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In the study reported here, polylactic acid (PLLA) polymer was synthesized using stannous
octoate (Sn(Oct)2) and N-(t-butoxycarbonyl) ethanolamine (EABoc) as the catalyst and the
initiator, respectively. The selected PLLA polymer with proper molecular weight was used
to prepare nanobubbles encapsulating with liquid perfluoropentane. Then, lactoferrin (Lf),
which has a good affinity with tumor cells, was conjugated to PLLA nanobubbles. The
resulting Lf–PLLA nanobubbles were examined from the perspective of appearance, size,
zeta potential, and stability in vitro. The average hydrodynamic diameter of the Lf–PLLA
nanobubbles was 315.3 ± 4.2 nm, the polydispersity index (PDI) was 0.153 ± 0.020, and
the zeta potential was around −11.3 ± 0.2 mV. Under the transmission electron
microscope (TEM), Lf–PLLA nanobubbles were highly dispersed and had a spherical
shape with a distinct capsule structure. The Lf–PLLA nanobubbles also showed little
cytotoxicity and low hemolysis rate and exhibited good stability in vitro. The enhanced
ultrasound imaging ability of Lf–PLLA nanobubbles was detected by an ultrasound
imaging system. The results of ultrasound studies in vitro showed that the liquid
perfluoropentane underwent phase transition under ultrasonic treatment, which proved
the Lf–PLLA nanobubbles could enhance the ability of ultrasonic imaging. The studies of
ultrasonic imaging in nude mice bearing subcutaneous tumors showed that the ability of
enhanced ultrasonic images was apparent after injection of Lf–PLLA nanobubbles.
Acoustic behavior in vitro and in vivo showed that the Lf–PLLA nanobubbles were
characterized by strong, stabilized, and the ability of tumor-enhanced ultrasound
imaging. Thus, the Lf–PLLA nanobubbles are an effective ultrasound contrast agent for
contrast-enhanced imaging.
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INTRODUCTION

Noninvasive ultrasound imaging technology has been widely
used in clinics, which can be performed with real-time
imaging (Xie et al., 2016b). Ultrasound (US) imaging is based
on the reflection of US waves at the interfaces between materials
and/or tissues (Guvener et al., 2017). With the development of
sensor technology and the application of novel ultrasound pulse
sequences, especially when the image postprocessing strategies
are improved, the sensitivity of US has been dramatically raised.
However, for areas with slow blood vessels, or the early stage of
illness, contrast-enhanced ultrasonic imaging is required to
enhance the visibility of US imaging. Ultrasound contrast
agents are needed tools for clinical contrast-enhanced
ultrasound imaging. As commercial contrast agents,
microsized bubble of around 1–8 μm have been typically
employed in contrast-enhanced US imaging. The increase in
the US signal is due to the acoustic impedance between blood
or surrounding tissue and the gas of microbubbles. Besides, under
certain mechanical index of ultrasonic irradiation, microbubbles
undergo cavitation or produce volumetric oscillations and are
destroyed, which will transiently increase cellular membrane
permeability and can create pores in the target region (Perera
et al., 2013; Zhu et al., 2017). Therefore, gas-filled microbubbles
are considered as a promising vehicle for drug/gene delivery,
which can facilitate extravascular delivery and drug release in
addition to the diagnostic application (Zhao and Lu, 2007; Wang
et al., 2009; Zhang et al., 2011; Tranquart et al., 2014; Wu et al.,
2018). However, for their large size, microbubbles can only be
served as blood pool contrast agents and pose a serious limitation
in ultrasonic imaging of extravascular tissues (Guvener et al.,
2017; Li et al., 2017a).

In recent years, nanobubbles (NBs) with lipids or polymers as
the carrier material have attracted researchers to explore
extravascular US imaging and exhibited good contrast
enhancement (Ji et al., 2014; Cai et al., 2015; Yang et al.,
2015a; Zhu et al., 2018). The vascular endothelial cells in
normal tissues have a closer endothelial junction. However,
tumor tissues usually form a defective vascular system with
large gaps. In fact, for a variety of tumors, the characteristic
pore cutoff size ranges from 360 to 780 nm. Therefore, NBs have
enhanced permeability and retention, which can effectively
accumulate in the interstitium of a tumor and naturally
become a promising ultrasound contrast agent for tumor
imaging and treatment (Meng et al., 2016; Nishimura et al.,
2017; Song et al., 2017; Zhou et al., 2018).

Recently, nanobubbles (NBs) with a variety of shells consisting
albumin, lipids, nonionic surfactants, and polymers have been
applied in extravascular ultrasonic imaging (Yao et al., 2016;
Duan et al., 2017; Gao et al., 2017; Du et al., 2018). Due to their
surface characteristics, small size, and novel physical properties,
nanobubbles composed of the polymer can gain access to the
extravascular space, which provides special advantages for US
imaging of targeted tissues; furthermore, the hard shell of
polymers makes nanobubbles more stable and thus have
longer circulation life (Zhang et al., 2014; Li et al., 2017b).
However, the mechanical strength and degradation time are

related to the molecular weight of the polymer. The higher the
polymer molecular weight is, the stronger the mechanical
strength appears, the more difficult it will be to destroy
nanobubbles, so their properties make it difficult to satisfy the
needs of a new drug/gene carrier. In addition, there are no active
sites on these polymers, adding difficulty in conjugating the
targeting groups.

Biodegradable polymers are widely used in drug carriers and
biological tissue engineering materials, which are decomposed
into nontoxic metabolites in vivo. Aliphatic polymers, such as
polylactic acid and polyglycolic acid, are most extensively studied
and widely used (Wu et al., 2017; Dinh Nguyen et al., 2018; Cai
et al., 2019). In recent years, polylactic acid has attracted much
attention because of its wide application in the biomedical field.
Furthermore, the degraded monomers are easily metabolized by
normal metabolic pathways and are excreted from the body
without harming humans, which makes it a successful
candidate material for drug delivery and which has been
approved by the FDA as an excipient for drugs (Yang et al.,
2015b; He et al., 2019; Tonietto et al., 2019). The conventional
synthetic method that uses polylactide is the ring-opening
polymerization (ROP) of lactide catalyzed by stannous octoate,
which results in well-controlled molecular weight and low
polydispersity. In the study reported here, poly(lactic acid)
with controllable molecular weight was polymerized by ring-
opening polymerization (ROP) of L-lactide. The obtained
poly(lactic acid) was used as the carrier material to prepare
NBs encapsulating liquid perfluoropentane (PFP) with double-
emulsion solvent evaporationmethod. Lactoferrin (Lf), which has
a good affinity with glioma cells, was used as a tumor-targeted
group to conjugate nanobubbles. The physiochemical
characteristics of resulting Lf–PLLA nanobubbles, such as
appearance, hydrodynamic size, zeta potential, and stability
in vitro, were investigated. The biocompatibility of Lf–PLLA
nanobubbles was evaluated by the hemolysis test and
cytotoxicity assay. The phase change behavior was triggered by
ultrasound and acoustic waves in vivo and in vitro of the Lf–PLLA
nanobubbles, which was performed with clinical ultrasound
imaging equipment.

MATERIALS AND METHODS

L-lactide was obtained from Daigang Biomaterial Co, Ltd (Jinan,
China). Poly(vinyl alcohol) (PVA-217) was purchased from
Kuraray Co, Ltd (Tokyo, Japan). Perfluoropentane was
purchased from JenKem Technology Co, Ltd (Beijing, China);
di-tert-butyl dicarbonate, ethanolamine, and stannous octoate
were obtained from Aladdin Chemistry (Shanghai, China);
lactoferrin (Lf) from bovine colostrum was purchased from
Sigma Chemical Co (St Louis, MO, USA).

Synthesis of N-(T-Butoxycarbonyl)
Ethanolamine
N-(t-butoxycarbonyl) ethanolamine (EABoc) was synthesized
using the method as described previously (Luo et al., 2015).
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Briefly, 0.01 mol of sodium bicarbonate in 10 ml water was
mixed with 0.01 mol of ethanolamine in tetrahydrofuran
(10 ml) at 0°C. Then, 0.01 mol of di-tert-butyl dicarbonate
was dripped over a period of 30 min with electromagnetic
stirring. The mixture was stirred for another 8 h at 25°C and
extracted with diethyl ether. Afterward, the organic solvents
were collected and dried with enough anhydrous sodium sulfate.
N-(t-butoxycarbonyl) ethanolamine (EABoc) was obtained by
rotary decompression evaporation. Figure 1A shows the 1H
NMR spectra of EABoc.

Synthesis of Amine-Terminated Polylactic
Acid
PLLA was synthesized using Sn(Oct)2 and EABoc as the catalyst
and the initiator, respectively. A certain proportion of L-lactide
(recrystallized with dry ethyl acetate three times), EABoc, and
Sn(Oct)2 was added to a high-purity nitrogen-purged three-
necked round-bottomed flask. At 120°C, the mixture was kept
to react for 3 h. After the reaction, 5 ml chloroform was added
and the product was dissolved. Afterward, the resulting product
precipitated into cold methanol solution; precipitates were
collected and washed with methanol twice. Finally, the
precipitates were dried overnight under vacuum at 40°C. The
molecular weight of PLLA was measured by gel permeation
chromatography.

Formation and Targeting Modification of
PLLA NBs
Traditional double-emulsion solvent evaporation method was
used to prepare PLLA nanobubbles. PLLA (0.05 g) was added to

1 ml of chloroform, which was used as an O2 phase. At low
temperature, PFP (0.5 ml) was added to the O2 phase, and the
solution was stirred at 10,000 rpm for 3 min to form a primary
emulsion (O1/O2). Then, the resulting emulsion was poured into
0.5% PVA solution (10 ml) to obtain the coarse double emulsion
under stirring condition , followed by sonication for 5 min with a
probe-type sonicator at 100 W in an ice bath. Chloroform was
evaporated by gentle stirring for 8 h at room temperature;
therefore, nanobubbles were obtained. The PLLA NBs were
centrifuged and dispersed in normal saline solution. Lf that
exhibited a good affinity with glioma cells was conjugated to
PLLANBs according to our previous works (Luo et al., 2015), and
then, the preparation of targeted modified nanobubbles
(Lf–PLLA NBs) was complete.

Measurement of Lf–PLLA Nanobubbles
Characteristics
The average hydrodynamic size and zeta potential of the
Lf–PLLA nanobubbles were determined by dynamic light
scattering (Malvern, UK) with a laser wavelength of 633 nm at
25°C, with the angle of 90°. The morphological visualization of the
Lf–PLLA nanobubbles was characterized by TEM (Tokyo, Japan)
with an acceleration voltage of 100 kV.

Cell Culture
The human normal liver cell line (HL-7702) and rat C6 glioma
(C6) cell line were obtained from the Shanghai Institute of Life
Science Cell Resource Center (Shanghai, China). Cells were
cultured in DMEM containing 10% FBS in a humidified
atmosphere of 5% CO2 at 37°C.

Figure 1 | Proton nuclear magnetic resonance spectra (in CDC13, ppm) of (A) EABoc, (B) poly(L-lactide).

Frontiers in Materials | www.frontiersin.org December 2020 | Volume 7 | Article 5490023

Xiao et al. Nanobubbles, Ultrasound Contrast Agent, and Imaging

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles


Cytotoxicity Assay In Vitro
The cytotoxicity of Lf–PLLA nanobubbles on HL-7702 cells was
determined by the MTT assay. Cells were seeded at a density of
5,000 cells per well in 96-well plates containing DMEM medium.
After overnight incubation, the cells were continuously incubated
with fresh medium containing different concentrations of
nanobubbles (0.0%, 0.5%, 1.0%, 2.5%, 5.0%, 7.5%, 10.0%,
12.5%, 15.0%, and 20.0%, v/v) for another 24 h. PBS was used
as the control group. The absorbance of each well was recorded at
492 nm on a multimode plate reader (Beyotime Biotechnology,
Nantong, China).

Hemolysis In Vitro
Arterial blood was collected from male SD rats. The blood
samples were centrifuged (2000 rpm, 10 min) to remove
fibrinogen and washed with PBS until the supernatant was
clear. Erythrocyte suspension (2%, v/v) was obtained by
dilution with normal saline. Lf–PLLA NBs were added to
erythrocyte suspension and produced mixture at various
concentrations (0.5%, 1.0%, 2.5%, 5.0%, 7.5%, 10.0%, 12.5%,
15.0%, 20.0%, v/v). Furthermore, a mixture of erythrocyte
suspension (150 μl) and normal saline (150 μl) was used as the
negative control group, and a mixture of erythrocyte suspension
(150 μl) and double-distilled water (150 μl) was used as the
positive control group. After being incubated at 37°C in a
water bath for 1 h, the samples were centrifuged at 4°C. The
resulting supernatant was measured at 540 nm with a
spectrophotometer. The ratio of hemolysis was calculated by
using the following equation:

Hemolysis ratio � Asample − Anegative

Apositive − Anegative
× 100%

Ultrasound Imaging In Vitro
To evaluate the acoustic behavior of the Lf–PLLA
nanobubbles, ultrasonic imaging experiments in vitro were
performed with clinical ultrasound imaging equipment
(Philips IU22, Amsterdam, Netherlands). Lf–PLLA NB
solution was added to the latex gloves, which were
immersed in a thermostatic water bath. Subsequently, the
10 MHz probe touched gloves to collect ultrasonic images.
Image postprocessing analysis was performed with Photoshop
software. The contrast strength of the nanobubbles was
compared with that of the normal saline and ultrasonic
medicinal coupling gel.

Ultrasound-Enhanced Tumor Imaging With
Lf-PLLA NBs In Vivo
All animal use and relevant experimental procedures abided by
the Guidelines of Animal Experimentation of Hubei University of
Science and Technology. Male BALB/c nude mice weighing
18–20 g at 4 weeks of age were purchased from the Animal
Center at Tongji Medical College. C6 cells (3 × 106) were
suspended in phosphate buffer (100 μl) and inoculated
subcutaneously into nude mice to establish animal models.

When the tumor diameter reached about 0.8 cm, the
experiments in vivo were performed.

Tumor-bearing nude mice (n � 6) were anesthetized
intraperitoneally with chloral hydrate and fixed on a heated
plate to maintain their body temperature. Ultrasonic medicinal
coupling gel was used to connect the tumor tissue with the probe
to avoid the existence of air between them. First, the probe was
placed on the region of the tumor of nude mice and detected the
tumors with a fixed mechanical index (MI) value (0.08). The
obtained images were used as control. Then, 100 μl of Lf–PLLA
NBs were injected into each tumor-bearing nude mice, respectively.
The instrument parameters remained unchanged during the
experiment, and all images were saved for offline inspection.

Statistical Method
Statistical analysis was performed using unpaired Student’s t-test.
All data were expressed as mean ± SD.

RESULTS AND DISCUSSION

In this work, Sn(Oct)2 was used as the catalyst for cyclic ester
polymerization of L-lactide with EABoc as initiator, and amine-
terminated polylactic acid (Mn � 12,000) was obtained. The
products were characterized by 1H NMR spectroscopy and the
FTIR spectra. The peak at 1.53 ppm corresponds to methyl
hydrogen, and the peak at 5.1 ppm corresponds to methylene
hydrogen of the PLLA segment (Figure 1). The peak of
1750 cm−1 corresponds to the stretch vibration absorption of
carbonyl of the PLLA segment. The peaks at 2,996 and 2,946 cm−1

are assigned to the stretching vibration peak of the methyl and the
methylene, respectively. The peaks near 1,180 and 1,140 cm−1 are
assigned to the stretching vibration peak of C-O-C. The peak near
1,448 cm−1 is assigned to the bending vibration absorption peak
of CH (Figure 2).

Figure 2 | FTIR spectra of polylactic acid polymer.
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PLLA nanobubbles were prepared by a double-emulsion (O1/
O2/W) process as described in our previous works (Luo et al.,
2015). Liquid PFP, the boiling point of which at atmospheric
pressure is 28.5°C, was encapsulated by the material of the PLLA
and developed the structure of core shell. The hydrophobic nature
of PLLA could have delayed solution penetration, which retards
the outward diffusion of PFP in the core of nanobubbles;
furthermore, the liquid PFP enhanced the storage stability
compared to other gases. Under the irradiation of the
ultrasound wave, the liquid PFP in the core of nanobubbles
undergoes phase transition and becomes gaseous PFP at
physiological temperature, which ensured the effect of
enhanced ultrasound imaging. NB suspension was mixed with
α-maleimidyl-ω-N-hydroxysuccinimidylpoly (ethylene glycol)
(NHS-PEG-MAL) solution; the mixture was further incubated
with Lf-SH in PBS at room temperature. Thus, lactoferrin of
tumor-targeting ligand was conveniently conjugated onto the
surface of the nanobubbles. The method used here was described
in our previously published work (Luo et al., 2015).

The average hydrodynamic diameter and zeta potential of
Lf–PLLA nanobubbles were measured by dynamic light
scattering, and the results are shown in Figure3. The average
size of nanobubbles was 315.3 ± 4.2 nm, and the polydispersity
index (PDI) was 0.153 ± 0.020, indicating the size of nanobubbles
was relatively uniform. The zeta potential was assessed, and the
results showed that the Lf–PLLA nanobubbles had a negative
charge of −11.3 ± 0.2 mV. TEM was used to observe the
morphology and size of nanobubbles. Obviously, Lf–PLLA
NBs appeared to have spherical shape and were quite
dispersed with a diameter of about 140.3 ± 3.5 nm, smaller
than the hydrated particle size measured by dynamic light
scattering. In addition, the core shell structure of nanobubbles
was apparently confirmed from the TEM images. Lf–PLLA
nanobubbles were stored at 4°C for 90 days to test their
stability determined by detecting the changes in particle size
and potential, and the results are shown in Figure 3D. No
significant change was observed during 90 days of storage (0,
5, 10, 15, 20, 25, 30, and 90 days), indicating the Lf–PLLA
nanobubbles had a good physical stability at low temperatures.

The cytotoxicity of the Lf–PLLA nanobubbles was evaluated
by HL7702 cells incubated with nanobubbles at all evaluated
concentrations for 24 h. The results are shown in Figure 4A. At
the evaluated concentration range (0.5–20.0%, v/v), there were no
apparent effects on the cell viability of HL7702, which showed
that Lf–PLLA nanobubbles had little cytotoxicity to the HL7702
cells. The results of the hemolysis assay are shown in Figure 4B,
and the hemolysis rate value of all testing samples was less than
5%, which indicated that Lf–PLLA nanobubbles had no obvious
effect on the hemolysis rate. The above results indicated that the
Lf–PLLA nanobubbles had good biocompatibility and were a
potential carrier for biomedical applications.

The boiling point of PFP is 28.5°C at atmospheric pressure.
However, its boiling point changes when it is encapsulated in the
capsule and stabilized by elastic polymer shells. The PFP in the
nanobubbles did not undergo a phase transition at 37°C due to the
Laplace pressure, and its boiling temperature would be
substantially elevated. The Laplace pressure is the differential
pressure of bubbles between its interior and exterior, which is
caused by surface tension. Laplace pressure is given as follows:

ΔP � Pinside − Poutside � 2σ/r

where r is the radius of the bubble and σ is the solid–liquid
interfacial tension (German et al., 2016). The change in pressure
between the internal and external of bubbles is proportional to the
surface tension and inversely proportional to the bubble radius.
The smaller the particle size of nanobubbles prepared by the same
carrier material is, the greater the Laplace pressure will be, which
may lead to an elevation of the boiling point of the internal liquid.
The hydrophobicity of liquid PFPs has high interfacial tension in
water; in addition, the size of nanobubbles is small, which would
result in the increase in the Laplace pressure of the liquid core.

Ultrasound-induced phase transition is called acoustic droplet
vaporization (ADV). The experiments of the ADV threshold were
carried out. The NBs in the latex gloves were immersed in a
thermostatic water bath. The initial temperature of the water was
set to 23°C, the 10 MHz probe was close to the latex gloves, and
ultrasonic images were collected. Then，the temperature was set
to 25°C andmaintained for 2 min. In themeantime, the probe was

Figure 3 | Characterization of Lf–PLLA NBs. (A) Appearance, (B) size distribution, (C) TEM images, and (D) the stability of the NBs in vitro.
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closed to gloves and collected ultrasonic imaging with B-mode
images. Similarly, the temperature rose to 39°C gradually.

The results are shown in Figures 5, 6. The collected image had
few bright spots at 23°C; however, the bright spots augmented a
lot at 25°C. As the temperature increased, the number of bright
spots gradually increased.When the temperature rose to 35°C, the
bright spots reached a maximum and then began to decrease.
Theoretically, the two most important factors for the droplet to
bubble transitions are temperature and ultrasound wave. In this
study, the droplet-to-bubble transitions started at 25°C under
ultrasound radiation.

The PFP in the nanobubbles undergo the droplet-to-bubble
transitions, and the nanobubbles become bigger nano- or

microbubbles. Gases of PFP stabilized by elastic polymer shells
are compressible. Under ultrasonic radiation, nanoscale bubbles
expand and contract rhythmically, which will produce a
harmonic signal. However, the tissue is almost incompressible,
and there is no harmonic signal. Some pulse sequences are used to
separate the differences of these signals and display them on a
screen.

The shell material of the nanobubbles was the PLLA polymer,
which has good mechanical properties and stretches under the
ultrasound radiation. As shown in Figure 7, the Lf–PLLA
nanobubbles in the latex gloves oscillated and produced the
harmonic signal, and many bright spots reflected the
harmonic signal appeared in the image of the ultrasound.

Figure 4 | (A) In vitro cytotoxicity with the MTT assay. In vitro cell viability of HL7702 cell incubated with nanobubbles at different concentrations for 24 h. Data were
reported as mean ± SD (n � 5). (B) In vitro hemolysis experiment. The hemolysis rate of erythrocyte suspensions incubated with nanobubbles. Data were reported as
mean ± SD (n � 5).

Figure 5 | In vitro ultrasonic images of Lf–PLLA NBs in latex gloves mold. Temperature was increased from 23 to 39°C at an interval of 2°C.
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However, when saline and ultrasound medicinal coupling gel
were placed in the latex gloves, no signal was observed. Through
the experiment, it could be proved that NBs had acoustic
properties.

Ultrasound-facilitated drug/gene delivery using bubbles has
attracted widespread attention (Yin et al., 2014; Zhang et al.,
2014; Xie et al., 2016b; Cai et al., 2018). This technology is safe,
effective, and noninvasive. The contrast agent, such as nano-
and microbubbles, is usually a vector system. Under
ultrasound irradiation, nano- and microbubbles will be
expanded and contracted. Once the ultrasound intensity
reaches a certain level, the bubbles will be immediately
destroyed. This will produce the mechanical effect and
transient cavitation effect to perturb cell membranes and
cause transient pores in the target area, which facilitates
drug/gene entry into the cell. The destruction threshold of
bubbles is associated with the property of materials. Lipid-

based shell material slacking active sites for conjugating
tumor-targeting molecules generally possess a low
destruction threshold, while polymer-based shell materials,
especially the stiff polymeric shell, having a high destruction
threshold under ultrasonic irradiation, will not oscillate
actively. The shell material of the nanobubbles was the
PLLA polymer, whose molecular weight was appropriate and
could be effectively destroyed by ultrasonication. As shown in
Figure 8, compared with no crush treatment (Figure 8A), the
signal intensity of crush treatment (Figure 8B) dropped
significantly. Furthermore, many new larger bright spots
appeared at the bottom (Figure 8B). Some nanobubbles
collapsed in the ultrasound field, which would lead to a
reduction in the number of nanobubbles. At the same time,
ultrasound also induced nanobubbles coalescence into larger
microbubbles. As a result, Lf–PLLA nanobubbles might be
served as a novel nonviral drug/gene delivery system.

To evaluate the enhanced ultrasonic imaging effect of
nanobubbles on the tumor in vivo, six animal models of nude
mice bearing subcutaneous tumors were studied. Before drug
administration， tumor ultrasonic images of nude mice were
collected for control. The tumor was a dark hypoechoic area and
had obscure boundaries with surrounding tissues (Figure 9A).
Subsequently, the Lf–PLLA nanobubbles (100 μl) solution was
injected, the tumor turned bright, and the boundaries became
obvious (Figure 9B), and the enhanced ultrasound imaging lasted
about 1 h, which was longer than that reported in the literature
(Oda et al., 2015; Du et al., 2018). The results showed that the
Lf–PLLA nanobubbles could enhance ultrasound imaging of
tumors.

CONCLUSIONS

In this study, a novel biocompatible ultrasound contrast agent
was developed, using poly(L-lactide) polymer synthesized by
ring-opening polymerization reaction as shell material, with a
traditional double-emulsion solvent evaporation method.
Targeted modification of PLLA nanobubbles with Lf was

Figure 6 | Representative in vitro ultrasonic images. Quantitative gray-
scale for the ultrasonic intensity of Lf–PLLA nanobubbles from 23 to 39°C.

Figure 7 | Representative in vitro ultrasonic images. (A) Saline, (B) ultrasonic medicinal coupling gel, (C) nanobubbles under high-frequency diagnostic ultrasound
in latex gloves mold.
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carried out. The biocompatible results indicated that the Lf–PLLA
nanobubbles had little cytotoxicity and hemolysis. The Lf–PLLA
nanobubbles had shown they could enhance the ability of
ultrasound imaging in vitro and in vivo. Our results suggest
that Lf–PLLA nanobubbles represent a promising nano-sized
ultrasound contrast agent.
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