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Background: The hypoxic microenvironment promotes tumor resistance to most treat-
ments, especially highly oxygen-dependent sonodynamic therapy (SDT).

Method and Results: In view of the aggravation of hypoxia by oxygen consumption
during SDT, a biomimetic drug delivery system was tailored to integrate SDT with hypoxia-
specific chemotherapy. In this system, mesoporous titanium dioxide nanoparticles (mTNPs)
were developed to deliver the hypoxia-activated prodrug AQ4N with high loading efficiency.
Subsequently, a red blood cell (RBC) membrane was coated onto the surface of
mTNP@AQ4N. RBC-mTNPs@AQA4N inherited the immune escape ability from RBC
membranes, thus efficiently reducing the immunological clearance and improving the work
concentration. Upon activation by ultrasound (US), mTNPs as sonosensitizers generate
reactive oxide species (ROS), which not only induce apoptosis and necrosis but also disrupt
RBC membranes to achieve the US-mediated on-demand release of AQ4N. The released
AQA4N was activated by hypoxia to convert into toxic products, which effectively supple-
mented the inefficiency of SDT in hypoxic tissues. Importantly, SDT-aggravated hypoxia
further potentiated this hypoxia-specific chemotherapy of AQ4N.

Conclusion: Based on the sequential strategy, RBC-mTNPs@AQ4N exhibited an excellent
synergistic therapeutic effect, thus potentially advancing the development of SDT in cancer
treatments.

Keywords: sonodynamic therapy, hypoxia, mesoporous titanium dioxide nanoparticle,
biomimetic, sequential therapies

Introduction

Sonodynamic therapy (SDT) is considered a clinically promising cancer treatment
due to its minimal invasiveness, high therapeutic depth and controllable
characteristics.'  Under high-frequency ultrasound (US) activation, sonosensitizers
could initiate a sonochemical effect to generate reactive oxide species (ROS), which
induces the apoptosis and necrosis of tumor tissues.* ® However, current SDT
shows a limited therapeutic outcome, especially in the treatment of large solid
tumors. This is because the sonochemical process highly requires the participation
of oxygen and involves intensive oxygen consumption.”* Nevertheless, the interior
of the tumor is highly hypoxic, which leads to the inability of SDT to eradicate the
tumor.”'® Additionally, the clinically existing sonosensitizers are various types of
porphyrin derivatives, such as hematoporphyrin and photofrin, which often exhibit

poor bioavailability and ultrasonic stability and easily cause skin phototoxicity.'"'?
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In comparison to organic sonosensitizer molecules, meso-
porous titanium dioxide nanoparticles (mTNPs) have been
widely explored as sonocatalysts because of their low
phototoxicity, good biocompatibility and high stability in
physiological environments.'>'> Furthermore, their meso-
porous structure and easily modified surface bestow them
with excellent drug loading ability to perform multiple
functions.'®!”

In view of the wide existence of hypoxia in tumor
tissues, many methods have been exploited to try to
alleviate tumor hypoxia to improve therapeutic
efficacy.'®?* Unfortunately, these methods are limited
due to the complicated tumor microenvironment. Instead
of overcoming hypoxia, some opposite strategies that
make use of hypoxia have been proposed for more
effective cancer treatment.***> Among them, hypoxia-
activated prodrugs have gained great attention due to
their highly selective effect on hypoxic cells.”**’ As
a  typical  hypoxic-activated  prodrug, 1,4-bis-
([2-{dimethylamino-N-oxide}ethylJamino)5,8-dihy-
droxy-anthracene-9,10-dione (AQ4N) is relatively safe
under normal circumstances but can be converted into
1,4-bis[2-(dimethylaminoethyl)-amino]5,8-dihydroxyan-
thracene-9,10-dione (AQ4), a potent topoisomerase II
inhibitor, by reductase in a hypoxic microenvironment,
which can substantially strengthen antitumor activity in
hypoxic sites.”®?° However, AQ4N has weak cell inter-
nalization and a short retention time in vivo due to its
high aqueous solubility, greatly decreasing its therapeu-
tic efficiency.’*>? The development of mTNPs as drug
delivery systems to accommodate AQ4N is a feasible
method to overcome low cell endocytosis. More impor-
tantly, the integration of SDT and AQ4N, which utilizes
the aggravation of tumor hypoxia by SDT to activate
AQA4N, promises synergistic cancer treatment. However,
the effectiveness of this synergistic strategy that com-
bines mTNPs with AQ4N has not yet been sufficiently
demonstrated. In addition, mTNPs still suffer from
immunological clearance and biological adhesion,
which cause a reduction in the circulating time and
working concentration and even the risk of blood clot
formation.

A feasible strategy to address these issues is construct-
ing biomimetic nanoparticles by coating active cell mem-
branes. Unlike some artificial materials, which often
trigger an immune response from the body’s immune
defense system, natural cell membrane-coated nanoparti-
have a low

cles good biocompatibility and

immunogenicity.*' Owing to the absolute duplication of
functional proteins and lipid composition, biomimetic
nanoparticles can inherit the specific features from original
cells, thus showing excellent potency in escaping the
clearance of the immune system, prolonging blood circu-
lation or promoting specific targeting ability to tumor
tissues.>>® As the most abundant cells in the human
blood, red blood cells (RBCs) can provide rich materials
for nanocarriers functionalization. Furthermore, RBCs
lack nucleus and organelles, which is very favorable for
their extraction and purification. Thus, RBC membrane-
based nanocarriers have attracted great attention in the
field of drug delivery.***°

In this work, red blood cell (RBC) membrane-cloaked
mTNPs with AQ4N loading (RBC-mTNP@AQ4N) were
designed for synergistic sonodynamic/chemotherapy
(Scheme 1). The RBC-mTNPs@AQ4N inherited the
immune escape ability from RBC membranes, thus effi-
ciently distributing in tumor tissues after intravenous
administration. Moreover, upon activation by ultrasound,
RBC-mTNP@AQA4N generated ROS to inhibit tumor pro-
gression and significantly increased tumor hypoxia, which
sequentially activated AQ4N. Hypoxia-specific che-
motherapy effectively supplemented SDT in hypoxic
sites. The in vitro and in vivo results demonstrated the
synergistic therapeutic effect of hM-mTNPs@AQ4N with
few side effects. Our work provides a promising strategy
for efficient and safe sonodynamic/chemotherapy for can-

cer treatment.

Methods

Preparation of RBC- Membrane Vesicles
Whole blood was withdrawn from female Balb/c mice and
centrifuged at 1000 r/min for 3 min at 4 °C to remove the
buffy coat and plasma. Then, the obtained RBCs were
washed with hypotonic PBS solution to induce hemolysis
and resuspended in 0.25 x PBS in ice water. After 30 min,
the obtained products were centrifuged at 1000 r/min for 3
min, and the separated pellet in the light pink layer was
collected and washed three times with PBS. To prepare the
RBC membrane vesicles, the prepared RBC ghosts were
disposed with sonication for 10 min, and then extruded to
form membrane vesicles using an Avanti Mini-Extruder
(Avanti Polar Lipids) installing with 100 nm polycarbonate
membranes. The prepared RBC membrane vesicles were
stored at —4 °C for further application.

3876

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com
https://www.dovepress.com

Dove

Li et al

Scheme | A scheme illustration of Red blood cell membrane-coated mesoporous titanium dioxide nanoparticles with hypoxia-activated prodrug loaded, which provided

a synergistic strategy for ultrasound-mediated combined sonodynamic/chemotherapy.

Synthesis of mTNPs

The mTNPs were prepared using a reported method.*'**
Briefly, 10 mL of heptanoic acid was mixed with 50 mL of
ethanol under stirring for 15 min. Then, 0.5 mL of tetrabutyl
titanate was slowly added into the solution under stirring.
After 20 min, 10 mL deionized water was added into the
mixture and reacted at room temperature for 30 min. Then,
the mixture was heated to 120 °C and reacted for another 1
h. Finally, the products were obtained after centrifugation
and repeatedly washed with water and ethanol.

Preparation of RBC-mTNP@AQ4N

To preload AQ4N into the mTNPs, 5 mg of AQ4N was
resuspended in 5 mL water. Then, 5 mg of mTNPs were
added to the aqueous solution of AQ4N and mixed under
stirring for 24 h. Next, mMTNP@AQ4N was obtained after
centrifugation at 8000 r/min for 8 min and repeatedly
washed with water and ethanol. To measure the drug

loading content, we collected the remaining AQ4N in the
supernatant and quantified it by UV—vis spectroscopy at
610 nm. Then, the drug loading content was determined
using the equation: Drug loading content (%) = mass of
AQ4N in mTNP@AQ4N/mass of mTNP@AQ4N. The
mass of AQ4N in mMTNP@AQ4N was equal to the total
mass of AQ4N deducted by the mass of AQ4N in the
supernatant. To coat the RBC membrane onto the nano-
particles, n"TNP@AQ4N was mixed with RBC membrane
vesicles and sonicated for 20 min. An Avanti Mini-
Extruder (Avanti Polar Lipids) with 100 nm polycarbonate
membranes was used to extrude the mixture to form RBC-
mTNP@AQ4N.

Characterization

The morphology of the nanoparticles was characterized by
a Hitachi H-8100IV transmission electron microscope
operated at 200 kV. Zeta potential and size distribution
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were measured by a Zeta sizer NanoZS (Malvern
Instruments, USA). Surface area was detected by the
Brunauer-Emmett-Teller (BET) method, and pore diameter
distribution was determined by the Barrett-Joyner-Halenda
(BJH) method. UV-Vis adsorption was performed by
a U-3310 spectrophotometer (Hitachi).

Drug Release

The release behaviors of RBC-mTNP@AQ4N were inves-
tigated using UV—vis spectroscopy and a dialysis method.
First, 10 mg of RBC-mTNP@AQA4N was capsulated into
dialysis membranes (MWCO 3500) in PBS at 37 °C with
gentle shaking. To verify the ultrasound-controllable
release manner, RBC-mTNP@AQ4N was exposed upon
external ultrasound (1 W cm 2%, 1 min) at the designed
time. Then, released AQ4N in the sample solutions was
measured spectrophotometrically at the predetermined

time points.

Endocytosis and Intracellular Drug

Distribution

No ethics committee permission was required for the use
of MCF-7 cells, MCF 10A and RAW264.7 cells because
only certificated cell lines from ATCC were used. Human
breast cancer MCF-7 cells and macrophage RAW264.7
cells were cultured in RPMI 1640 medium containing
10% fetal bovine serum at 37 °C. To evaluate intracellular
drug distribution, 2x10* MCE-7 cells/well were seeded in
24-well plates and incubated with free AQ4N or RBC-
mMTNP@AQ4N (25 pg/mL) at the same concentration of
AQ4N (5 ug/mL) for 6 h. For the RBC-mTNP@AQ4N
+US groups, US (1 W/em?; 1 MHz; 60 s) was applied to
stimulate the MCF-7 cells at 2 h and 4 h after treatment
with RBC-mTNP@AQ4N. Then, these cells were washed
three times with PBS and fixed with 4% paraformaldehyde
solution. Then, the nuclei were stained with 4.6-diamino-
2-phenyl indole (DAPI) for 5 min and washed with PBS
twice. Finally, these cells were observed by laser scanning
confocal microscopy, and intracellular AQ4N was quanti-
fied by flow cytometry. To investigate the immune-escape
ability of RBC-mTNP@AQ4N, RAW264.7 cells were
seeded in 24-well plates at a density of 2x10* cells/well
and incubated with 25 pg/mL FITC-labeled RBC-mTNP
@AQAN and mTNP@AQA4N for 6 h. Then, the cells were
detected using a laser scanning confocal microscope, and
the nanoparticles were quantified by flow cytometry.

Cytotoxicity

MCF-7 cells were planted in 96-well plates (5 x 10 cells/well)
in RPMI 1640 cell medium containing 10% fetal bovine
serum at 37 °C. Normoxic MCF-7 cells were cultured under
a normoxic condition (74% N, 21% O,, 5% CO,). Hypoxic
MCEF-7 cells were cultured under hypoxic conditions in
a hypoxic incubator with different pressures of O, and N,
(85% N>, 10% O,, 5% CO5; 93% N>, 2% O,, 5% CO,). Then,
RBC-mTNPs, free AQ4N or RBC-mTNP@AQ4N were
administered at the same concentration of free AQ4N or RBC-
mTNPs and coincubated with these cells for 24 h. For the US
treatment groups, US (1 W/em?; 1 MHz) was used to stimulate
the MCF-7 cells at 6 h postadministration. Cell viability was
detected using the Cell Counting Kit-8 (CCK-8) assay.

Animal Experiments

Female nude Balb/c mice were obtained from the Animal
Experimental Center of Zhejiang University (6—8 weeks of
age). Animal experiments were approved by the Ethics
Committee for the Use of Experimental Animals of
Zhejiang University. The experimental operation was carried
out in agreement with the National Institute of Health Guide
for the Care and Use of Laboratory Animals. To establish
MCF-7 tumor-bearing nude mice, 1 mL of MCF-7 cell sus-
pension (2x10°%) was mixed with 1 mL of Matrigel, and then,
the mixture was injected onto the mammary fat pads of female
nude Balb/c mice. When the tumor grew to approximately
250 mm’, RBC-mTNPs (20 mg/kg), free AQ4N (5 mg/kg)
and RBC-mTNP@AQ4N (25 mg/kg) were injected into the
mice through tail vein. In the US treatment groups, the tumor
sites were exposed under US (1 W/em?; 1 MHz) for 1 min
after 24 h of intravenous injection and 48 h of intravenous
injection. The tumor volume and body weight were measured
every three days. The tumor volume was determined by the
equation: Volume = lengthxwidth?<0.52. On the 23rd day, the
tumors were harvested, imaged and weighed. The major
organs, including the heart liver, spleen, kidney and lung,
were harvested, fixed and stained with hematoxylin and
eosin (H&E). Blood was collected, and serum biochemistry
indexes were measured following the manufacturer’s proto-
col. To detect the hypoxia in tumor tissues, tumor slices were
stained with DAPI and antipimonidazole antibodies and
observed using confocal microscopy.

To investigate the biodistribution of RBC-mTNP
@AQA4N, cy5.5-labeled mMTNP@AQ4N and RBC-mTNP
@AQ4N at a dose of 25 mgkg were intravenously
injected into the MCF-7 bearing female nude mice,
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respectively. The mice were sacrificed at 24 h post-
nanoparticle injection and tumor tissues and the main
organs including heart, liver, spleen, lung and kidney
were harvested, weighted and homogenized. The fluores-
cence signals were measured to evaluate the biodistribu-
tion of the mMTNP@AQ4N and RBC-mTNP@AQ4N.

Results and Discussion

The preparation of RBC-mTNP@AQA4N consists of three
steps. (1) The mTNPs were synthesized by a previously
reported method.*' (2) AQ4N was loaded into the mTNPs
by dissolving in aqueous solution and mixing with mTNPs
under stirring. (3) RBC membranes were extracted and
reconstructed on the surface of RBC-mTNP@AQ4N
through a series of extrusions and sonication. As shown in
Figure 1A, the prepared mTNPs showed a uniform spherical
structure with a diameter of ~40 nm. The analysis of ele-
mental dispersive X-ray (EDX) with elemental mapping
indicated the coexistence of titanium and oxygen, and the
distribution of these element seems to be homogeneous
(Figure 1B). The mesoporous structure could be observed
on the surface of mTNPs by high-resolution transmission

electron microscopy (Figure S1). Moreover, a typical nitro-
gen adsorption/desorption isotherm was measured, which
further indicated the well-defined mesopores of mTNPs
(Figure 1C and Figure S2). The high BET surface area
(413.2 m* g—1), large pore volume (0.4 cm® g™') and pore
size (2.8nm) of mTNPs indicated an excellent loading capa-
city for AQ4N. The loading content of AQ4N was measured
by UV-vis spectrophotometry at 610nm and was calculated
as 20.3%. To improve the stability of mTNPs@AQ4N and
prolong its circulating time, RBC membranes were coated on
the surface of mMTNP@AQA4N. The TEM images of RBC-
mTNP@AQA4N in Figure 1D clearly revealed that a grey
shell with a thickness of ~10 nm was around the
mTNPs@AQA4N. Dynamic light scattering (DLS) measure-
ments confirmed that RBC-mTNP@AQ4N had a higher size
distribution than mTNPs@AQ4N and a surface potential
similar to RBC membranes (Figure 1E). Furthermore,
sodium dodecyl sulfate-polyacrylamide gel electro-phoresis
(SDS-PAGE) analysis indicated that the RBC-mTNP
@AQA4AN contained the specific proteins of RBC membranes
(Figure S3). These results confirmed that the RBC mem-
branes were successfully coated onto mTNPs@AQ4N.
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Figure | Characterization of RBC-mTNP@AQ4N. (A) TEM image of mTNPs, scale bar=30nm. (B) Elemental dispersive X-ray (EDX) and elemental mapping of mTNPs,
scale bar=30nm. (C) N, adsorption-desorption isotherms of mTNPs. (D) TEM image of RBC-mTNP@AQ4N, scale bar=50nm. (E) Hydrodynamic diameter and zeta
potential of mMTNP@AQ4N, RBC vesicles and RBC-mTNP@AQA4N. (F) Average size of various nanoparticles after stocked in PBS and cell medium. The data represent
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Additionally, RBC-mTNP@AQ4N showed long-term stabi-
lity in both water and RPMI-1640 medium with 10% fetal
bovine serum, whereas the aggregation was observed in the
cell culture medium containing mMTNPs@AQ4N (Figure 1F).
The improved colloid stability by the RBC membrane coat-
ing probably originated from the feature that homologous
RBCs do not form clusters in the blood circulation.**** To
ability of RBC-mTNP@AQ4N as
a sonosensitizer, we measured the generation of reactive

evaluate the

oxide species (ROS) under ultrasound irradiation using sing-
let oxygen sensor green (SOSG) as an ROS detection
reagent. As shown in Figure 2A, neither pure US nor RBC-
mMTNP@AQA4N without US irradiation could produce ROS,
whereas RBC-mTNP@AQ4N under US stimulation showed
a high amount of ROS generation, which was similar to
mTNPs and mTNPs@AQ4N with US. These results indi-
cated that mTNPs and US were crucial for SDT. Based on the
generation of ROS, we investigated the integrity of RBC
surface of RBC-mTNP@AQA4N.
Interestingly, it could be observed that the outside lipid
shell of RBC-mTNP@AQ4N was disrupted after irradiation
by US, which was probably due to the oxidation and dis-
sociation of the cell membrane triggered by ROS (Figure S4).
Since RBC-mTNP@AQ4N could be controllably opened
with US activation, it was expected that AQ4N could be
released from RBC-mTNP@AQ4N under US stimulation.
Therefore, we investigated drug release from RBC-mTNP
@AQ4N or mTNPs@AQ4N with or without US exposure.
As shown in Figure 2B, the cumulative AQ4N release
reached 74.1% in the mTNPs@AQA4N groups, whereas less
than 20% AQ4N was released from RBC-mTNP@AQ4N
without US. Notably, the release of AQ4N from RBC-mTNP
@AQAN increased to 59.1% when ultrasound stimulation
was carried out at the beginning of the experiment. The US-
responsive release property of RBC-mTNP@AQ4N offers
the possibility of achieving on-demand cargo delivery under
the mediation of US. To further verify the US-controllable
drug release of RBC-mTNP@AQ4N, we measured the intra-
cellular distribution of AQ4N in MCF-7 cells using CLSM
and FACS analysis. As shown in Figure 2C and D, without
US activation, less significant fluorescent signals from
AQ4N were detected in MCF-7 cells after incubation with
RBC-mTNP@AQ4N than that with mTNP@AQ4N due to
the weak release of RBC-mTNP@AQA4N, which led to the
quenching of AQ4N into the pores as a result of electronic
energy transfer. Upon activated by US, RBC-mTNP@AQ4N
exhibited remarkably higher intracellular AQ4N fluorescent

membranes on the

signals than free AQA4N, which was approximate to

mTNP@AQA4N. These results confirmed that RBC-mTNP
@AQAN was an effective drug carrier to enter cells and
release AQ4N under US control.

It has been reported that RBC membrane coatings can
endow nanoparticles with immune evasion capability and
prolong their circulation lifetime.*>*> To evaluate the
evasion property of RBC-mTNP@AQ4N,
RAW264.7 murine macrophages were incubated with
RBC-mTNP@AQ4N or mTNP@AQ4N for 6 hrs. As
shown in Figure 2E and F, a large amount of
mMTNPs@AQ4N was phagocytosed by RAW264.7 cells,
leading to high fluorescence signals inside cells. In
remarkable contrast, RBC-mTNP@AQ4N showed an
extremely weak interaction with RAW264.7 cells due to

immune

the RBC membrane markers comprising a number of
“don’t eat me” signals. The excellent immune evasion
capability suggested a prolonged blood circulation time
and highly efficient accumulation of RBC-mTNP
@AQA4N in the tumor site.

Encouraged by the outstanding US-activated ROS gen-
eration and US-mediated AQ4N release of RBC-mTNP
@AQA4N in cell-free experiments, we sought to investigate
the in vitro therapeutic effect. To mimic the tumor micro-
environment, MCF-7 cells were cultured under the normoxic
condition (21% O,) and the hypoxic conditions with different
degrees (2% O, and 10% O,). The cytotoxicity of various
nanoparticles was evaluated using a CCK8 assay kit. As
shown in Figure 3A—C, without ultrasound stimulus, RBC-
mTNPs showed negligible effects on the cell viability of
MCEF-7 cells under the normoxic condition or the hypoxic
conditions, indicating the good biocompatibility of our pre-
pared nanoparticles. In addition, without activation by US,
free AQ4N and RBC-mTNP@AQA4N did not induce obvious
death of normoxic MCF-7 cells but showed concentration-
dependent and hypoxia-dependent cytotoxicity under
hypoxic conditions. Notably, RBC-mTNP@AQ4N killed
fewer MCF-7 cells than free AQ4N at the same AQ4N
concentration and hypoxic conditions, which was probably
due to weak drug release of RBC-mTNP@AQ4N without
US stimulation. We subsequently investigated the anticancer
effect of our nanoparticles upon activation by US. Pure US (1
W/cmz; 1 MHz; 60 s) has no obvious effect on cell viability,
indicating the biosafety of the applied US (Figure 3D-F).
The viability of normoxic MCF-7 cells was remarkably
inhibited by US irradiation after treatment with RBC-
mTNPs and RBC-mTNP@AQ4N. Moreover, RBC-mTNPs
showed therapeutic efficiency similar to RBC-mTNP
@AQA4N because of the inefficiency of AQ4N in the

3880

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com/get_supplementary_file.php?f=301855.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Li et al

2

o

o
[}
o

=y

=

I 150t 60 1 4+

8 —=—RBC-mTNP@AQ4N —=— RBC-mTNP@AQ4N

0o 100} —+—RBC-mTNP@AQ4N+US 40 —— mTNP@AQ4N
——mTNP+US —— RBC-mTNP@AQ4N+US

a ——mTNP@AQAN+US

“6 50} ——US 20

2 i i )

0 20 40 60 80
Time (hours)

Cumulative Release (%)

C D
o ©
¢c@® ¥ 2
i
o —
g S
’5 c
5 8
oY PGA % 3
@ B o
= =
o ¥
p ‘“ge 28
@ o £
©a 2
\4
((‘;gpﬁ
@

80r

D
o

»
“@\?%\A

()
%)
(=
i
o O
[« i}
=
© o
S o
=
c O
gv
=2
m
Qe
- Q
.
8 c
S —
(14

m

20t
¥
g ERIC N
@ po”
Nucleus FITC labeled NPs Lysosome Overlay X ?@
«© “\(V\
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Figure 3 In vitro therapeutic effect of RBC-Mtnp@AQ4N. Cytotoxicity of RBC-mTNPs, free AQ4N and RBC-mTNP@AQ4N in MCF-7 cells in 21% pO, condition (A and
D), in 21% pO, condition (B and E) and in 2% pO, condition (C and F) with (A-C) or without (D-F) US irradiation. All the data represent mean * S.D. (n=6). *P < 0.05 vs

the RBC-mTNP@AQ4N.

normoxic condition. However, the SDT effect of RBC-
mTNPs was obviously restricted under hypoxic conditions,
and the therapeutic efficiency deceased with decreasing oxy-
gen pressure. It could be interpreted that the sonochemical
process exhausted the limited oxygen in the hypoxic micro-
environment, which restricted the generation of ROS.
Considering the oxygen-dependent features of AQ4N and
SDT, we explored the combined sonodynamic/chemotherapy
of RBC-mTNP@AQA4N in hypoxic MCF-7 cells. As
expected, RBC-mTNP@AQ4N with US showed remarkably
higher inhibition effect towards hypoxic MCF-7 cells in
comparison to RBC-mTNP@AQ4N without US and RBC-
mTNPs plus US, confirming the combined effect of the
hypoxia-specific chemotherapy and the SDT in this nanoplat-
form (Figure 3E and F). It was reasonable that RBC-mTNP
@AQA4N with US generated ROS for SDT and aggravated
the hypoxic microenvironment, which improved the thera-
peutic efficiency of AQ4N in a sequential manner, thus
achieving a synergistic anticancer effect.

The RBCs coating onto nanoparticles has been demon-
strated to remarkably alter their in vivo behavior.***’
Therefore, the biodistribution of these Cy5.5-labeled nano-
particles was first detected 24 h after intravenous injection.

The mTNP@AQ4N and RBC-mTNP@AQ4N predomi-
nantly accumulated in the reticuloendothelial system,
including livers, spleens, and kidneys, as well as tumor
tissues (Figure 4A). Furthermore, less accumulation in the
livers, spleens, and kidneys was observed in the RBC-
mTNPs@AQ4N-  treated groups than in  the
mTNPs@AQ4N-treated groups. Inspiringly, RBC-mTNPs
@AQA4N showed a 1.8-fold higher tumor accumulation
than mTNPs@AQ4N.It can be explained that RBC-
mTNPs@AQ4N had a a reduced retention in the reticu-
loendothelial system, thus increasing the work concentra-
tion in the tumor site. The improved tumor accumulation
behavior was consistent with other reported RBC mem-
brane-coated nanoparticles.*® To further determine the
excellent therapeutic effect of RBC-mTNP@AQ4N, we
investigated tumor growth inhibition in MCF-7 tumor-
bearing nude mice. The MCF-7 tumor-bearing nude mice
were randomly divided into eight groups, PBS, RBC-
mTNPs, AQ4N, mTNP@AQ4N, RBC-mTNP@AQ4N,
RBC-mTNPs plus US, mTNP@AQA4N plus US and RBC-
mTNP@AQA4N plus US, and were intravenously admini-
strated with drugs or/and exposed with US. As shown in
Figure 4B-D, the tumor growth in the RBC-mTNP groups
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Figure 4 In vivo therapeutic effect. (A) Biodistribution of cy5.5-labeled RBC-mTNP@AQA4N at 24 h of intravenous post-injection. *P < 0.05 vs the RBC-mTNP@AQ4N.
(B) Tumor growth curves. (C) Tumor weight. *P < 0.05 vs the RBC-mTNP + US; #P < 0.05 vs the RBC-mTNP@AQ4N; P < 0.05 vs the mTNP@AQ4N. (D) Tumor

photographs.

Notes: a) Control group; b) RBC-TNPs; c) AQ4N; d) mTNP@AQA4N; ) RBC-mTNP@AQA4N; f) RBC-mTNPs+US; g) mTNP@AQ4N+US; h) RBC-TNP@AQ4N+US,

scale bar=1 cm. All the data represent mean + S.D. (n=4).

was similar to that in the PBS groups, indicating that
RBC-mTNPs have little effect on tumor growth. RBC-
mTNPs@AQ4N showed obviously higher tumor growth
inhibition than mTNPs@AQA4N and free AQ4N, which
might be attributed to the high tumor accumulation effi-
ciency. In addition, RBC-mTNPs plus US suppressed the
tumor volume to a certain extent, whereas RBC-mTNPs
@AQA4N plus US nearly inhibited tumor growth. In parti-
cular, RBC-mTNPs@AQ4N plus US exhibited a better
therapeutic efficacy than mTNPs@AQ4N plus US, which
was consistent with the biodistribution measurement. The
excellent therapeutic efficacy of RBC-mTNPs@AQ4N
plus US might be contributed to the following mechanism:
i) RBC-mTNPs@AQA4N efficiently generated ROS under
the US irradiation for the SDT of breast cancer, ii) the
released AQ4N from RBC-mTNPs@AQ4N under the
ROS stimulus was activated by the hypoxia inside tumors,

which supplemented the ineffectiveness of SDT in hypoxic
site, iii) the generation of ROS during the SDT aggravated
the hypoxia, which further improved the effect of hypoxia-
activated chemotherapy of AQ4N. To validate our hypoth-
esis, we detected the hypoxic status in the tumor tissues
after various treatments through immunofluorescence
staining. As shown in Figure 5A and B, the hypoxia-
associated green fluorescence intensity in the RBC-
mTNPs@AQ4N-treated groups without US had little
change in comparison to that in the control groups,
whereas RBC-mTNPs@AQ4N plus US
increased the hypoxic signals in the tumor sections,

significantly

which was approximate to RBC-mTNPs plus US. These
results indicated that RBC-mTNPs-based SDT could
the
Furthermore, we investigated the apoptotic rates in tumor

improve hypoxia status in tumor tissues.

tissues using TUNEL staining (Figure 5C and D). As we
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Figure 5 Hypoxic and apoptotic status in tumor tissues. (A) Immunofluorescence images of tumor sections stained with antipimonidazole antibody after various
treatments, scale bar=100 um. (B) Flow cytometry analysis of hypoxia positive areas. *p < 0.05 versus RBC-mTNP@AQ4N. All the data represent mean * S.D. (n=4).
(C) Fluorescence images of the TUNEL staining of the tumor sections after various treatments. The blue fluorescence shows the location of the nucleus, and the green
fluorescence shows the location of the apoptotic cells; scale bar=100 pm. (D) Flow cytometry analysis of tumor apoptotic rate. *p < 0.05 versus RBC-mTNP@AQ4N+US.

All the data represent mean * S.D. (n=4).

expected, the degree of apoptosis in the RBC-mTNPs
@AQA4N plus US groups was remarkably higher than
those in RBC-mTNPs@AQ4N groups or RBC-mTNPs
plus US groups. Thereby, we believe that RBC-mTNPs
@AQA4N provides a synergistic mechanism for cancer
therapy. Compared with other SDT-related nanomaterials,
our RBC-mTNPs@AQ4N can release AQ4N under the
control of US, and elaborately make use of hypoxia gen-
erated by SDT to improve the therapeutic efficiency of
AQA4N.

To further explore the potential of hM-mTNPs@AQ4N
for clinical application, we carried out a pilot study to eval-
uate the side effects of the nanoparticles. As shown in Figure
S5A, compared with the PBS group, no significant body
weight loss was detected in the treatment groups.
Furthermore, the serum biochemistry indexes (CRE, ALT,
AST, CK and BUN) in all the treatments were maintained at
normal levels, and the histological assessment indicated nor-
mal physiology in the liver, spleen, kidney, lung, and heart

(Figure S5B-F and Figure 6). In this sense, RBC-mTNPs
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@AQAN would be an effective and safe candidate for
chemo/sonodynamic therapy.

Conclusion

In summary, we developed biomimetic mTNPs with
AQA4N loading and RBC membrane coating to combine
SDT with hypoxia-specific chemotherapy. Upon activation
by US, RBC-mTNP@AQA4N efficiently generated ROS for
SDT, further triggering AQ4N release in a controllable
manner. The released AQ4N was converted into toxic
AQ4 by hypoxia, and SDT-induced hypoxia further
improved the anticancer efficiency of AQ4, which supple-
mented the inefficiency of SDT in hypoxic conditions. In
addition, RBC-mTNP@AQ4N showed an immune escape
ability due to the coating of the RBC membrane, which

effectively reduced retention in the reticuloendothelial sys-
tem and increased the work concentration in tumor tissues.
Thus, RBC-mTNP@AQ4N-based synergistic therapies
display an excellent antitumor effect with few side effects.
Given their better performance, we believe our designed
nanoplatform provides new insight into advancing the
development of SDT in the future.
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