NaCl solution. The total amount of plasmid
DNA is 0.5 ug. (d) The relationship of DNA loading capacity of SCMBs4 at a concentration of 5 x 108/mL with varying amounts of
plasmid.

FIGURE 6. Confocal images of SCMBs4/ICAM-1/DNA complex. (a) Green fluorescence excited by 488 nm, indicating binding of
ICAM-1 and SCMBs4. (b) Red fluorescence excited by 535 nm, indicating binding of PI-DNA and SCMBs4. (c) Overlaying
fluorescence excited by 488 and 535 nm. Scale bar: 10 um.

BIOMEDICAL
ENGINEERING
SOCIETY



Tissue Targeting and Ultrasound-Targeted Microbubble Destruction Delivery 107

ure 6 showed that fluorescent labeled ICAM-1 anti-
body (green fluorescent) and plasmid DNA (red fluo-
rescent) were clearly marked on the bubble surface.

Cytotoxicity Levels and Targeting Cell Capacity
of Microbubbles

To evaluate the cytotoxicity of the microbubbles.
NMB/DNA, CMB/DNA and SCMBs4/DNA were
incubated with or without ultrasound treatment. HeLa
cells were incubated with the MB solution. The cells
treated with NMB/DNA, CMB/DNA and SCMBs4/
DNA under ultrasound exposure exhibiting cell via-
bilities of 69.17, 44.71, and 63.4%, respectively. Every
group exhibited high cytotoxicity. However, with no
ultrasound treatment, CMB/DNA exhibited a slightly
lower cell viability than those of NMB/DNA and
SCMBs4/DNA (Fig. 7a). Figures 3c and 7a showed no
significant differences in cell viability between SCMBs4
and SCMBs4/DNA under normal condition. Ultra-
sound exposure maybe exert potentially toxic effects
on the cells. CMB/DNA exhibited higher cytotoxicity
with ultrasound exposure, compared with SCMBs4/
DNA (p < 0.01). And PEI600 and SPEI600 have the
same percent molar ratios in the preparation of CMBs
and SCMBs4.

To verify the targeting capacity of MBs, HeLa cells
were incubated with ICAM-1 antibody conjugated
SCMBs4 with washing by PBS thrice. FITC-labeled
IgG was used to stain ICAM-1 antibody on SCMBs4.
As shown in Figs. 7b1 and 7b2, HeLa cells are in a
dispersed state, with very few of SCMBs4 (with anti-
ICAM-1 free) attached around, and there is no fluo-
rescence displayed on the bubble surface under con-
focal images. However, for the anti-ICAM-1 SCMBs4
group as shown in Figs. 7b3 and 7b4, HeLa cells
aggregated to a certain extent with a number of anti-
ICAM-1 SCMBs4 attached around, which is further
certificated by the strong green fluorescence based on
the conjugation of IgG/FITC antibody and anti-
ICAM-1 on the bubble surface. Thus, SCMBs can
acted on the target cells.

Transfection Efficiency of Plasmid-Loaded
Microbubbles

Fluorescence microscopy was employed to further
study the intracellular uptake of three types of MBs
with or without ultrasound treatment. Figure 8
showed that the cells in NMB samples existed no red
fluorescence. However, the cells in the CMBs and
SCMBs samples, either with sonication or without
sonication, showed strong red fluorescence, and the
presence of red fluorescence with sonication is slightly
stronger than that without sonication (Figs. 8b, 8c, 8e

and 8f). And strongest red fluorescence was observed
in SCMBs with sonication (Fig. 8f), indicating ultra-
sound can synergistically promote gene transfection
efficiency.

MMP9 Protein Expression Levels in HeLa Cell

Western blot analysis was conducted to detect the
protein expression levels of MMP9 transfected in
HeLa cells with three types of MBs without ultrasound
exposure (control group, NMBs, CMBs, and SCMBs)
and with ultrasound exposure (control + U,
NMBs + U, CMBs + U, and SCMBs + U). The
protein expression levels of MMP9 in groups with
ultrasound exposure significantly increased, relative to
those of the corresponding groups without ultrasound
exposure (p < 0.01) (Fig. 9). And the protein expres-
sion level of MMP9 in the SCMBs + U group was the
highest and was significantly increased relative to the
first six groups (p < 0.01) (Fig. 9b).

DISCUSSION

This study reported on the synthesis of a targeted
cationic microbubble using SPEI600, DSPC and and
Biot-DSPE-PEG2000. We found that DI water as the
dispersant agent of MBs exhibited the highest zeta
potential, size, and concentration. ICAM-1 antibody
and plasmid DNA could be bind to the surface of
SCMBs via biotin-avidin interaction and electrostatic
adsorption. The SCMBs exhibited significantly higher
DNA-binding capacity because of its higher zeta
potential compared with those of NMBs and CMBs.
Additionally, we proved that targeted MBs via SCMBs
were attached to the HeLa cells by FITC-loaded I1gG
binding to the ICAM-1 antibody which was conju-
gated on the surface of the MBs. By UTMD, we found
the effective uptake of plasmid DNA by HeLa cells,
resulting in significant RFP expression by HeLa cells
after ultrasound-guided transfection with plasmid
DNA loaded MBs, without compromising the viability
of HeLa cells.

Currently, numerous studies have been conducted
on the development of a safe and efficient nonviral
gene delivery system for gene therapy. MBs have
shown potential advantage for application in gene
delivery by loading therapeutic molecules into or onto
their shells”'? UTMD is a potential targeting approach
for gene delivery. Sonoporation, which targets the
delivery of genes into a specific tissue, had been suc-
cessfully applied.>* However, ineffective targeted gene
delivery had limited the application of this therapy.
CMBs could enhanced the capacity of DNA loading
efficiency by electrostatic interaction.>> Currently, one
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FIGURE 7. Cytotoxicity of HeLa cells treating with various microbubbles and ultrasonic treatment. (a) Cell viability of HeLa cells
treating with NMBs, CMBs, and SCMBs4 with or without ultrasonic treatment by CCK-8 assay (n = 5). **p < 0.01 compared with
corresponding group without ultrasonic treatment, #p < 0.01 compared with CMBs + U group. (b) Fluorescent images of SCMBs4
targeted to HelLa cells by confocal laser scanning microscopy. (b1) Bright-field microscopy image for SCMBs4 (with anti-ICAM-1
free) treating. (b2) Fluorescent image by exciting at 488 nm for SCMBs4 (with anti-ICAM-1 free) treating. (b3) Bright-field
microscopy image for anti-ICAM-1 SCMBs4 treating. (b4) Fluorescent image by exciting at 488 nm for anti-ICAM-1 SCMBs4

treating. Scale bar: 50 um.

of the strategies for preparing CMBs is combining
some cationic lipids (DMTAP, DOTAP, DPTAP, and
DSTAP) into the MB shell.'*?*** Borden et al. pre-
pared a novel application of preformed lipid-coated
MBs attached multiple layers of DNA and poly-L-ly-
sine layer-by-layer assembly to increase the DNA
loading capacity.* The effectiveness of DNA loading
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was enhanced, but the concentration of DNA was
considerably limited. Branched PEI, a cationic poly-
mer, had been widely used to prepare CMBs and
showed to be relatively successful as a non-viral gene
delivery  vector.”®  High-molecular-weight ~ PEI
(PEI25000) exhibit high transfection efficiency on the
one hand and high cytotoxicity on the other hand.
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FIGURE 8. Fluorescence photographs of NMBs, CMBs and SCMBs exposed without ultrasound (a—c) and with ultrasound (d—f),
respectively. (a, d) NMBs. (b, €) CMBs. (c, f) SCMBs. Scale bar = 100 um.

Thus, owing to its relatively low cytotoxicity PEI600
had been most widely used for the preparation of
CMBs. The zeta potential of the MBs was increased
because of PEI600 and DNA loading on the surface of
CMBs by electrostatic interaction. By ultrasound
destruction, DNA-loaded MBs were delivered to the
target tissue by sonoporation.’®*? Several studies had
demonstrated that the concentration of cationic poly-
mers affects the zeta potential, size distribution, and
concentration of the MBs'* which affect the DNA
loading efficiency. As the concentration of cationic
polymers increased, the transfection efficiency of
CMBs also increased.” The effectiveness of DNA was
increased because of the higher concentration, larger
surface area, and higher zeta potential of the MBs.»14

In the current study, stearic acid was modified to
PEI600 to generate SPEI600. Each PEI600 molecule
was connected to nearly two stearic groups, which were
randomly distributed along the PEI backbone chains.
The zeta potential of SCMBs was increased with the
amount of SPEI600 accumulated. One of the main
reasons was the ionic strength of SPEI600. With dif-
ferent cleaning fluids, SCMBs obtained different zeta
potential values. Zeta potential was sensitive to the pH
and the ionic characteristic of the suspending

medium.'*?” In addition, biotinylated lipid (Biot-
DSPE-PEG2000) was incorporated onto its shell, and
as expected, biotin-ICAM-1 antibody was linked via
avidin as bridge. The SCMBs exerted a direct impact
on the interactions with target cells or on the ultra-
sound-mediated gene transfer. In the present study, the
DNA loading capacity of SPEI600 was measured to be
about 23.475 £ 0.31 ug, which was higher than
DSTAP MBs that previously reported. This occur-
rence might be attributed to steric hindrance. Sun et al.
synthesized a CMB with DOTMA, aimed to enhancing
its DNA-carrying capacity to improve targeted gene
transfection; the binding capacity was 20.8 ug.® The
acid-labile polymer had been shown to exhibit higher
gene transfection and lower cytotoxicity. The reason
showed that acid-labile polymer degradation reduced
the possibility of generating undesirable cytotoxicity.*
In the present study, the SCMBs showed low cyto-
toxicity and higher DNA transfection, compared with
CMBs. The result of Western blot analysis indicated
that transfection efficiency was higher in SCMBs with
ultrasound exposure than any other groups.

In conclusion, we developed tissue-targeted CMBs.
The tissue-targeted CMBs showed high DNA-binding
capacity and HeLa cells targeting capability. With
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FIGURE 9. MMP9 protein expression levels in HelLa cells. The cell samples were homogenized and processed for Western blot
analysis by using an anti-MMP9 antibody. This procedure was conducted using GAPDH as an internal standard. (a) Relative protein
expression level of MMP9 in renal macrophages. (b) Protein expression level of MMP9 was quantitatively analyzed. The results
were presented as mean + SD, **p < 0.01 compared with the corresponding group without ultrasound exposure, **p < 0.01
compared with the first six groups, ""compared with the first five groups.

ultrasound treatment, the tissue-targeted CMBs
exhibited high transfection efficiency in HeLa cells
from a view of strong red fluorescence under confocal
laser scanning microscope. While further in vivo
investigations are required to fully validate the mate-
rials, it can be concluded that this tissue-targeted and
ultrasound-targeted cationic microbubbles present a
promising strategy for improving gene therapy in the
future.
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