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A B S T R A C T

Microbubbles have emerged as versatile theranostic platforms in biomedicine. In addition to being used as ul
trasound contrast agents, capitalizing on cavitation-mediated physical effects, microbubbles now enable targeted 
drug delivery and precision tumor ablation. In this study, we engineer doxorubicin (DOX)-loaded multi- 
interfacial microbubbles (DOX-MIMBs) through interfacial self-assembly of hydrophobic mesoporous silica 
nanoparticles (hMSNs), establishing a hierarchically structured MIMBs with the sustained acoustic activity. 
Strong affinity between hMSNs and the gas-liquid interface facilitates cavitation effect transmission. Under low 
intensity ultrasound (<3 W/cm2) irradiation, primary MIMBs collapse generates secondary daughter bubbles 
that rapidly stabilize via hMSNs-mediated gas-liquid interface reconstruction and are able to cavitate again. This 
process enables energy-cascaded cavitation-successive bubble generations persisting until acoustic energy 
dissipation, achieving prolonged cavitation duration versus conventional lipid-shelled microbubbles. The 
sequential acoustomechanical perturbation generated by DOX-MIMBs induced synergistic tumor therapy: se
lective vascular destruction for mechanically collapsed immature tumor vasculature and enhanced chemo
therapy for wider distribution and deeper penetration of DOX in tumors. Utilizing sequential bubble cavitation- 
induced shockwave and microstreaming, by integrating tumor vasculature mechanical disruption and deep 
tumor DOX penetration chemotherapy, DOX-MIMBs achieved tumor volume appropriate 90 % reduction in renal 
cell carcinoma models. Such elaborated DOX-MIMBs mechano-pharmaceutical delivery system achieve a para
digm shift from systemic drug bombardment to local mechanochemical tumor suppression and provide a 
powerful strategy for tumor precision therapy.

1. Introduction

Renal cell carcinoma (RCC) is one of the most common and deadly 
malignant tumors in the kidney, accounting for approximately 90 % of 
renal cancers [1–3]. Renal cell carcinoma is a highly vascularized ma
lignant tumor, and angiogenesis plays a key role in its progression and 
metastasis [4,5]. Despite the clinical success of anti-angiogenic agents 
such as vascular endothelial growth factor inhibitors, their long-term 
efficacy is limited by drug resistance, adverse side effects and incom
plete tumor response [6,7]. Therefore, new and innovative approaches 
to inhibit angiogenesis and improve therapeutic efficacy are urgently 
needed.

Given that tumor growth and progression are dependent on neo
vascularization, inhibition of angiogenesis by non-invasive physical 

methods may be a novel strategy to suppress RCC [8,9]. Ultrasound- 
mediated microbubble cavitation (UMC) has attracted much attention 
due to its non-invasive, localized action and potential for precise 
disruption of tumor vasculature [10,11]. Microbubbles are gas-filled 
vesicles with lipid, protein, or polymer shells that oscillate and 
collapse under ultrasound irradiation. Disruption or cavitation of 
microbubbles can generate mechanical forces to induce vascular endo
thelial damage, transient vasoconstriction, and thrombosis [12,13]. 
Preclinical studies on other solid tumors, such as hepatocellular carci
noma and glioblastoma, have demonstrated that UMC effectively re
duces tumor perfusion and mechanically disrupts immature tumor 
vessels and downregulates vascular endothelial growth factor [14,15]. 
Importantly, this mechanical disruption circumvents molecular resis
tance mechanisms of antiangiogenic drugs. However, the instability of 
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traditional lipid-shelled microbubbles often leads to poor cavitation and 
drug leakage.

The exceptional longevity and stability of interfacial bubbles has 
been widely accepted and has fascinated researchers [16–18]. While the 
stability of conventional shelled microbubbles depends on the shell 
material (phospholipids, polymers, and albumin) [19–21], the presence 
of interfacial bubbles depends on the substrate. Although the mecha
nism of interfacial bubble formation is uncertain, there is growing evi
dence that contact line pins on the substrate are necessary for the 
presence of interfacial bubbles [22]. In addition, the hydrophobicity of 
the solid substrate contributes to the formation of interfacial bubbles 
[23]. A few attempts have been made to use interfacial bubbles for 
tumor therapy [24–26]. However, these interfacial bubbles are limited 
by particle size, which produces undesirable bubble cavitation and very 
limited vascular destruction.

In this study, a novel sequential cavitation therapeutic platform, 
multi-interfacial microbubbles (MIMBs), is proposed. MIMBs are curved 
substrate-stabilized bubbles assembled from multiple hydrophobic 
mesoporous silica nanoparticles (hMSNs). Moreover, DOX, as a broad- 
spectrum antitumor drug [27–29], was selected and loaded into the 
hydrophobic mesopores of hMSNs to prepare DOX-loaded MIMBs (DOX- 
MIMBs) for acoustically triggered sequential cavitation enhanced drug 
penetration. Due to their interfacial bubble nature, MIMBs exhibit 
enhanced stability, which facilitates the reduction of drug leakage 
during blood circulation. As shown in Scheme 1, under low-intensity 
pulsed ultrasound (LIPUS), DOX-MIMBs produce daughter bubbles 
after initial cavitation, which are rapidly re-stabilized by hMSNs, 

resulting in sequential bubble cavitation. Such spatiotemporally 
controlled cavitation exerts dual mechano-pharmaceutical actions: i) 
Vascular destruction: Sequential inertial cavitation induces tumor vessel 
pruning to form blood clots in tumor vessels and blocking tumor blood 
perfusion; ii) Enhanced chemotherapy: Sequential cavitation breaks 
barriers to enhance DOX extravasation, achieving deeper intratumoral 
penetration than the enhanced permeability and retention (EPR)- 
mediated passive delivery. Therefore, such hierarchically engineered 
MIMBs can integrate physical and pharmacological modalities to ach
ieve a paradigm shift from systemic drug bombardment to local mech
anochemical tumor suppression.

2. Materials and methods

2.1. Materials

MSNs (140–180 nm) were brought from Nanjing XFNANO Materials 
Tech Co., Ltd. (China). Doxorubicin (DOX), FITC-dextran (70 kDa) and 
hexamethyldisilazane (HMDS) were purchased from Shanghai Maclean 
Biochemical Technology Co., Ltd. The SonoVue, commercial micro
bubbles, was obtained from Bracco (Milan, Italy). 1, 1′-dioctadecyl-3, 3, 
3′, 3′-tetramethylindocarbocyanine perchlorate (DiI) was provided by 
KeyGEN BioTECH (Nanjing, China). Rabbit monoclonal anti-CD34 
antibody (ab316277) was purchased from Abcam (Cambridge, United 
Kingdom).

Scheme 1. Schematic illustration of the structure of DOX-MIMBs and their cavitation for vascular destruction and chemotherapy (Created with BioRender.com). 
Under LIPUS, sequential MIMBs cavitation occurred to collapse the immature tumor vasculature and break barriers for deeper DOX penetration. Meanwhile, 
sequential cavitation-induced mechanical damage and DOX release achieved enhanced the tumor inhibitory efficacy.
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2.2. Synthesis of hydrophobic MSNs (hMSNs)

hMSNs were prepared using the method in the previous publication 
[30]. In brief, 50 mg of MSNs were added in 8 mL ethanol. After bath 
sonication, 2 mL of HMDS was added. The mixture was stirred at 50 ◦C 
for 42 h. After cooling to room temperature (25 ◦C), the mixture was 
centrifuged (9500 ×g, 8 min) to collect the precipitate. After washed 
with ethanol twice, hMSNs were obtained by vacuum drying at 60 ◦C 
overnight.

2.3. Preparation of MIMBs

In a 3 mL vial, hMSNs were mixed with 1 mL of saline. The vial was 
corked with a rubber stopper and sealed with an aluminium cap. Then, 
the vial was shaken at 70 Hz for 6 min in a tissue homogenizer (Xianou- 
48, ATPIO, China) to generate MIMBs.

2.4. Preparation of DOX-loaded MIMBs

DOX-loaded MIMBs (DOX-MIMBs) were prepared according to pre
vious report with some modification [31]. Briefly, 5 mg of hMSNs and 5 
mg of DOX were suspended in 1 mL 75 % ethanol solution. After stirring 
for 2 h, the ethanol was vaporized at 60 ◦C, and the process was repeated 
three times by adding ethanol. Free DOX was removed by washing with 
water. DOX-loaded hMSNs were collected by centrifugation at 9500 ×g 
for 8 min. 3 mg of DOX-loaded hMSNs and 1 mL of saline were added 
into a 3 mL vial. The vial was corked with a rubber stopper and sealed 
with an aluminium cap. The vial was shaken at 70 Hz for 6 min to 
generate DOX-MIMBs.

The drug loading content (DLC) and the drug loading efficiency 
(DLE) of DOX were measured by UV–vis spectroscopy and calculated 
using the following eq. (1) and (2): 

DLC% =
weight of loaded DOX

total weight of DOX − MIMBs
×100% (1) 

DLE% =
weight of loaded DOX
weight of feeding DOX

×100% (2) 

2.5. Structure characterization

The size distribution was measured using dynamic light scattering 
(DLS) on a Zeta-Sizer Nano-ZS 90 (Malvern Instruments, UK). The 
bubble concentration was measured by a coulter particle counting and 
particle size analyzer (Multisizer 4e, USA). Morphologies of MIMBs were 
obtained using a scanning electron microscope (SEM) on an Ultra Plus 
instrument (Zeiss, Germany) and a confocal microscope (Olympus, TIC2 
plus, Japan).

2.6. Ultrasound imaging in vitro

In vitro ultrasound imaging was conducted on a high-resolution 
microimaging system (VisualSonics Vevo 2100, Canada) on linear 
mode (B-mode) and non-linear mode (Contrast-mode). MIMBs with 
different concentrations were added into tissue-mimicking agarose 
phantoms for ultrasound imaging. The parameters for contrast-mode 
were set as follow: power 20 %, frequency 18 MHz, contrast gain 35 
dB. The parameters for B-mode were set as follow: power 20 %, fre
quency 18 MHz, 2D gain 18 dB. These parameters are applied in all in 
vitro ultrasound imaging unless otherwise noted.

2.7. Stability of MIMBs

During blood circulation, MIMBs may suffer from low pressure. 
During inhalation, the diaphragm contracts and the chest expands, 
causing the right atrial pressure, which is close to 0 mmHg, to further 

decrease to a negative value [32,33]. To simulate the effect of low 
pressure on MIMBs, MIMBs or SonoVue were diluted to 1.0 × 107 per mL 
with saline, added in a vial, and placed in a negative pressure environ
ment (− 10 mmHg) for 30 min. Ultrasound imaging was performed to 
record the ultrasound signal changes.

To evaluate the effect of pH values on MIMBs, MIMBs or SonoVue 
were diluted to 1.0 × 107 per mL with phosphate buffer (pH = 7.4, 6.5, 
and 6.0) or acetate buffer solution (pH = 5.5 and 5.0). Ultrasound im
aging was performed to record the ultrasound signal changes.

To evaluate the effect of surfactants on MIMBs, sodium dodecyl 
sulfate (SDS) solution was mixed with MIMBs or SonoVue to make a final 
SDS concentration of 1, 2, and 4 mg/mL. Ultrasound imaging was used 
to monitor the changes in the ultrasound signal.

The storage stability was evaluated by storing freshly prepared 
MIMBs at 25 ◦C for 1, 2, 4, 8, and 16 days. Throughout this period, ul
trasound imaging was used to monitor the changes in the ultrasound 
signal.

2.8. Ultrasound treatment

An ultrasonic therapy instrument (DM-200B, Dimip, China) was used 
to produce pulsed ultrasound. The parameters of pulsed ultrasound were 
as follows: frequency 1 MHz, pulse repetition frequency 100 Hz, in
tensity 0.25–3 W/cm2. Pulsed ultrasound with intensity <3 W/cm2 is 
considered as low-intensity pulsed ultrasound [34]. LIPUS was trans
mitted to bubble samples through water or agarose gel, to cells through 
culture medium, and to tissues (kidney and tumor) through commercial 
ultrasonic coupling (HYNAUT, China).

2.9. Measurement of LIPUS thermal effect

10 mL of saline in a plastic tube was contacted with the transducer of 
LIPUS though commercial ultrasonic coupling. The temperature probe 
was inserted in saline. The temperature was recorded every ten seconds 
during LIPUS treatment. LIPUS power was set as: 0.25, 0.5, 1, 1,5, and 2 
W/cm2.

2.10. Drug release

DOX-MIMBs were added to a dialysis tube (Mw 2000). The dialysis 
tube was immersed in 20 mL saline. At the predetermined time points (1, 
2, 3, 4, 5, 6, 7, 8, 9, 10 and 24 h), 5 mL of saline was removed to measure 
DOX amount, and 5 mL fresh saline was supplemented. At the 5 h, DOX- 
MIMBs in the dialysis tube were treated by LIPUS (0.25, 0.5, and 1 W/ 
cm2, 20 s).

2.11. Cell culture

Mouse renal carcinoma (Renca) cells and human umbilical vein 
endothelial cells (HUVECs) were provided by Procell Life Science & 
Technology Co., Ltd., and cultured in Dulbecco’s modified Eagle’s me
dium (DMEM) supplemented with 10 % FBS, 100 U/mL penicillin, and 
100 μg/mL streptomycin in a humidified atmosphere consisting of 5 % 
CO2 and 95 % air at 37 ◦C.

2.12. Cell viability

Renca cells or HUVECs were seeded in 96-well plates with the den
sity of 8000 cells/well and incubated overnight. Cells were treated with 
different concentration of free DOX and DOX-MIMBs with or without 
LIPUS (0.25 W/cm2, 20 s) treatment. After incubation for 24 h, 10 μL of 
CCK-8 solution was added. After incubation for another 2 h at 37 ◦C, cell 
viability was evaluated by absorbance at 450 nm measured on a 
microplate reader (Multiskan Sky, Thermo Fisher Scientific, USA). Cell 
viability (%) was determined as following eq. (3): 
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Cell viability% =
ODsample − ODblank

ODcontrol − ODblank
×100% (3) 

Samples are cells treated with MIMBs, free DOX, or DOX-MIMBs; 
control groups are cells treated with DMEM medium; blank groups are 
medium alone.

To the suspension of Renca cells or HUVECs, SonoVue or MIMBs (the 
same particle concentration) were added and treated by LIPUS (0.25 W/ 
cm2, 20 s). Then, cell viability was measured by CCK-8 method.

Renca cells were treated by LIPUS (0.25 W/cm2, 20 s) with or 
without SonoVue or MIMBs. Then, cells were stained with Trypan blue. 
Trypan blue positive cells were counted by an automated cell counter 
(Invitrogen, USA).

2.13. Internalization of MIMBs and DOX-MIMBs

To prepare DiI-labeled MIMBs (DiI-MIMBs), 10 mg of hMSNs were 
dispersed in 1 mL of DiI ethanol solution (1 mg/mL). After stirring for 4 
h at room temperature, DiI-labeled hMSNs were collected by centrifu
gation (8 ◦C, 9500 ×g, 8 min) and drying at 60 ◦C overnight. DiI-labeled 
hMSNs were used to prepare DiI-MIMBs.

To analyze time-dependent cellular uptake, Renca cells were seeded 
and incubated overnight. Cells were treated with DiI-MIMBs and incu
bated for 0.5, 1, 2, and 4 h. Cells were imaged by a confocal laser 
scanning microscopy (Olympus, TIC2 plus, Japan) after nuclei were 
stained with DAPI, or collected and analyzed by flow cytometry (Ther
mofisher, Attune NxT, USA).

To observe intracellular distribution of MIMBs, Renca cells were 
seeded in glass-bottom plates and incubated overnight. Cells were 
treated with DiI-MIMBs and incubated for 1 h. Next, cells were treated 
by LIPUS (0.25 W/cm2, 20 s). Cells were washed with PBS for three 
times. Nuclei were stained with Hoechst 33342, and endosomes/lyso
somes were labeled by LysoTracker™ Green DND-26. Cells were imaged 
to visualize the distribution of DiI-MIMBs.

To observe sequential cavitation in cells, Renca cells were seeded in a 
glass-bottom plate and incubated overnight. DiI-MIMBs were added to 
the plate. Then the plate was sealed and placed upside down. After in
cubation for 0.5 h, cells were washed and fixed with 4 % poly
formaldehyde. Nuclei were stained with DAPI. Cells were observed by 
the confocal laser scanning microscopy before and after LIPUS (0.25 W/ 
cm2, 20 s) treatment.

To analyze DOX amount in cells, Renca cells were seeded and incu
bated overnight. Free DOX or DOX-MIMBs (20 μg/mL DOX) were added, 
and cells were treated with LIPUS (0.25 W/cm2, 20 s). Cells were 
washed, collected and analyzed by flow cytometry.

To observe DOX release in cells, Renca cells were seeded in glass- 
bottom plates and incubated overnight. Cells were treated with free 
DOX and DOX-MIMBs (20 μg/mL DOX) and incubated for 2 h. Cells were 
washed and imaged by a confocal laser scanning microscopy. In another 
plate, cells were treated with DOX-MIMBs and incubated for 1 h. Then, 
cells were treated by LIPUS (0.25 W/cm2, 20 s). After incubation for 
another 20 min or 60 min, cells were washed and imaged by a confocal 
laser scanning microscopy.

2.14. Animal models

Male BALB/c nude mice (18–20 g) were purchased from Wukong 
Biotechnology (Nanjing, China) and bred in an experimental animal 
room of SPF grade. Distilled water and sterile food were provided to all 
mice. Animals were acclimatized to their new environment for 7 days 
prior to treatment. All animal experiments, animal care, and animal 
model protocols were approved by the Committee on the Ethics of An
imal Experiments of the Institute of Process Engineering at the Southeast 
University (NO. 20230303001). Male BALB/c nude mice were subcu
taneously injected at the right thigh with 100 μL of fetal bovine serum 
containing 5 × 106 Renca cells.

2.15. Color Doppler imaging

Blood flow of tumors or kidneys was detected by color Doppler im
aging on a high-resolution microimaging system (VisualSonics Vevo 
2100, Canada). The imaging parameters were as follows: power 100 %, 
frequency 16 MHz. Area of blood flow that can be detected as a per
centage of the total ROI was calculated by ImageJ software.

2.16. Ultrasound imaging in vivo

50 μL of MIMBs were injected intravenously in tumor-bearing mice. 
Ultrasound imaging was performed immediately to observe tumors. The 
imaging parameters for contrast-mode were as follows: power 20 %, 
frequency 18 MHz, contrast gain 35 dB.

2.17. Tumor penetration in vitro and in vivo

Renca 3D tumor spheroids were established according to the previ
ous method [35]. Renca cells were seeded in a 96-well plate pretreated 
with agarose gel (1.5 % w/v). After 4 days of incubation, Renca 3D 
tumor spheroids were established. Free DOX, free DOX + SonoVue and 
DOX-MIMBs were added. DOX concentration of all groups was set as 20 
μg/mL. Renca 3D tumor spheroids were treated immediately with LIPUS 
(0.25 W/cm2, 20 s). Next, Renca 3D tumor spheroids were transferred to 
clean wells and washed with PBS for three times. Renca 3D tumor 
spheroids were imaged by a confocal laser scanning microscopy 
(Olympus, TIC2 plus, Japan).

To visualize tumor penetration in vivo, SonoVue was labeled with DiI. 
Briefly, 50 μL of ethanol solution (1 mg/mL) was mixed with 1 mL of 
SonoVue suspension. After incubation at room temperature for 10 min, 
the suspension was centrifuged (50 ×g, 2 min) and redispersed in saline.

Free DiI, DiI-SonoVue (4.0 × 107 bubbles) and DiI-MIMBs (4.0 × 107 

bubbles) were injected intravenously in tumor-bearing mice, respec
tively. Tumors were immediately treated with LIPUS (2 W/cm2, 1 min). 
Mice were sacrificed and tumors were collected for analyze the distri
bution of DiI in tumor tissues.

2.18. Biosafety

DiI-SonoVue (4.0 × 107 bubbles) or DiI-MIMBs (4.0 × 107 bubbles) 
were injected intravenously in BALB/c mice. Right kidneys were 
immediately treated with LIPUS (2 W/cm2, 1 min). Kidney blood 
perfusion was detected by color Doppler imaging. After mice were 
executed, kidneys were collected and imaged by an imaging system 
(AniView 600, China).

100 μL of FITC-dextran saline solution (10 mg/mL) was injected in 
BALB/c mice via tail vein. Then SonoVue (4.0 × 107 bubbles) or MIMBs 
(4.0 × 107 bubbles) were injected intravenously. Right kidneys were 
immediately treated with LIPUS (2 W/cm2, 1 min). After mice were 
executed, kidneys were collected and fixed with 4 % polyformaldehyde 
for histological evaluation.

2.19. Tumor accumulation

Male Balb/c nude mice were injected subcutaneously with Renca 
cells in the right thigh and randomized to two groups (n = 3): DiI-MIMBs 
and DiI-MIMBs+LIPUS. After 2 weeks, mice were given intravenous 
injection of 200 μL of DiI-MIMBs. Meanwhile, the tumor was treated 
immediately by LIPUS (2 W/cm2, 1 min). Mice were imaged and 
analyzed using an IVIS spectrum imaging system (Caliper, USA) at 
different time points.

2.20. In vivo tumor therapy

Male Balb/c nude mice were injected subcutaneously with Renca 
cells in the right thigh on day 0 and randomized to four groups (n = 5): 

T. Chen et al.                                                                                                                                                                                                                                    Journal of Controlled Release 388 (2025) 114287 

4 



saline, MIMBs+LIPUS, DOX-MIMBs and DOX-MIMBs+LIPUS. Mice were 
given intravenous injection of MIMBs or DOX-MIMBs (3 mg/kg DOX), 
and treated immediately by LIPUS (2 W/cm2, 1 min) on day 7, 11, 15 
and 19. The tumor volume and body weight of the mice were measured 
every 2 days according to eq. (4): 

Tumor volume =
length × width2

2
(4) 

Euthanasia was performed on day 28, and tumors and major organs 
were collected for histological evaluation.

2.21. Histopathological evaluation

DiI-SonoVue (4.0 × 107 bubbles) and DiI-MIMBs (4.0 × 107 bubbles) 
were injected intravenously in tumor-bearing mice, respectively. Tu
mors were immediately treated with LIPUS (2 W/cm2, 1 min). Mice were 
executed. Tumors were collected and fixed with 4 % polyformaldehyde 

for histological evaluation.
For histological evaluation, tumors and kidneys were embedded in 

paraffin and sectioned. H&E and CD34 staining were performed for 
kidneys. H&E, TUNEL, Ki67 and CD34 staining were performed for tu
mors. The vessel density was quantified as the percentage of CD34- 
positive area to total area.

2.22. Statistical analysis

Quantitative data were presented as means ± standard deviation 
(SD) from sample numbers (n). Data from experiments were analyzed 
using Origin 2022. Statistical comparisons were made by unpaired 
Student’s t-test (between two groups). P value <0.05 was considered 
statistically significant.

Fig. 1. (A) Schematic diagram of the procedure of preparing MIMBs. (B) MIMBs counting and size. (C) SEM image of MIMBs. (D) Fluorescent image of DiI-MIMBs. (E) 
Images of MIMBs in contrast-enhanced ultrasound imaging at different concentrations. (F) Quenching effect of the ultrasound response of MIMBs under vacuum 
(− 10 mmHg) for 30 min. (G) Ultrasound signal changes of MIMBs at different pH values. **P < 0.01, ***P < 0.001.
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3. Results and discussion

3.1. Preparation and characterization of MIMBs

MIMBs were prepared by vibration. As depicted in Fig. 1A, hMSNs 
were mixed with air and saline in a sealed vial. During violent vibration, 
large air bubbles were initially produced. Then, hMSNs rapidly absorbed 
onto the gas-water interface of large bubbles to produce hMSNs- 
stabilized foam or large bubbles (tens of micrometers) (Fig. S1). With 
further violent shaking, the size of these hMSNs-stabilized foam and 
large bubbles decreased and MIMBs were generated. The average size of 
MIMBs was measured to be 1.02 μm with number concentration of 5.26 
× 108 per mL (1 mg/mL hMSNs) (Fig. 1B). MIMBs exhibited hollow 
structures with hMSNs assembled on the shell (Fig. 1C, D). The unique 
structure of MIMBs imparts excellent acoustic scattering characteristics. 
As shown in Fig. 1E, MIMBs exhibited concentration-dependent contrast 
ability in both B-mode and Contrast-mode ultrasound imaging. Even at 
very low concentrations (<20 μg/mL), MIMBs exhibited excellent ul
trasonic contrast.

The stability of MIMBs is essential for vascular destruction and drug 
delivery. Freshly prepared MIMBs were stored at 25 ◦C for varying du
rations. The ultrasound signal intensity decreased by less than 10 % 
within the first 4 days but showed a notable decrease of 32.6 % after 16 
days (Fig. S2), suggesting that MIMBs maintained good stability over the 
shorter period. To further investigate their stability, the MIMBs were 
subjected to a range of different conditions. After MIMBs were injected 
into vessels, MIMBs suffered from venous low pressure. As shown in 
Fig. 1F, contrast enhancement of MIMBs in ultrasound imaging was only 
reduced by 9.0 % at − 10 mmHg pressure, while that of SonoVue 
(commercial microbubbles in clinical use) was reduced by 83.0 %. 
Lower ambient pressure leads to a decrease in the solubility of the gas in 
the water according to Henry’s Law. This disrupts the equilibrium be
tween the gases in SonoVue and the dissolved gases in water, causing the 
gases to escape from SonoVue and ultimately leading to a rapid decrease 
in ultrasonic signal. However, the hydrophobic substrate consisting of 
hMSNs in MIMBs can greatly prevent gas from escaping. This is because 
gases tend to accumulate near the hydrophobic interface [36], causing 
this equilibrium to be less susceptible to ambient pressure.

When MIMBs reached tumor tissue, the weak acidic microenviron
ment (pH = 6.5–5.0) of tumor tissue may have an effect on their sta
bility. Thus, the effect of pH value in vitro on MIMBs structure was 
investigated. As shown in Fig. 1G, contrast enhancement of SonoVue in 
ultrasound imaging gradually reduced with decrease of pH values. 
Interestingly, MIMBs were virtually unaffected by the change of envi
ronmental pH. In specific, contrast enhancement of MIMBs in ultrasound 
imaging was not reduced at pH 6.5, 6.0, and 5.5. It was only reduced by 
5.8 % at pH 5.0, while that of SonoVue was reduced by 73.0 % at pH 5.0. 
Different from conventional gas-encapsulated bubbles that depend on 
the shell materials for their stability, the stability of MIMBs depends on 
hMSNs hydrophobicity that is barely affected by acidic environment.

Surfactants such as SDS can render hydrophobic surfaces hydrophilic 
and thus significantly disrupt the structure of interfacial microbubbles. 
As shown in Fig. S3, the ultrasound signal enhancement of SonoVue was 
reduced by 85.3 % in the presence of 1 mg/mL SDS and disappeared 
completely at 4 mg/mL. This is attributed to the ability of SDS to solu
bilize phospholipid shells, leading to gradual bubble disruption with 
increasing concentration. In contrast, the ultrasound signal of MIMBs 
decreased by 69.9 % at 1 mg/mL SDS but remained unchanged upon 
further SDS addition. We speculated that this phenomenon may be 
related to the presence of interfacial nanobubbles. Previous studies have 
indicated that the effect of SDS on interfacial bubbles diminished with 
decreasing bubble size and becomes negligible for nanobubbles [37,38].

3.2. LIPUS-mediated MIMBs internalization

In order to determine an appropriate ultrasound intensity for cellular 

experiments, HUVECs were treated with LIPUS for 20 s and immediately 
stained with Trypan blue (a dye to detect cell membrane integrity). As 
shown in Fig. S4, Trypan blue positivity cells were 12.3 %, 78.3 %, and 
96.3 % induced by 0.25, 0.5 and 1 W/cm2, respectively. Therefore, 
LIPUS with 0.25 W/cm2 was used in the following cellular experiments.

MIMBs were internalized by Renca cells in a time-dependent 
manner. With longer incubation time, more DiI-labeled MIMBs (DiI- 
MIMBs) were internalized (Fig. 2A, B). As shown in Fig. 2C, internalized 
DiI-MIMBs (red) co-localized with endosomes/lysosomes (green) (white 
triangles). Interestingly, under LIPUS (0.25 W/cm2, 20 s) treatment, 
more DiI-MIMBs entered the cytoplasm and did not co-localize with 
endosomes/lysosomes (white arrows). These results showed that LIPUS 
promoted the intracellular accumulation and endosomal/lysosomal 
escape of MIMBs, evidenced by the decreased Pearson correlation co
efficient (Fig. S5). Under LIPUS, MIMBs cavitation occurred and 
generated shock waves to disrupt cell membranes. After LIPUS treat
ment, MIMBs cavitation occurred in the vicinity of fixed cells and pro
moted direct entry of MIMBs into the cytoplasm independent of cellular 
activity (Fig. 2D). This also highlighted the potential of MIMBs cavita
tion to break through drug delivery barriers.

As indicated by Trypan blue staining, Trypan blue positive rate of 
MIMBs+LIPUS was 2.0 times that of SonoVue+LIPUS (Fig. 2E), indi
cating stronger MIMBs cavitation than SonoVue at the same particle 
concentration. Disruption of cell membranes also induced cell death. 
MIMBs alone exhibited almost no cytotoxicity at concentrations below 
800 μg/mL (Fig. S6). However, cell viability of Renca and HUVECs cells 
induced by MIMBs+LIPUS was reduced from 96.4 % to 43.6 % and 98.3 
% to 34.9 %, respectively (Fig. 2F), demonstrating potential antitumor 
and vascular destruction efficacy.

3.3. LIPUS-mediated drug release

To enhance the anti-tumor effect, DOX-loaded MIMBs (DOX-MIMBs) 
were prepared. DLC of DOX in DOX-MIMBs was calculated to be 8.4 %, 
and DLE was 16.8 %. DOX release profile was recorded and shown in 
Fig. 3A. Without LIPUS treatment, the cumulative release of DOX from 
DOX-MIMBs within 5 h was less than 14 %. Interestingly, after LIPUS 
(0.25 W/cm2, 20 s) treatment, the cumulative release of DOX within the 
next 5 h was 67.2 %. And that is 76.8 % after LIPUS (0.5 W/cm2, 20 s) 
treatment and 85.3 % after LIPUS (1 W/cm2, 20 s) treatment. LIPUS 
treatment extremely accelerated DOX release from DOX-MIMBs. A hy
pothesis was proposed to explain LIPUS-triggered drug release. As 
depicted in Fig. 3B, the hydrophobicity of hMSNs creates a layer of 
interfacial nanobubbles that isolates DOX from water. Under LIPUS, the 
nanobubble layer is disturbed, leading to DOX exposure to water.

LIPUS treatment also enhanced DOX intracellular accumulation. As 
show in Fig. 3C, intracellular DOX fluorescence of DOX-MIMBs+LIPUS 
was 41.7 % and 129.3 % higher than that of free DOX and DOX-MIMBs 
respectively. DOX distribution was also observed. As shown in Fig. 3D, 
free DOX accumulated mainly in the nucleus after incubation for 2 h. 
However, DOX fluorescence from DOX-MIMBs was mainly distributed in 
the cytoplasm, indicating that DOX was not substantially released from 
DOX-MIMBs. As expected, after LIPUS (0.25 W/cm2, 20 s) treatment, 
DOX was released from DOX-MIMBs, evidenced by massive distribution 
in the nucleus.

LIPUS-induced internalization enhancement and LIPUS-triggered 
DOX release favored the antitumor efficacy of DOX-MIMBs. As shown 
in Fig. 3E, cell viability of DOX-MIMBs+LIPUS was lower than that of 
DOX-MIMBs and free DOX at all tested DOX concentrations, especially at 
low DOX concentrations. Specifically, at DOX concentration of 0.02 μg/ 
mL, the cell viability of DOX-MIMBs+LIPUS was 39.8 %, while that of 
DOX-MIMBs and free DOX were 97.9 % and 76.4 %, respectively.

3.4. Tumor penetration of MIMBs

To evaluate tumor penetration, Renca 3D tumor spheroids were 
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Fig. 2. (A) Confocal laser scanning microscopy (CLSM) images and (B) flow cytometry analysis of Renca cells treated with DiI-MIMBs. (C) Co-localization of DiI- 
MIMBs and endosomes/lysosomes in Renca cells. (D) CLSM images of Renca cells incubated with DiI-MIMBs (red) for 1 h and then treated with (0.25 W/cm2, 
20 s). (E) Trypan blue staining images and quantitative analysis of Renca cells treated with SonoVue and MIMB under LIPUS (0.25 W/cm2, 20 s). (F) Cell viability of 
Renca cells and HUVECs treated with MIMBs and MIMBs+LIPUS (0.25 W/cm2, 20 s). *P < 0.05. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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constructed. As shown in Fig. 4A, free DOX merely outlined the spher
oids with minimal penetration. Under assistance of LIPUS+SonoVue, 
penetration of DOX enhanced. However, as SonoVue was progressively 
consumed, bubble cavitation weakened, resulting in failed penetration 
of DOX to the core of the tumor spheroids. Interestingly, DOX-MIM
Bs+LIPUS achieved substantial penetration of DOX into the core of the 
tumor spheroids, evidenced by DOX fluorescence within the spheroid 
center (Fig. S7).

It is believed that enhanced and sequential MIMBs cavitation is the 
key for deep penetration. To evaluate the cavitation effects of MIMBs, 
MIMBs were treated by LIPUS (0.25 W/cm2, 1 s) and the changes of 
ultrasound signal were observed in ultrasound imaging. As shown in 
Fig. 4B, the ultrasound signal of MIMBs decreased to 63.4 % after the 
first LIPUS (0.25 W/cm2, 1 s) treatment, followed by a rapid recovery to 
88.9 %. After the second LIPUS (0.25 W/cm2, 1 s) treatment, the ul
trasound signal of MIMBs was reduced again to 64.6 %, followed by a 
rapid recovery to 78.9 %. The recovery of the ultrasound signal of 
MIMBs after LIPUS (0.25 W/cm2, 1 s) treatment indicated the formation 
and stabilization of daughter bubbles. However, SonoVue-derived 
daughter bubbles were difficult to be stabilized by phospholipids. The 
ultrasound signal of SonoVue decreased rapidly to 40.1 % after the first 
LIPUS (0.25 W/cm2, 1 s) treatment, but recovered only to 51.4 %. After 

the second LIPUS (0.25 W/cm2, 1 s) treatment, ultrasound signal of 
SonoVue decreased to 36.5 % and then recovered to 41.2 %. To further 
demonstrate the generation and re-stabilization of daughter bubbles, 
bubble concentration and average size of MIMBs were examined after 
LIPUS (0.25 W/cm2, 1 s) treatment, respectively. As shown in Fig. 4C, 
the concentration of MIMBs increased and the size decreased after LIPUS 
(0.25 W/cm2, 1 s) treatment. Specifically, after LIPUS (0.25 W/cm2, 1 s) 
treatment once, the number concentration of MIMBs increased from 
5.26 × 108 per mL to 7.61 × 108 per mL (44.7 %), and the size decreased 
from 1.02 μm to 0.96 μm. After LIPUS (0.25 W/cm2, 1 s) treatment 
twice, MIMBs concentration increased to 13.28 × 108 per mL (152.5 %), 
and the size decreased to 0.76 μm.

A hypothesis was proposed to explain the hierarchically engineered 
MIMBs for sequential enhanced cavitation. As depicted in Fig. 4D, 
LIPUS-induced MIMBs destruction produces smaller daughter bubbles. 
These daughter bubbles quickly re-assembled by surrounding hMSNs, 
generating more but smaller MIMBs. The smaller MIMBs can be cavi
tated again until ultrasound energy is not sufficient to initiate cavitation. 
However, SonoVue-derived daughter bubbles were difficult to be sta
bilized by phospholipids. Harnessing cavitation-induced micro
streaming effects, hMSNs undergo inertial propulsion as nanobullets to 
achieve spatiotemporally programmed displacement from primary 

Fig. 3. (A) DOX release profile before and after LIPUS (0.25, 0.5 amd 1 W/cm2, 20 s) treatment. (B) Schematic diagram of LIPUS-triggered DOX release. (C) Flow 
cytometry analysis of Renca cells treated with free DOX, DOX-MIMBs and DOX-MIMBs+LIPUS. (D) CLSM images of Renca cells treated with free DOX, DOX-MIMBs 
and DOX-MIMBs+LIPUS. (E) Cell viability of Renca cells treated with free DOX, DOX-MIMBs and DOX-MIMBs+LIPUS. **P < 0.01.
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Fig. 4. (A) Fluorescent images of Renca tumor spheroids treated with free DOX, SonoVue or DOX-MIMBs with or without LIPUS treatmet (0.25 W/cm2, 20 s). (B) 
Ultrasound signal changes of MIMBs and SonoVue before and after LIPUS treatment (0.25 W/cm2, 1 s). (C) MIMBs counting and size distribution after LIPUS 
treatment (0.25 W/cm2, 1 s) once and twice. (D) Schematic diagram of LIPUS-driven MIMBs cavitation. (E) Colocalization of CD34 (green) and free DiI, DiI-SonoVue 
and DiI-MIMBs (red). Co-localization curves of CD34 (green) and DiI (red) along the arrows across the tumor tissues. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

T. Chen et al.                                                                                                                                                                                                                                    Journal of Controlled Release 388 (2025) 114287 

9 



cavitation foci followed by interstitial penetration via secondary bubble 
collapse-driven momentum transfer. Therefore, enhanced MIMBs cavi
tation and ejected hMSNs enabled DOX-MIMBs to consistently break 
through the barriers while delivering DOX deep into the tumor tissue.

To further investigate the penetration effect of MIMBs in vivo, mice 
with Renca tumors were treated with DiI-MIMBs+LIPUS. Fig. 4E showed 
the co-localization of DiI-labeled bubbles with the tumor vasculature. 
Along the long axis of the tumors, free DiI + LIPUS and DiI- 

Fig. 5. (A) Color doppler images of SonoVue and MIMBs in kidneys before and after LIPUS (2 W/cm2, 1 min). (B) Colocalization of CD34 (red) and vessel lumen 
(green) in kidneys treated by SonoVue and MIMBs under LIPUS (2 W/cm2, 1 min). (C) Ex vivo fluorescence imaging of kidneys from mice treated with DiI-labeled 
SonoVue and MIMBs. After injection of DiI-labeled SonoVue and MIMBs, right kidneys were immediately treated by LIPUS (2 W/cm2, 1 min). (D) H&E staining of 
kidneys treated by SonoVue and MIMBs under LIPUS (2 W/cm2, 1 min). (E) CD34 vessel density of kidneys treated by SonoVue and MIMBs under LIPUS (2 W/cm2, 1 
min). n.s., not significant. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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SonoVue+LIPUS showed a narrow distribution, while DiI-MIM
Bs+LIPUS exhibited a wide distribution. Compared to free DiI + LIPUS 
that exhibited strong co-localization with tumor vasculature (Pearsons’ 
coefficient, 0.648), DiI-SonoVue+LIPUS exhibited weaker co- 
localization with tumor vasculature (Pearsons’ coefficient, 0.529). 
Interestingly, DiI-MIMBs+LIPUS almost did not co-localized with tumor 
vasculature (Pearsons’ coefficient, 0.240). In addition, DiI-MIM
Bs+LIPUS disrupted the tumor vasculature and induced vascular 

incompleteness, while free DiI + LIPUS and DiI-SonoVue+LIPUS 
exhibited relatively intact vascular structure. These results suggested 
that MIMBs cavitation disrupted the tumor vasculature and facilitated 
drug delivery deep into the tumor tissue.

3.5. Biosafety and vascular influence

To evaluate the biosafety of LIPUS alone, kidneys were exposed to 

Fig. 6. (A) CEUS images of SonoVue and MIMBs in tumors. (B) Color doppler images and (C) blood flow change of SonoVue and MIMBs in tumors before and after 
LIPUS (2 W/cm2, 1 min). (D) H&E staining of tumors treated by SonoVue and MIMBs under LIPUS (2 W/cm2, 1 min). (E) CD34 Immunofluorescence staining and (F) 
vessel density of tumors treated by SonoVue and MIMBs under LIPUS (2 W/cm2, 1 min). (G) In vivo fluorescence imaging and (H) quantitative analysis of tumor- 
bearing mice treated with DiI-labeled MIMBs with or without LIPUS treatment (2 W/cm2, 1 min). *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.

T. Chen et al.                                                                                                                                                                                                                                    Journal of Controlled Release 388 (2025) 114287 

11 



LIPUS with different intensities. As shown in Fig. S8, H&E staining 
exhibited no structural changes in glomeruli and tubules under LIPUS 
(1–2.5 W/cm2). Co-localization of renal blood flow (labeled with FITC- 
dextran, green) and vascular endothelium (CD34, red) indicated minor 
ruptures of peritubular capillaries (white arrows) induced by LIPUS (2.5 
W/cm2). Therefore, LIPUS with 2 W/cm2 was used in the following 
cellular experiments.

To evaluate the biosafety of MIMBs cavitation, the effect of MIMBs 
cavitation on renal blood flow was evaluated in healthy mouse kidneys. 
As shown in Fig. 5A, after LIPUS (2 W/cm2, 1 min) treatment, all groups 
exhibited the enhanced renal perfusion overall, and no reduction or loss 
of blood flow was observed at any localized area. The enhanced renal 
perfusion could be explained by LIPUS-induced cavitation and thermal 
effect (Fig. S9). Both moderate cavitation and localized heating can 
enhance blood perfusion by stimulating endothelial nitric oxide (NO) 
release, reducing the contractility of the sympathetic nervous system 
and smooth muscle on blood vessels [39–41].

To further explore whether MIMBs cavitation disrupted renal 
vasculature, co-localization of renal blood flow (green) and vascular 
endothelium (red) was observed as show in Fig. 5B. All FITC-dextran 
was observed within the arterioles, indicating intact vascular struc
ture. However, in renal capillaries, extravasation of FITC-dextran was 
induced by MIMBs cavitation, while almost no extravasation could be 
observed by LIPUS or SonoVue cavitation. Of note, all extravasation 
occurred in the peritubular capillaries, which may be determined by the 
unique structure of peritubular capillaries. Peritubular capillaries are 
composed of vascular endothelium with gaps and basement membranes, 
which facilitates rapid exchange of substances with the renal tubules 
[42]. Therefore, peritubular capillaries are structurally more fragile 
than arterioles and glomerulus capillaries, which led to vulnerability to 
MIMBs cavitation.

However, it is important to emphasize that the effects of MIMBs 
cavitation on peritubular capillaries are transient and reversible. To 
begin with, MIMBs cavitation did not cause significant accumulation of 
MIMBs in the kidney (Fig. 5C). Next, MIMBs cavitation did not cause 
structural changes in the renal tubules (Fig. 5D). Finally, MIMBs cavi
tation also did not decrease renal cortical vascular density (Fig. 5E).

3.6. MIMBs cavitation in vivo

Tumor-bearing mice were injected with SonoVue and MIMBs via the 
tail vein, and tumor perfusion of bubbles was immediately observed by 
real-time contrast-enhanced ultrasound imaging. As shown in Fig. 6A, 
SonoVue lit up part of the tumor tissue, while MIMBs highlighted the 
entire tumor tissue. This may be due to the better performance of MIMBs 
over SonoVue in ultrasound imaging (Fig. S10). Besides, MIMBs (1.02 
μm) are smaller than SonoVue (~2.5 μm). Therefore, compared to 
SonoVue, MIMBs were able to access smaller tumor vessels.

Tumor-bearing mice were injected with SonoVue and MIMBs, fol
lowed by immediate LIPUS (2 W/cm2, 1 min) treatment. Changes of 
tumor blood flow were recorded and shown in Fig. 6B. Saline+LIPUS 
treatment enhanced tumor perfusion, which is consistent with previous 
reports [9]. This is mainly due to the vasodilation caused by LIPUS- 
induced moderate cavitation and thermal effect [39–41]. Interestingly, 
introduction of MIMBs extremely enhanced cavitation. As shown in 
Fig. 6C, MIMBs+LIPUS led to a 93.5 % reduction in overall tumor 
perfusion. Moreover, tumor perfusion blockade induced by MIM
Bs+LIPUS can last for at least 24 h, followed by gradual recovery 
(Fig. S11). As a comparison, SonoVue+LIPUS enhanced tumor local 
perfusion (purple dashed area) while only reducing perfusion (green 
dashed area) to other parts of the tumor.

The decrease in tumor perfusion was caused by blood clot formation, 
which is consistent with previous reports [43]. As shown in Fig. 6D, 
MIMBs+LIPUS resulted in large clot formation in tumor vasculature 
(black arrows), whereas SonoVue +LIPUS induced fewer clot formation. 
Besides, vessel density was counted as shown in Fig. 6E, F. 

SonoVue+LIPUS resulted in reduction of vessel density by 17.5 %, 
whereas MIMBs+LIPUS resulted in its reduction by 61.8 %. Further
more, it is interesting that the MIMBs+LIPUS group showed rapid 
accumulation of MIMBs in tumors. As shown in Fig. 6G, H, the fluo
rescence intensity of tumors in MIMBs+LIPUS group was over 9 times 
higher than that of MIMBs after LIPUS treatment, following by pro
longed retention for at least 24 h.

Normal vasculature exhibits tightly joined endothelial cells, a 
continuous and intact basement membrane, which is closely enveloped 
by pericytes. In contrast, tumor vasculature features wide inter- 
endothelial gaps, a discontinuous or absent basement membrane, and 
sparse pericyte coverage [44], which is the structural basis of the EPR 
effect. Thus, this structural compromise results in tumor vessels 
becoming leaky and fragile, making tumor vessels more susceptible to 
dramatic and irreversible cavitation injury. Unlike the slow accumula
tion dependent on the ERP effect, LIPUS treatment caused intense 
cavitation of MIMBs in tumor vessels, destroying tumor vessels and 
increasing the transendothelial permeability of MIMBs. At the same 
time, MIMBs cavitation also blocked blood flow in the tumor, causing 
MIMBs to be trapped in the tumor tissue.

3.7. Tumor therapy efficacy

At last, the in vivo antitumor activity of DOX-MIMBs+LIPUS was 
carried out in tumor-bearing mice (Fig. 7A). Tumor volumes and body 
weights were recorded every two days during treatment. As shown in 
Fig. 7B, tumor volume of control group increased rapidly, while MIM
Bs+LIPUS, DOX-MIMBs and DOX-MIMBs+LIPUS were effective in 
inhibiting the tumor growth. Among them, DOX-MIMBs+LIPUS treat
ment exhibited the best antitumor efficacy. Specifically, at the end of the 
treatment (day 19), compared to the control group, the average tumor 
volumes of mice treated with DOX-MIMBs+LIPUS reduced by 89.6 %, 
while those of MIMBs+LIPUS and DOX-MIMBs were 42.7 % and 57.1 %, 
respectively. Besides, tumor weights also demonstrated the enhanced 
tumor inhibition of DOX-MIMBs+LIPUS. As shown in Fig. 7C, the 
average tumor weights in DOX-MIMBs+LIPUS group was 26.3 % and 
14.4 % of that in MIMBs+LIPUS and DOX-MIMBs groups, respectively. 
Body weight change was a clear reflection of the systemic toxicity. As 
shown in Fig. 7D, MIMBs+LIPUS treatment caused 8.6 % body weight 
loss, while DOX-MIMBs treatment resulted in 9.0 % body weight loss. In 
contrast, DOX-MIMBs+LIPUS treatment did not induce any significant 
body weight loss, but instead increased the body weight of mice (5.0 %). 
These results demonstrated that DOX-MIMBs+LIPUS exhibited 
enhanced antitumor efficacy with minimal drug-related toxicity.

To further evaluate the antitumor efficacy of DOX-MIMBs+LIPUS, 
mice were sacrificed after treatment and the tumor sections were pre
pared and stained with CD34, H&E, TUNEL and Ki67 for pathology 
analysis (Fig. 7E). CD34 staining is mainly used to evaluate the existence 
of neovascularization. Compared to control group, CD34 expression 
(brown area) of MIMBs+LIPUS, DOX-MIMBs and DOX-MIMBs+LIPUS 
was decreased. Specifically, compared to the control group, CD34 
expression was decreased by 7.9 %, 4.8 % and 21.1 % by MIMBs+LIPUS, 
DOX-MIMBs and DOX-MIMBs+LIPUS, respectively (Fig. 7F). It is 
important to emphasize that, unlike conventional anti-angiogenesis 
strategies that rely on drugs or compounds targeting the VEGF/VEGFR 
pathway, MIMBs inhibit tumor neovascularization through violent me
chanical disruption.

Pathology analysis further showed that H&E-stained tumor sections 
from the untreated control group exhibited typical malignant features, 
including cells with large, spherical or spindle shaped nuclei and 
increased chromatin content. After different treatments, necrotic cells 
were observed (white dotted area), exhibiting unclear cell morphology 
and dark chromatin. Among them, DOX-MIMBs+LIPUS caused a larger 
area of tumor necrosis than MIMBs+LIPUS and DOX-MIMBs, suggesting 
better antitumor activity of DOX-MIMBs+LIPUS. TUNEL and Ki67 
staining of tumor tissues also supported the enhanced antitumor 
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performance of DOX-MIMBs+LIPUS. Compared with MIMBs+LIPUS 
and DOX-MIMBs groups, better apoptosis induction and proliferation 
inhibition were achieved by DOX-MIMBs+LIPUS, demonstrating a 
higher antitumor efficacy. Besides, no obvious pathological damage was 
observed in major organs after treatment of DOX-MIMBs+LIPUS 
(Fig. S12).

4. Conclusion

In summary, MIMBs are multi-interfacial microbubbles by nature 
and exhibit unique stability and ultrasound responsiveness different 
from that of conventional gas-encapsulated microbubbles. While the 
daughter bubbles generated by conventional bubbles dissipate rapidly 
after the initial cavitation, the daughter bubbles generated by MIMBs 
can be rapidly re-stabilized by hMSNs due to the affinity of the 

Fig. 7. (A) Protocol of tumor therapy with DOX-MIMBs+LIPUS in Renca tumor-bearing mice. (B) Tumor growth curves of mice after various treatments (n = 5). (C) 
Images and tumor weights of separated tumor tissues after treatment. (D) Body weights of mice during treatments. (E) H&E, TUNEL, Ki67 and CD34 staining of 
tumors from mice after different treatments. (F) CD34 expression of tumors after different treatments. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.
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hydrophobic surface for the gas-liquid interface, thus exhibiting sus
tained cavitation. Meanwhile, the sequential cavitation induced micro
streaming mechanical force propels hMSNs like nanobullets to be 
ejected multiple times, thus penetrating deep into the tumor tissue. 
Under LIPUS, MIMBs disrupted tumor blood vessels and blocked tumor 
blood perfusion. MIMBs cavitation also decreased tumor vessel density 
and broke through barriers to delivery DOX deep into tumor tissues. In 
addition, MIMBs cavitation exhibits tumor specificity with minimal 
damage to normal organs. Such elaborated MIMBs achieve a paradigm 
shift from systemic drug bombardment to local mechanochemical tumor 
suppression and provide a powerful strategy for tumor therapy.
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