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Abstract Tumor-targeted immunotherapy is a remarkable breakthrough, offering the inimitable advan-

tage of specific tumoricidal effects with reduced immune-associated cytotoxicity. However, existing plat-

forms suffer from low efficacy, inability to induce strong immunogenic cell death (ICD), and restrained

capacity of transforming immune-deserted tumors into immune-cultivated ones. Here, an innovative plat-

form, perfluorooctyl bromide (PFOB) nanoemulsions holding MnO2 nanoparticles (MBP), was developed

to orchestrate cancer immunotherapy, serving as a theranostic nanoagent for MRI/CT dual-modality im-

aging and advanced ICD. By simultaneously depleting the GSH and eliciting the ICD effect via high-

intensity focused ultrasound (HIFU) therapy, the MBP nanomedicine can regulate the tumor immune
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ultrasound;
Tumor microenvironment
microenvironment by inducing maturation of dendritic cells (DCs) and facilitating the activation of CD8þ

and CD4þ T cells. The synergistic GSH depletion and HIFU ablation also amplify the inhibition of tumor

growth and lung metastasis. Together, these findings inaugurate a new strategy of tumor-targeted immu-

notherapy, realizing a novel therapeutics paradigm with great clinical significance.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cancer immunotherapy, a validated and critically important
approach for cancer treatment, have transformed treatment al-
gorithms for numerous tumor types and achieved therapeutic
advances in the past few years1. Despite the successful appli-
cation of cancer immunotherapy across a wide range of human
cancers, only a minority of patients with otherwise terminal
cancer experienced life-altering durable survival from these
therapies2. Such outcomes indicate the intricate biological pro-
cess of the immunologic elimination of malignant cells3. In
addition, the heterogeneity of cancers in different patients, the
limited preclinical model, the complicate tumor immunosup-
pressive environment along with the chronic inflammatory states
are making the cancer immunotherapy far away from being the
cusp of “curing cancer”4e6. Although the induction of immu-
nogenic cell death (ICD) may enable the release of key immu-
nostimulatory or danger signals to effectively drive antitumor
immunity, there are no clear guidelines for the clinical applica-
tion of emerging ICD inducers. Besides, according to immune
surveillance models, overtly malignant lesions only appear once
neoplastic cells fully evade immune recognition and elimination,
and this potentially fatal progression is closely associated with
suppression of the various processes involved in damage-
associated molecular patterns (DAMP) release and percep-
tion7,8. Indeed, advanced tumors usually display high antige-
nicity, but they effectively control immunogenicity through a
variety of mechanisms operating on (or downstream of) adju-
vanticity that greatly impair the efficiency of multiple chemo-,
radio- and immunotherapeutic regimens9.

High-intensity focused ultrasound (HIFU), a representative
non-invasive therapeutic mode, can convert ultrasound energy to
regional hyperthermia and induce cell death through the
coagulation-necrosis route10. Of note, the energy released by
HIFU is absorbed by the tissue, raising the temperature to
60e85 �C within a few seconds. The high temperature in the
focus zone causes protein coagulation and cell membrane fusion,
leading to tumor cell necrosis11. Further, by focusing the ultra-
sonic wave on the target position, the high-intensity irradiation
will respond to the acoustic pressure wave to affect mechanical
deformation and cavitation10. Although the nature of tumor an-
tigens presented in the debris after HIFU ablation and the ki-
netics of their release into the circulation remain unclear, HIFU
therapy of tumors is developing quickly. Theoretically, besides
tumor ablation, HIFU treatment may promote the release of
tumor antigens and bioactive molecules such as DAMP, thereby
enhancing the antitumor immune responses12,13. In this context,
modified HIFU regimens may not only focus on full ablation, but
also trigger ICD to simultaneously cope with primary tumors as
well as distant metastasis.

Tumor cells have approximately fourfold higher levels of
glutathione (GSH) than that in normal cells14e16. Indeed, the
higher GSH levels in tumors can benefit cancer cells by enabling
greater reactive oxygen species (ROS) detoxification, which is
responsible for increasing resistance to chemo-, radio-, and
photodynamic therapy16e19. In this regard, regulating of intra-
cellular GSH metabolism is a potential approach, which may
enhance robust ICD effect and efficient antitumor therapy. The
combination of GSH-depletion with HIFU treatment will generate
synergistic therapeutic efficacy and restore systemic antitumor
immunity to efficiently eradicate malignant cells.

Previous studies have unveiled that manganese dioxide
(MnO2), which exhibits both Fenton-like Mn2þ delivery and su-
perior GSH-depletion properties, can disrupt the cellular antioxi-
dant defense system and enhance antitumor efficiency14,20,21. In
addition, MnO2 generate Mn2þ ions, which could be utilized as an
agent for T1-weighted MR imaging14,20,21. Moreover, per-
fluorooctyl bromide (PFOB) is a desirable contrast medium for
computed tomography imaging due to the presence of
bromine22,23. The liquid PFOB might transform into microbubbles
through a HIFU-induced vaporization process which could
intensify the cavitation effect for enhancing the HIFU
ablation24e26.

Inspired by these two components, we inaugurated a novel
multifunctional nanoemulsion platform, PFOB nanoemulsions
holding MnO2 nanoparticles (MBP) as a theranostic nanoagent
for MRI/CT dual-modality imaging and advanced ICD immu-
notherapy (Fig. 1A). The MBP nanoemuslions could react with
GSH to generate Mn2þ ions, which could enhance T1-weighted
MR imaging. The PFOB might could cause robust mechanical
stress enhancement during blasting and enhance tumor coagu-
lative necrosis. Concomitantly, MnO2 could deplete GSH, thus
regulating the tumor microenvironment and enhancing HIFU-
induced tumor ICD. Under the combination of MBP nano-
emulsions and HIFU, tumor cells released DAMPs, such as
surface-exposed calreticulin (CALR), adenosine triphosphate
(ATP), and high mobility group protein B1 (HMGB1), which
elicited maturation of dendritic cells (DCs) and subsequently
facilitated activation of CD8þ and CD4þ T cells. The designed
therapeutic regimen also achieved significant therapeutic effects
in inhibiting both primary tumor growth and lung metastasis via
a synergistic GSH depletion and HIFU-induced ICD (Fig. 1B).
Hence, our study demonstrates and provides a tool and an
immunotherapy strategy, which integrates diagnosis and treat-
ment, to better tackle the cancer immunotherapy and realize the
dual-modality imaging.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Schematic diagram of perfluorooctyl bromide nanoemulsions holding MnO2 nanoparticles (MBP) with dual-modality imaging and

GSH depletion enhancing HIFU-eliciting tumor immunogenic cell death. (A) Scheme of synthesis of MBP nanoemulsions with MRI/CT dual-

modality imaging. (B) Scheme of action mechanism of MBP nanoemulsions to enhance HIFU-induced tumor immunogenic cell death. Dendritic

cells: process antigen material and present it on the cell surface to the T cells of the immune system; effector cells: CD8þ T cells, CD4þ T cells,

and NK cells may be activated and suppress the primary tumor and lung metastases.
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2. Materials and methods

2.1. Chemicals and reagents

Bovine serum albumin (BSA), manganese chloride tetrahydrate
(MnCl2∙4H2O), and sodium hydroxide (NaOH) were purchased
from Aladdin, Shanghai, China. PFOB, glutathione (GSH),
coumarin-6 (Cou-6), and Hoechst 33342 were obtained from
SigmaeAldrich, St. Louis, USA. GSH assay Kit, cell counting
Kit-8 (CCK-8), 4ʹ,6-diamidino-2-phenylindole (DAPI), DiD, and
lysosomal staining lysotracker red were procured from KeyGen
Biotech, Nanjing, China. Dulbecco’s modified Eagle’s medium
(high glucose) (DMEM), trypsin, penicillin/streptomycin, and
fetal bovine serum (FBS) were purchased from Gibco, CA, USA.
Calreticulin rabbit monoclonal antibody, 2ʹ,7ʹ-dichlorodihydro-
fluorescein diacetate (DCFH-DA), and ATP Assay Kit were pur-
chased from Beyotime, Nantong, China. HMGB1 ELISA Kit was
bought from Arigo Biolaboratories, Taiwan, China. Anti-SPARC
Antibody was purchased from St. John’s Laboratory, UK.
TUNEL Assay Kit, anti-Calreticulin antibody, and anti-HMGB1
antibody were purchased from Abcam, Cambridge, UK. FITC
anti-mouse CD11c antibody, PE anti-mouse CD86 antibody, APC
anti-mouse CD80 antibody, FITC anti-mouse CD3 antibody, APC
anti-mouse CD4 antibody, and PE anti-mouse CD8 antibody were
purchased from BioLegend, CA, USA. All other reagents were of
analytical grade and used without further purification.

2.2. Cells and animals

The 4T1 murine breast cancer and U87 MG human glioma cell
lines were purchased from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). HUVEC cell line was bought from
American Type Culture Collection (ATCC). All cell lines were
cultured in DMEM medium with 10% FBS and 1% penicillin/
streptomycin at 37 �C and 5% CO2.

Female BALB/c mice and nude mice (4 weeks, 17e18 g) were
purchased from Shanghai SLAC Laboratory Animal Co., Ltd. and
housed under specific-pathogen free (SPF) conditions. All animal
handling protocols were approved by the Animal Ethics Com-
mittee of Fudan University. To construct xenograft 4T1 tumor-
bearing mice and establish the lung metastatic model27, 4T1 cells
(1 � 106) were suspended in PBS (100 mL) and inoculated sub-
cutaneously into the right buttocks of female BALB/c mice. Three
days after mice inoculated with 4T1 cells subcutaneously, the lung
metastatic models were induced by an intravenous injection of
4T1 cells (2 � 105) into the tail vein.

2.3. Synthesis of MnO2 nanoparticles and MBP nanoemulsions

MnO2 nanoparticles (MB) were synthesized using the biomineral-
ization reaction28. Briefly, 0.8 mL of MnCl2 solution (100 mmol/L)
was added into 12 mL of BSA solution (10 mg/mL) dropwise under
magnetic stirring. After stirring for 5 min, the pH value of the
mixed solution of MnCl2 and BSAwas adjusted to 11 with 1 mol/L
NaOH. Then the reaction mixture solution was stirred at room
temperature for 2 h to generate MB nanoparticles. The obtained
MB nanoparticles were dialyzed for 2 days with deionized water to
remove unreacted precursors. After the freeze-drying process,
brown powders of MB nanoparticles were obtained.

MBP nanoemulsions were synthesized using sonic emulsifi-
cation25,29. Briefly, 20 mg of MB nanoparticles were dissolved in
1 mL of ddH2O. Two milliliters of MB with a concentration of
20 mg/mL and 60 mL of PFOB were added into a reaction tube
with a total capacity of 10 mL. The reaction tube was cooled in an
ice bath and the mixed solution was sonicated (2 s cooling, 2 s
burst at 180 W) for 5 min by an ultrasonic processor (Xin Yi
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ultrasonic equipment Co., Ltd., Ningbo, China). After sonication,
MBP nanoemulsions were obtained.

Cou-6-labeled or DiD-labeled MBP nanoemulsions were pre-
pared using the same steps except that Cou-6 or DiD was added to
the MB before emulsification, and the nanoparticles were centri-
fuged in an ultrafiltration tube with a 30-kDa molecular weight
cut-off at 4000 rpm for 30 min (Thermo Biofuge Stratos, Wal-
tham, MA, USA) to remove the free cou-6 or DiD.

2.4. Characterization of MB and MBP

The morphology of MBP was investigated using Transmission
Electron Microscopy (TEM, FEI Co., USA). The hydrodynamic
diameters and zeta potential of nanoemulsions were measured by
dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern, UK).
The concentration of manganese (Mn) in MB was measured by
inductively coupled plasma optical emission spectrometer (ICP-
OES, PerkinElmer, USA). The loading capacity of PFOB in MBP
nanoemulsions was estimated by the 19FNMR method as previ-
ously described30,31. The valence states of Mn in the MB were
characterized via X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alphaþ, USA). The stability of the MBP in vitro was
evaluated by monitoring the hydrodynamic size for 48 h at 4 �C in
PBS and the absorbance value (OD) of 580 nm for 12 h at 37 �C in
FBS by using a microplate reader.

2.5. In vitro CT and MRI of MBP

MBP nanoemulsions were diluted to different Mn concentrations
(1, 0.5, 0.25, 0.125, 0.0625 and 0 mmol/L) in PBS with various pH
values (7.4, 6.5 and 5.5) and different GSH concentrations (0, 5,
and 10 mmol/L). Then, 1 mL of each solution was collected, and
T1-weighted MRI (T1 mapping) was performed on a 3.0 T clinical
scanner. Then, the T1 relaxation rates (r1) were calculated by T1
values at different Mn concentrations.

In vitro CT imaging evaluations of MBP nanoemulsions at
different PFOB concentrations were conducted on Aquilion™
Prime 128 CT at 25 �C. The following parameters were used:
120 kV for tube voltage, 70 mAs for current, 2 mm for slice
spacing and slice thickness.

2.6. In vitro cellular uptake of MBP

The cellular uptake of MBP was studied using a confocal laser
scanning microscopy (CLSM) and a flow cytometry. U87 or 4T1
cells were cultured in confocal dishes at a cell density of
1 � 104 cells/dish and allowed to attach for 24 h. After 24 h, the
confocal dishes were washed with PBS. Then, the cells were
incubated with cou-6-labeled MBP in DMEM medium at 4 mg/mL
of Mn for 0, 1, 2, 4, and 6 h and stained with DAPI according to
the manufacturer’s instruction. The cells were imaged on a CLSM
(Carl Zeiss, Germany).

For quantitative analysis, U87 or 4T1 cells (5 � 105 cells/well)
were seeded in 6-well plates for 24 h and treated as previously
described except that the cells were not stained with DAPI. Sub-
sequently, U87 or 4T1 cells were harvested and resuspended in
0.3 mL of PBS. The fluorescence intensity of cells was detected
by a flow cytometry (BD, USA).
2.7. In vitro co-localization of MBP with lysosomes

For in vitro co-localization of MBP nanoemulsions with lyso-
somes, U87 or 4T1 cells (8000 cells/well) were seeded in confocal
dishes for 24 h. After 24 h, the confocal dishes were washed with
PBS. Then, the cells were incubated with cou-6-labeled MBP in
DMEM medium at 4 mg/mL of Mn for 0, 0.5, 1, 2 and 4 h, and
stained with lysotracker red and Hoechst 33342 according to the
manufacturer’s protocols. The cells were imaged on a CLSM (Carl
Zeiss, Germany).

2.8. In vitro cell viability test

Cell viability was evaluated by the CCK-8 method. The HUVEC,
U87, and 4T1 cells (5 � 103 cells/well) were seeded in 96-well
plates for 24 h and then exposed to MBP with different Mn
concentrations ranging from 0 to 100 mg/mL for 24 or 48 h. After
treatment, 10 mL of CCK-8 solution was added to each well
containing 100 mL of DMEM and incubated for 1.5 h. Then, the
OD was recorded at 450 nm. All experiments were repeated in
triplicate.

The 4T1 cells were cultured and harvested as single-cell sus-
pensions. Single-cell suspensions were irradiated by HIFU at
8.5 W for 0, 30, 60, 120 and 170 s, respectively, and the sus-
pension temperature was monitored with a near-infrared thermal
imaging camera thermographic system (Infra Tec, VarioCAM�hr
research, German). After treatment, 4T1 cells (5 � 103 cells/well)
were seeded in 96-well plates for 24 h and 10 mL of CCK-8 so-
lution was added to each well containing 100 mL of DMEM and
incubated for 1.5 h. Then, the OD was recorded at 450 nm. All
experiments were repeated in triplicate.

2.9. In vitro and intracellular GSH-depletion of MBP

GSH levels were measured using a GSH Assay Kit. MBP nano-
emulsions with the same Mn concentrations (500 mg/mL) were
mixed with 10 mmol/L GSH and incubated at room temperature
for different durations (0, 30 min, 1, 3, 5, 7, 8.5, and 24 h). The
samples were then centrifuged for 10 min at 10,000 rpm (Thermo
Biofuge Stratos, Waltham, MA, USA), and the supernatant was
collected to determine the GSH level according to the manufac-
turer’s instructions of GSH Assay Kit.

The 4T1 cells in a logarithmic growth phase were plated on a
cell-culture dish and cultured at 37 �C with 5% CO2 for 24 h.
MBP were added and cultured for 0, 0.25, 0.5, 2, 4 and 6 h at a Mn
concentration of 25 mg/mL. The GSH contents in the cells were
measured according to the manufacturer’s instructions of the GSH
Assay Kit.

2.10. In vitro reactive oxygen species (ROS) detection

The level of cellular ROS in tumor cells after MBP treatment was
measured by a ROS-sensitive probe, DCFH-DA. In brief, 4T1
cells were seeded in confocal dishes and cultured at 37 �C with
5% CO2 for 24 h. Then 4T1 cells were incubated with MBP
nanoemulsions at a Mn concentration of 25 mg/mL for 0, 2, 4, and
6 h or at different Mn concentrations (0, 12.5, 25, and 50 mg/mL)
for 4 h. At the preset time points, 4T1 cells were treated with
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DCFH-DA (20 mmol/L) for 30 min and stained with DAPI ac-
cording to the manufacturer’s protocols. The cells were imaged on
a CLSM (Carl Zeiss, Germany).

2.11. In vitro detection of ICD biomarkers

Calreticulin expression was detected by the calreticulin rabbit
monoclonal antibody. Briefly, 4T1 cells were seeded in confocal
dishes and cultured at 37 �C with 5% CO2 for 24 h. Then 4T1 cells
were incubated with MBP nanoemulsions at 25 mg/mL of Mn for
0, 2, 4, and 6 h. At the preset time points, cells were washed 3
times with PBS, fixed with 4% paraformaldehyde for 5 min and
incubated with blocking solution overnight at 4 �C. Afterward, the
calreticulin rabbit monoclonal antibody was added to 4T1 cells
overnight at 4 �C. After wash twice with PBS, 4T1 cells were
stained with Alexa Fluor 555 secondary donkey anti-rabbit IgG
(HþL) in the dark for 60 min at room temperature. Cell nuclei
were stained with DAPI before observation by CLSM.

To detect the ATP and HMGB1 release after MBP plus HIFU
treatment, 4T1 cells were then grouped and treated as follows:
control, MBP (6.25 mg/mL), HIFU (8.5 W, 1 min), and MBP Hþ
(6.25 mg/mLþ 8.5 W, 1 min). ATP and HMGB1 concentrations in
the cell supernatant were evaluated using an ATPAssay Kit and an
HMGB1 ELISA Kit, according to the manufacturer’s instructions,
respectively. For the ATP measurement, we used the phospho-
molybdic acid colorimetric method to detect the generation of
creatine phosphate. After the sample was processed according to
the kit steps, the absorbance OD value was measured at 636 nm
wavelength, and ATP content was calculated based on the OD
value. The detection of HMGB1 was based on the enzyme-linked
immunosorbent assay. After the sample was processed according
to the kit steps, the 450 nm wavelength was selected to determine
the absorbance OD value, and the HMGB1 content was calculated
based on the OD value.

2.12. Ex vivo optimization of HIFU parameters

To explore the relationship between the ablation volume and HIFU
parameters (power and duration), the degassed excised beef livers
were irradiated by HIFU at 8.5 and 10.9 W for 5, 10, 15, and 20 s,
respectively. To further assess the effectiveness of enhancing
HIFU irradiation by the MBP nanoemulsions, the degassed ex vivo
mouse livers received an injection of 100 mL of MBP or MB at a
Mn dose of 20 mg. Then, the injection areas of livers were irra-
diated by HIFU at 8.5 W for 10 s. After HIFU treatment, the
treated livers were photographed and the ablation volumes in
livers were measured using the following Eq. (1)24:

V Zp� L�W 2

6
ð1Þ

where L is length and W is width.

2.13. In vivo CT/MR imaging of tumors

When the average tumor volume reached around 200 mm3, the
xenograft 4T1 tumor-bearing nude mice were imaged using CT
and MRI. The xenograft 4T1 tumor-bearing nude mice were
conducted on a clinical 3 T MRI and Aquilion™ Prime 128 CT by
intravenous injection of MBP nanoemulsions at the Mn dose of
10 mg/kg. The MRI scans and CT scans were performed at
different time points after MBP injection.
2.14. In vivo fluorescence imaging and tissue biodistribution of
MBP

When the average tumor volume reached around 200 mm3, the
4T1 tumor-bearing nude mice were intravenously injected with
100 mL of DiD-labeled MBP at a DiD dose of 3 mg and then
fluorescence imaging was conducted by an IVIS Spectrum im-
aging system (PerkinElmer, USA) equipped with a DiD filter set
(excitation/emission, 640/670 nm) at various time points (0.5, 1, 2,
4, 6, 8, 20, and 24 h). Twenty-four hours post injection, the mice
were sacrificed, followed by heart perfusion with saline, and the
major organs (such as heart, liver, spleen, lung and kidney) were
sampled for ex vivo fluorescence imaging by the IVIS Spectrum
imaging system (PerkinElmer, USA). The fluorescence intensity
of the major organs was measured by IVIS Lumina XRMS
Series III.

2.15. Validation of tumor targeting of MBP in vivo

When the average tumor volume reached around 200 mm3, the
xenograft 4T1 tumor-bearing nude mice were intravenously
injected with cou-6-labeled MBP at a cou-6 dose of 1.5 mg. Two
hours later, mice were killed, and the tumors were excised for the
preparation of tissue sections. Tumor tissues were fixed in 4%
paraformaldehyde for 24 h. The tumor tissue sections were further
incubated with the anti-SPARC antibody for 1 h at 37 �C. After
washing 3 times with PBS for 3 min, the tissue sections were
incubated with the second antibody for 0.5 h at 37 �C. Then,
sections were stained with DAPI for 10 min at 37 �C, washed with
PBS, and sealed with resin. Lastly, the sections were imaged on a
CLSM (Carl Zeiss, Germany).

2.16. In vivo antitumor efficacy and immunity of MBP treatment

The subcutaneous 4T1 xenograft tumor and lung metastatic model
was prepared for evaluating the antitumor efficacy and immunity
of MBP. Seven days after 4T1 inoculation, when the average
tumor volume reached around 100 mm3, tumor-bearing mice were
randomly divided into four groups with eight mice in each group
to receive various treatments including PBS, MBP, HIFU, HIFU
plus MBP (MBP Hþ). The mice in PBS, MBP and MBP Hþ
groups were intravenously injected with PBS or MBP nano-
emulsions (10 mg/kg of Mn) every other day for a total of 9 in-
jections. One hour after the first injection, the mice in HIFU and
MBP Hþ groups were further irradiated by HIFU at 8.5 W for
20 s. Body weight and tumor volume of mice were monitored
every 2 days. The tumor volume was calculated by the following
Eq. (2)27:

VtumorZL�W 2

2
ð2Þ

where L is length and W is width.
We next sought to assess the tumor cell apoptosis induced by

various treatments. Toward this objective, three mice from each
group were euthanized at 72 h after the first treatment. The tumors
were harvested and subjected to histological treatments, including
H&E staining and TUNEL staining using the routine protocols. As
for the evaluation of the anti-metastasis effect, the lung tissues
from 4 groups at 3 days and 2 weeks after the first treatment were
collected for H&E staining, and lung-tissue sections were assessed
by a microscope to detect the metastatic lesions.
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To evaluate the CALR and HMGB1 expression of tumor cells
in vivo, tumor tissue sections were stained with anti-calreticulin
antibody or anti-HMGB1 antibody and then incubated with the
second antibody for 0.5 h at 37 �C. Next, tumor sections were
stained with DAPI for 10 min at 37 �C, washed with PBS, and
sealed with resin. Afterward, the sections were imaged on a
fluorescence microscope (Leica, Germany).

As for the study of antitumor immunity in tumors, 72 h after
the first treatment, tumors were harvested and digested to obtain
single-cell suspension using the mouse dendritic cell isolation kit
and tumor-infiltrating tissue lymphocyte separation kit, according
to the manufacturer’s instructions, respectively. Cell suspensions
were then labeled with the mixture of FITC anti-mouse CD11c,
PE anti-mouse CD86, and APC anti-mouse CD80 antibody to
Figure 2 Characterization of MBP nanoemulsions. (A) TEM images

nanocrystals. (B) Size and (C) zeta potential of MB and MBP (n Z 3). (D)

(E) The linear curve of CT values vs. the PFOB concentration of MBP nan

4 �C for 48 h and (H) in FBS at 37 �C for 12 h (n Z 3). (I) In vitro T1-we

In vitro T1-weighted MR images of MBP treated with PBS of pH 6.5 con

images of MBP treated with PBS of pH 5.5 containing various concentratio

MBP nanoemulsions under different conditions (B0 Z 3.0 T); the slope i
identify the mature DCs, or with FITC anti-mouse CD3, APC anti-
mouse CD4, and PE anti-mouse CD8 antibody to identify the
activated effector T cells. The immune cell proportions in cell
suspensions were detected by a flow cytometry (BD, USA). At 3
and 15 days after the first treatment, part of the mice was sacri-
ficed, and the primary organs (heart, liver, spleen, lung, and kid-
ney) were harvested for H&E staining and microscopic
examination (Leica, Germany).

2.17. In vivo biosafety of MBP

Healthy female BALB/c mice were intravenously injected with
MBP at a Mn dose of 10 mg/kg. The control group was injected
with PBS. After 3 and 15 days, the mice were sacrificed, and the
of MBP. White arrows indicated rough surface likely caused MnO2

In vitro CT images of MBP nanoemulsions at different concentrations.

oemulsions. (F) XPS spectra of MBP. Stability of MBP (G) in PBS at

ighted MR images of MBP treated with PBS of various pH values. (J)

taining various concentrations of GSH. (K) In vitro T1-weighted MR

ns of GSH. (L)‒(N) Linear curves of D1/T1 vs. the Mn concentration of

ndicated the specific relaxivity (r1).
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primary organs (heart, liver, spleen, lung, and kidney) were har-
vested for H&E staining and microscopic examination (Leica,
Germany).

2.18. Statistical analysis

Data were expressed as mean � standard deviation (SD). Statis-
tical analysis and plotting of graphs were performed by
GRAPHPAD Prism� and illustrated by Adobe Photoshop�
software. Unpaired Student’s t-test was employed for statistical
analyses between two groups, and one-way ANOVA with Tukey
Figure 3 Cellular uptake of MBP nanoemulsions (n Z 3). (A) Qualitativ

6-labeled MBP nanoemulsions by U87 cells. (B) Qualitative and (D) quan

nanoemulsions by 4T1 cells. ***P < 0.0001 compared with 0 h. (E) and (

(E) U87 and (F) 4T1 cells. Scale bar Z 25 mm.
post-hoc analysis was used for multiple group comparison. Sig-
nificance levels were determined at levels of *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

3. Results and discussion

3.1. Characterization of MB and MBP

In the present study, MB nanoparticles were prepared via the
biomineralization method using BSA as a template. Firstly, Mn2þ

could be facilely chelated with multiple carboxyl groups in
e and (C) quantitative measurement of in vitro cellular uptake of Cou-

titative measurement of in vitro cellular uptake of Cou-6-labeled MBP

F) Co-localization of MBP nanoemulsions with a lysosome-tracker in
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albumin (i.e., BSA)28,32e34. Then, BSA was stretched under the
alkaline condition (pH 11e12), which consequently facilitated the
formation of BSA nanoclusters with aids of Mn2þ coordination,
yielding MnO2 in the expansive cavity of albumin. MBP nano-
emulsions were synthesized via ultrasonic emulsification using
MB in an aqueous solution25,29,35. The morphology of the MBP
was characterized by TEM, which revealed their spherical shape
and relatively uniform size distribution (Fig. 2A). The hydrody-
namic diameters of MB and MBP were approximately 49.3� 2.05
and 96.4 � 2.28 nm, respectively, as determined by DLS
(Fig. 2B). Furthermore, the zeta potential of MB and MBP in
deionized water was �17.1 and �20.6 mV, respectively (Fig. 2C).
According to the ICP-OES results, the mass ratio of manganese
(Mn) was 2% in MB. The loading capability of PFOB in MBP
nanoemulsions was 73.8 � 2.1%. The XPS spectra identified the
specific peaks of Mn (IV, 2p1/2) and Mn (IV, 2p3/2) at the binding
energy of 653.13 and 641.60 eV (Fig. 2F), respectively, demon-
strating the valence state of Mn element in nanoemulsions was IV.
No significant hydrodynamic size change of MBP was noticed
within 2 days (Fig. 2G) and the OD values of 580 nm for 12 h at
37 �C in FBS also showed no evident change (Fig. 2H), indicating
their excellent stability.

3.2. In vitro CT and MR imaging of MBP

To assess the MRI contrast enhancement ability of MBP, the
longitudinal molecular relaxivity (r1) was evaluated in various
pH values (7.4, 6.5, and 5.5) and different GSH concentrations
(0, 5, and 10 mmol/L). As shown in Fig. 2I‒K, MRI signal in-
tensities of MBP increased with Mn concentration in various
conditions. After linear fitting, a good linear correlation between
T1 relaxation (r1) and the Mn concentration was established. As
shown in Fig. 2L, the r1 relaxivity is 1.49 mmol/L/s in neutral
PBS, and only 1.76-fold and 2.26-fold increases were observed
Figure 4 Cytotoxicity and GSH depletion capability of MBP nanoem

nanoparticles on U87 cells after 24 h incubation. (B) Cytotoxicity of M

Cytotoxicity of MBP nanoemulsions against HUVEC cells, U87 cells and 4

treatment with MBP nanoemulsions. (E) The GSH levels in 4T1 cells a

irradiation on 4T1 cells at 8.5 W for different durations.
when the pH value decreased to 6.5 and 5.5, respectively.
However, the r1 value of MBP was maximally increased to
17.52 mmol/L/s under high GSH conditions (pH 5.5 PBS),
exhibiting approximately 11.8-fold higher than that in neutral
PBS without GSH (Fig. 2LeN). The results demonstrated that
MBP had markedly higher r1 in high-GSH conditions than that in
the normal physiological milieu, suggesting the potential of
MBP as a GSH-responsive T1 MRI contrast agent for targeted
tumor imaging. The higher r1 of MBP was due to the released
Mn2þ under high GSH conditions36.

In order to evaluate the CT imaging ability of MBP, CT images
of MBP with various PFOB concentrations were acquired. PFOB
has been proven to be a great candidate for CT contrast agent22,37.
CT images of MBP nanoemulsions with different PFOB concen-
trations were presented (Fig. 2D) and Hounsfield unit (HU) values
correlated linearly with PFOB concentration (Fig. 2E). Therefore,
MBP possessed excellent properties for MRI/CT dual-modality
biomedical imaging.

3.3. In vitro cellular uptake and co-localization of MBP with
lysosomes

The cellular uptake of cou-6-labeled MBP in 4T1 and U87 cells
was analyzed by confocal microscopy and flow cytometry. As
shown in Fig. 3A‒D and Supporting Information Fig. S1, the
cellular uptake of MBP by 4T1 or U87 cells significantly
increased with increasing incubation time (from 0 to 6 h) but
gradually reached the equilibrium state by 4 h.

The subcellular distribution of MBP was examined by CLSM.
Cou-6-labeled MBP were co-incubated with 4T1 or U87 cells for
0, 0.5, 1, 2, and 4 h. As shown in Fig. 3E‒F and Supporting In-
formation Figs. S2 and S3, no significant co-localization of MBP
with lysosomes was observed within 0.5 h. The merged images
showed co-localization fluorescence appeared orange after 1 h and
ulsions (n Z 3). (A) Cytotoxicity of MBP nanoemulsions and MB

BP nanoemulsions on U87 cells after 24 and 48 h incubation. (C)

T1 cells after 24 h incubation. (D) The GSH levels of the solution after

fter treatment with MBP nanoemulsions. (F) Cytotoxicity of HIFU
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more green fluorescence appeared in the cell cytoplasm after 2 h,
which indicated that MBP could enter the cytoplasm after inter-
nalization, although the mechanism was still unknown. GSH is the
main low-molecular-weight thiol in cells. About 90% of the
cellular GSH is located in the cytosol, with the remainder in
cellular organelles such as the mitochondria, endoplasmic reticu-
lum, and nucleus38,39. Therefore, MBP could escape from lyso-
somes and deplete GSH in the cytoplasm.

3.4. In vitro cell viability test

To evaluate the cytotoxicity elicited by PFOB, the viability of U87
treated with MBP or MB containing the same Mn concentration
was similar and there was no statistical difference in the cell
viability of two groups (P > 0.05, Fig. 4A). The half-maximal
inhibitory concentrations (IC50) of MBP or MB against U87 were
Figure 5 In vitro HIFU-eliciting immunogenic cancer cell death enhan

HIFU irradiation (n Z 3). (A) DCFH-DA assay demonstrated ROS gener

different times or different concentrations of MBP nanoemulsions (0, 12.5,

in image (A) was semi-quantified by ImageJ. (D) Immunofluorescence mic

Scale barZ 50 mm. (E) ATP released in the culture medium after 4T1 cells

the culture medium after 4T1 cells were treated with MBP plus HIFU irra

volume of beef liver samples irradiated by HIFU at 8.5 and 10.9 W for diffe

radiation volume of HIFU-irradiated mouse liver samples injected with MB

****P < 0.0001. The mark “ns” indicated no significance.
17.77 and 23.69 mg/mL, respectively. This result shows that PFOB
had no obvious toxicity to cells. After being incubated with MBP
with different Mn concentrations for 24 and 48 h, U87 viability
shows concentration and time-dependent inhibitions (Fig. 4B).
MBP produced stronger cytotoxic effects on U87 cells when the
incubation time was prolonged from 24 (IC50 15.13 mg/mL) to
48 h (IC50 4.72 mg/mL).

The viability of HUVEC, U87, and 4T1 cells treated with
MBP having different Mn concentrations ranging from 0 to
100 mg/mL for 24 h is shown in Fig. 4C. The IC50 of MBP for
HUVEC, U87, and 4T1 cells were 53.53, 17.77 and 7.80 mg/mL,
respectively. Among these three kinds of cells, the cytotoxicity
of MBP against 4T1 cells was the greatest, followed by U87 and
HUVEC. This can be attributed to the fact that tumor cells have
approximately 4-fold higher levels of GSH than that in normal
cells14e16. Besides, GSH levels tend to be elevated in breast
ced through MBP emulsions and ex vivo optimization parameters of

ation in 4T1 cells treated with 25 mg/mL of MBP nanoemulsions for

25, and 50 mg/mL) for 4 h. Scale barZ 50 mm. (B, C) ROS generation

roscopy of CALR expression on 4T1 cell surface after MBP treatment.

were treated with MBP plus HIFU irradiation. (F) HMGB1 released in

diation. (G) Digital photographs and (H) the corresponding radiation

rent times, respectively. (I) Digital photographs and the corresponding

or MBP nanoemulsions. *P < 0.05, **P < 0.01, ***P < 0.001, and



Figure 6 In vivo dual-modality imaging and tumor targeting behavior of MBP nanoemulsions (n Z 3). (A) In vivo T1-weighted MRI of tumor-

bearing mice at different time points after the intravenous injection of MBP (B0 Z 3.0 T). (B) T1-weighted MRI signal intensity changes of tumors

with time following the intravenous injection of MBP. (C) In vivo CT imaging of tumor-bearing mice at different time points after the intravenous

injection of MBP. (D) CT value changes of tumors with time following the intravenous injection of MBP. (E) In vivo fluorescence images of

tumor-bearing mice taken at different time points after the intravenous administration of DiD-labeled MBP. (F) Ex vivo fluorescence images and

(G) the corresponding fluorescence intensity of major organs and tumors dissected from mice bearing subcutaneous 4T1 tumors 24 h post MBP

injection. (H) Immunofluorescence images of SPARC (red) expression, cou-6-labeled MBP (green) and their co-localization in tumor slices. Scale

bar Z 50 mm.
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cancers (250e2000 nmol/g tissue), and conversely, brain tumors
exhibit lower tissue levels of GSH compared with healthy
tissues40.

To further assess the effects of HIFU duration on cell viability,
4T1 cells were irradiated by HIFU at 8.5 W for different durations.
After HIFU irradiation at 8.5 W for 0, 30, 60, 120, and 170 s, the
temperature of cell suspensions was increased from 25 �C to
around 41, 55, 69, and 82 and 98 �C, respectively, and the viability
of 4T1 cells was 100.1 � 12.1%, 92.6 � 4.2%, 86.6 � 1.4%,
79.6 � 0.3%, and 19.2 � 0.4%, respectively (Fig. 4F). Therefore,
HIFU irradiation at 8.5 W for no more than 60 s was adopted for
cell treatment in vitro.
3.5. In vitro and intracellular GSH depletion of MBP

To assess in vitro and intracellular GSH depletion, the GSH
depletion rates of MBP were calculated. In vitro, the GSH con-
centration decreased from 10 to 3.48 mmol/L in 1 h (Fig. 4D),
and the mean GSH depletion velocity was calculated as
1.11 mmol/L∙h. The color of the MBP was gradually lighter
along with the time and GSH concentration (Supporting Infor-
mation Fig. S4), indicating MBP was beneficial for GSH con-
sumption. As shown in Fig. 3E, the GSH levels in 4T1 cells
treated with MBP decreased rapidly with increasing incubation
time, indicating MBP could deplete intracellular GSH
effectively.
3.6. In vitro ROS detection

To assess whether ROS generation is associated with MBP con-
centration and duration, we employed DCFH-DA to detect the
ROS production in tumor cells after MBP treatment. The ROS
production significantly increased with increasing incubation time
but gradually reached the equilibrium state by 4 h (Fig. 5A and B),
indicating MBP might reach the maximum GSH depletion capa-
bility at 4 h after incubation with 4T1 cells. Moreover, after being
incubated with MBP with different Mn concentrations for 4 h, the
ROS production of 4T1 showed concentration-dependent increase
(Fig. 5A and C). These results show that due to the GSH depletion
by MBP, the intracellular oxidative stress was elevated27,36,41.
3.7. In vitro detection of ICD biomarkers

We determined whether HIFU irradiation and MBP could initiate
the release of DAMPs from injured and dying cells, which can
induce ICD42,43. These DAMPs include surface exposure of
CALR and the release of ATP and HMGB1. CALR is a part of the
DAMPs signal, which can enhance the receptor-mediated uptake,
processing, and presentation of tumor antigens to induce anti-
tumor immunity44. The membrane surface-exposed CALR after
MBP and HIFU treatment was analyzed by CLSM (Fig. 5D),
which revealed a time-dependent exposure and was most highly
expressed at 6 h. The results in Fig. 5E and F shows that MBP
treatment or HIFU treatment could induce ATP and HMGB1
release from 4T1 cells while MBP Hþ treatment induced a
significantly higher level of ATP and HMGB1 release compared
with MBP treatment or HIFU treatment. Therefore, these results
indicate that HIFU irradiation plus MBP treatment could be an
extremely powerful way to induce tumor ICD.
3.8. Ex vivo optimization parameters of HIFU

The ablation volume increased with the irradiation power or
duration of HIFU (Fig. 5G and H). The optimized ablation volume
of HIFU was well-matched with the tumor size to minimize the
damage to normal tissues surrounding the tumor site. Therefore,
according to HIFU ablation volume, we chose the “8.5 W for 20 s
(43.5 � 6.13 mm3)” as the suitable condition of HIFU irradiation
for the present therapy in vivo. In addition, as shown in Fig. 5G
and I, the mean ablation volume of the mouse liver in the MBP
group (30.83 � 5.84 mm3) was significantly greater than that in
the MB group (19.89 � 1.74 mm3). The significantly increased
ablation volume in the MBP group was mainly due to the rapid
vaporization of the PFOB triggered via HIFU irradiation, sug-
gesting that the encapsulated PFOB could enhance the HIFU
ablation efficiency in the MBP group compared with the MB
group24,30.

3.9. In vivo CT/MR imaging

Dual-modality imaging is a hopeful technique combining the
advantages of each imaging modality. In this work, multifunc-
tional MBP could perform two combined modalities: MR and CT
imaging. In order to verify the dual-modality imaging capability,
MBP was intravenously injected into the 4T1 tumor-bearing nude
mice. The mean T1-weighted MRI signal intensity in the tumor
area revealed a time-dependent manner. It was increased at 0.5 h
after injection, reached the peak at 1 h after injection, and then
gradually decreased (Fig. 6A and B). The T1WI signal intensity at
1 h after injection was approximately 2.03 times higher than that
before the injection (1482.75 � 62.6 vs. 729.26 � 23.75,
P < 0.001). The MRI contrast enhancement could still be detected
after 24 h, indicating the accumulation of MBP and the released
Mn2þ at the tumor site. Similar to MRI, the mean CT value in the
tumor area revealed a time-dependent manner. It was increased at
15 min after injection, reached the peak at 1 h after injection and
then gradually decreased (Fig. 6C and D). A significant CT
enhancement was found in the tumor site, with HU values
increasing from 38.0 � 1.6 HU before injection to 56.7 � 3.5 HU
at 1 h after injection. These results demonstrate that MBP could be
applied as an MRI/CT dual-modality imaging contrast agent.

3.10. Tumor targeting and tissue bio-distribution of MBP

Compared with CT and MRI, fluorescence imaging has many
advantages, such as no ionizing radiation, high sensitivity, high
spatial resolution, noninvasive real-time imaging, and a large
field of vision45. In vivo fluorescence imaging is widely used for
preclinical research, such as monitoring of the therapeutic effi-
cacy and pharmacokinetic imaging46. In vivo fluorescence im-
aging was performed at different time points by detecting the
DiD fluorescence. As shown in Fig. 6E, the mice were found
with fluorescence signals at 0.5 h post-injection. Over time, the
fluorescence intensity of the tumor site increased and remained
strong 20 h post-injection, illustrating effective retention of MBP
at the tumor site.

To assess the distribution of MBP more precisely, the tumors
and major organs were collected for ex vivo fluorescence imaging
at 24 h post-injection. As shown in Fig. 6F and G, MBP mainly
accumulated in the liver and spleen and the fluorescence intensity
at the tumor region was also high. These results suggest that MBP
could have a tumor-targeting effect, and the main pathway for its



Figure 7 In vivo antitumor efficacy and immunity (n Z 5). (A) Photos of tumors in four treatment groups. (B) Tumor growth curves of mouse

models from four treatment groups. (C) Mouse body weight changes of four treatment groups. (D) H&E staining assay of tumor tissues and lung

tissues of four treatment groups. Scale barZ 20 mm. (E) Necrosis area in the primary tumor and metastasis area in the lung of four treatment groups.

(F) TUNEL assay of 4T1 tumor tissues of four treatment groups. Scale barZ 20 mm. (G) Percentages of TUNEL-positive cell in 4T1 tumor tissues of

four treatment groups. (H) Immunofluorescence images of tumor sections stained with specific antibodies against CALR and HMGB1, the major

delegates of DAMPs (CALR, green; HMGB1, red; Nuclei, blue). (I) Mean fluorescence intensity of the stained tumor sections in terms of the CALR

and HMGB1. (J) The percentages of CD80þ cells in DCs in tumors analyzed with flow cytometry at 72 h after treatment. (K) The percentages of

CD80þ and CD86þ cells in DCs in tumors analyzed with flow cytometry at 72 h after treatment. (L) The percentages of activated CD4þ T cells in

tumors analyzed with flow cytometry at 72 h after treatment. (M) The percentages of activated CD8þ T cells in tumors analyzed with flow cytometry

at 72 h after treatment.*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 compared with PBS or MBP Hþ.
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metabolism be via the liver and spleen, which agreed with the
distribution pattern of other nanoparticles in vivo47.

Albumin is the most abundant protein in the plasma and a
major nutrition source for tumor growth48. The GP60 receptor can
increase the transendothelial transport of albumin49,50. Moreover,
secreted protein acidic and rich in cysteine (SPARC) is present in
the extracellular matrix of tumor tissue and the nanoparticles of
albumin can actively target to tumor site via SPARC51. To validate
SPARC-mediated tumor targeting of MBP, cou-6-labeled MBP
were injected into 4T1 tumor-bearing nude mice. As shown in
Fig. 6H and Supporting Information Fig. S5, red fluorescence,
indicating the expression of SPARC proteins, was extensively
observed in the cytoplasm and stroma of the tumor. The high co-
localization of SPARC and MBP fluorescence signal appeared
orange, indicating that the SPARC protein in the 4T1 tumor may
be a target of MBP nanoemulsions.

3.11. In vivo antitumor efficacy and immunity

To evaluate the antitumor therapeutic efficacy of MBP plus HIFU
(MBP Hþ) in vivo, 4T1 tumor-bearing mice received various
treatments. The tumor growth curves showed that MBP Hþ had
the strongest inhibition among the four groups on the 4T1 tumor
growth (Fig. 7A and B). The average tumor volume of the 4T1-
bearing mice receiving HIFU, MBP, MBP Hþ, and PBS treat-
ment were 498.43 � 35.09, 357.79 � 23.33, 265.27 � 23.02, and
644.08 � 36.95 mm3, respectively. The average tumor volume of
the MBP Hþ treatment group was the smallest and approximately
2.5 times smaller than that of the PBS group at 21 days after the
initial treatment. Therefore, MBP Hþ significantly suppressed the
growth of local tumors, which can be attributed to the synergis-
tically enhanced effect of GSH depletion and HIFU ablation. To
assess the side effects of MBP in vivo, mouse body weight
changes were monitored every 2 days. No significant alteration or
decrease was observed in the body weight for each group during
treatment, indicating no significant side effects of these treatments
(Fig. 7C).

To assess the therapeutic effects of various treatments in vivo,
H&E and TUNEL staining were performed 72 h after the first
treatment. As shown in Fig. 7D and E, tumor tissue was composed
of dense tumor cells without evident necrosis in the PBS group,
necrosis appeared in treatment groups and necrosis was the most
evident in the MBP Hþ group. Brown staining represents
apoptotic cells via TUNEL staining (Fig. 7F). No obvious
apoptotic cells were observed in the PBS group and the cell
apoptosis rate was approximately 10% in HIFU and MBP groups.
However, around 48 % of 4T1 tumor cells underwent apoptosis in
the MBP Hþ group (Fig. 7G). In brief, according to the H&E
staining and the TUNEL assay, the strongest efficacy of the MBP
Hþ treatment can explain the tumor volume changes after
treatment.

Tumor metastasis is the greatest contributor to the death of
patients52. Thus, to evaluate whether MBP plus HIFU treatment
had any effect on the distant tumors, the lung tissues from 4
groups after treatment were collected for H&E staining. It was
shown that large tumor metastases were found in the PBS group,
and smaller tumor metastases were found in the HIFU or MBP
group. However, tumor metastasis was not observed in the MBP
Hþ group (Fig. 7D and E). These results suggest that MBP plus
HIFU treatment not only could inhibit the local tumor but also
elicit the obvious abscopal antitumor effect.
Based on in vitro DAMPs exposure and release of different
treatments, it is necessary to verify whether MBP plus HIFU
treatment could elicit ICD in tumors, by activating the innate
immune system and promoting the antigen presentation to induce
the abscopal antitumor effect. DAMPs such as surface-exposed
CALR and passively released HMGB1 are necessary to enhance
ICD of tumor cells43,53. As shown in Fig. 7H, PBS treatment
failed to induce CALR exposure and only a little green fluores-
cence was observed in 4T1 tumors. Significantly stronger green
fluorescence was observed in the HIFU, MBP and MBP Hþ
groups, compared with the PBS group, indicating the increase in
CALR exposure and potent ICD effect in vivo. Moreover,
compared with the other three groups, the MBP Hþ group
demonstrated a significantly higher HMGB1 signal (Fig. 7H and
I). Although the detailed mechanism of HIFU-eliciting tumor ICD
was not known, these results suggest MBP significantly enhanced
HIFU-induced ICD effect.

DAMPs can attract receptors and ligands on DCs and activate
DCs transition from immature to mature phenotype52. Our results
show that among four treatment groups, the percentage of mature
DCs (CD11cþCD86þ and CD11cþCD80þ) in tumors was the
highest in the MBP Hþ group (Fig. 7J and K, and Supporting
Information Fig. S6). The infiltration of effector T cells into tumor
tissues is vital for tumor regression and the abscopal effect27.
Next, the percentage of activated CD4þ and CD8þ T cells in tu-
mors was measured, respectively. The results show the percentage
of CD3þCD4þ and CD3þCD8þ T cells in MBP Hþ-treated tumor
tissues was the highest (Fig. 7L and M, and Fig. S6), indicating
that MBP plus HIFU treatment could induce the ICD-mediated
antitumor immune response and consequently inhibit the growth
of the primary tumor and distant metastases.

3.12. In vivo biosafety of MBP

The biocompatibility of MBP was further evaluated. Histological
examination of the major normal organs of mice was performed to
assess the potential biological toxicity at 3 and 15 days after in-
jection with MBP nanoemulsions solution. Compared with PBS
(as control), no noticeable pathological abnormality and inflam-
mation were observed via the H&E stained images for both groups
(Supporting Information Fig. S7). Moreover, MBP Hþ treatment
not only did not cause any pathological abnormality in major
organs of mouse models, but also reduced the edema and
inflammation of the liver, spleen and lung caused by tumor growth
and metastasis (Supporting Information Figs. S8‒S11).
4. Conclusions

In the present study, we successfully constructed a theranostic
nanoagent, namely MBP, to advance HIFU-eliciting immunogenic
cell death and MRI/CT dual-modality imaging. The designed
nanoemulsions exhibited tunable structure and can quickly react
with GSH to generate Mn2þ ions, which is promising for T1-
weighted MR imaging. Meanwhile, the MBP nanoemulsions
displayed excellent MRI/CT dual-modality imaging ability, which
allowed more accurate monitoring of the tumor-targeting of
nanoemulsions. Furthermore, MnO2 can deplete GSH, thus regu-
lating the TME and enhancing HIFU tumor ICD. The in vivo
experiment in both subcutaneous and metastatic models demon-
strated that this hybrid nanosystem could not only suppress the
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primary tumor directly but also restrain the tumor metastasis and
recurrence. Considering that the main obstacles of cancer immu-
notherapy involve the immunosuppressive cells, MBP nano-
emulsions could elevate specific antitumor T-cell responses in
both primary and abscopal tumors in the 4T1 model, bringing
about tumor growth inhibition. Hence, our study provided a ver-
satile and effective immunogenic platform for promising local and
metastatic tumor treatment and bioimaging.
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