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Hao Li,*>"* Ping Wang," Xuan Wang,” Tinghui Yin,® Guofu Zhou,’ Xintao Shuai,”* and Ronggin

A novel perfluorooctyl bromide (PFOB)-loaded nanoveislce with the size of about 500 nm was prepared by self-assembly of

amphiphilic block copolymer, poly(ethylene oxide)-b-poly(D,L-lactic acid) (PEG-PDLLA) for blood pool ultrasound imaging.

The excellent compatibility of PFOB with hydrophobic PDLLA block makes PFOB uniformly distribute and integrate well

within the nanovesicle shell. In theory, both the compressibility and shell density of nanovesicle as ultrasound scatterer

are enhanced, resulting in much higher echo intensity than other PFOB nanoparticles. In vitro and in vivo imaging results

illustrate that these polymeric nanovesicles with extremely low content of PFOB show quite good contrast-enhancing

effect even if highly diluted in blood. So this PFOB-loaded polymeric nanovesicle is anticipated to be applicable as

ultrasound contrast agent for normal angiography and specific imaging of capillary-abundant organs or tissues (e.g.

tumor).

Introduction

Ultrasonography is the most extensively used imaging
technique in clinical application, due to its safety, noninvasion,
versatility, portability, low cost and real-time modality.'
However, it's application is still limited due to the lack of
imaging resolution and precision, especially for soft tissue
where lesions are often hard to detect> Many ultrasound
contrast agents (UCA) represented by gas-filled microbubbles
are developed to overcome such problems. In microbubbles, the
encapsulated gas can greatly increase the acoustic impedance
mismatch with ambient fluid (usually blood) to enhance back

23

reflection for highlighting tissue borders.”” Some of the

microbubbles are commercially available, such as Levovist®
(Schering AG), Optison® (Amersham), Definity® (Bristol-
Myers Squibb), and Sonovue® (Braco).* However, their large
sizes make them difficult to pass through capillary-abundant
organs or tissues (e.g. tumor)’, and their wide distribution of
particle sizes is against accurate evaluation of pathological
depth and extent.
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Nano-sized UCAs are promising solutions to such problems.
One is gas-filled nanobubbles, but it is difficult to keep them
stable in nanoscale unlike microbubbles.” Another is liquid
fluorocarbon-loaded nanoemulsions or nanocapsules. For
example, perfluorooctyl bromide [PFOB; boiling point (b.p.):
144 °C] appears to be a good content with high acoustic
impedance mismatch based on its water immiscibility, high
density and stability, and chemical and biological inertness.®'2
Pisani et al. firstly prepared PFOB-filled nanocapsules modified
with PEGylated phospholipid (DSPE-PEG) and poly(lactide-
co-glycolide) (PLGA) to escape recognition and clearance by
the mononuclear phagocyte system for passive tumor-targeting
ultrasonic imaging.® Although phospholipid or surfactant-based
hybrids greatly help the emulsification of liquid fluorocarbon,
the interaction between phospholipid shell and fluorocarbon
core is not strong enough to keep them stable in nanoscale.
Recently, some amphiphilic block copolymers were adopted to
replace phospholipid, surfactant and other emulsifiers for
fabricating liquid fluorocarbon-loaded nanoemulsions or
nanocapsules as UCAs.'*'7 Natalya Rapoport et al. prepared
surface-stabilized nanoemulsions containing perfluoro-15-
crown-5-ether in the aqueous phase for ultrasound-mediated
tumor imaging, via self-assembly of poly(ethylene oxide)-b-
poly(D,L-lactic acid) (PEG-PDLLA), poly(ethylene oxide)-b-
poly(L-lactide) (PEG-PLLA), and poly (ethylene oxide)-b-
poly(e-caprolactone) (PEG-PCL).!” Here the amphiphilic block
copolymers can not form
thermodynamically stable
encapsulating liquid fluorocarbon through the hydrophilic
expanding and hydrophobic collapsing in aqueous solution, but
also determine the size of the resulting nanoparticles well under
certain preparation conditions.'”" Moreover polymer-coated

only spontaneously

core-shell nanostructure
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the
resistance to external pressure and the prolonging blood

fluorocarbon nanodroplets also showed increasing
circulation time, besides the high stability and the size
uniformity.?

After all, the most crucial feature of contrast-enhanced effect is
the number of fluorocarbons in nanoemulsion or nanocapsule
solution.” For some soft tissues or organs, even a minimal 40%
volume concentration of PFOB is required for in vivo
imaging.”> *' It is all but impossible to reach such high
concentration of PFOB in previously reported nanodroplets.
And the accumulation of too much PFOB may induce
temporary obstacle of the reticular endothelial system and
weaken the resistance to bacterial endotoxin.”? In addition,
given its high solubility of respiratory gases, excessive PFOB
may also influence oxygen uptake of some normal cells.”
Therefore, how to achieve reliable in vivo imaging under a low
concentration of liquid fluorocarbon, especially blood pool
imaging via intravenous injection, is still a challenge to these
nanoemulsions or nanocapsules.

Polymeric vesicle is a hollow sphere that encloses a volume of
aqueous phase with a thin membrane self-assembled by
amphiphilic molecules, which is similar to liposome.?*"*” Some
unique features, such as much larger surface area, higher
compressibility,
polymeric micelles,

better biocompatibility than that of the

and simultaneous encapsulation of
hydrophilic and hydrophobic agents and so on, make polymeric
vesicle applicable for drug delivery and bioimaging.”®3' And
that is why we adopt polymeric nanovesicle to encapsulate
PFOB as UCA for anticipated high echo intensity and
bioavailability. In this paper, an amphiphilic block copolymer,
PEG-PDLLA, was developed to construct a novel self-
assembled nanovesicle with low content of PFOB for in vitro
and in vivo ultrasound imaging. These polymereic nanovesicles
with low content of PFOB and good contrast —enhancing effect
would have wide application as UCA for normal angiography
and specific imaging of capillary-abundant organs or tissues
(e.g. tumor).The main text of the article should appear here

with headings as appropriate.

Experimental Section

Materials

Monomethoxy-m-hydroxy polyethylene glycol [molecular
weight (M.W.): 2,000 g/mol; PEG], PFOB (99%), stannous
octoate [~95%; Sn(Oct),] and agarose were purchased from
Sigma-Aldrich and used without further treatment. D, L- lactide
(99%, Co., Ltd, China) was
recrystallized twice in anhydrous ethyl acetate and then

Shenzhen Esun Industrial

vacuum-dried overnight. Polyvinyl alcohol (M.W.: 500 g/mol)
was supplied by Guangdong Guanghua Chemical Factory Co.,
Ltd, China). Toluene (AR, Guangzhou Chemical Reagent
Factory, China) was dehydrated by atmospheric distillation
over calcium hydride (CaH,) prior to use. All other regents are
of analytic grade and dried or redistilled before the use.

2| J. Name., 2012, 00, 1-3

Synthesis of PEG-PDLLA copolymer and poly(D,L-lactic acid)
(PDLLA) homopolymer

PEG-PDLLA diblock copolymer was synthesized by ring-
opening polymerization of D, L-lactide in the presence of
Sn(Oct), as a catalyst and PEG as a macroinitiator. Typically,
0.2 g of PEG was heated to 60 °C under vacuum for 2 hours to
remove residual moisture. After cooled to room temperature, a
drop of Sn(Oct), was added to be dried and then mixed with 2 g
of D, L-lactide in 20 mL of freshly distilled toluene under dry
argon atmosphere. The mixture solution was magnetically
stirred at 120 °C for 12 hours. Finally, the purified products
were obtained by precipitation twice in anhydrous ether and
dried under vacuum. Similarly, the PDLLA homopolymer as
control was synthesized by benzyl alcohol-initiated ring-
opening polymerization.

Characterization of PEG-PDLLA copolymer and PDLLA
homopolymer

H-Nuclear magnetic resonance (1 H-NMR)

The chemical structure of PEG-PDLLA copolymer was
determined by 'H-NMR spectrum (Mercury-plus 300, Varian,
USA) in deuterated chloroform (CDCl;), and the PDLLA
homopolymer’s did in deuterated dimethyl sulfoxide (DMSO-
db).

Gel permeation chromatogram (GPC)

Both the M.W. of both PDLLA and PEG-PDLLA were
determined from GPC [Waters Breeze, Waters, USA; eluent:
tetrahydrofuran (THF); flow rate:
calibration: polystyrene standards].

1.0 mL/minute; column

Compatibility test of PEG-PDLLA copolymer with PFOB

Predetermined volumes of PFOB (including 5, 10, 20 and 40 pL) and
20 mg of PDLLA or PEG-PDLLA were fully dissolved in chloroform
(CHCI3) and then kept volatilized in an open glass culture dish at
ambient temperature to form a thin film. Subsequently, the residual
PFOB on the surface of the thin film was washed away with pure
water. The final film samples were obtained by drying at ambient
temperature for two days.

Thermogravimetric analysis (TGA)

The thermogravimetric analyses of the thin film samples of
PEG-PDLLA containing PFOB were performed on a Netzsch
TG-209 instrument (Germany) under nitrogen gas. 13~18 mg of
samples were heated from 30 to 200 °C at a rate of 10
°C/minute using alumina crucibles.

Differential scanning calorimetry (DSC)

The DSC analyses of the thin film samples of PEG-PDLLA
containing PFOB were performed on a Perkin-Elmer Dsc-7
instrument (U.S.A) under nitrogen gas (flow rate: 10 mL/min-
1). Typically, the heating or cooling stage for samples in
aluminum pan were programmed as follows: ambient
temperature increased to 100 °C at a rate of 20 °C/min. held for
3 min., and subsequently reduced to -30 °C at a rate of 20

°C/min., held for 1 min. to eliminate the heat history, and

This journal is © The Royal Society of Chemistry 20xx
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finally increased to 100 °C at a rate of 5 °C/min.. The glass
transition temperatures (7,) were estimated as the peak values
of the transition region in the second heating run.

Preparation of PEG-PDLLA nanovesicles

Blank and PFOB-loaded PEG-PDLLA nanovesicles were
prepared by two-step ultrasonic emulsification as shown in
Scheme 1. Typically, a predetermined volume of PFOB (0, 5,
10, 20 or 40 puL) and 20 mg of PEG-PDLLA were dissolved in
2 mL of CHCl3, and then mixed with 0.2 mL of ultrapure water
by ultrasonic emulsification (Vibra Cells, Sonics, U.S.A.).
Subsequently, the resulting emulsion was fully dispersed again
in 40 mL of ultrapure water under sonication, followed by
rotary evaporation to remove CHCI;. Standing for 30 minutes
later, the supernatant was taken out to remove the unloaded
PFOB, and then centrifuged at low temperature. After the
removal of the supernatant containing blank nanovesicles, the
remaining solution was diluted with ultrapure water to 2 mL.

Characterization of PEG-PDLLA nanovesicles

Dynamic light scattering (DLS)

The particle sizes of the obtained nanovesicles were determined
using a Brookhaven BI-200 SM instrument (U.S.A.) under the
following conditions: temperature-25 °C, detector angle-90°,
and incident laser wavelength-623 nm. All reported sizes were
based on the average number, and each particle size was given
as the means of at least five runs.

Scheme 1 Self-assembly of PFOB-loaded PEG-PDLLA

Two-step Emulsification

Ultrasonication

in Water

PEG #~—=~-=- PDLLA () PFOB

nanovesicles.

Transmission electron microscope (TEM)

The morphology of the obtained nanovesicles was recorded
with a JEOL JEM-2010HR TEM (Japan). Samples were
prepared by drying a dispersion of diluted nanovesicles solution
on a copper grid coated with amorphous carbon. Afterwards, a
droplet of phosphotungstic acid solution (1 wt.% in water) was
added to stain the sample for 1 min., and then blotted with filter
paper. The prepared sample was dried at room temperature
before TEM observation.

In vitro ultrasound imaging

All operations were shown in Scheme 2.
Scheme 2 Preparation of agarose gel mold for in vitro

Sample Wells

ultrasonic imaging: (A) extracting the dissolved bubbles from

This journal is © The Royal Society of Chemistry 20xx

the agarose solution using a 50 mL syringe; (B) inserting 15
mL centrifuge tubes to create the sample wells as cooled at 4
°C; (C) pouring the sample solution into the sample wells for in
vitro ultrasonic imaging.

Agarose model

6 g of agarose and 200 mL of ultrapure water were added into a
plastic container sealed with a rubber stopper (volume: 1000
mL) and heated to 80 °C for 30 min.. Afterwards, a portion of
inner air was removed using a 50 mL syringe through the
rubber stopper to make the agarose aqueous solution degassed.
Once the obtained agarose solution was poured into a plastic
cuboid container (volume: 500 mL), 15 mL plastic centrifuge
tubes fixed with tongue depressors were immediately inserted
into the solution and cooled at 4 °C for 1 hour. Thus, the
desired agarose model without any bubble was obtained after
the removal of the inserted centrifuge tubes.

In vitro ultrasound imaging

2 mL of nanovesicle solution was injected manually with a
syringe into the sample well of agarose model. In vitro
ultrasound imaging was performed and recorded using a
Siemens Sequoia 512 clinical imaging system with a 15L8W-S
probe in B-mode [frequency: 10 MHz; mechanical index (MI):
1.8; focus depth: 1.5 cm; gain: 0 and 10 db]. For the
screenshots at 0 and 10 db of gain, all the gray values within the
sample wells were measured by Image J software and given as
the means of at least three runs = standard deviation (SD).

In vivo ultrasound imaging

Subcutaneous imaging

Six-weeks-old BALB/c-nu mice (30~35 g) were purchased
from the animal experiment center, Sun Yat-sen University.
After anesthetized by intraperitoneal injection of 10% chloral
hydrate, the mice body below the head was immersed in the
water surface at 30 °C for ultrasonic observation. The local
imaging under the skin was performed using a Siemens Sequoia
512 clinical imaging system with a 15L8W-S probe (frequency:
10 MHz; MI: 1.8; focus depth: 1.5 cm; gain: 0 db), and
recorded before and after subcutaneous injection of 200 uL of
the sample. The same dose of saline was used as negative
control.

Intra-tumor imaging

Rat Walker-256 tumor cells was purchased from China Center
for Type Culture Collection, Wuhan University. Four-week-old
BALB/c-nu mice (male, 20~25 g) were purchased from the
animal experiment center, Sun Yat-sen University. Each nude
mouse was subcutaneously injected with 200 pL of Walker-256
tumor cell suspension (5x10° cells/mL) on the back, and fed for
3~4 weeks until the tumors reached a diameter of about 1.0 cm.
The tumor-bearing mice firstly anesthetized by
intraperitoneal injection of 10% chloral hydrate, and immersed
in the water at 30 °C except the head. Intra-tumor imaging was

were

performed using a Siemens Sequoia 512 clinical imaging
system with a 15L8W-S probe (frequency: 10 MHz; MI: 1.8;

J. Name., 2013, 00, 1-3 | 3
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focus depth: 1.5 cm; gain: 0 db), and recorded before and after
intra-tumoral injection of 500 pL of the sample.

Blood pool imaging

Eight-week-old Wistar rats (male, 300 g) were purchased from
the animal experiment center, Sun Yat-sen University. Prior to
ultrasonic observation, these rats were anesthetized by
intraperitoneal injection of 10% chloral hydrate and dehaired
around the abdomen and chest using a depilatory cream. Blood
pool imaging was performed using an Aloka a7 clinical
imaging system with a 5412 probe (frequency: 10 MHz; focus
depth: 2 cm; gain: 65 db). The corresponding ultrasonic
tomograms of left ventricle, right kidney, and liver were
recorded 20 seconds before and after intravenous injection of
700 pL of the mixed sample (containing 500 pL of the sample
and 200 pL of saline) into the tail vein. In these images, the
gray values were determined from the oval sampling frames
located within the left ventricle, renal cortex and liver
parenchyma by Image J software, and presented as the means
of three runs = SD.

Statistical analysis

Statistical analysis was performed using the SPSS 17.0
statistical package (SPSS, Chicago, U.S.A.). Differences in the
imaging qualities between non- and contrast-enhanced groups
were evaluated by t-test for the quantitative parametric data,
considering p < 0.05 statistically significant.

Results and discussion

To PEG-PDLLA block copolymer, the M.W. of PDLLA was
~21,120 g/mol as determined by the signal intensities of -CH,-
in the repeating units of PEG block (chemical shift: ~3.6 ppm)
and side -CHj in the repeating units of PDLLA block (chemical
shift: ~1.5 ppm) in the '"H-NMR spectrum. Given the M.W. of
PEG, this result corresponded well with the number-average
M.W. of PEG-PDLLA (23,475 g/mol) determined by GPC. So
its M.W. ratio of hydrophilic units (PEG block) to hydrophobic
units (PDLLA block) reached 10, which fully satisfied the
requirement of forming polymeric vesicles.*>** As control, the
M.W. of PDLLA homopolymer was also about 20,000 g/mol as
determined by "H-NMR and GPC.

PFOB content

100 -
98 A
96 -
o 941
<
>
g2
90{ — ouL PFOB/PEG-PDLLA
—— 5ULPFOBPEG-PDLLA  ~_
884 10pL PFOB/PEG-PDLLA |
—— 20pL PFOB/PEG-PDLLA |
86 40uL PFOB/PEG-PDLLA
60 80 100 120 140 160 180 200 220
Temperature/' C
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0.6 -
0.8
-1.01
1.2

-1.4{ —— ouL PFOB/PEG-PDLLA
1.6 40pL PFOB/PEG-PDLLA | \

-1.8

60 80 100 120 140 160 180 200 220
Temperature/ °C

Figure 1 Thermogravimetric (A) and differential thermogravimetric

curves (B) of the PEG-PDLLA vesicle solutions with different

PFOB-loaded volumes (blank PEG-PDLLA vesicle as control).

The PFOB contents were firstly determined from the
thermogravimetric curves of PFOB/PEG-PDLLA mixture film.
As shown in Figure 1A, there was an obvious weight loss in the
thermogravimetric curve over 80 °C, except the pure polymer
sample. According to the differential thermogravimetric curves
in Figure 1B, a gentle weight descent in the range from 80 to
110 °C can be ascribed to evaporation of residual water in the
samples, while a drastic one over 190 °C can do to the
thermolysis of PDLLA chain segments. Particularly, there was
a sharp loss around PFOB b.p. in the range from 135.4 to 155.0
°C, suggesting the existence of PFOB in the samples. The
accurate PFOB contents were calculated in this temperature
range (see Table 1), which showed an obvious increase along
with the PFOB feed: 4.60 wt.% for the 40 pL of PFOB feed
was much higher than 1.55 wt.% for the 5 pL. However the loss
is inevitable during the self-assembly of the amphiphilic PEG-
PDLLA copolymer in aqueous solution, so that the real loading
efficiency of PFOB in the polymeric devices is lower than the
calculated PFOB content. This means that, only less than 4.60
% of PFOB can be loaded with the 40 uL of PFOB feed.

Table 1 Particle sizes and maximal PFOB loading efficiency of
the PEG-PDLLA nanovesicles with different volumes of PFOB

feed.
PEG-PDLLA
1 I} L] v v
Nanovesicle Samples
PFOB Feed (uL) 0 5 10 20 40
Mean Particle Size (nm) 462.5 474.4 583.3 648.7 761.4
Maximal PFOB Loading
- 1.55 217 2.56 4.60

Efficiency (%)

This journal is © The Royal Society of Chemistry 20xx
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Compatibility of PFOB with PDLLA and PEG-PDLLA

. 40pL PFOB
A 352°C
\
o e 5uL PFOB
52.9°C OuL PFOB
-20 0O 20 40 60 8 100
B e 40pL PFOB
. L PFOB
21.9°C il
325°C ouL PFOB
20 0 20 40 60 8 100
Temperature/’C

Figure 2 DSC curves of the mixtures of PFOB with PDLLA
(A) and PEG-PDLLA (B).

In Figure 2, the pure PDLLA exhibited a sharp glass transition
at 52.9 °C (T,) that agrees with the previous reports.34’35 After
mixed with 5 and 40 pL of PFOB, the glass transition behaviors
of PDLLA were still apparent, but both of the turning points
were weakened and decreased to 41.4 °C and 35.2 °C,
respectively. Obviously, the chain mobility of PDLLA might
benefit from the addition of PFOB due to the excellent
compatibility of hydrophobic PDLLA with PFOB.** PEG-
PDLLA copolymer behaved well in almost the same thermal
manner. The pure PEG-PDLLA exhibited a smooth glass
transition at 32.5 °C (Tg) for the plasticization of PEG chain
segments.***® Once PFOB was mixed, its Tg decreased along
with the increasing PFOB contents. Noticeably, the effect of
PFOB on the Tg of PDLLA-PEG was greater than the one on
PDLLA’s: 11.5 °C: 10.6 °C as 5 pL of PFOB mixed; 17.7 °C:
13.1 °C as 40 pL of PFOB mixed. This suggested an excellent
compatibility of PFOB with the PDLLA chain segments, which
favored the encapsulation of PFOB into hydrophobic domains
during the self-assembly of PEG-PDLLA.

Particle sizes and morphology

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 Particle-size distribution of PEG-PDLLA vesicles
with different PFOB feeds.

As shown in Scheme 1, we prepared blank and PFOB-loaded
PEG-PDLLA by two-step ultrasonic
emulsification. Each of the obtained nanovesicles displayed a
narrow distribution in particle sizes (see Figure 3), especially
for the 40 pL-PFOB-feed sample. Their sizes gradually
increased from 462.5 to 761.4 nm with the increase of PFOB
feed (see Table 1). But as only a bit of PFOB (10 pL or less)
fed, the sizes of resulting nanovesicles didn’t increase much
and were close to the blank nanovesicles’. A benefit of this size
range was to ensure that these polymeric nanovesicles can enter
tumor tissues through the gaps of vascular endothelium.’’

Figure 4A illustrated some regular hollow spheres with about
26 nm of shell thickness, in which a rounded breach appeared
on the surface of each individual nanoparticle. Particularly,
many white dots, namely unstained PFOB droplets, spread
throughout the vesicular shell (see Figure 4B). This indicated
that the visible spherical shells were hydrophobic and sure to
encapsulate PFOB, in good accord with the configuration of
polymeric nanoveiscle in Scheme 1. In addition, these hollow
spheres had similar particle sizes to that of blank nanovesicles,
but not the 40 pL-PFOB-feed nanovesicle in Figure 3. This
could be explained that, the nanovesicle sample was fully

nanovesicles

J. Name., 2013, 00, 1-3 | §
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diluted to keep the crude configuration of single vesicle prior to
TEM observation, but stayed concentrated in the particle size
determination, so that the particle size of PFOB-loaded

nanovesicles might increase unavoidably as aggregation.

F gure 4 TEM images of PEG-PDLLA nanovesicles with the PFOB
feed of 40 pL.

In vitro ultrasound imaging

o 1604 [TI10db
S 140
>
o 1201
S 100
9
4. 80
S 6o
o

40

20 I

0-

0 5 10

PFOB Volumn/uL

Figure 5 In vitro ultrasound imaging of the PEG-PDLLA
vesicle solutions with different PFOB-loaded volumes at the
gain of 0 db or 10 db (A) and the corresponding gray-scale
values (B).

The in vitro and in vivo ultrasound imaging results further
verified the high efficiency of PEG-PDLLA self-assembled
nanovesicles with low content of PFOB. From the ultrasonic
images of different PFOB-feed nanovesicle samples, it clearly
showed that the PEG-PDLLA nanovesicles without PFOB
appeared to be visible in aqueous solution and their brightness
are enhanced with the increase of PFOB-feed (see Figure 5A).
Particularly in the circular sample frame, a few bright spots

6 | J. Name., 2012, 00, 1-3

originated from large particles appeared on the homogeneously
brightened background without any gain. This was well
consistent with the partial aggregation in concentrated
nanovesicle solution. Figure 5B displayed the corresponding
mean gray values. In the statistical analysis of completely
randomized block designs, the difference in mean gray values
among different PFOB-feed nanovesicle groups was
statistically significant (p=0.013). And the statistical tests of
least significant difference (LSD) on any two groups indicated
that: to 40 uL-PFOB-feed group, its p values ranged from 0.002
to 0.017 showing statistically significant difference; between 0
and 20 pL-PFOB-feed groups, the p value was 0.047 also
showing statistically significant difference; however, compared
among the rest groups, their p values ranged from 0.069 to
0.838, showing no significant statistical difference. So the
PEG-PDLLA nanovesicles presented outstanding contrast-
enhanced effect only if the PFOB feed reached 20pL and more.
In detail, the mean gray value greatly increased from 41 to 99
as the PFOB feed increased from 20 pL to 40 puL at 0 db of
gain, and does also from 90 to 177 at 10db of gain.

In vivo ultrasound imaging

PFOB Vesicle

Figure 6 Ultrasound imaging after subcutaneous injection of
the 40pL-PFOB-feed PEG-PDLLA nanovesicle
[normal saline (NS) as control].

solution

Before

Figure 7 Ultrasound imaging of the 40uL-PFOB-feed PEG-
PDLLA nanovesicle solution before (left) and after intratumor
injection (right).

In vivo experiments involved subcutaneous, intratumor, and
blood pool imaging. After first injection,
nanovesicle solution localized between skin and subcutaneous
fascia layer, and appeared as hummocky bulge (see Figure 6).
The brightness was homogeneously and obviously increased
with a sprinkling of bright spots, similar to the in vitro
ultrasound images. On the contrary, normal saline does behaved
without a trace of gain. It indicated that these PFOB-loaded
exerted an excellent echo-enhanced effect.

subcutaneous

nanovesicles
Similarly, a local swell of tumor occurred after intratumor

This journal is © The Royal Society of Chemistry 20xx
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injection of the nanovesicle solution (see Figure 7). In the
sample frame, homogeneous and tiny spotty echo was
observed, indicating that the echo intensity was enhanced.

Before After
70 1
¢o| HHE Before
[T After
g 50 -
s
2 40
(]
% 30
3
6 20 -
10 4
0 )
Heart Kidney Liver

Figure 8 Ultrasound imaging of the 40uL-PFOB-feed PEG-
PDLLA nanovesicle solution before (left) and after intravenous
injection (right) into different organs of normal rats, and the
corresponding gray-scale values. (A: heart; B: vertical axis of
the right kidney; C: horizontal axis of the right kidney; D: liver)

This journal is © The Royal Society of Chemistry 20xx

Several representative organs, including heart, liver, and
kidney, were observed for the blood pool imaging. The
ultrasound images before and after tail intravenous injection of
40 pL-PFOB-feed PEG-PDLLA nanovesicle solution were
recorded in Figure 8A. All the cavities within these organs,
especially for the horizontal axis of the right kidney, had slight
and homogenous enhancement without any highlighted spot.
Correspondingly, all the post-injection mean gray values
increased in Figure 8B. Their difference in imaging qualities
was analyzed by t-test, and considered to be statistically
significant (p=0.031). It revealed that these nanovesicles
featured contrast-enhanced effect for the blood pool ultrasound
imaging. According to Equation 1, this contrast effect of the
PFOB-loaded nanovesicles was originated from the particle
concentration (n), geometric dimensioning (V and r) and
material property (y. and v4). In fact, the injected nanovesicle
solution was overly diluted in blood circulation, resulting in a
low n value and no large aggregation (namely no highlight in
intracavities). On the other hand, PFOB, as a common and
excellent liquid contrast agent, was loaded in tiny amounts (the
maximum loading efficiency: 4.60% for the 40 puL of feed as
shown in Table). These polymeric vesicles with the size of
about 500 nm were much smaller than microbubbles but
achieved good contrast-enhanced imaging. This could be only
ascribed to their special structure, in which the PFOB was
uniformly distributed throughout the hydrophobic shell of the
nanovesicles (see Figure 4B). Based on the good compatibility
of PFOB with PDLLA block, the physical properties of the
nanovesicles, including compressibility (namely vy, term) and
shell density (namely yd term) would be dramatically improved
compared to other PFOB nanoparticles with the same feed. As
shown in Figure 8, the PFOB-loaded nanovesicles as ultrasound
scatterer greatly enhanced the echo intensity and become
available for in vivo imaging, especially for blood pool
imaging. Furthermore, the nano-scale particle size would make
credible intratumor imaging by intravenous injection possible.
And the low content of PFOB could also avoid some potential
adverse reactions.

Prior to in vitro and in vivo ultrasound imaging, hollow PFOB
sphere similar to the PFOB-loaded polymeric nanovesicle is used as
a calculation model for theoretical imaging evaluation. In general,
the contrast-enhanced effect of UCA crucially relies on its
backscatter intensity (/) as defined by the following equation®:

1/1, ~énV[k4r6(7c+}/d cosd)’/d*]  Equation1
Here [, is the incident intensity, » is the number density of scattering
particles, V is the scattering volume, k is the number of incident
wave ( the ultrasound emission frequency), r is the radius of the
particle, . is the compressibility term [y.=(x-x,,)/x,,, where x, andx,,
are the compressibilities of scatterer and ambient medium,
respectively], y, is the density term [y,~(3py-3p.,)/(2pstp.n), Where p
and p, are the densities of scatterer and ambient medium,
respectively], 6 is the scattering angle (180° for backscattering), and
d is the distance from the scatterers.

In a fixed ultrasound field, / depends mainly on r, y., and y,
term of UCA. Particularly, / is in direct proportion with the
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sixth power of r. This explains why microbubbles are much
better than nano-sized UCAs in ultrasound imaging. So the r
term of UCA is firstly discussed under different situations. As a
key calculation model of UCA (see Scheme 3), hollow PFOB
sphere is defined with the diameter (d),) of 500 nm and the shell

«nf kﬁ_u-

26nm

|-— 264nm —

| 500nm | I

PFOB Hollow Sphere

500nm |

Original PFOB droplet PFOB-loaded Nanovesicle

thickness of 26 nm which are resulted from the nanovesicles in
Figure 4.

Scheme 3 Original PFOB nanodroplet, hollow sphere, and
PFOB-loaded nanovesicle with the same volume as the
calculation models of backscatter intensity.

(1) If the external volumes of both hollow and solid PFOB sphere
are equal, their ratio of mass (R,,) is calculated as:
d,—26,
2 ) 500474
©500°

4 d,; 4
Sr() —o =
PV, _3 ) 53
PV,

R, (h:s)= =0.15

4 d,.;
2t
3 (2)

Although 7 is equal, the need of PFOB mass in the hollow sphere is

only 15% of that in the solid sphere.

(2) If the PFOB volumes of both original and hollow PFOB sphere
are equal, their ratio of diameter (Ry) is calculated as:

d d,—26 d,

4 4 4
57'-'(7]')3—571'( ) )3257'-'(2)3
=d, =264nm
d, 500
= R,(h:0)=—"="—"=1.89
afh:o) d, 264

Where d, is the diameter of the original PFOB sphere. Although both
the volume and mass of PFOB are the same, the diameter of the
hollow sphere is almost double of that of the solid sphere. It means
that, its / value would be 64 times more than that of the solid sphere
regardless of y. and y, term. Thus, at least from the perspectives of
mass need and r, the hollow sphere is much better than the solid
sphere with the same material in / for UCA application.

However, hollow PFOB sphere unlikely exists owing to the weak
intermolecular forces inside the PFOB liquid.> In contrast, the
PFOB-loaded and PEG-PDLLA self-assembled nanovesicle with the
same geometrical configuration of the hollow PFOB sphere is
thermodynamically stable in aqueous solution. According to the 40
pL-PFOB-feed nanoveislce in Figure 4A, this polymeric model is set
with the diameter of 500 nm, the shell thickness of 26 nm, and the
scattering shell comprised of hydrophobic PDLLA and PFOB
(content: 4.60 wt.%). For such a spherical particles smaller than the
wavelength of incident ultrasound, its I depends mainly on the
compressibility (y. term) and the difference between the density of
scatterer and ambient medium (y; term) except for r term. If the
density of PDLLA is assumed to be 1.20 g/cm’® with reference to
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PLA24 (M.W.: 24 kDa) mentioned in a previous report’®, the density
of the nanovesicle shell and whole nanovesicle (p;) are calculated to
be 1.24 g/em® (PFOB: 1.92 g/cm®) and 1.07 g/em?, respectively. So
the y, term is 0.06 [p,, (water): 1.00 g/cm’], much less than that of
pure PFOB droplet (0.57). But given the negative suffixal term—
cosf (6=180° for backscattering), the lower y, term of PFOB-loaded
nanovesicle will actually increase the value of .

And its y. term is also more than that of the PFOB droplet, since the
intertwined PDLLA chains make nanovesicle shell elastic and
resistant to pressure, and thus exhibits much higher compressibility
than PFOB and water.’ According to Equation 2%, the volume
compressibility x« is defined as the reciprocal of adiabatic
compressibility (), namely the product of the scatter density (p,) and
the square of ultrasound velocity (v) shown as follow:

_2
K=V Equation 2

Hereinto, the v of PDLLA, PFOB and water are 2262.5 (25 °C)*,
631.8 (21.2 °C)* and 1496.7 m/s (25 °C)®, respectively. If the
different temperature of water and the effect of the little PFOB in
PDLLA nanovesicle shell on v are neglected, we can calculate the
value of y.: 1.44 for the PFOB-loaded PEG-PDLLA nanovesicle; -
0.66 for the pure PFOB droplet. Therefore compared to the other
nano-sized configurations of pure PFOB, the polymeric nanovesicle
with the low content of PFOB is quite helpful in enhancing its own
ultrasound backscatter intensity.

Conclusions

Amphiphilic block copolymer, PEG-PDLLA was utilized to
construct PFOB-loaded nanoveislces with hollow spherical structure
by self-assembly. Although at very low content of PFOB, the echo
intensity of the nanoveislce was greatly enhanced and much
exceeded other PFOB nanoparticles with same feed or volume.
Uniformly distributed PFOB could integrate well with the
hydrophobic PDLLA blocks to improve the compressibility and
shell density of the nanovesicles as ultrasound scatterer. Besides the
outstanding local imaging, these overly diluted nanovesicles also
show quite a good contrast-enhanced effect for blood pool imaging.
Therefore, this PFOB-loaded polymeric nanovesicle is applicable as
UCA for in vivo imaging, including normal angiography and
specific imaging of capillary-abundant organs or tissues (e.g. tumor).
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