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To increase the efficiency and accuracy of clin-
ical tumor detection, we explored multiple imaging
by preparing carbon quantum dot (CQD)-loaded
nanobubbles for ultrasonic fluorescence dual detec-
tion. In this experiment, we prepared 1,2-dioleoyl-
3-trimethylammonium-propane chloride (DOTAP) cat-
ionic liposomes using the film dispersion method and
chose perfluoropentane as the core gas material of the
nanobubbles. The nanobubbles were coupled with the
negatively charged CQDs through the charge effect to
prepare the testing agent for two-way diagnosis with
ultrasound contrast and fluorescence detection. The
formulation and preparation of the loaded CQD lipo-
some nanobubbles were screened. In vivo experiments
showed that nanobubbles can be enriched to the
tumor site within 5 min, which enables clearer ultra-
sound imaging and is conducive to tumor detection.
We expect CQD-loaded liposome (Lip-CQD) nano-
bubbles to become a new ultrasonic contrast agent for
clinical applications that can provide a basis for early
tumor diagnosis and thus earlier treatment.

Cancer is a serious health and social issue. At
present, the main clinical treatment approaches for
tumors include surgery and systemic chemotherapy
(Peng and Pei, 2021). However, the treatment effect is
often poor for patients with advanced cancers, caus-
ing strong side effects and low quality of life. If the
tumor can be detected and treated early, the prognosis
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can be significantly improved (Rathod et al., 2015).
At present, tumor diagnoses can be divided into
in vitro and in vivo diagnoses. In vitro diagnoses mainly
involve taking blood samples from patients as a
“liquid biopsy” or conducting a pathological examin-
ation of the tissue, primarily for histopathological exam-
ination and detection of tumor cells and tumor
markers. Although the accuracy of these methods is
high, their implementation is complicated, and the
test results exhibit hysteresis.

Ultrasound imaging is a method of imaging
tissues and organs in the body by receiving and pro-
cessing reflected signals based on the principle that
various organs and tissues reflect ultrasonic waves dif-
ferently. This test is less or non-traumatic, convenient,
and more affordable. It provides timely information
for diagnosis and treatment by showing the current situ-
ation of the tumor through real-time imaging. In tis-
sues with complex compositions, different densities,
and even vacuoles, such as bone tissue, ultrasound can
collect good signal echoes; however, in systems such
as blood, which have low material density and low
acoustic impedance, ultrasound relies on the strong re-
flection of ultrasound contrast agents to display clear
echo images.

At present, most clinical agents are micron-sized
contrast agents, also known as micron-sized bubbles,
and their particle size distribution is in the range of
1-4 pum. The gas-liquid structure of the micron bubble
can significantly enhance the contrast with the tissue
background, thus improving the resolution of the echo
reflection. The core-shell structure can alleviate damage
and leakage in the body through the protective effect


https://crossmark.crossref.org/dialog/?doi=10.1631/jzus.B2200233&domain=pdf&date_stamp=2022-08-26

of the shell. Commonly used coating materials include
albumin, surfactants, galactose, and lipid compounds.
The materials usually selected for core gas are air,
perfluoride, and nitrogen (Klibanov, 2005). In blood,
micron bubbles injected intravenously are quickly
cleared by the reticuloendothelial system and have a
half-life of only a few minutes in serum (Willmann
et al., 2008). Due to particle-size limitations, micro-
bubbles have difficulty in penetrating tiny vasculature
and are more difficult to concentrate in the tumor
area, thereby limiting their imaging ability in small
organs (Klibanov, 2005).

The structure of nanoscale contrast agents is simi-
lar to that of micron bubbles, and their shell materials
are generally lipids, surfactants, or polymers, such as
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
poly(lactic-co-glycolic acid) (PLGA), or poly(lactic
acid) (PLA). Under the action of ultrasonic waves, the
nanobubbles expand and compress regularly, thus pro-
ducing strong echo reflection, and the target site can
be imaged via the sensor connected to the processor.
Because of the small particle size, nanobubbles often
have many special distribution behaviors, such as in-
filtration and enrichment of the tumor area (Fig. 1).

Ultrasound
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Fig. 1 Schematic illustration of nanobubble-based imaging.
Process of using nanobubbles for imaging diseased tissues is
as follows: after the nanovesicles are injected into the human
body intravenously, they cannot pass through normal blood
vessels but can freely enrich at the targeted sites through the
diseased blood vessel space (380—780 nm); under the action
of ultrasound, the nanobubbles burst or fuse, changing the
echo characteristics of the site and thus enhancing imaging
results.

The size of the nanoscale contrast agent, the se-
lection of the core and shell materials, and the exter-
nal active agents and ligands can all affect circulation
time and absorption efficiency (Paefgen et al., 2015).
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Nanoscale contrast agents with smaller particle size
have stronger penetration, weaker backscattering ability,
and relative stability. By adjusting the composition,
proportion, or preparation method of the film-forming
material, the backscattering ability and the imaging
effect can be further improved (Huang et al., 2001).

Fluorescence imaging is widely used, not only
for real-time imaging but also for simultaneous multi-
molecular detection and multi-tissue imaging with
high sensitivity. However, there are few fluorescence
detection substances that can be clinically applied in
the human body. In recent years, with the continuous
exploration of biologically low-toxicity CQDs, it ap-
pears that CQDs are likely to become the next gener-
ation of clinical fluorescence detection agents. CQDs
are a new type of fluorescent nanoscale carbon material.
They are composed of spheroidal dispersed particles
with a particle size of approximately 10 nm (Yang
et al.,, 2019). CQDs are suitable for human fluores-
cence detection owing to their excellent biocompati-
bility (Zhu et al., 2015; Zhang et al., 2021) and low
toxicity. The upsurge of research on CQDs stems from
their good fluorescence properties, which include a
stable fluorescence effect, high intensity, and an exten-
sive excitation wavelength range. However, fluores-
cence detection agents are disturbed by fluorescent
substances in the human body, which reduces the reli-
ability of the detection results.

In general, exploring multiple and multidimen-
sional imaging methods will make clinical testing
more efficient and accurate. If two or more testing
methods can be integrated to achieve the effects of
a one-dose administration and multidimensional syn-
drome screening, detection efficiency and accuracy
will be greatly improved, and this would provide a
better means for accurately understanding the clinical
course of patients and reducing the economic and
mental burden of testing.

Our experiment revealed that when an ultrasonic
cleaning instrument is used as the bubble-forming
equipment, nanobubble particle size increases with
higher ultrasonic power (Fig. 2a). However, there is
no clear trend with ultrasonic time, because bubble
size decreased, increased, decreased, and then in-
creased (Fig. 2b). We investigated the influence of dif-
ferent crushing power and time parameters on the par-
ticle size of nanobubbles using an ultrasonic crushing
apparatus. The results showed that the particle size of
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Fig. 2 Effects of preparation conditions on nanobubble size. (a) Power of ultrasonic cleaning instrument; (b) Time
ultrasonic cleaning instrument; (c) Power of ultrasonic crushing instrument; (d) Time ultrasonic crushing instrument;
(e) Mass ratio of DOTAP/cholesterol; (f) Perfluoropentane dosage; (g) Forming solvent; (h) Temperature. DOTAP:
1,2-dioleoyl-3-trimethylammonium-propane chloride; PBS: phosphate-buffered saline.

the liposome nanobubbles increased with increasing
ultrasonic crushing power (Fig. 2¢) and first decreased
and then increased with increasing ultrasonic time
(Fig. 2d). In this experiment, the minimum particle
size of nanobubbles was obtained at 1 s.

The particle size of the nanobubbles in the experi-
ment may have been affected by the ultrasonic energy.
In the early stage of ultrasound, liposomes with a large
particle size were dispersed by the ultrasound action,
so the particle size initially decreased as the ultrasonic
time extended. Over time, the ultrasonic energy to the
system increased in strength and the particles ob-
tained more energy, allowing them to overcome the
repulsive force between each other and cluster, lead-
ing to significantly increased size of the detected par-
ticles. The later particle size decrease may be related
to particle fragmentation and the intermediate state of
agglomeration equilibrium, and experimental error is
another potential factor. The bubble formation results

for the ultrasonic crushing apparatus were also simi-
lar, which further supports this inference.

The mass ratio of DOTAP to cholesterol was
screened to obtain stable and small liposome nano-
bubbles. The particle size was smallest when the mass
ratio of DOTAP to cholesterol was 1:1 and increased
with declining proportion of cholesterol (Fig. 2¢). The
different proportions of cholesterol on the membrane
surface result in liposomes with different properties.
Nanobubbles with stable structure do not leak easily
and have small particle sizes and concentrated distri-
bution. In this experiment, when the mass ratio of
DOTAP to cholesterol was 1:1, the liposomes not
only encapsulated the liquid perfluoropentane with
fluidity but also guaranteed the stability of the gas
core. When the proportion of cholesterol was smaller,
stability decreased.

When exploring the influence of perfluoropen-
tane dosage on nanobubble particle size, we found



that particle size gradually increased with higher dos-
ages (Fig. 2f). On the one hand, because the liposomes
contain more perfluoropentane, the nanobubble ex-
pansion was more obvious. On the other hand, it is
possible that the dosage of perfluoropentane was too
large to break the nanobubble, or that unfilled perfluoro-
pentane infiltrated the bubbles and interfered with
the test.

The pH and concentration of the liposome-
forming solvent play an important role in the forma-
tion of liposomes and affect their particle size and sta-
bility. From the experimental results, it can be seen that
the nanobubbles prepared in the glycerol:phosphate-
buffered saline (PBS)=1:9 (volume ratio) solution had
a larger particle size (Fig. 2g). The motion of the par-
ticles is related to the viscosity of the solution. The
diameter of nanobubbles prepared in the glycerol:
PBS=1:9 solution was significantly larger because
the viscosity of glycerol changed the motion and dis-
persion characteristics of the particles, making the
measured result larger than the real value. Therefore,
we used PBS solution as the forming solvent in the
experiment.

Lipids generally have their own phase transition
temperature points, and detection at different tempera-
tures may affect the state of liposomes, thus affecting
particle-size measurement. The particle-size potential
analyzer detected different dispersion characteristics
and particle sizes for the same nanobubble at different
temperatures, and it was found that nanobubble size
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was larger at 25 °C, and that the particle size of nano-
bubbles in the same sample decreased significantly at
37 °C (Fig. 2h). This may be closely related to the phase
transition temperature of the liposomes. Below the
phase transition temperature, the liposomes adhered
to each other in the form of colloidal crystals and had
poor dispersion. Above the phase transition tempera-
ture, liposome fluidity was enhanced, dispersion was
uniform, and the detected particle size was reduced.

Based on the results for the above process par-
ameters and preparation methods, we chose the best
parameters and process for preparing the liposome
nanobubbles. The particle size and potential data are
shown in Figs. 3a and S1 and Table S1. The average
particle size of the nanobubbles was (224.6+2.4) nm,
and the average zeta potential was (46.2+1.3) mV. The
electron microscope results (Fig. 3b) also show that
the nanobubbles were uniform in size and round in
shape.

The DOTAP nanobubbles can be connected with
different amounts of CQDs by electrostatic attraction.
The zeta potential of the nanobubbles was measured
to obtain the extreme value of the coupling of CQDs
on the surface of the nanobubble. The results are
shown in Fig. 3c. With an increase in the amount of
CQDs, the zeta potential changed from positive to
negative, and after reaching a certain dose, the zeta
potential tended to be stable. The results show that
adding 225 pL CQDs (10 mg/mL) into the nanobub-
ble solution can approximate the maximum value of
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Fig. 3 Characterization of Lip-CQDs. (a) Size distribution of nanobubbles; (b) TEM of nanobubbles; (c) Zeta potential

changes after adding different doses of CQDs. CQDs: carbo
transmission electron microscopy.

n quantum dots; Lip-CQDs: CQDs-loaded liposome; TEM:
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the nanobubble coupling, and has the highest nano-
bubble coupling efficiency.

The mice were randomly divided into two
groups (Lip-CQDs and Lip) with six mice in each
group. Ultrasound images of the tumors were ob-
tained before and after injection of the nanobubbles,
and the results are shown in Fig. 4a. Before the
solution was injected, the tumor images of the breast
cancer model mice were dark because breast cancer
is a solid tumor with a faint echo. After 5 min of intra-
venous injection of nanobubbles, the ultrasound
imaging showed significant changes. This indicates
that the nanobubbles were able to enter the tumor
lacuna and had a strong ultrasonic signal within the
tumor. Liposome nanobubbles loaded with CQDs
brightened the entire tumor region within 5 min,
while nanobubbles without CQDs only gathered in a
small area of the tumor. It is possible that the CQDs
are negatively charged and can reverse the surface
potential of the nanobubble. Nanobubbles with higher
negative potentials are more stable and can be better
targeted and distributed to tumor sites. The effect of
the nanobubbles was also demonstrated in the hepato-
cellular carcinoma model mice. A cystic tumor was
seen in the liver prior to the injection of the nanobub-
bles but was not easily distinguishable from the sur-
rounding tissue. After the injection of the nanobub-
bles, we found that the image of the tumor area be-
came clearer.

To observe the real-time distribution of drugs
and nanoparticles in major organs, we used an in vivo
imaging experiment to analyze the relevant results
(Fig. 4b). It was clear that in Hepal-6 tumor-bearing
mice, Lip-CQDs could be enriched in the mouse liver

Breast cancer

(@)

Before

after approximately 5 min and had almost no fluores-
cence in other organs. Looking at this in combination
with the ultrasound imaging results, it was proved
that Lip-CQDs can accurately target tumors. The fluor-
escence in the liver essentially disappeared after 1 h,
demonstrating that Lip-CQDs remained in vivo for a
short time and could be rapidly metabolized.

The appearance of nanoscale ultrasound contrast
agents offers the possibility of ultrasound imaging of
extravascular target tissue and promotes more defini-
tive tumor diagnosis. In this study, we prepared lipo-
some nanobubbles with CQDs and tested them for ultra-
sound imaging. These Lip-CQDs can be used as a
new clinical tumor detection preparation because of
their contrast-enhancing ultrasound effect and can im-
prove the efficiency and accuracy of clinical tumor
detection. In addition, Lip-CQDs can be used for fluor-
escence detection of tumors. With the continuous
crossover and fusion of biomedical and clinical tech-
nology, the existing problems of nanoscale ultrasound
contrast agents will ultimately be addressed, and the
preparation and application prospects for safe and ef-
fective nanoscale ultrasound contrast agents will be
broadened. We believe that ultrasound contrast agents
will play an irreplaceable role in the early diagnosis
and accurate treatment of clinical diseases.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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