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Objective: To prepare a new type of dual-target microbubble loaded with anti-miR-33
(ANM33).

Methods: Carrier core nanobubbles (NBs) were prepared by thin film hydration, and
microbubbles loaded with PM1 (PCNBs) were prepared by grafting DSPE-PEG2000-
maleimide-PM1 onto the NB surface. ANM33 was connected via electrostatic adsorption
and covalent bonding, and hyaluronic acid (HA) was covalently connected. PM1 and HA
were the targets, and ANM33 was the intervention drug. To evaluate the general physical and
chemical properties of the prepared dual-target microbubbles loaded with ANM33 (HA-
PANBs), we observed their morphology, particle size and surface potential while monitoring
their stability and in vitro imaging ability, evaluated their toxic effect on cells and verified
their ability to target cells.

Results: HA-PANBs had a regular morphology and good stability. The average particle size
measured by a Malvern potentiometer was 1421.75+163.23 nm, and the average surface
potential was —5.51+1.87 mV. PM1 and ANM33 were effectively connected to the NBs. The
PM1, ANM33, and HA binding reached 89.0+1.1%, 65.02+5.0%, and 61.4+3.5%, respec-
tively, and the maximum binding reached 2 ug, 5 pg, and 7 pg/10® microbubbles, respec-
tively. HA-PANBs had no obvious toxic effects on cells, and their ability to continuously
enhance imaging in vitro persisted for more than 15 minutes, obviously targeting foam cells
in the early stage of AS.

Conclusion: HA-PANBs are ideal ultrasound contrast agents. The successful, firm connec-
tion of PM1 and HA to the NBs significantly increased the amount of carried ANM33. When
microbubbles prepared with 2:4:7 PM1:ANM33:HA were used as a contrast agent, they had
a high ANM33 carrying capacity, stable physical properties, and significantly enhanced
imaging and targeting of foam cells in the early stage of AS.

Keywords: ultrasound microbubbles, molecular targeting, dual targeting, atherosclerosis

Introduction

The development of atherosclerosis (AS) involves a series of cellular and molecular
events.! Early macrophages can delay the progression of the disease through
efferocytosis and cholesterol efflux.”® Recent studies have shown that miR-33 in
macrophages inhibits the above functions. Through this inhibition, antisense oligo-
nucleotides of miR-33 (ANM33) can reduce the level of miR-33 and effectively
reduce the inflammatory response in plaques.*> However, using ANM33 to non-

selectively inhibit miR-33 in systemic macrophages can cause serious side effects.®
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With the development of molecular biology and ultrasound
microbubble contrast agents, ultrasound molecular imaging is
an emerging target for the prevention and treatment of cardi-
ovascular events by detecting molecular markers and carrying
therapeutic genes for targeted development and treatment of
cardiovascular diseases.” In previous studies, atherosclerosis
(AS)-targeted ultrasound contrast agent with vascular cell
adhesion molecule-1 (VCAM-1) monoclonal antibody pre-
pared by the direct connection method has been proven to be
successfully targeted to AS plaques, which is of certain value
for noninvasive ultrasound evaluation of early AS.* However,
most of the targeted agents are nonspecifically absorbed by the
liver, and this off-target effect seriously affects the target
seeking efficiency. The latest research shows that the targeting
efficiency of contrast agents can be effectively improved by
the combined application of different targets.” Moreover, the
function of macrophages plays an important role in the pro-
gression of AS disease. If the role of macrophages in inhibiting
inflammation can be fully performed, the development of the
disease can be alleviated.

Based on this, it is the key to further improve precise
targeted delivery to identify AS through double-target multi-
stage targeting and further locate the functionally impaired
macrophages within the plaque. To achieve this goal, this
experiment intends to use a variety of linking methods to
develop and prepare a double-targeted lipid microbubble
with ANM33 and aptamer PM1 on the surface of lipid
microbubbles that are wrapped with a layer of HA. To
explore the best compatibility between the two targets and
the best load of antisense oligonucleotides, a firm and stable
connection was obtained through a variety of connection
methods. Microbubbles can penetrate blood vessel walls,
remain stable in the circulatory system, and treat AS. The
precise targeting of damaged macrophages and intracellular
drug release provide a new and reliable method for the
prevention and treatment of AS.

Therefore, this experiment intends to use a variety of
connection methods to develop and prepare a new type of
dual-target microbubble loaded with ANM33. The sur-
faces of nanobubbles (NBs) were modified with the apta-
mers PM1 and ANM33 and wrapped in a layer of HA.

Materials and Methods

Materials and Instruments

DSPC (Avanti Corporation, USA), DSPE-PEG2000 (Avanti
Corporation, USA), DSPE-PEG2000-maleimide (Avanti
Company, USA), DC-cholesterol-HCI (Avanti Company,

USA), DPPE (Avanti Company, USA), glycerol (Sigma,
USA), sodium hyaluronate (HA, 200400 kDa, Xi’an
Ruixi), aptamer PMI1 base sequence SH-CCCC
TGCAGGTGATTTTGCTCAAGTCGTTCCCGTCCTCT-
CCTCTGCGCCCCGTCTCGGCCAGTATCGCTAATCA-
GGCGGAT-HS, (Shanghai Shenggong, China), a sequence
with FITC-labelled or unlabelled at the 5’ end, ANM33 and
ANM33 double-modified with cy3 and amino groups
(Guangzhou Ruibo, China), Dil fluorescent dye (Yeasen,
USA), RAW264.7-T1 macrophages (Procell Life Science
& Technology, China), oxidized low-density lipoprotein (ox-
LDL; Yiyuan Biotechnology, China), Oil red O staining kit
(Sigma, China), high-glucose DMEM (ScienCell, China),
and double antibodies (ScienCell, USA) were used.
A fluorescence microscope (LEICA CTR6000, Germany),
laser confocal microscope (Leica SPS, Germany), flow cyt-
ometer (Beckman, USA), and laser nanoparticle size and zeta
potential analyser (Malvern, UK) were also used.

Experimental Methods

Preparation of Lipid Microbubbles

DSPC and DSPE-PEG2000 at a molar ratio of 9:1 were
dissolved in chloroform to prepare a mother liquor; the test
tube containing the liquor was placed above the vortex and
flushed with nitrogen. During the process, a white film
formed on the test tube wall. After nitrogen flushing, tris
solution was added to dissolve the lipid film on the tube
wall. After 5 minutes in a 65°C water bath, the hydration
liquid was dispensed into vials. After evacuation for 45
minutes, perfluoropropane was poured into the vial.
Finally, the vial was fixed in a silver mercury blender and
shaken for 30 seconds to obtain a microbubble solution,
which was placed in a refrigerator at 4°C for later use.

Preparation and Loading of Dual-Target
Microbubbles with ANM33

Preparation of CNBs

DSPC, DSPE-PEG2000, DSPE-PEG2000-maleimide, DPPC,
DPPE, and DC-CHOL at a molar ratio of 9:0.5:0.5:9:2:1 were
dissolved in chloroform (Table 1), and the remainder of the
preparation was the same as that for ordinary lipid
microbubbles.

Construction of Microbubbles Loaded with PMI (PCNBs)
and Determination of the PMI| Concentration

Preinsertion. Before inspection, PM1 and DSPE-PEG2000-
maleimide were mixed at a molar ratio of 1:5 and reacted
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Table | Percent Molar Ratio of the Lipid-Based Components of Several NBs
Group Surface Potential DSPC DPPC DSPE DC-chol DPPE DSPE-mal
NBs Negative charge 9 0.5 - - -
CNBs Positive charge 9 0.5 | - -
PCNBs Positive charge 9 0.5 | - 0.5
PANBs Positive charge 9 0.5 | - 0.5
HA-PANBs Negative charge 9 0.5 | 2 0.5

under N, protection at 4°C for 24 hours to obtain PM1-
PEG2000-DSPE for processing.

Postinsertion. Before detection, the sulfhydryl group of
PM1 was activated by referring to the method of Cordray
et al.'"” Then, 5 pL, 10 pL, 20 pL, 30 uL, or 40 uL of
a solution containing 10 pM sulthydryl groups and AF488
double-modified PM1 and 5 pL of 1 M tris(2-carbox-
yethyl)phosphine (TCEP) were mixed and allowed to
react at room temperature for 30 minutes. The PM1 solu-
tion was mixed with CNBs in a blender. PM1 and CNBs
were incubated for 30 minutes and centrifuged at 400g for
3 minutes, the subnatant was discarded, and the upper
layer of microbubbles was washed with PBS solution
three times to remove unbound PM1 and obtain PCNBs
before placing in a refrigerator at 4°C for later use.

The PCNBs were diluted to 400 uL with PBS and
placed in a dedicated flow cytometer vial. Then, flow
cytometry was performed to detect the rate of binding of
PM1 to NBs in the PCNB complexes and to analyse the
amount of PM1 bound in the PCNBs. Images were gener-
ated via laser confocal microscopy.

Loading the Therapeutic Factor ANM33

Construction of an ANM33 Standard Curve. ANM33
labelled with Cy3 was purchased as a pink powder and
dissolved in RNase-free distilled water to prepare solu-
tions at 0.00625, 0.0125, 0.025, 0.05, 0.1, 0.2, and 0.4
nmol/mL. An ultraviolet spectrophotometer was used to
measure the UV absorption of the Cy3-labelled ANM33
solutions at an excitation wavelength of A = 550 nm to
construct a standard curve.

Determination of the Amount of ANM33 in PANBs. First,
5 uL, 10 pL, 20 pL, 30 puL, and 40 pL of 20 uM Cy3-
labelled ANM33 were added to PCNBs and incubated for
30 min with shaking at room temperature. After centrifu-
gation at 400g for 3 minutes to pellet any remaining
unbound ANM33, PCNBs carrying ANM33 on the surface
(PANBs) were successfully prepared. After the reaction,

the UV absorbance of the supernatant was measured. DL
anm3s (%) = [(ODA-ODg)/total number of microbubbles]
% 100%, and BEanm33 (%) = [(ODA-ODg)/OD,A] x 100%,
where OD, and ODg are the total amounts of added and
unbound ANM33, respectively. In this way, the amount of
ANM33 carried by the NBs and the efficiency of ANM33
transport by the NBs were analysed to optimize the pre-
paration conditions.

Preparation of HA-Coated PCNBs

Construction of HA-PANBs. The carboxyl groups of HA
were activated by ultrasonically dispersing 20 mg of HA
into 10 mL of MES buffer. Then, 80 mg of EDC and
120 mg of preactivated NHS, which had both been stored
at 4°C and then equilibrated to room temperature before
use, were added, and the solution was sonicated for 15
s. The container was sealed with parafilm and shaken at
37°C for 15 min on a shaker. Then, 1 pg, 3 pg, 5 ug, 7 pg,
9 ng, or 11 pg of the activated HA was added to the
PANBSs to construct HA-coated PANBs (HA-PANBE:).
Determination of the Amount of HA in HA-PANBs. A
modified CTAB method was used. The appropriate con-
centration of HA solution was mixed with acetate buffer
for a final volume of 1 mL. Then, 2 mL of a 25 g/ CTAB
solution was added and mixed uniformly; the turbidity of
the mixed solution was measured at 400 nm within 10
min. Through the relationship between turbidity and the
HA concentration, the HA content in the solution was
determined: BEys (%)=[(Co-C)/Cy]X100%, and DL pa
(%) = [(Cy-C)/total number of NBs] x 100%, where C,
and C are the amount of free HA and the initial amount of
HA added.

Cell Culture and Cell Model Construction

Cell Culture

RAW264.7 cells (M®s) were inoculated in high-glucose
DMEM containing 10% FBS and 1% double antibodies,
and the cells were cultured in an incubator at 37°C,
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suitable humidity and 5% CO,. Fresh medium was used
every day, and the cells were observed under a light
microscope. When the cell density reached 80~90%, they
could be passed or used for further experiments.

Induce Foam Cell Formation

The damaged cell model was constructed with reference to
the study of Zhang et al.'"' M®s were seeded into the well
plate and cultured for 24 h, and then the medium was
replaced with M199 medium containing OX-LDL for 12
h. The inoculation density of M ¢ was 2.0x10* cells/mL,
and a blank control group was set. Cells in each group
were used for subsequent experimental detection after the
end of the experiment.

Identification of Foam Cells

Oil red O staining was used to display the generated foam
cells. Oil red O staining resulted in red lipid droplets, and the
cells with aggregated lipid droplets were identified as foam
cells. The degree of foam cell formation was indicated by
observing the amount of oil red. The red area of the lipid
droplets was quantitatively analysed and counted through the
colour distinction function in the Image processing software
Imagel, and then quantitative information was obtained.

Detection of Microbubbles
Before testing, 10 pL of microbubbles was added to PBS
to a final volume of 1 mL and mixed gently by pipetting.

Physical and Chemical Properties

(D The shape and size of the microbubbles to be tested
were observed through optical microscopy, fluorescence
microscopy and transmission electron microscopy.

(2 An automatic dilution particle counter (AccuSizer
780) combined with a nanoparticle size potential analyser
(Malvern Zetasizer Nano) was used to analyse the particle
size, distribution, concentration, and surface zeta potential
of the microbubbles to be tested.

(3 Microbubble stability test: Microbubbles were kept
at room temperature (25°C), and changes in the particle
size, dispersion index and concentration were detected at 5
min, 15 min, 30 min, 45 min and 60 min.

Evaluation of the Effect of Contrast-Enhanced Ultrasound
According to a previous method developed by the research
team, agarose mimics were prepared, and the contrast effect of
the microbubbles was evaluated in vitro as follows. (1)
Preparation of a 2% agar mimic: a. A suitable amount of
agarose was added to an Erlenmeyer flask and mixed with

deionized water to form a 2% agarose solution. b. The solution
was placed in a microwave oven to accelerate agarose dissolu-
tion until the solution was completely clear. c. The clear
solution was poured into a 100 mm? Petri dish, and a 200 pL
EP tube was inserted into the solution and fixed, taking care
not to penetrate through to the bottom of the solution. d. After
the solution solidified into a gel, the EP tube was slowly
removed. At this point, the preparation of the lipid agar
mimic with sample holes was completed, and the mimic was
cut into strips with a blade for later use. (2) In vitro ultrasound
imaging: Two hundred microlitres of NB solutions of different
concentrations in each group were added to the agar mimics.
A Vevo2100® small-animal ultrasound imager with a probe
frequency of 18 MHz was used. After positioning in two-
dimensional mode, the imager was switched to contrast
mode, ultrasound images were recorded and stored, and
Qvevo image analysis software was used to evaluate the
ultrasonic image quantitatively.

Biosafety Assessment

A CCK-8 kit was used to evaluate the cytotoxicity of the
HA-PCNBs. RAW264.7 cells were cultured by adding 100
pL of cell suspension to a 96-well plate and preculturing
the plate in an incubator for 24 hours (37°C, 5% CO2).
Then, 10 pL of HA-PANBs at concentrations of 108, 107,
10°, 10°, or 10* was added to the culture plate, which was
incubated for 24 h, 48 h, or 72 h. Ten microlitres of CCK
solution was added to each well, and the culture plate was
incubated in the incubator for 1-4 hours. The absorbance
was measured at 450 nm with a microplate reader.

Cell survival rate = [(experimental well-blank well)/(con-
trol well-blank well)] x 100%; experimental well (medium
containing cells, CCK-8, and the test substance); control well
(culture containing cells, CCK-8, but no test substance)
blank hole (medium without cells, test substance, or CCK-
8). Cell survival rate = [(experimental well-blank well)/(con-
trol well-blank well)] x 100%; experimental well (medium
containing cells, CCK-8, and the test substance); control well
(culture containing cells, CCK-8, but no test substance)
blank hole (medium without cells, test substance, or CCK-8).

In vitro Targeting Capability Verification

With the help of damaged M®s, the intracellular distribution

and concentration of ANM33 were tracked in vitro to eval-

uate the effect of HA-PANBs on targeting damaged M®s.
After

PANBs, confocal laser scanning microscopy and flow

coincubation of fluorescence-labelled HA-
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cytometry were used to detect fluorescence uptake in
macrophages.

Statistical Processing

When the measurement data conformed to a normal distri-
bution, they were represented as the means + standard
deviations, and when they did not conform to a normal
distribution, they were represented as medians and inter-
quartile ranges. Statistical analysis mainly involved one-
way analysis of variance (ANOVA) and independent sample
t-tests. When the data did not conform to a normal distribu-
tion, a nonparametric test was used; repeated-measurement
data analysis involved repeated-measurement analysis of
variance. The confidence interval for determining differ-
ences between groups was set to 95%, and differences
were considered statistically significant when P<0.05.

Results

General Characteristics

The microbubble solutions appeared as uniform curd-like
suspensions; the microbubbles were circular, smooth, uni-
form in size, and evenly distributed under light and electron

microscopy, as shown in Figure 1. The particle size of the
NBs was measured by a laser nanoparticle size and zeta
potential analyser to be approximately (655.20+91.51) nm,
with an average surface potential of (—23.07+2.18) mV,
a PDI of (0.33+0.93), and a concentration of (4.13+0.22)
x10®. The particle size of the HA-PANBs was approximately
(1421.75+163.23) nm, with an average surface potential of
(—5.51£1.87) mV, a PDI of (0.33+0.56), and a concentration
of (2.72+0.71) x10%, as shown in Table 2 and Figure 2.
Coating with HA was complete within 60 min. The particle
size and contrast intensity of the PANBs did not significantly
change when coated with HA, as shown in Table 3.

Under the visual field of a fluorescent inverted micro-
scope, AF488-labelled PM1 and DIL-labelled NBs in
PCNBs appeared green and yellow, respectively, with dif-
ferent excitation wavelengths, while the NBs appeared red,
indicative of DIL labelling. When the complexes were
observed under a laser confocal scanning microscope, the
AF488-labelled PM1 ultrasound microbubbles (ie,
PANBs) were bright green, the Cy3-labelled ANM33
was bright red, and the fused product of the two emitted

yellow fluorescence (Figure 3).

Figure | The morphology and structure of the NBs.

Notes: (A) The phospholipid suspension before mechanical vibration. (B) The phospholipid suspension after mechanical vibration. (C) Photomicrograph of NBs. (D) TEM

image of NBS. (E) TEM image of HA-PANBs. (F) SEM image of HA-PANBs.
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Table 2 Particle Size, Dispersion Index and Concentration of NBs (n=5, ¥ & )

Group Particle Size (nm) Polydispersity Index (PDI) Potential Concentration (x10%)
NBs 655.20+91.51 0.33£0.93 —23.07+2.18 4.1320.22
CNBs 726.05+63.73 0.33£0.13 28.35+9.35 3.52+0.60
PCNBs 730.55+64.93 0.32+0.08 10.61%1.17 3.77£0.50
PANBs 795.10+66.64 0.32+0.06 6.92+0.58 2.77+0.82
HA-PANBs 1421.75+163.23 0.33+0.56 —5.51+1.87 2.7240.71

The efficiency of connecting PM1 with the prein-
sertion method was 36.4+1.7%, the efficiency of con-
necting PM1 with the postinsertion method was 80.0
+2.1%, and the maximum binding capacity reached 2
ng/10® microbubbles, as shown in Figures 4 and 5. The
ANM33 amino group was modified by covalent con-
nection and static electricity. The maximum adsorption
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Figure 2 General characteristics of NBs.

rate was 62.7+2.1%, and the maximum binding capa-
city was 5 pg/10® microbubbles. The binding rate of
ANM33 through only electrostatic adsorption was 44.1
+1.7%, as shown in Figure 6. The maximum binding
rate of HA was 61.443.5%, and the maximum binding
capacity was 7 pug/10® microbubbles, as shown in
Figure 7.

25

HA-PANBs
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Notes: (A) Size distribution of NBs. (B) Size distribution of HA-PANBs. (C) Zeta potential of several NBs. (D) Representative PCNBs Zeta Potential.
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Table 3 Changes in Particle Size and the Contrast Signal from HA-PANBs Over 60 Min
index Omin 5min I5min 30min 45min 60min
Particle size 1614+93.18 1632+75.07 1684+89.24 1681£101.08 1667%101.18 1678+123.69
(nm)
Contrast signal intensity (a.u.) 34.66x1.40 34.12+1.98 34.85+2.40 34.57+2.98 34.21+2.32 34.69+2.95

Cell Viability

When HA-PANBs were added to the 96-well plate at
a concentration of 10% the cell viability was 99.57 +
1.21%. There was no significant difference in HA-
PANBs compared with the control group 109.4 + 2.11%,
and the viability remained at a relatively high level. When
the concentration of HA-PANBs was gradually increased,
the cell viability was 99.48 + 1.32%, 98.96 £ 1.78%, 98.82
+ 2.17%, and 98.74 + 3.77%. Moreover, HA-PANBs did

NBs

PANBs

Figure 3 The combination of NBs and the aptamers PM| and ANM33.

not cause significant damage to cells (P>0.05). The above
results demonstrate the safety of HA-PANBs in vitro, as
shown in Figure 8.

Damaged Mes Were Constructed in vitro
Identification of Foam Cells

To establish damaged M®s, Oil red O staining was observed
to show intracellular lipid droplet formation even after

60 mg/L ox-LDL intervention, as shown in Figure 9A.

Notes: Representative fluorescence micrographs of NBs and PCNBs, Red (Dil-labeled NBs); green (AF488-labeled PMI); Representative laser scanning confocal
micrographs of PANBs. Red (Cy3-labeled ANM33); green (AF488-labeled PM1); yellow indicates the successful conjugation of PMI and anti-miR-33 to the surface of NBs.
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Figure 4 PMI conjugation efficiency based on flow cytometry. (A-E) The binding efficiency of PMI increased as the amount of PMI increased; F:quantitative results of

conjugation efficiency. **P<0.001.

Targeting Ability in vitro

According to the experimental results of damaged M®s in
the in vitro culture, a foam cell model was used for the
in vitro targeting study. After coincubation with NBs and
HA-PANBs, unbound free microbubbles were removed
after 3 washes. As shown in Figure 9B, the number of
microbubbles around each foam cell in the HA-PANBS
group 14.5+2.46% was significantly higher than that in the
NBs group %2.30+0.46 (P < 0.05).

As shown in Figure 10, red fluorescence was
expressed by CY3-labelled ANM33, and green fluores-
cence was expressed by AF488-labelled PM1 in each
group of microbubbles. Confocal microscopy revealed
a large number of red and green fluorescence signals
around the HA-PANB-targeted foam cell group. Flow
cytometry showed that the cell binding rate was 25.2
+1.7% in the HA-PANB group and 0.5+0.9% in the NB

group after 30 minutes. After 24 hours, the transfection
rate was 78.142.1% in the HA-PANB group and 9.4
+1.1% in the NB group.

Evaluation of the Ultrasound Contrast

Enhancement in vitro

When NBs and HA-PANBs were injected at different con-
centrations into phantom holes in agarose gel, the contrast
intensity began to increase after 6 seconds and then remained
constant for 15 minutes, as shown in Figure 11. The peak
enhancement (au) for each concentration of HA-PANBs was
22.65+1.59, 34.38+1.20, 35.29+0.98, 34.89+0.93, and 40.36
+1.35, and there was no significant difference between the
10° and 107 concentrations (P> 0.05) (Tables 4 and 5). This
result suggests that the addition of the target did not have
a significant impact on the contrast effect, as shown in
Figure 10.
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Figure 5 PMI conjugation efficiency influenced by the method of insertion. (A, B) Pre-insertion results of confocal laser microscopy at different magnifications; (D, E) Post-
insertion results of confocal laser microscopy at different magnifications; (C,F) flow cytometry results of Pre-insertion and Post-insertion.
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Figure 6 ANM33 conjugation efficiency influenced by the connection method.

Discussion

The formation of AS involves a series of cellular and mole-
cular events. The latest research shows that the combined
application of different targets can effectively improve the

9,12,13

targeting efficiency of contrast agents, and macro-

phages play a role in the progression of AS disease.

44117
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0 10° *
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14,15

Importantly, if macrophages can completely inhibit
inflammation, they can arrest the development of the disease.
At present, the methods of connecting ligands or antibodies
to contrast agents mainly include physical adsorption, ionic
bonding, biotin-avidin bridging, amino modification and

sulfhydryl modification.'®'® Each connection method has
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Figure 9 (A) Microscopic view of macrophages; (B) microscopic view of foam cell; (C) foam cell oil red O staining; (D) almost no NBs target to macrophages; (E) a large
number of HA-PANBs targetto foam cells; (F) quantitative results of cell targeting. **P<0.001.
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quantitative results.

advantages and disadvantages. In this experiment, when two
targets and a therapeutic factor were carried at the same time,
problems related to the molecular weight and competition
between materials arose.'® Therefore, multiple connection
methods applied in parallel, as well as a reliable method of
ligand attachment, may be needed to produce microbubbles
with ultrasound. In this experiment, the aptamers PM1 and
ANM33 were attached to the surface of lipid microbubbles to

construct a dual-target lipid microbubble carrier wrapped in
HA as the outermost layer.

Optimal Loading Capacity of PMI

The most prominent advantage of targeted preparations is
the maximization of the delivery of drugs to the target
area, which can increase the local drug concentration and
reduce the amount of drug used while avoiding side

Table 4 Contrast Signal from BNBs at Different Concentrations Over 60 Min

concentration Omin S5min I5min 30min 45min 60min

10* 22.52+1.56 22.41x1.25 22.40+1.35 22.29+1.28 22.53x1.31 22.45+|.38

10° 34.38£1.20 34.99+1.13 34.59%1.13 34.48x1.21 34.92+0.88 34.67+0.38

10° 35.29+0.98 35.2540.86 35.47+0.96 34.88+0.91 35.06+0.89 35.39+0.24

107 34.89+0.93 35.05+0.71 35.27+0.84 34.88+0.91 35.06+0.89 35.39+0.75

108 40.36£1.35 40.38+1.07 40.3+1.02 40.28+1.02 40.25+1.33 40.15+1.45
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effects. An aptamer is single-stranded DNA or RNA 20 to
200 bases in length that can specifically bind to a target
substance through its spatial conformation and is currently
recognized as the most promising target substance.'’

The PM1 used in this experiment can specifically target
macrophage-derived foam cells.”® The flow cytometry results
showed that the extent of connection between PCNBs and
PMI increased as the amount of PM1 administered increased
until reaching the maximum binding of 89.0+1.1%, corre-
sponding to 20 pL of 10 uM PM1 and a maximum binding
amount of 2 pg/10® microbubbles (Figure 4). In addition, the
HS-SH-Oligo used in the construction of PM1 in this experi-
ment was protected by disulfide bonds, so the modified PM1
still needed to be reduced before use;'” fortunately, the hydro-
lysis of maleimide is well known. However, qualitative and
quantitative information on the stability and activity of the
maleimide group during the preparation and in the final pro-
duct is not available. The research results of Wang et al*'
showed that hydrolysis of the maleimide group would hinder
the functionalization of nanoparticles, and because the hydro-
lysate was maleic acid, the negative surface charge would be
increased. In this experiment, a low-cytotoxicity cationic lipid
membrane material (DC-Chol) was added; DC-Chol forms
a phospholipid bilayer and imparts a positive charge to the
surface. The cationic microbubble contrast agent CNB was
successfully prepared, and after adding the first-level target
PM1, the produced PCNBs maintained a positive potential.
The nanoscale size, as shown in Table 2, enabled the connec-
tion of ANM33 in the subsequent step.

To further improve the efficiency of the connection to
PM1, in this study, two common methods were used to prepare
microbubbles: the preinsertion method, involving the insertion
of DSPE-PEG2000-maleimide during the preparation of
microbubbles, and the postinsertion method, involving the
insertion of DSPE-PEG2000-maleimide after the preparation
was completed. The maximum binding rate was 89.0+1.1%
for the postinsertion method and 36.4+1.7% for the preinser-
tion method. The activity of the maleimide group was less
affected by the postinsertion method than by the preinsertion
method, as shown in Figure 5. The results of Oswald et al*>
showed that 63% of active maleimide groups were retained on
the surface of a product prepared using the preinsertion
method, but the activity was significantly reduced to 32% in
the subsequent purification. The postinsertion method had
little effect on the activity of the maleimide group, and 76%
of the maleimide group retained activity and could participate
in the subsequent coupling reaction. The preparation method
has a significant influence on the activity of the maleimide

group. Similar results were obtained in this study, so subse-
quent experiments all used the postinsertion method.

Optimal Carrying Capacity for ANM33
Studies have found that mice can endure long-term
ANM33 treatment but that miR-33 gene knockout mice
develop systemic obesity and metabolic dysfunction, sug-
gesting that ANM33 therapy has hidden risks. Because
miR-33 plays a role in the development of AS, it is
involved in multiple biochemical processes, such as glu-
cose metabolism, bile acid synthesis, cell proliferation, and
endoplasmic reticulum stress.”> Therefore, the nonselec-
tive inhibition of systemic miR-33 with ANM33 is bound
to cause serious systemic side effects, and accurate quan-
tification is very important.

To quantify ANMS33, the binding efficiency of
ANM33 and PCNBs was detected at different concentra-
tions with a microplate reader. The standard curve of
ANM33 was good. After the optimal carrying efficiency
of PM1 was determined, ANM33 was continuously
injected according to the concentration gradient until 25
pL of 20 uM ANM33 had been added. The UV absor-
bance of the PANBs no longer increased with increasing
input, indicating that saturation had been reached. The
maximum binding rate of PANBs was 62.74+2.1%, and
the maximum binding amount was 5 pg/10® microbub-
bles (Table 6). Different amounts of PM1 were used to
process the same amount of CNBs and react with the
same amount of ANM33. The higher the proportion of
PM1 was, the more ANM33 was incorporated into the
PCNBs; the increase in ANM33 incorporation was rapid
between PM1 proportions of 0.2 and 2 and slow between
2 and 3. As shown in Figure 7C, to reach a certain
loading rate while also conserving materials, in the fol-
low-up experiments, we used a PM1:ANM33 ratio of
1:2, that is, 2 pg of PM1 and 4 pg of ANM33.

To further clarify the connection between the material and
NBs, confocal microscopy and flow cytometry were used to
analyse the connection of PM1 and ANM33 with the CNBs.
The surface of the cationic microbubbles under the laser con-
focal microscope emitted red fluorescence, indicating that
Cy3-labelled ANM33 was successfully adsorbed. When the
emission channel was switched, the surface of the microbubble
in the field of view emitted green fluorescence, indicating that
the AF488-labelled aptamer PM1 was successfully adsorbed.
The synthesis channel was bright yellow (Figure 4), effectively
eliminating the possibility of a false positive from the fluores-
cence microscope and thus confirming that PM1 and ANM33
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Table 5 Quantification of Different Concentrations of HA-
PANBs

Concentration Contrast Signal Intensity (a.u.)
10* 22.65+1.59

10° 34.38+1.20%

10 35.29+0.98*

107 34.89+0.93+

108 40.36+1.35%%&"

F 0.101

P <0.001

Notes: *Compared with group 10, P<0.05; *compared with group 10°, P<0.05;
&compared with group 106, P<0.05; "compared with group 107, P<0.05.

Table 6 Quantification of the Binding Rates of PCNBs of
Different Quality

Group (ul) Connection Rate (%)
5 20.1+0.6

15 39.840.2*

25 62.7+2. 1%

35 63.7+1.3%

45 63.9+1.2%

F 31.77

P <0.001

Notes: *Compared with group 5ul, P<0.05; *compared with group |5ul, P<0.05.

were effectively coadsorbed on the surface of the cationic
microbubbles. The extent of connection of ANM33 reached
62.742.1% after using electrostatic adsorption and covalent
connections and 44.1+1.7% after using only electrostatic
adsorption (Figure 6). Previous studies by Zhang** and others
showed that with electrostatic adsorption, 17.81 £ 1.46 pg of
DNA can be carried per 5x10° microbubbles. In this study,
although ANM33 also had a negative charge on its surface, it
was still considerably different from traditional DNA. The
connection rate was significantly lower with only electrostatic
adsorption than with electrostatic adsorption combined with
covalent connection. The results were significantly different
for the two connection methods, and the PANBs maintained
a positive potential after the addition of ANM33, as shown in
Table 2. The above two materials had little effect on the NBs,
and connection via sulthydryl groups of maleimide, via elec-
trostatic adsorption and via covalent bonds can realize the
connection between the ultrasound microbubbles and the two
ligands. The follow-up experiments are described next.

Optimal HA Loading Capacity
As the first-level target of this multistage hierarchical
targeting, HA was coated on the surface of the PANBs

through covalent linkages, which should effectively reduce
the ineffective connections of preparations targeting the
endothelial reticulum, connections to nontarget macro-
phages and intervention drug waste.'*' Zhang et al''
used HA-coated targeting agents to effectively “escape”
hepatic receptors by means of staged targeting and
achieved efficient and precise targeting of macrophages
in AS plaques.

At the end of this experiment, HA was coated on
PANBs. The CTAB turbidimetric method can efficiently
determine the HA content.'' The HA standard curve was
good. After adding 20 pL of 10 pM PM1 and 25 pL of 20
uM ANM33 to obtain PANBs, 3 ug, 5 ng, 7 pg, 9 pg, or
11 pg HA was added to obtain the final HA-PANBs. The
absorbance at 550 nm by the microplate reader reached
saturation at 7 pg of HA, at which point it stopped increas-
ing, as shown in Figure 7E.

We carried out related experiments to assess the effective
connection between the carboxyl group on HA and the amino
group on PANBs. The connection to HA is the last step of the
preparation. Due to the stability of the chemical bonds that it
can form, the carboxylic acid residue of HA can also serve as
a functional group for covalent bonding: the proportion of
connected HA was 61.4+2.18% when EDC and NHS were
used for activation, as shown in Figure 7B, but only 26.9
+2.23% when only electrostatic adsorption was used, reflect-
ing a nearly 3-fold difference. In addition to the CTAB
turbidimetric method for determining the effective connec-
tion of covalent bonds, a change in particle size from the
nanometre to the micrometre scale also confirmed the effec-
tive connection of HA.? Although their particle size
increased, the microbubbles remained smaller than red
blood cells. HA affected the potential of the microbubbles,
which is important for ensuring passage through the capillary
network and engulfment by macrophages. After HA was
connected, the potential of the microbubble surface changed
from positive to negative. However, when the cationic lipid
membrane material DC-Chol was not added, the potential
changed from —23.07+2.18 to —5.51+1.87 upon HA connec-
tion, and this difference was statistically significant. The
effective construction of a cationic carrier core is important
for subsequent experiments and results.

In view of the advantages and disadvantages of single-
target ultrasound microbubbles and single-connection meth-
ods to construct ultrasound microbubbles,”® DC-Chol,
a cationic lipid membrane material with low cytotoxicity,**
was added to form a bilayer of phospholipids while main-
taining a positive surface charge, and cationic microbubble
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contrast agent CNBs were successfully prepared. The post-
insertion connection of PM1 retained the stability and activ-
ity of the maleimide group to a large extent, and 89.0+1.1%
of the added PM1 was connected, which provides an experi-
mental foundation for the effective connection of other apta-
mers. The extent of the ANM33 connection after electrostatic
adsorption combined with covalent connections was 10 times
higher than that for ordinary NBs. Thus, this combined
method overcomes the low gene-carrying capacity and low

1127 that result from

transfection efficiency of microbubbles
pure electrostatic adsorption. Thus, the developed method
significantly improves the connection extent. HA-PANBs
were formed by coupling HA and PANBs via covalent con-
nections. The HA-PANB dual-target microbubble contrast
agent was formed by coating PANBs with HA. The micro-
bubbles in each test group were uniform in size and had good
dispersion and stability.

In this study, a simple in vitro foam cell model was
prepared with reference to the study of Zhang.'' Oil red
O staining results showed lipid droplet formation when the
ox-ldl intervention amount reached 60 mg/L. In terms of
cell targeting, in this study, NBs and HA-PANBs were
coincubated with foam cell models and verified by ordin-
ary optical microscopy, laser confocal microscopy and
flow cytometry.

The results showed that under the inverted microscope,
a large number of microbubbles (MBs) were clustered
around the cells in the HA-PANB group, while few MBs
could be seen in the space between cells, which indicated that
the targeted MBs had a high affinity for foam cells; addition-
ally, there were no or only a few MBs around the NB group.
Quantitative analysis showed that the number of MBs gath-
ered around foam cells in the HA-PANBS group was 7.2
times that in the NBs group. Under a fluorescence micro-
scope, more red and green fluorescence expression was also
observed in the HA-PANB group. Flow cytometry showed
that the binding rate of HA-PANBs to damaged macrophages
was significantly higher than that of nontargeted nanovesi-
cles. The results of this study preliminarily demonstrated that
HA-PANBs had obvious targeting and high affinity for
damaged macrophages in the process of AS.

As gene vectors, the biological safety of the materials
must be guaranteed. Therefore, the CCK-8 method was
first used to evaluate the cytotoxicity of HA-PANBs
in vitro in part of this study. The composition of NBs
used in this study was similar to that of SonoVue, an
ultrasound contrast agent that has been routinely used in
clinical practice, and it has been shown that HA-PANBs

do not cause any damage to cells at normal doses.
Therefore, the above results fully demonstrate the safety
of HA-PANBsS in vitro.

The contrast was as expected. With increasing concen-
tration, the signal of the HA-PANB solution was gradually
enhanced. However, it is worth emphasizing that we also
found that although the contrast signal in the near field of
the ultrasound beam does increase with increasing concen-
tration, especially when the concentration reaches 10%, the
signal attenuation in the region behind the strong echo
signal is very obvious. Through further comparison, we
found that when the ultrasonic probe frequency was 18
MHz and the concentration was 10° BNBs, uniform ceUS
signals could be seen in the simulated sample addition
hole, and the in vitro contrast effect was the most ideal
among the five concentrations.

In summary, this experiment determined the maximum
loading capacity of each therapeutic factor through step-by-
step analysis of the inside to the outside of the complex. We
believe that angiography can be achieved using microbub-
bles with a 2:4:7 PM1:ANM33:HA loading, which have
a high capacity for ANM33 and stable physical properties
and can significantly enhance the imaging and targeting of
damaged macrophages in vitro, thereby laying the foundation
for further high-efficiency transfection of antisense oligonu-
cleotides in vivo and in vitro. Both targets and therapeutic
factors can be effectively connected to the NB core of the
carrier, making it an ideal ultrasound contrast agent.

Conclusion

A variety of connection methods were used to successfully
connect ultrasound microbubbles to the aptamers PMI,
ANM33 and HA to effectively produce HA-PANBs. The
developed method combines the advantages and disadvan-
tages of previous connection methods and single targets
and can be used for AS targets. Gene therapy based on this
method represents a new vector and transfection method.
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