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Early diagnosis of liver cancer and appropriate treatment options are critical for obtaining a good progno-
sis. However, due to technical limitations, it is difficult to make an early and accurate diagnosis of liver
cancer, and the traditional imaging model is relatively simple. Therefore, we synthesized multifunctional
diagnostic/therapeutic nanoparticles, UMFNPs/Ce6@MBs, loaded with ultra-small manganese ferrite
nanoparticles (UMFNPs) and chlorin e6 (Ce6). This nanoplatform can take full advantage of hypoxia,
acidic pH (acidosis) and increased levels of reactive oxygen species (e.g. H,O,) in the tumor microenvi-
ronment (TME). Specific imaging and drug release can also enhance tumor therapy by modulating the
hypoxic state of the TME to achieve the combined effect of sonodynamic therapy and photodynamic
therapy (SPDT). In addition, the prepared UMFNPs/Ce6@MBs have H,O, and pH-sensitive biodegradability
and can release UMFNPs and photosensitizer Ce6 in the TME while producing O, and Mn?*. The obtained
Mn2* ion nanoparticles can be used for T; magnetic resonance imaging of tumor-bearing mice, and the
released Ce6 can provide fluorescence imaging function at the same time. Because UMFNPs/Ce6@MB
ultrasonic microbubbles show good ultrasonic imaging results, UMFNPs/Ce6@MBs can simultaneously

Received 3rd May 2024,
Accepted 17th October 2024

DOI: 10.1039/d4bm00613e

provide multi-modal imaging functions for magnetic resonance imaging (MRI), ultrasound and fluor-
escence imaging. In conclusion, UMFNPs/Ce6@MBs realize the synergistic treatment of SDT and PDT
under multi-mode near-infrared fluorescence imaging and CEUS monitoring, demonstrating its great
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1. Introduction

Liver cancer is one of the most common malignancies world-
wide. According to the Global Cancer Statistics 2020, the
global increase in new liver cancer cases now exceeds
0.9 million cases annually." Currently, the main treatment
modalities for liver cancer include radical surgery, local abla-
tion, arterial embolization, radiotherapy, and systemic chemo-
therapy. Because hepatocellular carcinoma (HCC) is usually
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potential in tumor precision medicine.

diagnosed at an advanced stage, its prognosis is poor and its
mortality rate is high. Early HCC tends to lack clinical signs;
therefore, only 25%-30% of patients with HCC are diagnosed
at the early stage of the disease and only 5%-15% of patients
are suitable for surgical resection.”” Advanced HCC is mainly
treated using targeted therapy and immunotherapy but the
treatment outcomes are still poor and there are many side
effects.” Therefore, there is an urgent need to identify new and
effective methods for diagnosing and treating liver cancer.
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Traditional imaging modes alone cannot completely detect
liver cancer early and improve its prognosis. However, the diag-
nostic methods for liver cancer are continuously improving
and developing, and good results have been achieved. Among
the many medical imaging methods, magnetic resonance
imaging (MRI) and ultrasonography are the most valuable
early diagnostic tools currently used in medicine. In recent
years, in-depth studies on molecular MRI (mMRI) in gene
imaging, cell tracking, and drug screening have been con-
ducted and have exceeded traditional MRI techniques in terms
of improving the rate of early diagnosis and the therapeutic
effect.” Recent studies have demonstrated that ultrasmall mag-
netic ferrite nanoparticles (UMFNPs), which are <5 nm, have
strong MRI-T; imaging effects and can be encapsulated with
other targeted therapy drugs to achieve precise treatment
during diagnosis.® This demonstrates the strengths of ultra-
sound microbubbles. Microbubbles can encapsulate nano-
particles for precise delivery to the lesion site. Upon arrival at
the target site, these microbubbles burst and release drugs
through sonoporation, and the CEUS effect of the lesion site
can be dynamically observed in the whole process under the
condition of visualization. Routine ultrasound has a diagnostic
accuracy of 53%-77% for larger space-occupying lesions in the
liver. The use of contrast agent microbubbles during contrast-
enhanced ultrasound (CEUS) can reveal smaller liver lesions
(£1 cm) and has higher diagnostic accuracy.”®

Photodynamic therapy (PDT) is a non-invasive and relatively
safe local treatment for tumors that has attracted widespread
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attention in recent years. PDT mainly generates reactive oxygen
species (ROS), which mediate their killing effects through laser
excitation of the photosensitizer.” Certain levels of ROS can
promote tumorigenesis, but excessive accumulation of singlet
oxygen and oxygen free radicals has significant cytotoxic
effects on cancer cells, preventing their growth and inducing
death."”" Despite the fact that PDT is extensively used in
treating cancers such as breast, oropharyngeal, esophageal,
and skin cancers, the weak penetration of PDT has limited its
value in the clinical treatment of deep tumors. To improve the
efficacy of PDT, it has been increasingly combined with other
treatments, such as sonodynamic treatment (SDT), to treat
deep tumors, liver cancer,”'? and bone tumors."® SDT has
stronger penetration, can activate sonosensitizers in deep
tumors, and can similarly generate free radicals that cause cell
death and compensate for the shortcomings of PDT to some
extent. Chlorin e6 (Ce6) is a second-generation sensitizer with
both sonosensitizer and photosensitizer characteristics.
Because of its high singlet oxygen generation rate, low toxicity,
and near-infrared emission characteristics, it is widely studied
in sono-photodynamics and fluorescence (FL) imaging.
However, the water solubility, poor stability, poor tumor target-
ing, and synthesis difficulty of Ce6 severely limit its further
application in clinical practice.’* In an attempt to solve this
problem, we developed a multi-functional nanoplatform
(UMFNPs/Ce6@MBs) combined with the SPDT therapy strategy
for HCC, as shown in Scheme 1. Ce6 and UMFNPs were encap-
sulated in phospholipid microvesicles, and the targeted cyclic
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Scheme 1 Schematic diagram of the synthesis process of UMFNPs/Ce6@MBs and the mechanism of triggering MRI/FL imaging/enhanced ultra-

sound guided SDT/PDT combination therapy for HCC.
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peptide C-RGD was modified on the surface of the microvesi-
cles, which can improve the bioavailability of drugs at the
tumor site. The therapeutic effect of SPDT on HCC was further
enhanced by O, generated in response to the weak acidic
microenvironment of tumor. In addition, UMFNPs/Ce6@MBs
can realize multi-modal imaging integrating CEUS, FLI and T;-
MRI for accurate diagnosis and treatment guidance of liver
cancer. As our research group’s previous preparation techno-
logy of microvesicles was mature enough and the prepared
microvesicles achieved good effects in precision drug delivery
and tumor treatment, UMFNPs/Ce6@MBs prepared on the
basis of previous studies were relatively reliable and had great
potential in realizing accurate and efficient treatment of
HCC.15_19

2. Materials and methods

2.1. Materials

Poly(ethylene glycol)-distearoylphosphatidylethanolamine
(PEG-2000) and distearoylphosphatidylcholine (DSPC) were
purchased from Avanti Inc. (USA); PEG2000-CRGD-NH2 was
purchased from Xi’an Ruixi Biological Technology Co., Ltd;
Ce6, DMEM, 0.25% trypsin (TE), fetal bovine serum (FBS), and
1% penicillin/streptomycin (1% penicillin and 1% streptomy-
cin) were purchased from Gibco Inc. (USA); Huh-7 cells
(FHO0075 FuHeng Cell Center, Shanghai, China). The ROS fluo-
rescent probe was purchased from Invitrogen Inc. (USA); phos-
phate-buffered saline (PBS) was purchased from Sigma-Aldrich
Inc. (USA); carbon tetrachloride (CCI*) was purchased from
Guangdong Huada Chemical Factory; 4% paraformaldehyde
was purchased from Biosharp (China); ready-to-use DAPI stain-
ing solution was purchased from Solarbio (China); and the
cytotoxicity assay kit (CCK-8) was purchased from Beijing
Labgic Technology (China).

2.2. UMFNPs preparation and characterization

Iron-eruciate and manganese oleate precursors were prepared
according to the methods of Fan et al. and Miao et al.>*° They
were provided by the Affiliated Cancer Hospital of Sun Yat-sen
University. Dynamic simultaneous thermal decomposition was
used to prepare ultra-small manganese ferrite nanoparticles. It
was prepared by the following preparation method: 2.7 g iron
oleate, 8.1 g erucic acid and 1.08 g sodium hydroxide were dis-
solved in 150 mL of methanol, and the reaction was carried
out by magnetic stirring at 40 °C. After the reaction was com-
pleted, the products were washed with deionized water and
methanol, and the obtained products were dried under
vacuum at 45 °C for 12 hours to obtain the iron erucic acid
complex; 2.14 g of the ferric erulic acid complex, 0.62 g of the
manganoleic acid complex, 0.57 g oleic acid, and 1.61 g oleyl
alcohol were dissolved in 10 g of the benzyl ether solvent, and
then the reaction mixture was heated to 265 °C and kept at
this temperature for 35 min. After the reaction, the reaction
mixture was cooled, washed with ethanol, and centrifuged to
obtain UMFNPs.

This journal is © The Royal Society of Chemistry 2025
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2.3.

DSPC, PEG 2000, and C-RGD were dissolved in chloroform
at a molar ratio of 18:2:2. UMFNPs (1 mg mL™'):Ce6
(2 mg mL™") was dissolved in a 1:1 ratio in the aforemen-
tioned chloroform to form a lipid phase. To prepare
UMFNPs/Ce6@MBs, 150 pL of DSPC, 150 pL of PEG-2000,
150 pL of C-RGD, 125 pL of Ce6, and 125 pL of UMFNPs
were mixed in a thumb bottle and placed on a rotary evap-
orator in a fume hood for 30 min of rotary evaporation to
form a lipid membrane. Then, 500 pL of PBS was added for
hydration, and sonication was performed in a 60 °C water
bath for 3-5 min. The hydrated liposome was transferred to
a vial and sealed before inserting a syringe through the
rubber stopper and connecting to a small vial for gaseous
exchange.

First, the air inside the vial was removed for 5 min under
vacuum. Then, octafluoropropane (C;Fg) gas was added, the
vial was tapped for 1 min to mix the gas, and air suction was
performed for 5 s. To ensure complete gaseous exchange, this
process was repeated 3-5 times. Subsequently, C;Fs was added
and a shaker was used for 45 s to form UMFNPs/Ce6@MBs. A
dynamic light scattering measurement system (DLS) was used
to measure the fluid dynamics diameter and charge of
UMFNPs/Ce6@MBs. A particle analyzer (AccuSizer 780AD) was
used to measure the size, particle size distribution, and con-
centration before observing the structure under an optical
microscope. An ultraviolet spectrophotometer was used to
measure the ultraviolet absorption spectra of MBs, Ce6, and
UMFNPs.

Preparation and characterization of UMFNPs/Ce6@MBs

2.4. Invitro anti-tumor effect

2.4.1. Evaluation of cell viability. Huh-7 cells (derived from
human hepatocytes) were purchased from Procell Life Science
& Technology. The cells were cultured in DMEM containing
10% FBS and 1% penicillin/streptomycin. The cells were
seeded in 96-well plates at a density of 2 x 10* and cultured in
an incubator at 37 °C under 5% CO,. When the cells reached a
confluency of 70%-80%, DMEM culture medium was used to
dilute the UMFNPs/Ce6@MBs to a gradient concentration of 0,
5, 10, 15, and 20 ug mL~". Next, 100 pL of the replacement
culture medium was aspirated and each concentration was
plated in triplicate, and corresponding ultrasonic and laser
treatments were conducted; the ultrasound (LIPUSTIM
Sonodynamic Therapy System, LIPU.STIM330) conditions were
as follows: frequency, 1.0 MHz; duty ratio, 20%; pulse fre-
quency, 1000 Hz; magnetic reluctance intensity, 500 mW
ecm™2 The laser (LASER POWER SUPPLYMODEL NO.:
LSR-PS-1I) conditions were as follows: 660 nm, 150 mW cm 2,
1 min. After 24 h, the cell viability was measured using a
CCK-8 assay kit (Biosharp, Anhui) according to the manufac-
turer’s instructions. The optimal concentration was selected
and the cells were divided into five groups, namely control,
UMFNPs/Ce6@MBs, UMFNPs/Ce6@MBs + SDT, UMFNPs/
Ce6@MBs + PDT, and UMFNPs/Ce6@MBs + SPDT, and the
corresponding measurements were performed before measur-
ing the cell viability.

Biomater. Sci, 2025, 13,179-192 | 181
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2.4.2. Anti-tumor effect of UMFNPs/Ce6@MBs + SPDT. The
apoptosis of MnO, /Ce6@MBs + SPDT cells was detected by
flow cytometry. Huh-7 cells were inoculated into 6-well plates
at a density of 2 x 10° per well and incubated overnight. After
administration, ultrasound and laser treatment were per-
formed, and the Annexin V-FITC/PI reagent was added for
further incubation for 30 min. After PBS washing, trypsin
digestion, and centrifugation (3000 rpm, 10 min), the cells
were collected for flow cytometry. The data were analyzed
using the Flowjo program.

2.5. Measurement of ROS generation at the cellular level

Huh-7 cells were seeded in a 6-well plate and confocal dish at
a density of 1 x 10°. After 24 h of incubation, the culture
medium was discarded and 1.5 mL of UMFNPs/Ce6@MBs
(15 pg mL™") was added. The corresponding ultrasound and
laser treatments were performed, and incubation was contin-
ued for 4 h. The culture medium was discarded and a
DCFH-DA ROS probe with a diluted concentration of 20 pmol
L™" (2 uL ROS + 1 mL PBS) was added. Next, 1 mL of the ROS
probe was added to every example and cultured at 37 °C for
30 min. The tubes were centrifuged, the supernatant was dis-
carded, and 500 pL of PBS was added. Tubes with untreated
cells were used as controls. A laser confocal microscope and a
flow cytometer were used to measure the generation of ROS at
the cellular level.

2.6. Cell uptake of UMFNPs/Ce6@MBs
2.7. Animal rearing

We used the fluorescence properties of Ce6 in UMFNPs/
Ce6@MBs to test the uptake of microvesicles by Huh-7 cells.
Huh-7 cells were seeded in a confocal dish at a density of 1 x
10°. After 24 h of incubation, when the cell density was 60%-
80%, the culture medium was discarded and 1 mL of
UMFNPs/Ce6@MBs (Ce6 15 pg mL™', UMFNPs 7.5 pug mL ™)
was added. The corresponding ultrasound and laser treat-
ments were performed, and the incubation was continued for
4 h. The cells were washed twice with PBS before adding the
ROS solution (2 pL ROS probe + 1 mL PBS) and incubating for
30 min. The ROS probe was discarded, and PBS was used to
wash the cells 1-2 times. Finally, 400 pL of DAPI was used for
fixation, and confocal microscopy was performed at 4 h.

All animal experiments were conducted according to the
“Laboratory Animal Welfare Act” and were approved by the
Laboratory Animal Welfare Ethics Committee of Shenzhen-
Peking University - The Hong Kong University of Science and
Technology Medical Center. BALB/c mice (4-6 weeks old,
males) were purchased from Charles River and housed at
25 °C, 40%-60% humidity, and a 12 h light/dark cycle.

2.8. In vivo anti-cancer treatment effects

Six experimental groups were set up: the control group, the
model group, the UMFNP/Ce6@MB group, the UMFNP/
Ce6@MB + SDT group, the UMFNP/Ce6@MB + PDT group,
and the UMFNP/Ce6@MB + SPDT group. With the exception
of the control group, in which normal nude mice were used,

182 | Biomater. Sci., 2025, 13,179-192
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the remaining groups were all tumor-bearing mice. The
control, model, and UMFNP/Ce6@MB groups each contained
six nude mice, whereas the other three groups each contained
eight mice. All mice were subcutaneously injected with 5 x 10°
Huh-7 cells in the posterior thigh region. Treatment was
started when the tumor size was 5 mm, and 0.2 mL of
UMFNPs/Ce6@MBs (Ce6 15 pg mL~' and UMFNPs 7.5 ug
mL™") was injected into the tail vein of nude mice. Then,
focused ultrasound (power amplifier model: 150A100B, probe
model: 122121001) was performed for the SDT and SPDT
groups (parameters: 0.8 MHz, 900 mVpp, 10000 cycles,
10 min), and laser treatment was performed for the PDT and
SPDT groups (parameters: 660 nm, 800 mW cm™>, 10 min).
The treatment cycle lasted 2 weeks, with dosing being per-
formed every other day. The body weight was also measured
every other day while simultaneously measuring the tumor
size with an ultrasound device. The following formula was
used to calculate the tumor volume: V = (a x b*)/2 (where a =
maximum tumor diameter and b =
diameter).

After treatment, the mice were sacrificed to harvest tumor
tissues, which were then fixed with 10% formalin for 24 h. The
samples then underwent paraffin embedding, sectioning,
clearing, rehydration, and staining before observing Ki-67
expression under an optical microscope.

minimum tumor

2.9. Invivo imaging

2.9.1. FL imaging and C-RGD tumor-targeting capacity
measurement. After the intravenous injection of 0.2 mL of
UMFNPs/Ce6@MBs (with C-RGD), the mice were imaged using
the IVIS spectrum imaging system (Caliper IVIS Spectrum,
IVIS) before injection and 5 min, 30 min, 1 h, 4 h, 12 h, and
24 h after injection of microbubbles (the fluorescence exci-
tation wavelength for Cy5.5 is 640 nm). The average FL inten-
sity at the corresponding time point was obtained at the exci-
tation wavelength of 640 nm. The fluorescence signal of the
region of interest (ROI) was analyzed qualitatively and quanti-
tatively using Living Image 4.2 software.

In addition, the targeting effects of C-RGD were measured
using fluorescence imaging. Two groups were set up for the
experiment, including the UMFNP/Ce6@MB (with C-RGD) and
UMFNP/Ce6@MB-(non C-RGD) groups, with three sub-
cutaneous tumor-bearing nude mice per group. In the same
time period (pre, 5 min, 30 min, 1 h, 4 h, 8 h, 12 h, and 24 h),
by comparing the fluorescence intensity of the two groups, the
targeting effect of the modified C-RGD microvesicle on the
tumor was analyzed.

2.9.2. US imaging. After the intravenous injection of
UMFNPs/Ce6@MBs (200 pL), grayscale ultrasound and CEUS
were performed on a US imaging system (Mindray Resona 7,
China) at periods of 0, 0.5, 1, 3, 6, and 8 min, respectively.

2.9.3. MRI imaging. Briefly, 0.2 mL of UMFNPs/Ce6@MBs
was administered to tumor-bearing mice (n = 3). MRI was per-
formed before dosing and 1 min, 1 h, 2 h, and 3 h after dosing
to obtain Ty-weighted MRI images of the tumor site. The MRI
intensity of the tumor site was analyzed. The experimental

This journal is © The Royal Society of Chemistry 2025
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parameters or the T, fast recovery spin-echo sequence were set
as follows: repetition time = 279.2 ms, echo time = 2.3 ms,
slice thickness = 2 mm.

2.10. Invivo safety assessment

Two weeks after treatment, inferior vena cava blood was col-
lected and centrifuged to obtain serum. Different organs and
tumor tissues were dissected and fixed with 10% formalin for
24 h, with untreated healthy mice used as controls. The col-
lected serum, organs, and tumors were used for analysis. The
serum obtained after centrifugation was used to measure liver
function including aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) and renal function including
creatinine (CREA) and blood urea nitrogen (BUN). Pathological
changes in different organs and tumors were observed under
an optical microscope.

2.11. Statistical analysis

All data are expressed as the mean + standard deviation (SD).
The t-test or analysis of variance was used to analyze statistical
significance. P-Values <0.05 were considered to indicate sig-
nificant differences: *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001.

3. Results

3.1. UMFNP preparation and characterization

In this study, the main role of UMFNPs (containing 0.12 mg of
Fe and 0.087 mg of Mn in each mg sample) was as a nano-
material for providing Mn>" and Fe*" for MRI imaging. Under
transmission electron microscopy (TEM), UMFNPs showed a
narrow distribution and good uniformity (Fig. 1D), with a par-
ticle size of 3-5 nm (Fig. 1E). TEM images (Fig. 1D white
dotted box) showed that the lattice had high crystallinity,
proving that the structure of this nanomaterial is relatively
stable. A 3.0-T clinical MRI scanner was used to evaluate T;-
enhanced imaging, and the FSE T1WI sequence was used to
image the UMFNP solution. The T, imaging signal increased
with the UMFNP concentration (Fig. 1G). To restore the slightly
acidic environment of the tumor microenvironment, we pre-
pared UMFNPs into liposomes at a concentration of 0.125 pg
mL™", and added H,0, at a concentration of 100 pmol mL™"
for MRI imaging, and the following results were obtained: (1)
UMFNPs encapsulated in liposomes had stronger T, signals
than UMFNPs alone, and (2) UMFNPs encapsulated in lipo-
somes and imaged after H,0, was added for 1 h had higher T;
signals (Fig. 1H). Furthermore, a Malvern dynamic light scat-
tering measurement system was used to measure the potential
of UMFNPs, which was determined to be —48.18 mV, indicat-
ing that the charged Ce6 in microbubbles was stably bound to
UMFNPs (Fig. 1C).

3.2. Preparation and characterization of UMFNPs/Ce6@MBs

First, the microbubbles were characterized by DLS. DLS
showed that the particle size of the microbubbles was 1 pm

This journal is © The Royal Society of Chemistry 2025
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(Fig. 1C), which was in the range of a typical microbubble size,
allowing further biomedical applications. The particle size was
consistent with the optical microscopy (Fig. 1A) and particle
counter (Fig. 1B) results. Optical microscopy revealed that the
microbubbles had a spherical structure and uniform dis-
persion, which could prevent in vivo clumping and allow better
adaptation to the external environment. The particle count
result also showed that the microbubble concentration was 4 x
10" mL™" (Fig. 1B). The ultraviolet absorption spectrum
showed that the absorbance increased with increasing micro-
bubble concentration and that UMFNPs almost did not absorb
light (Fig. S1t). The main substance that absorbs light in
UMFNPs/Ce6@MBs was Ce6. The characteristic peak of Ce6
shifted from 640 nm to 665 nm, indicating that Ce6 was stably
encapsulated in the microbubbles (Fig. 1F).

3.3. Huh-7 cell culture and cytotoxicity evaluation of
UMFNPs/Ce6@MBs

Huh-7 cells were seeded in 96-well plates in DMEM at a
density of 2 x 10* and incubated in a 37 °C, 5% CO, humidi-
fied incubator for 24 h. The cells showed stable adherent
growth, with a density of 70%-80%. DMEM culture medium
was used to dilute UMFNPs/Ce6@MBs to a concentration gra-
dient of 0, 5, 10, 15, and 20 ug mL™". A CCK-8 assay was used
to measure the effects of different concentrations of UMFNPs/
Ce6@MBs on cell viability. When the concentration was 15 pg
mL™", the cell viability was >90%, while a concentration of
20 pg mL™" resulted in cytotoxicity. Therefore, 15 pg mL™" is
the optimal concentration to ensure that the dosing concen-
tration is within the absolute safe range (Fig. 2A).

3.4. Invitro anti-tumor effect

To examine the killing effects of UMFNPs/Ce6@MBs combined
with sono-photodynamics on cells while avoiding significant
effects on cell viability and morphology. The parameters of the
ultrasound and laser irradiation were first determined. A
dosing concentration of 15 pg mL™" was used. The results
showed that the cell survival rates in the UMFNPs/Ce6@MBs +
SDT, UMFNPs/Ce6@MBs + PDT, and UMFNPs/Ce6@MBs +
SPDT groups were 84%, 72%, and 64%, respectively (Fig. 2B),
which were different from those in the control group.
However, there was no significant difference between the
UMFNP/Ce6@MB and control groups, indicating that ultra-
sound, laser, and their combination can kill Huh-7 liver cancer
cells.

We also detected the effect of UMFNPs/Ce6@MBs com-
bined with SPDT on the apoptosis of Huh-7 cells by flow cyto-
metry. Total apoptosis, including early and late apoptosis, was
analyzed after incubation with UMFNPs/Ce6@MBs (15 pg
mL™") and then treated with SDT, PDT, or SPDT. In Fig. 3C
and D, the apoptosis rate of UMFNPs/Ce6@MBs + SPDT
reached 26%. As more Ce6 is taken up by Huh-7 cells and
accumulates within tumor tissues, the anti-tumor ability will
improve. The ability to kill cancer cells was significantly
enhanced by improving targeted drug release, cell membrane
penetration and cell uptake.
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3.5. Uptake and distribution of UMFNPs/Ce6@MBs in
Huh-7 cells

To test whether microvacuoles are effectively absorbed by
Huh-7 cells, we observed the absorption and distribution of
UMFNPs/Ce6@MBs (equivalent to 15 pg mL™" Ce6) in Huh-
7 cells by confocal scanning imaging using multiplex stain-
ing, including nuclear and cytoskeleton imaging, based on
the NIR properties of Ce6. We found that the cell nuclei
were stained blue by DAPI, while clear Ce6 red fluorescence
signals could be seen in the cytoplasm (Fig. 3C). No fluo-
rescence signal of Ce6 was detected in the control group;
however, compared to the control group, the UMFNP/
Ce6@MB group showed significantly increased fluorescence
intensity, which was evenly distributed in the cytoplasm.
This result shows that Huh-7 cells effectively took
up UMFNPs/Ce6@MBs and that UMFNPs/Ce6@MBs
entered the cytoplasm of Huh-7 cells via endocytosis or
macropinocytosis.

3.6. Invitro ROS generation capacity of UMFNPs/Ce6@MBs

ROS were quantitatively and qualitatively analyzed by cytome-
try and confocal microscopy, respectively, and ROS production
was visualized in Huh-7 cells and Huh-7-tumor tissues by FL
imaging. The results showed that the fluorescence intensity of
ROS in the control group was very weak, and ROS could be pro-
duced in the experimental group UMFNPs/Ce6@MBs + SDT,

This journal is © The Royal Society of Chemistry 2025

UMFNPs/Ce6@MBs + PDT and UMFNPs/Ce6@MBs + SPDT
after acoustic/photodynamic treatment (Fig. 3A, B, and D). The
ROS produced by the UMFNP/Ce6@MB + SPDT group was sig-
nificantly higher than those by UMFNPs/Ce6@MBs + SDT and
UMFNPs/Ce6@MBs + PDT treated by ultrasound or laser
alone, indicating that the combined action of SDT and PDT
further enhanced the killing effect of ROS on tumor cells. In
UMFNPs/Ce6@MBs + PDT, the Ce6 FL signal is enhanced,
which may be due to the mild thermal effect of laser
irradiation. UMFNPs/Ce6@MBs + SDT significantly enhanced
the Huh-7 cell uptake of microvesicles due to the UTMD effect
promoting UMFNPs/Ce6@MBs release and Huh-7 cell mem-
brane penetration. UMFNPs/Ce6@MBs + SDT significantly
enhanced the Huh-7 cell uptake of microvesicles due to the
UTMD effect promoting the release of UMFNPs/Ce6@MBs and
Huh-7 cell membrane penetration. Finally, combined with US
and laser irradiation, Huh-7 cells exhibited the strongest Ce6
FL signal.

3.7. Invivo safety assessment

After 2 weeks of treatment, the mouse heart, liver, spleen,
lungs, kidneys, and tumor-bearing tissues were harvested for
HE staining. The sections were observed under an optical
microscope, and the results are shown in Fig. 4A. Compared to
the control group, the cells and tissues in organs from the
experimental groups had an intact structure, without signifi-
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cant inflammation or injury. The inferior vena cava blood was
collected from sacrificed mice, and centrifuged to obtain the
serum to test hepatic function (e.g., aspartate aminotransfer-
ase [AST/GOT] and alanine aminotransferase [ALT/GPT]) and

186 | Biomater. Sci,, 2025, 13,179-192

renal function (e.g., creatinine [CREA] and blood urea nitrogen
[BUN]). Compared to the control group, there were no signifi-
cant differences in hepatic function and renal function
markers between the two groups (Fig. 4B), demonstrating that

This journal is © The Royal Society of Chemistry 2025
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UMFNPs/Ce6@MBs did not produce any significant toxicity
in vivo, confirming that the microbubbles are safe in vivo.

3.8. Invivo targeting and imaging results of UMFNPs/
Ce6@MBs

UMFNPs/Ce6@MBs are microbubbles that can act as an ultra-
sound contrast agent for the real-time observation of contrast-
enhanced ultrasound effect in the tumor site. As shown in
Fig. 5A, the novel microbubbles showed good ultrasound
imaging effects. At 1 min, the ultrasound contrast agent in the
tumor site was the brightest and had the most potent effects.
At 9 min, the contrast agent was metabolized in the tumor
site. The microbubble-encapsulated Ce6 exhibits autofluores-

This journal is © The Royal Society of Chemistry 2025

cence and can therefore be used for live animal imaging,
allowing observation of the in vivo distribution and metab-
olism of microbubbles. To examine the in vivo distribution
and metabolism of these microbubbles, we mainly imaged
tumor-bearing mice at different time points (pre, 5 min,
30 min, 1 h, 4 h, 12 h, 24 h) (Fig. 5B). The microbubbles were
found to be mainly enriched in the liver, kidneys, lungs, and
tumor sites. At 30 min, they were mostly enriched in organs,
tissues, and tumor sites, while after 30 min, they started to be
metabolized in vivo. At 24 h, most microbubbles were metab-
olized. The other component encapsulated in microbubbles,
UMFNPs, is a novel nanomaterial that can be used for MRI. As
shown in Fig. 5C, this nanomaterial produces good MRI-T;
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Fig. 5 In vivo distribution and imaging results of UMFNPs/Ce6@MBs. (A) Ultrasound images of UMFNPs/Ce6@MBs. (B) Animal FL images of
UMFNPs/Ce6@MBs and UMFNPs/Ce6@MBs-(non-cRGD) modification. (C) In vivo MRI-T; images of UMFNPs/Ce6@MBs.

images. In summary, UMFNPs/Ce6@MBs can not only be used
to diagnose lesions but also for the precise treatment of
tumors. Therefore, UMFNPs/Ce6@MBs are stable micro-
bubbles that combine diagnosis and precision treatment.

To better target tumors so that the drug is better utilized by
the tumor, we modified microbubbles with C-RGD, a vascular
integrin avp3 receptor. Furthermore, to examine its targeting
effects, another group using the same encapsulated micro-
bubble without C-RGD (UMFNPs/Ce6@MBs-(NonC-RGD))
modification was used for comparison. The targeting ability of
the two groups was compared mainly by the fluorescence
imaging effect in vivo. As shown in Fig. 5B and S2,} the fluo-
rescence intensity of C-RGD-modified microbubbles in vivo
imaging was stronger than that of the control group.
Therefore, C-RGD-modified microbubbles have a better target-
ing effect than unmodified microbubbles.

3.9. Invivo treatment results

To examine the therapeutic effects of UMFNPs/Ce6@MBs com-
bined with sono-photodynamic treatment on liver cancer, the
mice were divided into the following six groups: blank control,
model, UMFNP/Ce6@MB, UMFNP/Ce6@MB + SDT, UMFNP/

188 | Biomater. Sci., 2025,13,1779-192

Ce6@MB + PDT, and UMFNP/Ce6@MB + SPDT groups. The
drug was administered by tail vein injection and treatment was
conducted for 2 weeks. After 2 weeks of treatment, only four
mice died in the UMFNP/Ce6@MB + PDT group, mainly due to
the immunodeficient characteristics of nude mice, with poor
immune tolerance. Additionally, the mice in the UMFNP/
Ce6@MB + PDT group received intraperitoneal injection of
anesthesia, whereas the other groups of mice received gaseous
anesthesia; therefore, the UMFNP/Ce6@MB + PDT group was
more prone to death. Dynamic changes in the body weight and
tumor volume of mice were observed the day after treatment.
The changes showed that the body weight of mice in the
different groups was generally stable, with no significant
change during the entire treatment course (Fig. 6A, S3t). The
mouse tumor volume dynamic change results showed that the
UMFNP/Ce6@MB + SPDT group had the best therapeutic
effects, followed by the UMFNP/Ce6@MB + PDT and UMFNP/
Ce6@MB + SDT groups. Compared to the model group, there
were significant differences in therapeutic effects between the
sono-photodynamic treatment group and the model group
(Fig. 6B). After 2 weeks of treatment, the mice were sacrificed
and the tumor tissues of tumor-bearing mice were dissected

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 In vivo treatment results. (A) Changes in the body weight of mice in different groups during the 2 weeks of treatment. (B) Changes in the
tumor volume of mice in different groups during treatment. (C) HE and Ki-67 staining results of tumor tissues from mice in different groups after
treatment. (D) Proportion of Ki-67-positive cells in the different groups. (E) Weight of dissected tumor tissues from different groups 2 weeks after

treatment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

and weighed. The results presented in Fig. 6E show that the
tumor growth inhibition rates of the SDT, PDT, and SPDT
groups were 83.91%, 90.15%, and 96.71%, respectively. Among
them, the tumor growth in the UMFNP/Ce6@MB + SPDT
group was significantly inhibited.

This journal is © The Royal Society of Chemistry 2025

Ki-67 is a cell proliferation-related antigen associated with
mitosis. The higher the level of tumor proliferation, the
greater the Ki-67 expression. We next sectioned and stained
the mouse tumor tissues, and the results are shown in Fig. 6C
and D. The Ki-67 expression was found to be most significant
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in the model and UMFNP/Ce6@MB groups, whereas the inten-
sity of brown staining was the lowest in the UMFNP/Ce6@MB
+ SPDT group, showing that the Ki-67 expression was the
weakest in this group.

These results further demonstrate that UMFNPs/Ce6@MBs
combined with sono-photodynamic treatment significantly
inhibit tumor growth.

4. Discussion

In this study, we employed thin film hydration and mechanical
vibration to prepare UMFNPs/Ce6@MB ultrasound micro-
bubbles with a particle size of 1 pm (Fig. 1A-C) and a mean
particle count of 4 x 10'° mL™ (Fig. 1B). A previous study
showed that microbubbles < 6 um can pass through the lungs
and capillaries in vivo and into the systemic circulation. After
24 h, most microbubbles were generally metabolized in vivo
and did not cause cytotoxicity (Fig. 5B, $21).>' Therefore, the
microbubbles prepared in this study have suitable particle
sizes and quantities.

The sonoporation/ultrasound targeted microbubble
destruction settings used in the in vitro experiment (frequency:
1.0 MHz, duty ratio: 20%, pulse frequency: 1000 Hz, magnetic
reluctance intensity: 500 mW cm™2, 1 min) were optimal para-
meters obtained through continuous adjustment. When the
duty ratio is >20% or the magnetic reluctance intensity is
>500 mW cm 2, the cells will detach from the cell culture
dishes, whereas a duty ratio <20% or magnetic reluctance
intensity <500 mW c¢cm™2 will result in suboptimal therapeutic
effects.

During the whole process of conducting quantitative and
qualitative experiments on ROS by cytometry and confocal
microscopy, we found that the UMFNP/Ce6@MB group could
produce weak fluorescence signals of ROS in both qualitative
and quantitative experiments of ROS, despite efforts to
perform experiments under the condition of avoiding light.
This was due to the unavoidable influence of natural ambient
light and the possible leakage of Ce from MB into cells, result-
ing in the qualitative and quantitative results of ROS in the
simple microvesicle group (Fig. 3A and B). However, such
effects were relatively small, and similar situations have been
reported before.”> Additionally, the CCK-8 assay results
demonstrated that at a concentration of 15 pg mL™", the
effects of combined sono-photodynamic treatment on the liver
cancer cells were not as significant as those observed in the
in vivo animal experiments. As shown in Fig. 3B, the inhibition
rate of cell growth in the SPDT group was only 35.07%.
However, in the animal experiments, the tumor growth inhi-
bition rate of the SPDT group reached 96.71%. The cause of
this difference may be the characteristics of the tumor micro-
environment (TME), including the acidic pH, hypoxia,
endogenous hydrogen peroxide (H,0,), and the high gluta-
thione (GSH) level, which not only accelerate tumor pro-
gression and metastases but also drug resistance and treat-
ment failure. However, previous studies have shown that
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various small-molecule drugs, enzymes, and functional nano-
materials can reverse the biological characteristics of the TME
and play vital roles in improving cancer treatment.>*°

In this study, because of the unique physicochemical
characteristics of nanoprobes within  microbubbles
(UMFNPs),> when microbubbles reach the tumor site and
burst to release UMFNPs and Ce6, UMFNPs show good Tj-
weighted MRI function in vivo (Fig. 5C). Simultaneously, the
Mn>" and Fe?" ions in these nanoparticles are released and cat-
alyze the degradation of hydrogen peroxide in the TME to fully
produce 0,,>” greatly increasing the intracellular 'O, level,
thereby achieving satisfactory SDT and PDT efficiency both
in vivo and in vitro, while the released Ce6 can be used for fluo-
rescence imaging (Fig. 5B).>® Our results showed that the novel
ultrasound microbubbles exhibited good ultrasound imaging
effects (Fig. 6A), achieving multimodal imaging that combines
ultrasound, MRI-T;, and fluorescence imaging. HCC can also
be treated by combined ultrasound + laser under visualization
guidance to obtain satisfactory therapeutic effects (Fig. 6A and
E, S31). In recent years, the demand for non-invasive, effective,
and safe treatments has increased to improve tumor efficacy,
leading SDT- and PDT-based treatments to gradually take
center stage as research hotspots. PDT involves synergism
between a non-toxic photosensitizer, oxygen, and harmless
light to produce ROS to induce tumor cell death. ROS are inti-
mately associated with vascular closure and immune system
activation.>® Because commonly used photosensitizers (with
porphyrinyl groups) have a low tissue penetration depth of
light, the use of PDT is restricted to superficial cancers and is
poorly utilized. Therefore, an increasing number of nanopho-
tosensitizers have been successively developed.>® PDT can be
combined with SDT, chemodynamic therapy (CDT), and photo-
thermal therapy (PTT) to maximize the therapeutic effects of
PDT in cancer.>’ SDT is a promising cancer treatment based
on the synergism between low-intensity ultrasound, sonosensi-
tizer, and molecular oxygen (*0,). Its mechanisms may be
related to ultrasound vacuolation, cancer cell apoptosis, ultra-
sonic thermal effect, and antitumor immunity, and the high
penetration of sound and the sonosensitizer is used to
produce ROS.'® SDT has proven efficacy as an anticancer treat-
ment, with good safety, sufficient tissue penetration depth,
high therapeutic efficacy, few side effects, and low cost; hence,
it has good clinical application prospects.’>*> Some research-
ers have combined SDT, nanotechnology (another research
hotspot), and immunotherapy, whereby the resulting syner-
gism not only effectively inhibits primary tumor growth but
also induces strong tumor-specific immune responses to sup-
press distal unirradiated tumors.>®

Many researchers have made great efforts to improve the
efficacy of treatments for liver cancer. For example, Jae Sun
Park et al. used a photosensitizer (indocyanine green) with a
strong absorption peak in the 808 nm near-infrared region for
PDT combined with chemotherapy (sorafenib or doxorubicin)
to treat liver cancer and obtained good results, showing that
the tumors of PDoX mice treated with both PDT and chemo-
therapy had completely shrank by day 26. In addition, PDT can

This journal is © The Royal Society of Chemistry 2025
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help alleviate sorafenib-induced dermotoxicity.>” Some
researchers have also combined SDT with nanoparticles to
treat liver cancer. Indeed, Lin et al. designed ultrasound and
glutathione (GSH) dual responsive vesicles of Janus Au-MnO
nanoparticles (JNPs) coated with PEG and a ROS-sensitive
polymer to treat liver cancer. A novel sound-sensitive nano-
vesicle was developed by self-assembly to increase nanodrug
penetration in primary liver tumors, and tumor growth was
suppressed through enhanced SDT and CDT synergism.>®
Some researchers have even constructed multifunctional nano-
platforms with targeting effects for image-guided precision
diagnosis and photothermal/photodynamic treatment of
primary liver cancer.***°

In this study, we designed and developed a TME-responsive
multifunctional cancer treatment nanoplatform ultrasound
microbubble (UMFNPs/Ce6@MBs) whose surface was modi-
fied by a cyclic peptide (C-RGD) to better target integrin ovfp3
on the tumor blood vessel surfaces.*’ We employed multi-
modal imaging in liver cancer diagnosis and used SPDT to
treat liver cancer. The results showed that SPDT significantly
inhibited tumor growth, with better efficacy than the SDT and
PDT groups, thereby achieving precision diagnosis and
treatment.

5. Conclusions

In conclusion, we have successfully developed a multifunc-
tional nanotherapeutic diagnostic platform UMFNPs/
Ce6@MBs to enhance the precision diagnosis and treatment
of HCC. UMFNPs/Ce6@MBs modified with ¢cRGD have strong
targeting performance and can accurately deliver Ce6 to the
tumor site and release it precisely under ultrasonic irradiation.
In addition, UMFNPs/Ce6@MBs can produce O, in response
to the tumor microenvironment (H,0,/pH), which can relieve
hypoxia by increasing the production of ROS. Enhanced SPDT
can effectively inhibit the growth of hepatoma Huh-7 cells and
successfully inhibit the proliferation of tumor tissue. UMFNPs/
Ce6@MBs, which are composed of Mn>*, Ce6 and microvesicle
contrast agents, show high performance multi-modal imaging
function in FL/MR/US imaging and are used for accurate diag-
nosis and treatment guidance of liver cancer.
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