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Abstract: In the study reported here, a novel amphiphilic poly(aminoethyl ethylene phosphate)/
poly(L-lactide) (PAEEP-PLLA) copolymer was synthesized by ring-opening polymerization
reaction. The perfluoropentane-filled PAEEP-PLLA nanobubbles (NBs) were prepared using
the O /O,/W double-emulsion and solvent-evaporation method, with the copolymer as the
shell and liquid perfluoropentane as the core of NBs. The prepared NBs were further conju-
gated with lactoferrin (Lf) for tumor-cell targeting. The resulting Lf-conjugated amphiphilic
poly(aminoethyl ethylene phosphate)/poly(L-lactide) nanobubbles (Lf-PAEEP-PLLA NBs)
were characterized by photon correlation spectroscopy, polyacrylamide gel electrophoresis,
Fourier transform infrared spectroscopy, and transmission electron microscopy. The average
size of the LE-PAEEP-PLLA NBs was 328.445.1 nm, with polydispersity index of 0.167+0.020,
and zeta potential of —12.6+0.3 mV. Transmission electron microscopy imaging showed that
the L-PAEEP-PLLA NBs had a near-spherical structure, were quite monodisperse, and there
was a clear interface between the copolymer shell and the liquid core inside the NBs. The
Lf-PAEEP-PLLA NBs also exhibited good biocompatibility in cytotoxicity and hemolysis
studies and good stability during storage. The high cellular uptake of Lf-PAEEP-PLLA NBs
in C6 cells (low-density lipoprotein receptor-related protein 1-positive cells) at concentrations
of 0-20 pg/mL indicated that the Lf provided effective targeting for brain-tumor cells. The
in vitro acoustic behavior of Lf-PAEEP-PLLA NBs was evaluated using a B-mode clinical
ultrasound imaging system. In vivo ultrasound imaging was performed on tumor-bearing BALB/c
nude mice, and compared with SonoVue® microbubbles, a commercial ultrasonic contrast
agent. Both in vitro and in vivo ultrasound imaging indicated that the Lf-PAEEP-PLLA NBs
possessed strong, long-lasting, and tumor-enhanced ultrasonic contrast ability. Taken together,
these results indicate that LE-PAEEP-PLLA NBs represent a promising nano-sized ultrasonic
contrast agent for tumor-targeting ultrasonic imaging.

Keywords: PAEEP-PLLA copolymer, in vitro acoustic behavior, in vivo ultrasonic imaging,
SonoVue® microbubbles

Introduction

Ultrasonography is a widely used, non-invasive diagnostic technique, which can pro-
vide real-time imaging in clinical diagnosis. Recently, contrast-enhanced ultrasonic
imaging has become an indispensable part of clinical ultrasonography.'? As effective
contrast agents, gas-filled microbubbles have been widely employed in contrast-
enhanced ultrasound imaging.> Microbubbles are filled with gas and stabilized by
lipids, surfactants, polymers, or other proprietary shell materials; therefore, they can
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be injected intravenously to produce echogenic contrast.*
In addition, microbubbles can be “explosive” under ultra-
sonic illumination, which promotes the destruction of
bubbles and enhances cellular-membrane permeability
change. Consequently, microbubbles are considered ultra-
sound-mediated drug/gene delivery vehicles to facilitate
drug release and extravascular delivery besides diagnostic
application.>”” However, the diameters of microbubbles are
usually a few microns (2—8 wm), which makes microbubbles
trapped in the blood pool and poses severe limitations in
tumor ultrasonic imaging and drug/gene delivery due to
their large sizes.®

Recently, nanoscale bubbles (nanobubbles [NBs]) have
attracted investigators in extravascular ultrasonic imaging
and drug/gene delivery.”'? NBs of less than 700 nm can
pass through the larger-than-usual pores in the leaky vascu-
lature of tumors. The endothelial cells of the blood vessels
in normal tissue, however, have tighter inter-endothelial
junctions, which would not allow the penetration of NBs. In
contrast, tumor tissue usually retains defective vasculature
with large gaps.'* As a matter of fact, it appears that the
characteristic pore cutoff size ranges from 380 nm to 780 nm
for a large variety of tumors.'* Consequently, NBs can
effectively accumulate in the tumor interstitium due to the
enhanced permeability and retention effect, which naturally
enables them to serve as promising contrast agents for tumor
ultrasonic imaging and treatment.!!>-16

NBs usually contain a gaseous perfluorocarbon or sul-
fur hexafluoride as cores, and their shells are composed of
albumin, lipids, nonionic surfactants, and polymers.'¢"
Polymer-based hard-shell NBs are superior to phospho-
lipid/surfactant-based soft-shell NBs because the hard
shell makes those NBs more stable and thus have longer
circulation life.?*?' However, the mechanical properties,
degradation time, and hydrophilic/lipophilic feature of the
reported copolymers, such as polylactic acid, poly(lactic-
co-glycolic acid), and polycaprolactone, are difficult to
adjust to meet the requirements of clinical ultrasound
imaging. These polymers lack active sites for conjugating
tumor-targeting molecules. Moreover, previous studies
have focused on enhancing the contrast capabilities of the
NBs, and their active tumor-targeting potential has not been
well explored.

Lactoferrin (Lf) is a single-chain iron-binding gly-
coprotein belonging to the transferrin (Tf) family.?? Tf
is used as a tumor-targeting ligand because Tf receptors
are overexpressed in several human carcinomas includ-
ing brain, breast, and ovary cancers.?** In our recent

work, Lf-conjugated nanoparticles were developed as the
specific and multifunctional magnetic resonance imaging
contrast agent for the diagnosis of brain glioma.?>?¢ In
the study reported here, a novel amphiphilic biodegrad-
able poly(aminoethyl ethylene phosphate)/poly(L-lactide)
(PAEEP-PLLA) copolymer was synthesized by ring-
opening polymerization reaction. The NBs were prepared
with PAEEP-PLLA copolymer as the shell and liquid
perfluoropentane (PFP) as the core. Lf was conjugated
to the PAEEP-PLLA NBs for tumor targeting. The phys-
iochemical properties (size, size distribution, zeta poten-
tial, and morphology), biocompatibility, and Lf targeting
effect of the L-PAEEP-PLLA NBs were investigated.
The ultrasound-triggered phase transition and in vitro and
in vivo ultrasonic imaging behavior of the NBs were evalu-
ated using a B-mode clinical ultrasound imaging system.

Materials and methods

Materials

L-lactide was purchased from Daigang Biotechnology
Co, Ltd (Shandong, People’s Republic of China) and was
recrystallized from dry ethyl acetate prior to use. Stannous
octoate [Sn(Oct),], Lf from bovine colostrum, and 2-imino-
thiolane hydrochloride were purchased from Sigma-Aldrich
Co (St Louis, MO, USA). Poly(vinyl alcohol) (PVA-217,
the degree of polymerization is 1700, and the degree of
hydrolysis is 88.5%) was obtained from Kuraray Co, Ltd
(Tokyo, Japan). PFP was obtained from Strem Chemicals,
Inc (Newburyport, MO, USA), while 2-chloro-2-oxo-1,
3,2-dioxaphospholane (COP) was purchased from Tokyo
Chemical Industry Co, Ltd (Tokyo, Japan); o-malemidyl--
N-hydroxysuccinimidylpoly (ethylene glycol) (MW3400) was
obtained from Jenkem Technology Co, Ltd (Beijing, People’s
Republic of China); and ethanolamine and di-tert-butyl dicar-
bonate were purchased from Aladdin Industrial Corporation
(Shanghai, People’s Republic of China). Triethylamine and
tetrahydrofuran were purchased from Sinopharm Chemical
Reagent Co, Ltd (Shanghai, People’s Republic of China) and
dried and distilled prior to use.

Synthesis of amino-terminated
PLLA . -OH

130
PLLA ,-OH was synthesized with the ring-opening polym-

erization reaction of L-lactide. EABoc and Sn(Oct), were
used as the initiator and catalyst, respectively. In a glove box
(H,0 and O, contents less than 0.1 ppm), L-lactide (1.4771 g,
10 mmol), EABoc (0.0161 g, 0.1 mmol), and Sn(Oct),
(0.0045 g, 0.01 mmol) were added into a freshly flamed
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nitrogen-purged round-bottomed flask. The resulting mixture
was maintained at 120°C for 3 hours. The crude material was
first dissolved in 30 mL of chloroform. Then the desired
product was gradually precipitated, followed by washing
with 100 mL of cold methanol twice. The precipitates were
dried under vacuum until a constant weight was obtained.
The average degree of polymerization of L-lactide was
calculated based on its GPC results. The proton nuclear

magnetic resonance ("H NMR) spectrum is shown in Fig-
ure 1A (100 MHz; CDCl;; Me,Si; ppm).

Synthesis of N-(t-butoxycarbonyl)
ethanolamine

Sodium bicarbonate solution (0.84 g,0.01 molin 10 mL water)
was added to the solution of ethanolamine (0.6 g, 0.01 mol)
in 10 mL tetrahydrofuran at 0°C. Di-tert-butyl dicarbonate
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Figure | Proton nuclear magnetic resonance spectra (in CDC;,, ppm) of (A) poly(L-lactide), (B) EABoc, (C) 2-N-(t-butoxycarbonyl) ethanolamine-2-oxo-1,3,
2-dioxaphospholane, and (D) poly(aminoethyl ethylene phosphate)/poly(L-lactide) copolymer.
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(2.18 g, 0.01 mol) was added dropwise over a period of
0.5 hours with magnetic stirring. The resulting mixture was
stirred overnight at room temperature and extracted three
times with diethyl ether. The organic phase was combined
and dried with sodium sulfate. N-(t-butoxycarbonyl) etha-
nolamine (EABoc) was obtained after vacuum distillation.
The '"H NMR spectrum is shown in Figure 1B (100 MHz;
CDCl,; Me,Si; ppm).

Synthesis of monomer 2-N-(t-
butoxycarbonyl) ethanolamine-2-oxo-
[,3,2-dioxaphospholane

At —10°C, COP solution (1.425 g, 0.01 mol in 3 mL anhy-
drous tetrahydrofuran) was added dropwise to the solution
of EABoc (1.61 g, 0.01 mol) and triethylamine (1.0120 g,
0.01 mol) in 12 mL anhydrous tetrahydrofuran over a period
of 0.5 hours. The mixture was maintained at —10°C overnight
under magnetic stirring. Subsequently, the solid precipitates,
which should have been triethylammonium chloride, were
removed by filtration using a Schlenk funnel. The filtrate was
concentrated under vacuum, then re-precipitated from 40 mL
of cold anhydrous diethyl ether. The resulting material was
dried under vacuum at 40°C, affording the final monomer
product. The '"H NMR spectrum is shown in Figure 1C
(100 MHz; CDCl,; Me,Si; ppm).

Synthesis of PAEEP-PLLA block

copolymers

The PAEEP-PLLA block copolymers featuring different
PEEA chain lengths were synthesized by the ring-opening
polymerization reaction of N-(t-butoxycarbonyl) etha-
nolamine-2-oxo0-1,3,2-dioxaphospholane (PEEABoc). The
PLLA ,-OH macro-initiator with Sn(Oct), was employed
as the catalyst. In a glove box (H,O and O, content less than
0.1 ppm), PLLA , -OH (0.47 g, 0.025 mmol) and PEEABoc
(0.557 g, 2.5 mmol) were dissolved in 5 mL of anhydrous
tetrahydrofuran, then Sn(Oct), (0.01 g, 0.025 mmol) was
added to the solution. The resulting mixture was stirred at
40°C for 2 hours, and the concentrated polymer product was
precipitated twice using a mixture of diethyl ether/isopropyl
alcohol (4:1, v/v) and dried under vacuum until a constant
weight was obtained.

De-protection of t-butoxycarbonyl (Boc)

At 0°C, 4 mol/L hydrogen chloride solution in tetrahydro-
furan was added to the copolymers under magnetic stirring
over 1 hours. The product was collected by centrifugation
and dried under vacuum. The reaction yield of the final
product was 70.7%. The 'H NMR spectrum is shown in

Figure 1D (100 MHz; CDCI;; Me,Si; ppm). A Diamond™
DSC (differential scanning calorimeter; PerkinElmer Inc,
Waltham, MA, USA) was employed to detect the thermo-
dynamic properties of the PAEEP-PLLA copolymer. The
lyophilized copolymer was weighed and placed in a sealed
aluminum crimp cell then heated from 50°C to 200°C at a
rate of 5°C/minute.

Preparation of PAEEP-PLLA NBs
PAEEP-PLLA NBs were prepared by a double-emulsion
(oil-in-oil-in-water, O ,/O,/W) and solvent-evaporation
method. PAEEP-PLLA (50 mg) was first dissolved in
2 mL dichloromethane. PFP (0.5 mL) was added to the
solution then the solution was placed in a high-shear mixer
(Fluko FA25 homogenizer; Fluko Equipment Shanghai
Co, Ltd, Shanghai, People’s Republic of China) for 1
minute at 10,000 rpm in an ice bath while in the dark,
ultimately forming a primary emulsion. The primary
emulsion was added dropwise into 12 mL 0.3% PVA
solution, with magnetic stirring in an ice bath, to produce
the coarse double emulsion. The coarse double emulsion
was sonicated for 10 seconds at 100 Watts, then stirred
in an ice bath overnight. Organic solvents were removed
by evaporation, and NBs were formed after solidification.
The NB dispersion was centrifuged (10,000 rpm, 10 min-
utes) to obtain NB precipitates, which were dispersed in
normal saline solution and then stored at 4°C for further
studies.

Conjugation of Lf to PAEEP-PLLA NBs
Sulfhydryl groups were linked to Lf molecules using
Traut’s reagent. A cold solution of 0.0024 g Lfin 1 mL of
0.1 M sodium phosphate buffer (pH 8.0, containing 5 mM
EDTA) was mixed with 1.0 mL of 2-iminothiolane solution
(0.24 mg/mL in water). The resulting mixture was allowed
to react at room temperature for 1 hour, then the modified Lf
was isolated by eluting through a Sephadex™ PD-10 column
with phosphate-buffered saline (PBS) containing 5 mM
EDTA. The product obtained was Lf sulthydryl.

The NB suspension (1.0 mL) was incubated with 300 uL
of a-Malemidyl-®-N-hydroxysuccinimidylpoly (ethylene
glycol) solution (0.0047 g). The resulting mixture was
maintained at room temperature for 2 hours in the dark.
Subsequently, 50 UL of glycine solution (1.0 M) was added
to quench the reaction. The mixture obtained from the last-
mentioned step was further incubated with 2.0 mL of Lf
sulfhydryl in PBS for 24 hours at room temperature. The
Lf-conjugated PAEEP-PLLA NBs (Lf-PAEEP-PLLA NBs)
were purified by centrifugation.
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Characterization of Lf-PAEEP-PLLA NBs
The hydrodynamic size and polydispersity index (PDI) of the
Lf-PAEEP-PLLA NBs were measured by photon correlation
spectroscopy (Zetasizer Nano ZS90; Malvern Instruments
Ltd, Malvern, UK)) at 25°C using a He-Ne laser of 633 nm.
The zeta potential was measured in folded capillary cells
using the Zetasizer. The conductivity of the NB solution was
adjusted to 50 uS/cm by 0.1 mmol/L sodium chloride solution
for zeta potential measurement. The zeta potential values were
calculated using the Helmholtz—Smoluchowski equation.

The concentration of Lf-PAEEP-PLLA NBs was deter-
mined with a hemocytometer, using a calculation approach
similar to the cell-counting method. In order to obtain direct
visualization, the NBs were examined on an inverted fluo-
rescence microscope (Olympus IX71; Olympus Corporation,
Tokyo, Japan) with a 400x magnification in bright and fluo-
rescent visual fields. The formation of conjugated NBs was
confirmed by polyacrylamide gel electrophoresis and Fourier
transform infrared (FTIR) spectroscopy (Bruker Vertex 70;
Bruker Corporation, Billerica, MA, USA).

The morphology of the Lf-PAEEP-PLLA NBs was
examined by transmission electron microscopy (TEM) with
a 100 kV accelerating voltage. Samples were dropped on an
amorphous carbon-coated copper grid. After drying naturally,
the grid was negatively stained with 2% phosphotungstic acid
and was observed with TEM.

Cell culture

Rat C6 glioma (C6) cells, human umbilical vein endothe-
lial (ECV304) cells, and the human normal liver cell line
(HL-7702) were purchased from the Shanghai Institute of Life
Science Cell Culture Center (Shanghai, People’s Republic
of China). These cell lines were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 10% fetal calf serum
(Gibco®; Thermo Fisher Scientific, Waltham, MA, USA),
penicillin (100 IU/mL), and streptomycin (100 mg/mL), under
humidified air containing 5% CO, at 37°C. Ethical approval
was not sought for the use of human cell lines.

Cytotoxicity assay

C6 cells and HL-7702 cells were used to evaluate the cytotox-
icity with MTT assay. Cells were seeded in 96-well plates at
a density of 8,000 cells/well in DMEM. The NBs were added
to the cell medium at concentrations of 0.0%, 0.5%, 1.0%,
2.5%, 5.0%, 7.5%, 10.0%, 12.5%, 15.0%, and 20.0% (v/v)
and incubated for 24 hours and 48 hours. The control was the
culture medium only. The absorbance at 492 nm was recorded
on a microplate reader (318C Microplate Reader; People’s
Republic of China).

Hemolysis assay

Blood samples were collected from the main abdominal
artery of Sprague Dawley rats, and placed in a tube containing
heparin sodium (15 IU/mL). The blood samples were centri-
fuged at 1,500 rpm for 15 minutes to harvest erythrocytes.
Erythrocytes collected were resuspended in normal saline to
achieve a concentration of 2% (v/v). Lf-PAEEP-PLLA NBs
were diluted in normal saline to produce suspensions with
different concentrations (0.5%, 1.0%, 2.5%, 5.0%, 7.5%,
10.0%, 12.5%, 15.0%, and 20.0% [v/v]). In addition, 150 uL
of blood diluents was added to 150 UL of normal saline as
the negative control, and 150 UL of double-distilled water
was added as the positive control. After 1 hour’s incubation
in a water bath at 37°C, the samples were centrifuged at
3,000 rpm for 25 minutes. The resulting supernatant was
analyzed using a spectrophotometer at 540 nm. The percent-
age of hemolysis was calculated with respect to the 100%
hemolysis control.

Effect of Lf on cellular uptake

Both C6 cells (low-density lipoprotein receptor-related
protein 1 (LRP1) positive) and ECV304 cells (LRP1 negative)
were used to investigate the cellular uptake of Lf-PAEEP-
PLLA NBs and non-targeted PAEEP-PLLA NBs. Cells were
seeded in 12-well plates at a density of 150,000 cells/well
in DMEM, and incubated for 24 hours. Then Lf-PAEEP-
PLLA NBs or PAEEP-PLLA NBs were added in cell culture
medium at concentrations of 5, 10, 15, 20 ug/mL. After
2 hours’ incubation, the medium was removed and cells were
washed with PBS three times. To remove cell debris, samples
were centrifuged at 2,000 rpm for 10 minutes, followed by
resuspension in double-distilled water. The supernatant was
analyzed by flow cytometry (Beckman Coulter Inc, Brea, CA,
USA). The NBs were labelled with fluorescent aminoluciferin
for the flow cytometric cell-uptake study.

In vitro acoustic behavior

Lf-PAEEP-PLLA NBs solution was added to the wells of a
custom-made 2% (w/v) agarose mode, which was positioned
in a degassed water bath. The ultrasound contrast results were
obtained from a B-mode clinical ultrasound imaging system
(Philips NV, Amsterdam, Netherlands). To collect ultrasonic
images, the 10 MHz probe of the clinical ultrasound imaging
system (L12—1) was employed and immersed in the liquid.
All contrast images was recorded in the B-mode, with low
persistence, a frame rate of 37 Hz, and a mechanical index of
0.07. Photoshop software (Adobe Systems, Mountain View,
CA, USA) was used to perform grayscale image analysis
of the samples.
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In vivo ultrasonic imaging study

All animal studies were approved by the Animal Experimen-
tation Ethics Committee of Huazhong University of Science
and Technology, and carried out in compliance with guide-
lines approved by the Science and Technology Department
of Hubei Province.

BALB/c nude mice (male, aged 4 weeks, 18-20 g) were
used in this study (Animals Center at Tongji Medical College).
C6 cells (2x10° cells/mouse in 100 L PBS) were subcutane-
ously injected into the right lower back of the mice. When
the tumor volume reached 350400 mm?®, 100 uL of NBs
were injected intra-tumorally. A probe (10 MHz) was placed
at the tumor region to obtain images at the time points of 0
seconds, 30 seconds, 10 minutes, and 120 minutes. SonoVue®
microbubbles (Bracco Imaging SpA, Milan, Italy), a com-
mercial ultrasonic contrast agent, were used as control.

Statistical analysis

All data are reported as mean * standard deviation. The sta-
tistical analysis of the differences among various treatments
was performed using unpaired Student’s #-test. A 0.05 level
of probability was used as the level of significance. Analysis
of variance was also employed when necessary.

Results and discussion

Synthesis of PAEEP-PLLA copolymer
Polyphosphoesters have attracted a great deal of inter-
est in biomedical fields, due to their biocompatibility,
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Figure 2 Synthesis procedure of PAEEP-PLLA copolymer.
Abbreviation: PAEEP-PLA, poly(aminoethyl ethylene phosphate)/poly(L-lactide).

biodegradability, functional possibility, and flexibility.?”
As previously reported, polyphosphoesters featuring a linear
molecular structure can be synthesized through the ring-
opening polymerization reaction of EEP in tetrahydrofuran,
utilizing ROH or RNH, as the co-initiator, and Sn(Oct), as
the catalyst.*® In this work, the PAEEP-PLLA copolymer was
synthesized as illustrated in Figure 2. Specifically, EABoc
reacted with ethanolamine, and the resulting product was
protected with Boc, while the active center of ROH was
retained as the co-initiator. At this stage, the obtained PEE-
ABoc reacted with EABoc and COP. The amino-terminated
poly(L-lactide) (Mn =18,000) was synthesized by the ring-
opening polymerization reaction of L-lactide using EABoc
as the initiator and Sn(Oct), as the catalyst. PAEEP-PLLA
was synthesized by the ring-opening polymerization reac-
tion of PEEABoc, using amino-terminated poly(L-lactide)
as the initiator and Sn(Oct), as the catalyst. The structure
of products was confirmed by 'H NMR spectroscopy
(Figure 1). The polymerization degree of PAEEP was
determined using the integrated peak areas at 3.7 ppm (4H)
and 5.2 ppm (1H), which correspond to the protons of the
PLLA block. The PAEEP-PLLA copolymer was composed
of a PAEEP segment with a polymerization degree of 30,
and a PLLA segment with a polymerization degree of 130.
Differential scanning calorimetry was employed to investi-
gate the thermal behavior of the crystalline PAEEP-PLLA
copolymer. As shown in Figure 3, the differential scanning
calorimetry diagrams showed the melting temperature range
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Figure 3 Differential scanning calorimetry (DSC) curve of poly(aminoethyl ethylene
phosphate)/poly(L-lactide) copolymer.
Abbreviations: Cp, heat capacity; Tg, glass-transition temperature.

of PAEEP-PLLA was from 129.05°C to 142.47°C and the
glass-transition temperature (Tg) was 135.71°C.

Theoretically, the PLLA segment is hydrophobic and the
PAEEP segment is highly hydrophilic. The obtained PAEEP-
PLLA block copolymer was amphipathic with the combined
appealing features of PLLA and PAEEP. The mechanical
properties, degradation time, and hydrophilic/lipophilic
feature of the copolymer can be regulated by selecting a suit-
able molecular weight, PAEEP/PLLA ratio, and side chain.
Therefore, NBs made from PAEEP-PLLA copolymer, as
an innovative ultrasonic imaging contrast agent, may have
appropriate mechanical properties, good stability, appropriate
hydrophilic/lipophilic properties, and moderate degradation
time. Hydrophilic polyphosphate chains can effectively pre-
vent the NBs from being cleared by the reticuloendothelial
system in the blood. Moreover, the AEEP segment contains
a large number of amino groups, which can be readily modi-
fied with tumor-targeting molecules.

Preparation of PAEEP-PLLA NBs
PAEEP-PLLA NBs were prepared using a O,/O,/W double-
emulsion and solvent-evaporation method. PFP, a liquid with
a boiling point 0of 29.5°C, was employed as the inner core of
the NBs. PAEEP-PLLA was used as the shell material of the
NBs. The liquid PFP core enhanced the storage stability and
ensured the ultrasound-triggered phase-transition capability
of the NBs, and can be converted to gaseous PFP at physi-
ological temperature. The PAEEP-PLLA on the surface of
the NBs can be conveniently coupled with tumor-targeting
molecules.

Conjugation of Lf to PAEEP-PLLA NBs
Lfwas conjugated to PAEEP-PLLA NBs for tumor targeting.
The conjugation of Lf through a polyethylene glycol spacer
is illustrated in Figure 4. Polyacrylamide gel electrophoresis
was used to confirm the conjugation of Lf on the NBs. With
the continuous buffer system, the separation by electrophore-
sis mainly depends on charge and volume effect. Because the
isoelectric point of Lf is about 8.65, free Lf migrated easily
onto the gel at pH 7.4. On the other hand, the Lf-PAEEP-
PLLA NBs were negatively charged, as determined by
determination of zeta potential, and had large volume. As
shown in Figure 5, no migration of Lf was detected after it
was conjugated to the NBs, indicating the coupling reaction
had been successful.

In the FTIR spectra of Lf-conjugated NBs, two car-
bonyl absorption peaks at 1,600 cm™ and 450 cm™" were
observed (Figure 6). However, these peaks were not pres-
ent in the FTIR spectra of plain NBs. Both electrophoresis
and FTIR analysis demonstrated the successful conjuga-
tion of Lf to NBs. The concentration of the conjugated
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Figure 4 Conjugation of lactoferrin onto the nanobubbles through polyethylene glycol spacers.
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Figure 5 Polyacrylamide gel electrophoresis analysis.

Notes: (A) Poly(aminoethyl ethylene phosphate)/poly(L-lactide) (PAEEP-PLLA) nano-
bubbles (NBs), (B) free lactoferrin (Lf), (C, D) Lf-conjugated PAEEP-PLLA NBs, and
(E) a mixture of free Lf and PAEEP-PLLA NBs.

Lfwas 0.297 mg/mL, as determined by the bicinchoninic
acid method.

Characterization of Lf-PAEEP-PLLA NBs

The appearance, size/size distribution, and TEM images of
Lf-PAEEP-PLLA NBs are shown in Figure 7. The size and
size distribution of Lf-PAEEP-PLLA NBs were measured
by photon-correlation spectroscopy. An average size of
328.4+5.1 nm was found, with a PDI 0of 0.16720.020, suggest-
ing the NBs were relatively small and quite uniform. The zeta
potential of the Lf-PAEEP-PLLA NBs was —12.6+0.3 mV,
which indicates that the NBs were negatively charged when
the Lf was conjugated. The number concentration of the Lf-
PAEEP-PLLA NB solution was 1.5x10® bubbles/mL, which

Lf

Lf-PAEEP-PLLA

Transmittance (%)

PAEEP-PLLA

3,000 2,000 1,000 0
Wavenumber (cm™)

4,000

Figure 6 Fourier transform infrared spectra of lactoferrin-conjugated poly(amin-
oethyl ethylene phosphate)/poly(L-lactide) (Lf-PAEEP-PLLA) and poly(aminoethyl
ethylene phosphate)/poly(L-lactide) (PAEEP-PLLA) copolymer.

Note: The red arrows demonstrate the successful conjugation of Lf to NBs.
Abbreviations: Lf, lactoferrin; NBs, nanobubbles.

was determined using a hemocytometer and cell-counting
method. TEM images revealed detailed morphological infor-
mation about the the NBs. Lf-PAEEP-PLLA NBs existed as
near-spherical particles and were quite monodisperse. There
was a clear interface between the shell and the liquid core
inside the NBs.

To evaluate the stability of the NBs, LI-PAEEP-PLLA
NB aqueous dispersion was stored at 4°C for 3 months. Little
change was observed in particle size, PDI, and zeta potential
during the storage period (0.0, 0.5, 1.0, and 3 months), sug-
gesting the Lf-PAEEP-PLLA NBs had good storage stability
(data not shown).

Biocompatibility evaluation of Lf-PAEEP-

PLLA NBs

The biocompatibility of the Lf-PAEEP-PLLA NBs was
evaluated by cytotoxicity assay and hemolysis assay. The
cytotoxicity of Lf-PAEEP-PLLA NBs was tested using MTT
assay for C6 cells and HL7702 cells. The results showed that
the NBs did not induce cytotoxicity in C6 cells and HL7702
cells within the concentration range of 0.5%~20.0% (v/v).
Less than 5% of hemolysis was observed at all evaluated
concentrations of the NBs compared to double-distilled
water (the positive control) with 100% of hemolysis under
the experimental conditions. Thus, the cytotoxicity and
hemolysis studies strongly suggest that the NBs had good
biocompatibility for biomedical applications.

Effect of Lf on cellular uptake

C6 cells are rat glioma cells, which highly express LRP1.
ECV304 cells are normal human umbilical vein endothelial
cells with no LRP1 expression. Although LRP1 is expressed
in some normal tissues, the level of LRP1 in tumor tissues
is much higher.*' Previous studies have shown that Lf is a
LRP1 ligand, which is a promising targeting ligand for can-
cer cells.?*32 As shown in Figure 8, for C6 cells, the uptake
of Lf-PAEEP-PLLA NBs showed a significant increase in
comparison with PAEEP-PLLA NBs. However, no obvious
change in cellular uptake was observed in the ECV304 cells.
The results clearly indicate that the LEEPAEEP-PLLA NBs
exhibited an adequate active tumor-cell targeting ability due
to the introduction of the targeting ligand Lf.

Ultrasound-triggered phase transition

At room temperature, PFP maintained liquid state, and the
size of the Lf-PAEEP-PLLA NBs was 328 nm. At physiologi-
cal temperature (37°C), although the temperature is above the
boiling point of PFP (29.5°C), the size of the NBs was only
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Figure 7 Characterization of lactoferrin-conjugated poly(aminoethyl ethylene phosphate)/poly(L-lactide) nanobubbles: (A) appearance, (B) size distribution, and (C) transmission

electron microscopy images.

changed to about 340 nm; so no significant phase transition
of PFP occurred. When the temperature reached 50°C, the
size of the NBs increased to about 690 nm, suggesting that
phase transition had occurred.

PFP is stabilized by elastic copolymer shells, and its
boiling temperature is substantially increased by Laplace
pressure. Laplace pressure is generally produced by the pres-
sure difference between the inside and outside of a bubble,
due to the surface tension at the interface between the bulk
liquid and the bubble liquid.**33

Laplace pressure is givenas: AP =P . - P
in which P,

inside

=20/r
is the
pressure outside the bubble, o is the surface tension, and r

is the pressure inside the bubble, P

outside

is the bubble radius. Excessive pressure inside the bubble
would result in an increase in the boiling temperature of

A .

MFI
w

o

0 5 10 15 20
Concentration (ug/mL)

PFP. According to the equation, Laplace pressure is reversely
proportional to the radius of the bubble. Therefore, smaller
bubbles should have a higher P.

inside”

leading to a higher boil-
ing temperature of PFP.

To evaluate the ultrasonic-triggered phase transition
in the NBs, in vitro ultrasonic imaging experiments were
performed. During the ultrasonic imaging, the NBs in the
agarose model were placed in a water bath, and the tempera-
ture was increased from 20°C to 38°C gradually. As shown
in Figure 9, the ultrasonic signals increased with the rise of
temperature, and the signals strength reached its maximum
at 29°C. But the signal strength started to decrease when the
temperature was gradually increased to 38°C. Theoretically,
the phase transition of PFP is related to two factors, heat-
ing and sonication.*? In the experiment, the phase transition

B

MFI
w

0 | T 1 1
0 5 10 15 20

Concentration (ug/mL)

| -A- PAEEP-PLA nanobubbles —@- Lf-PAEEP-PLA nanobubbles |

Figure 8 Effect of lactoferrin on the cellular uptake: (A) uptake curves of rat Cé glioma cells, (B) uptake curves of human umbilical vein endothelial cells.

Note: Data are reported as mean = standard deviation (n=3).

Abbreviations: Lf-PAEEP-PLA, lactoferrin-conjugated poly(aminoethyl ethylene phosphate)/poly(L-lactide); PAEEP-PLA, poly(aminoethyl ethylene phosphate)/poly(L-lactide);

MFI, mean fluorescence intensity.
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Figure 9 In vitro ultrasonic images of lactoferrin-conjugated poly(aminoethyl ethylene phosphate)/poly(L-lactide) nanobubbles in agarose mold.

Note: The temperature was increased from 20°C to 38°C in 2°C intervals.

started at 20°C under ultrasonic conditions, indicating that
sonication reduced the PFP phase-transition temperature.
Sonication appeared to be the most effective factor for PFP
phase transition in the NBs.

In vitro ultrasonic imaging

The PAEEP-PLLA copolymer used as the shell material for
the NBs had good mechanical properties, which stretched
under ultrasound irradiation. The NBs were turned into
larger NBs or microbubbles when the PFP core in the copo-
lymer shell transformed from liquid to gas. It appeared that
the NBs in the agarose model oscillated in response to the
ultrasonic wave. There was no signal observed when saline
was placed in the agarose model. As shown in Figure 10A,
the acoustic behavior of the NBs was presented as bright
spots, which reflected the echogenic movement signals of
the NBs. Naturally, this observation confirms that the NBs
possessed acoustic activity.

Ultrasound-targeted microbubble destruction is attrac-
tive as a safe, effective, non-invasive, and time- and
region-controlled drug-release technology.’®3’” However,
microbubbles prepared from different materials behave dif-
ferently. For instance, polymer-based shell materials, such
as polylactic acid and poly(lactic-co-glycolic acid), have
a high destruction threshold under ultrasonic irradiation.
Consequently, it is extremely difficult to break up the shell and
release its encapsulated cargo. Meanwhile, lipid-based shell
materials generally possess a low destruction threshold under
ultrasonic irradiation,?** thus they can be readily destroyed.
The shell made from PAEEP-PLLA copolymer developed in
the work reported here was effectively destroyed upon ultra-
sonication. As shown in Figure 10B and C, the signal intensity
dramatically decreased compared with that originating from
the NBs without flash treatment. Therefore, in addition to a
contrast agent for ultrasound, Lf~-PAEEP-PLLA NBs may
serve as a controlled drug-release system.

Figure 10 Representative in vitro ultrasonic images.

Notes: (A) The nanobubbles under high-frequency diagnostic ultrasound in agarose mold. (B) Pre-destroyed and (C) post-destroyed of the nanobubbles upon high frequency

ultrasound exposure.
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Figure |1 Ultrasound images of subcutaneous tumors (red circles) in BALB/c nude mice.
Notes: (A) 0 second, (B) 30 seconds, (C) |0 minutes, and (D) 120 minutes after injection of lactoferrin-conjugated poly(aminoethyl ethylene phosphate)/poly(L-lactide)

nanobubbles.

In vivo ultrasonic imaging

Ultrasonic imaging of subcutaneous tumors in BALB/c nude
mice after intra-tumoral injection of 100 uL Lf-PAEEP-PLLA
NBs was performed using a 10 MHz transducer. Images were
recorded at 0 second, 30 seconds, 10 minutes, and 120 minutes
after injection (Figure 11). A dark hypoechoic area was found
in the tumors before the NBs injection (Figure 11A). Thirty
seconds after the injection, some hyperechoic bright spots
were found to have been generated in the tumor (Figure 11B).
Subsequently, more and more bright spots appeared and a
large number of bright spots was observed in the tumor 10
minutes after the injection (Figure 11C). The number of

bright spots was not found to have decreased significantly
in the tumor at 120 minutes after injection (Figure 11D).
The prepared NBs were formed by PFP and stabilized by an
outer wall composed of the biodegradable block copolymer.
As a result, the PFP stabilized by the outer layer could not
diffuse away from the NBs, so the NBs would have long-
lasting ultrasonic contrast ability. These results suggest that
such NBs can be used as a stable and long-lasting contrast
agent in clinical ultrasonography.

The performance of the Lf-PAEEP-PLLA NBs was
also compared with that of SonoVue, a commercial
ultrasonic contrast agent. As shown in Figure 12, the

Figure 12 Ultrasound images of subcutaneous tumors (red circles) in BALB/c nude mice after injection of (A) SonoVue® and (B) lactoferrin-conjugated poly(aminoethyl

ethylene phosphate)/poly(L-lactide) nanobubbles.
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Lf-PAEEP-PLLA NBs produced a remarkable and com-
plete, powerful Doppler enhancement throughout the
tumors, while SonoVue only generated signals in a small
part of the tumor. SonoVue is a kind of microbubble, with
a larger diameter (2—8 um) compared to our Lf-PAEEP-
PLLA NBs, so it has been limited to use in diseases of the
cardiovascular system. When the SonoVue microbubbles
were injected into the tumor, they could not distribute
throughout the tumor due to their larger diameter, so
only induced contrast enhancement in a small portion of
the tumor. However, as the LI-PAEEP-PLLA NBs were
of nanoscale size, they were able to distribute inside the
whole tumor, and significant contrast enhancement was
observed throughout the tumor. These results successfully
demonstrate the great potential of Lf-PAEEP-PLLA NBs
as a tumor-targeting imaging reagent.

Conclusion

In this study, amphiphilic PAEEP-PLLA copolymer was
successfully synthesized by ring-opening polymeriza-
tion reaction. A novel ultrasound contrast agent based
on PFP-filled PAEEP-PLLA NBs were prepared using
0,/0,/W double-emulsion and solvent-evaporation method.
Lf, an effective targeting ligand for cancer cells, was
conjugated to the PAEEP-PLLA NBs. The experimental
results show that the Lf-PAEEP-PLLA NBs were highly
biocompatible and exhibited remarkable tumor-targeting
capability. The in vitro and in vivo ultrasound imaging
indicate that the Lf-PAEEP-PLLA NBs possessed strong,
long-lasting, tumor-targeting, and contrast-enhanced
ultrasonic ability. Furthermore, the Lf-PAEEP-PLLA NBs
were effectively destroyed upon ultrasonication, indicating
they may serve as a controlled drug-release system. In short,
the novel LE-PAEEP-PLLA NBs hold great potential for
broad biomedical applications, from ultrasound imaging
to the targeted delivery and controlled release of drugs to
tumors.
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