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Abstract

Nanoparticles emerged as carriers of promising diagnostic and therapeutic molecules due to their
unique size, injectability, and potentials to sustainably release molecular cargos. However, with
local injection of particles into target tissue, the significant particle loss caused by external
biomechanical forces is a grand challenge yet to be resolved up to date. We hypothesized that
nanoparticles associated with tissue-adherent microbubbles in a form of core-shell particles due to
van der Waals attractive force would stably remain on an implanted site and significantly increase
therapeutic efficacy of drug cargos. To examine this hypothesis, we used 100 nm-diameter
nanoparticles made of poly(lactide-co-glycolic acid) (PLGA) as a model nanoparticle and 50 pm-
diameter microbubbles made of poly(2-hydroxyethyl aspartamide) (PHEA) grafted with octadecyl
chains, PHEA-g-C4g, as a model microbubble. Simple mixing of PLGA nanoparticles and PHEA-
g-C1g microbubbles resulted in the core-shell particles. Following implantation, the PHEA-g-Cqg
microbubble acted as a glue to minimize displacement of PLGA nanoparticles, because of
association between octadecyl chains on PHEA-g-C1g and epithelium of tissue. As a consequence,
the core-shell particles prepared with Angiopoietin-1(Angl)-encapsulated PLGA nanoparticles
significantly promoted vascularization in the implanted tissue. Overall, the results of this study
provide a simple but advanced strategy for improving therapeutic efficacy of drug-carrying
nanoparticles without altering their surface chemistry and potential.

1. INTRODUCTION

Nanoparticles, capable of loading and also sustainably releasing diagnostic and therapeutic
molecules of interests, have been extensively studied to improve the quality of molecular
cargos via non-invasive injection.(!=3) However, nanoparticles particularly delivered through
local injection are readily displaced from the implanted site, because the external
biomechanical force increases drifting velocity of particles.6-8) As a consequence, a larger
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dosage of drug is required to attain the desired therapeutic efficacy, thus reducing advantages
that can be achieved with the use of nanoparticles. Therefore, it is crucial to devise a method
to make nanoparticles remain in injected tissue over a desired treatment period following
non-invasive administration.

Recently, certain efforts were made to improve the retention level of nanoparticles following
injection. For example, drug-loaded nanoparticles were embedded in an injectable hydrogel
such the gel can prevent displacement of nanoparticles.(®10) However, this approach may
reduce the release rate of molecular cargos in the nanoparticles, because the gel matrix acts
as a physical barrier to limit molecule release, specifically when drug molecules and gel-
forming polymers electrostatically attract to each other.(9) Alternatively, surface potential of
nanoparticles was engineered to induce electrostatic attraction between nanoparticles, so
nanoparticles form an interconnected colloidal gel following injection.(9 However, again,
surface potential of nanoparticles may negatively influence drug release rate via
uncontrolled electrostatic interaction. It will be desirable to control the nanoparticle
retention without altering chemistry and electrical charge of particle surfaces.

To this end, we hypothesized that nanoparticles associated with tissue adherent
microbubbles in a form of a core-shell-like construct due to van der Waals attractive force
would stably remain on an implanted site and significantly increase therapeutic efficacy of
drug cargos. The microbubble glue would limit the increase of drifting velocity of
nanoparticles caused by the external biomechanical force without influencing drug release
profile of nanoparticles. To examine this hypothesis, we used microbubbles with an average
diameter of about 50 um, formed from self-assembly of alkylated poly(2-hydroxyethyl
aspartamide) (PHEA-g-C4g) as a model of sacrificial microbubbles. The alkyl groups of
PHEA do not only associate air molecules to form bubbles but also bind with tissue
epithelium.(@1) The poly(lactic-co-glycolic acid) (PLGA) nanoparticles with an average
diameter of about 100 nm was used as a model of drug-carrying nanoparticles. The
difference between the diameters of microbubbles and nanoparticles by two orders of
magnitude can induce significantly higher van der Waals attraction between microbubble
and nanoparticle than that between particles of the same size.(12) The association between
PLGA nanoparticles and PHEA-g-C1g microbubbles was evaluated by examining
localization of fluorescently labeled nanoparticles on microbubbles and effects of
nanoparticles on stability of microbubbles. The retention level of PLGA nanoparticles on the
implanted tissue was assessed by examining sustained presence of particles on chicken
chorioallantoic membranes (CAMSs).(13) Finally, effects of nanoparticle retention on drug
efficacy were studied by implanting PLGA nanoparticles encapsulating Angiopoietin-1
(Angl) on CAMs and examining the degree of neovascularization.

2. RESULTS AND DISCUSSIONS

2.1 Preparation and characterization of polymeric microbubbles

Microbubbles were formed via self-assembly of amphiphilic polymer — PHEA grafted with
octadecyl chains, termed PHEA-g-C1g. In the first step, polycondensation of | -aspartic acid
with acid catalyst led to polysuccinimide (PSI). Secondly, PSI was substituted with
octadecylamine (ODA) and ethanolamine to form PHEA-g-C1g by aminolysis reactions
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(Figure 1a).(14.15) With a molar ratio of ODA to succinimidyl units of PSI at 0.15, the degree
of substitution for octadecyl chains (DSc1g) was 12.2 mol% as quantified with peaks from
0.80 to 0.86 ppm and peaks from 4.36 to 4.70 ppm in from IH NMR spectra (Figure S1).
Note that peaks from 0.80 to 0.86 ppm represent protons of methyl groups at the end of the
Cj3 chains and those from 4.36 to 4.70 ppm present methane protons on PHEA backbones.

In result, PHEA-g-C4g was able to self-assemble into microbubbles by sonication applied at
the interface of air and polymer solution (Figure 1b). Particularly, microbubbles were
assembled with polymer solutions at three different concentrations of the polymer to control
size and stability (Figure 1c). Increasing concentration of polymer from 0.1% to 0.5% w/w
decreased the average diameter of microbubbles from 194 + 103 um to 49 um + 36 pm,
quantified with optical images. Further increasing the polymer concentration to 1% w/w
made minimal change of the microbubble diameters; however, it contributed to improving
the stability of bubbles incubated at 37 °C. Over 3 hours, the microbubbles prepared with
1% w/w polymer solution displayed a two-fold smaller increase in the diameter than those
prepared with 0.5 % w/w polymer solution (Figure 1d).

This result suggested that sonication at air-water interface applies enough energy to drive
hydrophobic association of octadecyl chains on PHEA with air molecules. Then, the
polymers surround air molecules to reduce the thermodynamic free energy. Finally, hydroxyl
groups on PHEA-g-Cyg likely facilitate dispersion of microbubbles in aqueous media.
Therefore, similar to a surfactant, increasing concentration of PHEA-g-C1g solution from
0.1% to 0.5% w/w should lead to an increase of the curvature of microbubbles. The minimal
change of the microbubble size with an increase of polymer concentration from 0.5% to 1%
wi/w indicates that polymer association with air molecules is saturated at 0.5% w/w. The
significantly enhanced microbubble stability marked by a smaller size change is likely
because excess PHEA-g-C1g on the microbubble surface forming a steric layer prevents
association between microbubbles and subsequent fusion.

2.2 Assembly of core-shell particles constituted with PLGA nanoparticles and PHEA-g-C1g
microbubbles

Monodispersed PLGA nanoparticles with an average diameter of 100 nm were prepared via
nanoprecipitation (Figure S2). Mixing aqueous suspension of PLGA nanoparticles with
freshly made microbubbles resulted in microbubbles covered with PLGA nanoparticles
(Figure 2a). According to the fluorescence image of PLGA nanoparticles labeled with
fluorescein isothiocyanate (FITC), nanoparticles spontaneously adhered on microbubble
surface, thus forming a core-shell like construct; in contrast, PLGA nanoparticles were
randomly distributed in microbubble-free solution (Figure2b and 2c). Even after exposure to
shear flow to simulate injection process, nanoparticles were minimally detached from the
microbubbles, as confirmed with minimal decrease of fluorescence from the microbubble
surface.

With assumption that interaction between two particles is minimally affected by neighboring
ones, it is suggested that the association between microbubbles and nanoparticles are driven
by van der Waals force calculated using Eq. (1):
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A RiR,

V = —
4 6DRi+R; Eq.(1)

where R and R, are the radii of microbubbles and nanoparticles, respectively; A is the
Hamaker constant; Vj is van der Waals potential energy; and D s the distance between two
particles.(X®) The Hamaker constants of PHEA and PLGA were considered 6.5 x 10720 J.(12)
The estimated attractive energy between PLGA nanoparticle and microbubble is about twice
lower than that between PLGA nanoparticles (Table 1). According to the calculation,
increasing a diameter of microbubbles from 10 to 200 um does not alter the attractive energy
much. It is conceived that the value of van der Waals potential depends on three-dimensional
organization of particles in the suspension, which alters the value of Hamaker constant.
However, it is likely that the difference of the interaction energy between the conditions
examined herein will remain same because of the minimal difference of the spatial
organization of particles.(1?)

More interestingly, the core-shell particles remained stable in a physiologically relevant
condition. At 37 °C, the microbubbles prepared with 1% w/w PHEA-g-C;g solution
undertook a three-fold smaller increase of the diameter than bare microbubbles (Figure 2d).
With the nanoparticle coating, the majority of microbubbles incubated in aqueous media for
3 hours was smaller than 50 um, In contrast, the diameter of bare microbubbles ranged from
100 to 250 pm.

2.3 In vivo evaluation of PLGA nanoparticle retention

The core-shell particles in which PLGA nanoparticles were immobilized on PHEA-g-Cqg
microbubbles were placed on CAM, in order to evaluate an extent by which microbubbles
improve the retention of PLGA nanoparticles on the implanted site. The PLGA
nanoparticles were encapsulated with FITC, so as to monitor their spatial distribution on the
CAM. Both two conditions underwent minimal displacement during the first 24 hours, as
confirmed with small change of fluorescence yields (Figure3a and 3b).

However, between Day 1 and Day 7, fluorescence from free PLGA nanoparticles rapidly
decreased. According to quantification of the fluorescence yield, approximately 90% of
PLGA nanoparticles were displaced from the implanted site (Figure3a and 3b). The minimal
displacement of PLGA nanoparticles during first 24 hours implicates that free PLGA
nanoparticles could initially associate with CAM. However, the adhesion strength should be
too weak to prevent the displacement over 7 days, because CAM undergoes continuous
mechanical deformation due to an embryo’s heart contraction. As a consequence, the PLGA
nanoparticles should experience the increase of drifting velocity.(®)

Interestingly, in contrast, PLGA nanoparticles immobilized on microbubbles exhibited no
significant decrease of fluorescence over 7 days. This result indicated that most of PLGA
nanoparticles remained on the implanted site due to microbubbles (Figure3a and 3b). To
confirm this theory, we implanted rhodamine B labeled PHEA-g-C1g microbubbles on
CAMs over 7 days to analyze the behavior of polymeric microbubbles. According to
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fluorescence image of PHEA-g-C1g microbubbles, approximately 80 % of PHEA-g-Cqg
molecules remained on the implanted site even after collapse (Figure 3c). Therefore, we
suggest that PHEA-g-Cg in the collapsed microbubble hydrophobically associate with
epithelium of CAM, while they still kept associating with PLGA nanoparticles (Figure 4).
Overall, it is likely that PHEA-g-C1g microbubbles act as a glue for nanoparticles even after
their structural collapse.

2.4 In vivo evaluation of neovascularization induced by Angl-encapsulated PLGA
nanoparticles

To demonstrate the importance of the retention of drug-releasing PLGA nanoparticles in
improving therapeutic efficacy of drugs, PLGA nanoparticles were loaded with Angl. Angl
is known to stimulate angiogenesis by activating Tie2 receptors of endothelial progenitor
and precursor cells. It is also known to play an important role in stabilizing endothelium of
capillaries by recruiting pericytes.(18-20) |n this study, the Ang1 molecules were loaded into
the PLGA nanoparticles through nanoprecipitation. The efficacy of Angl to stimulating
vascularization was evaluated by implanting these nanoparticles on CAM, which has been
widely used for angiogenesis study.(13)

According to cross-sectional histological images stained for a-smooth muscle actin (a-
SMA), the membranes implanted with Angl-loaded PLGA nanoparticles presented about
five-fold larger number of mature blood vessels than those treated with PBS (Figure 4a-I,
4a-11 & 4b) Furthermore, CAM implanted with core-shell particles presented more than six-
fold larger number of mature blood vessels than CAM implanted with free PLGA
nanoparticles (Figure 4a—I11 & 111 & 4b). This enhanced neovascularization using the core-
shell particles is well correlated to the retention level of PLGA nanoparticles on the
implantation site. We interpret that free PLGA nanoparticles are displaced from the
implanted site, thus reducing concentration of Angl on the implanted site. In contrast,
PLGA nanoparticles immobilized on microbubbles stably remained at the implantation site
and subsequently increased concentration of Angl on the implanted tissue. As a
consequence, it is likely that Angl locally amplified cellular signaling involved with
endothelial sprouting and pericyte recruitment.

To the best of our knowledge, we suggest that the result of this study is the first
demonstration to improve nanoparticle retention on the implanted tissue without altering the
surface chemistry or potential of nanoparticles or loading them in hydrogels. We believe that
the results of this study will be useful to treat various tissue defects and pathologic tissues
with low dosage of drug molecules and nanoparticles. In addition, the microbubbles would
be useful as particulate glue to immobilizing a wide array of nanoparticles loaded with a
series of growth factors and drug molecules. Furthermore, using the capability of
microbubbles to create contrast of ultrasound images, the resulting system may enable us to
conduct imaging-guided therapies.(?1-23) Finally, the previous literature reported that PHEA
based polymer presents minimal toxicity and is safe for in vivo study, and also particles
made of PHEA-g-C18 have been extensively used as drug carriers injected in
circulation.(15:24)
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3. CONCLUSIONS

In conclusion, this study demonstrated that core-shell particles in which PLGA nanoparticles
were immobilized on PHEA-g-C1g microbubble glue displayed enhanced retention on
implanted tissue subject to dynamical mechanical loading. The association between
nanoparticles and microbubbles resulted from simple mixing was driven by van der Waals
attraction, due to the significant size difference. The nanoparticles loaded on the
microbubbles stably remained on the implanted tissue over 7 days, likely because
amphiphilic PHEA-g-C,g of the microbubbles could link nanoparticles to tissue even after
collapse of microbubbles. Therefore, the core-shell particles encapsulated with Angl could
stimulate formation of mature blood vessels, because of enhanced retention of particles and
subsequently increased number of Angl on the implanted tissue. The results of this study
will be useful to fully utilize advantages of a wide array of nanoparticles as drug carrier and
improve quality of molecular therapies even with low dosage of drugs.

4. EXPERIMENTAL SESSION

4.1 Synthesis and characterization of PHEA-g-C1g

Poly(succinimide) (PSI, Mw 19,000 g/mol, PDI 1.5) was the starting chemical, synthesized
through the acid-catalyzed polycondensation process of | -aspartic acid (Sigma-Aldrich)
described previously.(14) By aminolysis, PSI was functionalized with octadecylamine (ODA)
(Sigma-Aldrich) and ethanolamine (Sigma-Aldrich) sequentially into PHEA-g-C15.(1% PSI,
dissolved in dimethylformamide, was reacted with the calculated amount of ODA at 70 °C
for 24 hours. After the mixture was cooled down to the room temperature, the calculated
amount of ethanolamine was added dropwise, and the reaction was continued for 6 hours.
The final product was purified via dialysis against deionized (DI) water for 2 days followed
by freeze-drying to obtain the dry powders. The structure of PHEA-g-Cg was characterized
by IH NMR spectra, from which the degree of substitution of octadecyl chains (DSc1g) on
the PHEA backbone was calculated.

4.2 Label PHEA-g-C18 with rhodamine B

50 mg of PHEA-g-C18 was dissolved in DI water along with 5 mg of rhodamine B (Sigma-
Aldrich) for an overnight reaction whiling stirring. Then, the mixture was replaced into a
dialysis bag for 1-day dialysis against DI water. The final powder product was collected by
freeze-drying.

4.3 Assembly and characterization of PHEA-g-C1g microbubbles

Pre-microbubble solution was prepared by dissolving PHEA-g-C1g in DI water at
concentrations of 0.1, 0.5, and 1% w/w. Then, the probe tip of a sonicator (Fischer
Scientific, Sonic Dismembrator Model 100) was placed about 2 mm under the liquid
surface, and the ultrasonic wave was applied with an average output power of 6 watts for 30
seconds, in order to generate a layer of microbubbles.

To analyze the size and stability of microbubbles, the microbubble solution was kept in 1.5
mL Eppendorf tube and incubated at 37 °C. Then, a 20 pL of microbubble solution was
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collected from each sample at the time point of 0, 1, and 3 hours. The diameters of
individual microbubbles visualized with an optical microscopy (Leica, DMIL) were
measured using the ImageJ software.

4.4 Nanoprecipitation to prepare PLGA nanoparticles

PLGA nanoparticles were prepared via nanoprecipitation process, where 100 mg PLGA
(Durect) dissolved in 10 mL acetone was added dropwise into 40 mL DI water. After
precipitation, acetone was removed by using a rotary evaporator (Heidolph). Then, the
PLGA nanoparticles in a powder form were collected via lyophilization. To prepare
fluorescent PLGA nanoparticles, 0.1 mg fluorescein isothiocyanate (FITC) (Sigma-Aldrich)
was dissolved in acetone together with PLGA.

Separately, the PLGA nanoparticles associated with Angl were prepared by dissolving
Angl in 50 pL 1x phosphate buffered saline (1x PBS) at 5 pg/mL and mixing the Angl
solution with the PLGA dissolved in acetone. Then, the mixture was added dropwise into 40
mL DI water. Finally, acetone was removed by using a rotary evaporator (Heidolph). The
formed nanoparticles were washed with 1x PBS three times by centrifugation. Finally, the
PLGA nanoparticles loaded with Angl was collected as powder via lyophilization.

4.5 Assembly and characterization of PLGA nanoparticle + PHEA-g-C;g microbubble core-
shell particles

The microbubbles coated with PLGA nanoparticles were prepared by simply mixing
aqueous suspension of microbubbles with PLGA nanoparticle suspension. The resulting
morphology was observed with a laser scanning confocal microscope (Zeiss, LSM700). In
this analysis, PLGA nanoparticles were labeled with FITC /n situas described in Section
4.3.

4.6 In vivo retention analysis of nanoparticles

Chick chorioallantoic membrane (CAM) was used to evaluate the retention level of the
PLGA nanoparticles following implantation. PLGA nanoparticle + PHEA-g-C1g
microbubble core-shell particles and free PLGA nanoparticles, which were not loaded on
microbubbles, were separately placed onto the CAMs of one week old, fertilized chicken
embryos. The particle suspension was gently dropped onto CAM surface by using a
micropipette. PLGA nanoparticles in both conditions were labeled with FITC /n situ
described in Section 4.3. Then, the eggs were incubated at 37 °C. After time points of 1
hour, 1 day, and 7 days, CAMs at the implanted area were excised. The distribution of
fluorescent PLGA nanoparticles on CAMs was identified by using a laser scanning confocal
microscope (Zeiss, LSM700). The area covered with PLGA nanoparticles were quantified
using a MATLAB code developed by the author.

4.7 In vivo neovascularization with Angl-encapsulated PLGA nanoparticles

Angl-encapsulated PLGA nanoparticle + PHEA-g-C1g microbubble core-shell particles and
Angl-encapsulated, free PLGA nanoparticles were implanted onto CAMs following the
same procedure described in Section 4.5. After 7 days, CAMs at the implanted site were
excised, embedded in paraffin, sectioned, and stained for antibody to a.-smooth muscle actin
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(a-SMA) for histological analysis. The number and area density of mature blood vessels
marked by a-SMA were quantified with optical microscopy images (Leica, DMIL) of the
cross-section of CAMs by using the Image J software.

4.8 Statistical analysis

Al
co

| averaged data are presented as means + standard deviation. To determine significance,
mparisons between groups were performed by student’s £test (p < 0.05).
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Figure 1.
Synthesis and characterization of PHEA-g-C1g microbubbles. (a) The reaction scheme to

synthesize PHEA-g-Cg. (b) The schematic microstructure of the microbubble formed via
self-assembly of PHEA-g-Cyg. (c) Optical microscopy images of microbubbles prepared
with solution of three different PHEA-g-C4g concentrations. The bubbles were captured at
different time points while being incubated in deionized water at 37 °C. Scale bars represent
200 pm. (d) The size growth of microbubbles prepared with 0.1, 0.5, and 1% w/w PHEA-g-
Cqg solutions over 3 hours. The values and error bars in (d) represent average values and
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standard deviation of more than 50 microbubbles per condition respectively. * represents the
statistical significance of the values between conditions (* p<0.05).
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Assembly of core-shell particles constructed with PLGA nanoparticles (NPs) and PHEA-g-
E C1g microbubbles (MBs). (a) The scheme to describe the microstructure of the core-shell
g particles. (b) The confocal microscopy image of FITC-labeled PLGA NPs. (c) The confocal
% microscopy image of PHEA-g-C1g MBs coated with FITC-labeled PLGA NPs. Red dotted
% circles represent the MBs. (d) The size growth of plain MBs, termed MBs, and MBs
< associated with PLGA NPs, termed MBs + PLGA NPs. MBs were prepared with 1% w/w
9 PHEA-g-C1g solution. In (d), the values and error bars of each bar represent average values
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(c) 7 Days

Figure 3.
In vivo evaluation of PLGA nanoparticle (NP) retention. (a) The confocal microscopy

images of CAMs implanted with FITC-labeled PLGA NPs with and without microbubbles
(MBs) at different time points. (b) The quantified fraction of PLGA NPs remained on the
implantation site. The values and error bars represent average value and standard deviation
of 9 samples per condition, respectively. (¢) The confocal microscopy images of CAM
implanted with rhodamine B labeled PHEA-g-C1g MBs at different time points. * represents
the statistical significance of the values between conditions (* p < 0.05).
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Time

(b)
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Figure 4.
The schematic description of the underlying mechanism by which PLGA nanoparticles

coupled with microbubbles display minimal displacement over time. (a) and (b) represent
top and side views of the core-shell particles on CAM respectively.
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Figure 4.
In vivo evaluation of vascularization stimulated by Angl-encapsulated PLGA nanoparticles

(NPs). (a) Histological images of the cross session of CAMs stained for a-SMA. (a-1) CAM
treated with PBS, (a-11) CAM treated with Angl-encapsulated PLGA NPs, and (a-111) CAM
treated with Angl-encapsulated core-shell particles in which PLGA NPs were immobilized
on the microbubbles (MBs). The images on the right column represent magnified views of
the boxed region in the images on the left column. Arrows indicate mature blood vessels
positively stained for a-SMA, marked by brown color. (b) Quantified number of mature
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blood vessels with cross-sectional area between 30 and 500 um? per tissue area of 1 mm?.
The values and error bars represent average values and standard deviation of 9 samples per
condition. * represents the statistical significance of the values between conditions (* p <
0.05).
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Table 1

Analysis of van der Waals potential for different particle interaction
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Ry (Hm) Rz (um) Va4 (107200)

0.05 5 -53.6
Nanoparticle - Microbubble 0.05 50 -54.1
0.05 100 -54.1
Nanoparticle - Nanoparticle 0.05 0.05 -27.1
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