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A B S T R A C T   

Introduction: Sonodynamic therapy (SDT) has potential clinical applications for cancer therapy, and is yet 
restricted by complex tumor microenvironmental (TME) factors. Thus, the research problem of TME modulation 
as well as efficient tumor treatment still needs to be clarified. 
Method: In this study, a calcium carbonate (CaCO3) nanoplatform was designed for ultrasound (US) and TME 
response-triggered, which encapsulated Ag2S and loaded with L-Arg, and further wrapped with RBC/Platelet 
membrane, named as QD@Ca/ML-Arg. 
Results: Non-invasive US-triggered SDT by Ag2S and acidic environment-responsive drug release were achieved. 
In vitro experiments validated the efficacy of SDT, Ca-ion interference and nitric oxide (NO) gas therapy as 
combined therapy for cancer treatment. By means of RNA sequencing, the cancer therapeutic mechanism of SDT 
in redox-related pathways was elucidated. The immunosuppressive TME was simulated with a M2-macrophage/ 
cancer cell co-culture system to confirm the immune activating effect of immunogenic cell death (ICD). 
Conclusion: Accordingly, the potential of QD@Ca/ML-Arg-was demonstrated for in vitro TME modulation, cancer 
therapeutic efficacy and clinical translation.   

Introduction 

As one of the major causes of human health hazards, the incidence 
and mortality of cancer is increasing rapidly worldwide [1]. Due to the 
limitations of conventional therapies such as toxic effects of chemo
therapy and difficulty in eradicating metastatic tumors, synthetic 
nanoparticles have been widely used in drug delivery studies of tumor 
[2]. Nanoscale drug delivery systems can be utilized to boost drug 
enrichment by optimizing the size, shape, and properties, thereby 
relieving the side effects of drugs and intensifying the therapeutic effi
cacy [3]. The main challenge of drug delivery in solid tumors is attrib
uted to the complex state of the tumor microenvironment (TME) which 
promotes tumor growth, enhances tumor cell infiltration and metastasis 
and inhibits the efficacy of antitumor therapy [4]. 

The acidic extracellular pH state is a unique feature of TME [5]. Due 
to the high catabolic demand of the tumor, hypoxic tumor cells derive 
energy from glycolysis and convert glucose to lactate [6,7], thus creating 
an acidic state. This acidified pH gradient forms a physical barrier for 

commonly used alkaline chemotherapeutic medicine [8,9]. Opportu
nities for pH-responsive nanoparticles in tumor diagnosis and treatment 
have also arisen due to the characteristic acidic TME [10]. 
Calcium-based nanoparticles, such as calcium carbonate (CaCO3), cal
cium phosphate (CaP) and calcium peroxide (CaO2), have received 
attention in cancer therapy by the facile synthesis, functionalized 
modifications and acidic degradation [11–14]. Jiawei Zhu et al. syn
thesized CaCO3 nanoparticles doped with peroxidase and Chlorin e6 
(Ce6) which present significant drug release in acidic TME (pH 6.0). 
Meanwhile the increased Ca2+ concentration disrupted the mitochon
drial buffering capacity of calcium, leading to mitochondrial over
loading, promoted the oxidative phosphorylation process and inhibited 
adenosine triphosphate (ATP) production, accelerated apoptosis of 
cancer cells [15]. 

Exogenous non-invasive stimulation or drug-controlled release 
means include light, sound, electricity, heat and magnetism [16–20], 
etc. The superiority of ultrasound (US) lies in the negligible invasiveness 
and deeper penetration depth of deep-sited tumors [21]. Sonodynamic 
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therapy (SDT) refers to the irradiation of low-intensity US to sono
sensitizers, which triggers generation of reactive oxygen species (ROS) 
[22]. High concentrations of ROS cause oxidative damage to cells, which 
is considered as a feasible solution to induce apoptosis or necrosis of 
cancer cells [23]. In particular, it was found in preclinical animal models 
and in preliminary clinical trial studies of breast cancer patients that 
tumor cell lysates induced by the SDT process can act as tumor antigens, 
thus eliciting antitumor immune reactions [24,25]. 

The hypoxic state of tumor limits the effectiveness of SDT with ROS 
as a therapeutic tool [26]. Various strategies have been promoted to 
alleviate tumor hypoxia, including delivering oxygen or synthetic 
nano-agents to the tumor region for curbing hypoxia [27–29]. Nitric 
oxide (NO) has become a trendy research issue as a vital molecular 
messenger associated with tumor intimately [30]. NO plays a crucial 
role in cancer formation and progression and reacts with ROS to produce 
peroxynitrite (ONOO− ) [31,32]. NO and ONOO− with powerful nitrat
ing and oxidizing skill to induce cell apoptosis and limit excessive 
mitochondrial respiration, thus inhibiting the expression of HIF-1α in 
hypoxic tumor cells and alleviating tumor hypoxia [33–35]. 

In this study, an ultrasound and pH-responsive nanoparticles 
QD@Ca/ML-Arg-for combining cancer therapy was developed (Fig. 1). 
Sodium alginate was operated as micelles for Ag2S of oil-to-water phase 
transfer and template of acidic pH-degraded CaCO3 mineralization 
layer. L-Arg-was loaded in the pores of CaCO3 to generate NO under 
cellular synthase. The biocompatibility of the nanoparticles was 
improved by modifying the RBC/Platelet hybrid membrane. In vitro 
experiments demonstrated that efficient cancer therapy was achieved 
through QD@Ca/ML-Arg-stimulated by US. Further, the role of NO gas 
therapy in regulating the hypoxic TME was investigated, and the 
immunosuppressive microenvironment remodeling of ICD was stimu
lated by SDT. This work presents a TME-regulable nanoparticles with 
effective combined therapy which might provide a novel insight to the 
cancer treatment. 

Materials & method 

Materials 

Diethyldithiocarbamic acid silver salt (Ag (DDTC)), 1-Octadecene 
(ODE), 1-Dodecanethiol (DT), n-Hexane were purchased from Aladdin 

Industrial Co., Ltd. (Shanghai, China). Acetone, sodium alginate, cal
cium chloride anhydrous, ammonium bicarbonate and potassium per
sulfate were acquired from Macklin Biochemical Co., Ltd. (Shanghai, 
China). L-Arginine (L-Arg), dimethyl sulfoxide (DMSO), 1,3-Diphenyli
sobenzofuran (DPBF), 2′,7′-Dichlorofluorescein diacetate (DCFH-DA) 
were obtained from Sigma-Aldrich (St. Louis, MO, USA). The Cell 
Counting Kit-8 kit was purchased from Dojindo Laboratories (Kuma
moto, Japan). DAF-FM DA, Fluo-4 AM, JC-1, Calcein AM/PI, DAPI and 
other cell fluorescence probes were all purchased from Beyotime 
Biotechnology (Shanghai, China). Matrigel, GSH test kit, Recombinant 
murine interleukin-4 (IL-4) and lipopolysaccharide (LPS) were provided 
by Solarbio (Beijing, China). Doxorubicin (Dox) was acquired from 
Amgicam Biomedical Co., Ltd. All the reagents mentioned above were at 
analytical grade and no purification was required for direct use. 

Synthesis of QD, QD@Ca, QD@CaL-Arg 

The synthesis method was adapted with reference to previous studies 
[36]. In a four-port flask, 76.8 mg diethyldithiocarbamic acid silver salt 
(Ag (DDTC)), 30 g 1-Octadecene and 6 g 1-Dodecane were added 
sequentially. Heating to 90 ◦C with vigorous stirring under anaerobic 
conditions by argon gas and maintaining the temperature for 10 min to 
remove water. Continue to heat up to 140 ◦C and keep it for 10 min till 
n-hexane quenching to terminate the reaction. Then adding acetone and 
centrifuging at 12,000 rpm/min for 10 min, the obtained Ag2S is 
dispersed in n-hexane for subsequent experiments. 

Weighing 50 mg sodium alginate dissolved in 20 mL of deionized 
water and 5 mg Ag2S was added. Vigorously stirred and heated to 70 ◦C, 
the hexane was removed. Then 20 mg potassium persulfate was added to 
get deprotonated sodium alginate micelle solution. The Ag2S/Alg com
ponents were collected by centrifugation and redisposed in ethanol 
which contained 5 mg CaCl2 to get Ca2+ coupled. The Ca2+-Ag2S/Alg 
sections were placed in an airtight vacuum environment, with another 
beaker amidst of an appropriate amount of NH4HCO3. The product of 
QD@Ca was collected by centrifugation at 8000 rpm/min for 10 min 
after 24 h [37]. 

10 mg QD@Ca was dispersed in 10 ml deionized water, 5 mg of L- 
arginine powder was added and stirred thoroughly at room temperature 
for 24 h. QD@CaL-Arg-was collected by centrifugation at 11,000 rpm/ 
min for 10 min. The L-arginine loading rate was calculated by 

Fig. 1. Schematic illustration for the 
synthesis of QD@Ca/ML-Arg-nano
particles: The synthesis was carried out 
in a three-step process, (1) sodium 
alginate was applied to convert oil- 
soluble Ag2S quantum dots to water 
solubility; (2) sodium alginate was 
adopt as a template to obtain CaCO3 
mineralization layer; (3) RBC/Platelet 
heterozygous membrane manufactured 
biocompatibility (A); In vitro cancer 
therapy is executed in a cascade 
manner: exogenous US acts on QD@Ca/ 
ML-Arg-to generate ROS; QD@Ca/ML-Ar

g-acid interpretation to releases L-Arg- 
and Ca2+, further realizing NO gas 
therapy and ion interference ther
apy;4T1 cells develop ICDs which cause 
phenotypic conversion of TAMs (B).   
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α-naphthol-diacetyl reaction. 

Synthesis of QD@Ca/ML-Arg 

Whole blood was obtained from male Balb/c mice and centrifuged at 
3500 rpm/min for 5 min at 4 ◦C to remove the plasma. The RBCs were 
then lysed in an ice bath of 0.25 × PBS for 30 min. After centrifuging at 
8000 rpm/min for 10 min, the RBCs ghost was resuspended in PBS at 
4 ◦C. 

Anticoagulated blood was added above the platelet isolation solution 
level at a ratio of 1:2. After centrifugation at 300 g for 15 min, the 
platelet plasma layer (first layer) was aspirated into another centrifuge 
tube, followed by the addition of the same volume of dedicated washing 
solution, washing 3 times. The platelets were stored in PBS at 4 ◦C. 

The membrane coating was completed by fusing RBCs and platelet 
membrane with QD@Ca particles by ultrasonically maxing. 

Characterization of QD@Ca/ML-Arg 

The morphology of the nanoscale drug delivery system was observed 
by JEM-2100 (JEOL, Japan) transmission electron microscope, with EDS 
accessory to determine the chemical elemental composition of it. Hy
drodynamic diameters, zeta potential and polymer dispersity index were 
measured by Zeta Sizer (Malvern, UK). FTIR spectra were conducted on 
Nicolet 6700 FTIR spectrometer (Thermo scientific, USA). With 
NIRQUEST512–1.7 fiber spectrometer (Ocean Optics, USA) to record the 
near infrared fluorescence (NIR) spectra of Ag2S, Alg/Ag2S and QD@Ca. 
The UV–Vis absorption spectrum was conducted on BioMate 160 
(Thermo scientific, USA). 

Drug release study 

The yield of ROS was quantified by DPBF. Under ultrasound, the 
absorbance at 410 nm of a mixture of DPBF and QD@Ca/ML-Arg (75 μg/ 
mL) solutions was detected every 1 min. DPBF and the mixture of DPBF 
+ QD@Ca/ML-Arg-without ultrasound were regarded as control. 

QD@Ca/ML-Arg (3 mg) was dispersed in 3 mL PBS solution at pH 5.0, 
6.5 and 7.4, respectively. Then, the supernatant was collected by 
centrifugation at a predetermined time and supplemented with the same 
volume of PBS of corresponding pH to the original solution. The cu
mulative release of Ca2+ was calculated by Calcium Assay Kit (Nanjing 
Jiancheng). 

The release of L-Arg-was determined by α-naphthol-diacetyl reaction. 
Specifically, the indicator contains 40 mg/mL NaOH hydroxide solution, 
80 mg/mL α-naphthol and 0.5 µL/mL diacetyl both dissolved in prop
anol, the three solutions are mixed in equal volume. 130 µL of indicator 
was mixed with 20 µL supernatant and the mixture was water bathed at 
30 ◦C for 15 min. Measure the absorbance at 540 nm. 

Cell culture and treatment 

RAW264.7 mouse macrophage and 4T1 mouse breast cancer cells 
were cultured in RPMI 1640 medium containing 10% FBS; MDA-MB- 
231 human breast cancer cells were cultured in DMEM medium con
taining 10% FBS. The cells mentioned above were nurtured in a 37 ◦C 
incubator with 5% CO2. 

Biocompatibility and endocytosis 

Cells in logarithmic growth phase were inoculated in 96-well plates 
at a density of 1 × 105 cells per mL overnight at 37 ◦C and incubated 
with gradient concentrations of QD@Ca/ML-Arg, CaCO3, and Ag2S (0, 
3.125, 6.25, 12.5, 25, 50, 100 μg/mL) for 24 h. 10 uL CCK-8 was added 
into each well, the absorbance was measured at 490 nm to calculate cell 
viability. 

4T1 cells (1 × 105/mL) were inoculated and grown overnight in 

confocal dishes at 37 ◦C. Replacing the medium by Dil marked QD@Ca/ 
ML-Arg-for incubation of 4 h. Immobilizing 4T1 cells with cell fixation 
solution for 20 min, the images were observed by confocal laser scan
ning microscopy (Dragonfly, UK). 

Chemotherapy drug therapy research 

Doxorubicin (Dox) was selected as a typical chemotherapy drug for 
breast cancer cell chemical treatment. 

MDA-MB-231 and 4T1 cells were seeded in 96-well plates at a den
sity of 1 × 105 cells per mL. After incubated overnight at 37 ◦C, gradient 
concentrations of Dox (0, 0.125, 0.25, 0.5, 1, 2, 4 and 8 μg/mL) were 
added for another 12 h. 10μL CCK-8 was added into each well, the 
absorbance was measured at 490 nm to calculate cell viability. 

Scratch assay and migration assay 

MDA-MB-231 and 4T1 cells were seeded into 6-well plates to reach a 
dense monolayer, and a uniform scratch was made. After washing off the 
shedding cells with PBS, the medium was replaced by QD@Ca/ML-Arg 
(75 μg/mL). With incubation for 4 h, cells were irradiated with US (1 W/ 
cm2, 2–3 min). The pictures were taken at 0 h, 24 h and 48 h after 
treatment. The distances of the wound field were processed by ImageJ 
software. 

Cell culture inserts (8 μm PET membrane, Corning) upper surface 
were wrapped with Matrigel (200 μg/mL). For cells pre-treated by 
QD@Ca/ML-Arg+US, 4T1 cells were resuspended with FBS-free medium 
and seeded into inserts. 600 uL RPMI 1640/10% FBS was added as 
chemotactic factor in the lower chamber. After incubating at 37 ◦C for 
48 h, wiping off the Matrigel and cells in the inserts and staining the 
inserts with 0.1% crystal violet for 20 min. Crystal violet was dissolved 
by 33% acetic acid and absorbance readings were taken at 570 nm. 

Detection of in vitro ROS and NO 

4T1 cells were inoculated in confocal dishes and cultured overnight, 
FBS-free medium containing QD@Ca/ML-Arg (75 μg/mL) was added for 
4 h. The cells were then incubated with DCFH-DA (10 μM) and DAF-FM 
DA (5 μM). After imposed with US (1 W/cm2, 2 min). The fluorescence 
was obtained by CLSM. 

In vitro ONOO− generation and GSH depletion 

4T1 cells were cultured to the experimentally desired density, 
replaced the medium with L-Arg (50 μg/mL) or QD@Ca/ML-Arg (75 μg/ 
mL) for incubating another 4 h. The ONOO− probe (BBoxiProbe, BB- 
460,652) was utilized to detect peroxynitrite after irradiation of US 
(1 W/cm2, 2 min). 

4T1 cells were cultured overnight. Replacing the medium with L-Arg 
(50 μg/mL) or QD@Ca/ML-Arg (75 μg/mL) for incubating another 4 h. 
5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) assay kit obtained the con
tent of intracellular GSH. 

Ca2+ detection and mitochondrial membrane potential measurement 

4T1 cells were cultured at 37 ◦C for 24 h. Then, QD@Ca/ML-Arg (75 
μg/mL) was added. After incubated with Fluo-4 AM (2 μM) for 30 min, 
the images were obtained by CLSM at scheduled time point (0, 0.5, 1 and 
2 h). 

4T1 cells were inoculated in confocal dishes and cultured overnight, 
replaced the medium with CaCO3 or QD@Ca/ML-Arg-for incubating 
another 4 h. Then the cells were exposed to US for 2 min (1 W/cm2) and 
stained with mitochondrial membrane potential probe (JC-1). 
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Immunofluorescence staining 

For immunofluorescence staining, 4T1 cells pre-seeded in a 6-well 
plate were incubated overnight. After the aforementioned incubation 
with QD@Ca/ML-Arg-and treatment by US, immobilizing 4T1 cells with 
cell fixation solution for 20 min. With blocking buffer to get cells 
blocked and permeabilized for 1 h. Stained cells with antibody (anti- 
HIF-1α, anti-γ-H2AX and anti-CRT, respectively) overnight at 4 ◦C and 
subsequently secondary anti-rabbit AlexaFluor-555 for 1 h, and then 
counter-stained with DAPI for 10 min. 

In vitro efficacy of combined therapy 

4T1 and MDA-MB-231 cells were cultured to the experimentally 
desired density, the medium was replaced by QD@Ca/ML-Arg (75 μg/ 
mL) in FBS-free medium. Cells were irradiated with US afterwards. 
Operating Calcein AM/PI cytotoxicity assay kit and CCK-8 to evaluate 
the combined efficacy. 

Study of DAMPs release 

4T1 cells were seeded into 6-well plates and incubated overnight. 
After incubation with probes and treatment by US, the level of calreti
culin (CRT) was identified by immunofluorescence. The concentration 
of HMGB1 and ATP was qualified by ELISA kits (FeimoBio) and ATP 
assay kit (Beyotime) respectively. 

RNA-sequencing analysis 

To clarify the genetic variation by combined therapy, the mRNA was 
isolated by Trizol reagent (Invitrogen). RNA-seq was conducted on 
Illumina platform, transcript levels were quantized using featureCounts. 
Differential expression between two comparative groups was performed 
using DESeq2 software. GO/KEGG enrichment analysis was achieved by 
ClusterProfiler R software. Based on the STRING database predicted 
protein-protein interactions. 

Cell viability and cytokines levels in coculture system 

200 μL Raw264.7 cells were seeded in the upper chamber of the cell 
culture inserts (0.4 μm PET membrane, Corning), with LPS (1 μg/mL) or 
IL-4 (25 ng/mL) treated to achieve M1 or M2 TAMs phenotype respec
tively. 600 μ 4T1 cells were cultured in the lower chamber, incubated 
with probes and treated by US subsequently. The 4T1 cells were 
collected by trypsin at scheduled time for viability measurement by 
CCK-8. IL-6, IL-10 and TNF-α were quantified by ELISA kits for cytokine 
detection. 

Statistical analysis 

The data was analyzed by GraphPad Prism 7.0 software and pre
sented as mean ± standard deviation. Statistical comparisons were 
assessed by one-way ANOVA. Taken P values < 0.05 as accepted level of 
significance. 

Fig. 2. TEM images of QD@Ca (A and B), QD@Ca/ML-Arg (C), and the degradation of QD@Ca/ML-Arg-in PBS at pH 6.8 for 4 h (D); fluorescence spectra (E), FTIR (F) 
and UV–vis (G) of different nanoparticles; hydrated particle size (H) and zeta potential (I) change after coated with RBC/Platelet vesicles and loaded by L-Arg; ROS 
production was detected by DPBF (J); the release of Ca2+ (K) and L-Arg (L) of QD@Ca/ML-Arg-at different pH conditions. 
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Results 

Synthesis and characterization of QD@Ca/ML-Arg 

In this study, oil-soluble Ag2S QDs were synthesized to accomplish 
SDT by pyrolysis, and then dispersed in sodium alginate micelles. So
dium alginate wrapped Ag2S through hydrogen bonding and hydro
phobic interactions to obtain water-soluble Alg/Ag2S polymers [38]. 
Then, QD@Ca nanoparticles were obtained through calcium carbonate 
deposited on Ag2S by gas diffusion with a size of about 100 nm (Fig. 2A 

and B). The RBC/Platelet vesicles modified nanoparticles showed a 
distinct shell-core structure with a slight increase in size of about 120 nm 
(Fig. 2C) which promoted water solubility of QD@Ca. 

The emission peak of Ag2S QDs appeared at 1050 nm under laser 
excitation of 808 nm, present in fluorescence spectrum. The peak 
emerged with a different degree of red-shift after calcium carbonate 
depositing and vesicles modifying (Fig. 2E). As shown in the fourier 
transform infrared spectroscopy (FTIR), the typical absorption bands at 
3551 cm− 1 and 1456 cm− 1 were related to the hydroxyl stretching vi
bration and carbonate ion respectively (Fig. 2F) [39,40]. UV–vis 

Fig. 3. Confocal fluorescence images of 4T1 cells incubated with Dil-QD@Ca/ML-Arg (A); The relative 4T1 cell viabilities after treated with different nanoparticles of 
gradient concentrations (B); 4T1 and MDA-MB-231 cells’ migration (C) and invasion (D) after different treatment; intracellular ROS (E) and NO (F) production was 
detected by DCFH-DA and DAF-FM DA, respectively; Confocal fluorescence images of ONOO− (G); the intracellular GSH concentration of hypoxic 4T1 cells after 
different treatment (H); the immunofluorescence images of HIF-1α (I) and γ-H2AX (J) after treated with QD@Ca/ML-Arg-and US. n.s.: no significant, *P < 0.05, ***P 
< 0.001. 
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absorbance spectrum displayed the characteristic absorption peaks of 
QD@Ca/ML-Arg-at 290 nm and 410 nm which matched the RBC/Platelet 
vesicles (Fig. 2G). And the loading rate and encapsulation efficiency of 
L-Arg-were calculated to be 11.33 ± 0.81% and 45.32 ± 3.23% by 
α-naphthol-diacetyl reaction [41]. 

Energy Dispersive Spectrometer (EDS) confirmed the presence of 
elemental composition in QD@Ca/ML-Arg (Table S1). Comparing the 
hydrodynamic particle size and the surface potential of QD@Ca with/ 
without modification by membrane, the size increased from 105 to 122 
nm (Fig. 2H). And shown a negative potential of − 23 mV due to the 
membrane proteins and L-Arg (Fig. 2I). In addition, the stability of the 
nanoparticle is the primary mission to consider. QD@Ca/ML-Arg-was 
examined in PBS, water and RPMI 1640 medium (10% FBS), at different 
temperatures. There were no significant changes in size, polydispersity 
index (PDI) and surface potential over four days, indicating that 
QD@Ca/ML-Arg-has outstanding physiological stability (Fig. S1). 

To assess the sonodynamic performance of QD@Ca/ML-Arg, 1,3- 
diphenylisobenzofuran (DPBF) was used as ROS quantitative probe. 
The absorption of DPBF shows a reduction after exposure to US, which 
indicates the ROS generation by Ag2S under US excitation (Fig. 2J). 

It has extensively known that CaCO3-based nanomaterials have 
classical pH-sensitive degrade property. The TEM Figure exhibits 
QD@Ca/ML-Arg-disintegrated and enlarged in PBS at pH 6.8 for 4 h 
(Fig. 2D). To substantiate the drug release in acidic TME, Ca2+ and L- 
Arg-in PBS with different pH values were evaluated. Ca2+ had a pH acid- 
dependent increase with duration of incubation, demonstrating the acid 
degradation ability of the synthetic nanoparticles (Fig. 2K). Similarly, 
the release of L-Arg-was calculated by α-naphthol-diacetyl reaction. In 
PBS of pH 5.5, 86.92 ± 4.12% of L-Arg-being released within 4 h. In 
contrast, in the PBS of pH 7.4, only 35.16 ± 0.82% of L-Arg-was released 
during the same time (Fig. 2L). 

Functions of QD@Ca/ML-Arg 

RBC/Platelet vesicles confer excellent biocompatibility to QD@Ca/ 
ML-Arg, thus avoiding immune clearance and achieving more intra
tumorally drug delivery. To Figure out the intracellular uptake process, 
the Dil marked QD@Ca/ML-Arg-was incubated with 4T1 cells first. As 
shown in Fig. 3A, Dil-QD@Ca/ML-Arg-could be internalized via endocy
tosis and scattered in cytoplasm effectively. 

Nanoscale drug delivery systems with great biocompatibility are 
essential to promote their biomedical applications. CaCO3, Ag2S, L-Arg- 
and QD@Ca/ML-Arg-displayed inappreciable toxicity to 4T1 cells after 
24 h of incubation. With concentrations of QD@Ca/ML-Arg-up to 100 μg/ 
mL, 4T1 cells incubated by QD@Ca/ML-Arg-remained 88.97 ± 6.24% of 
survival rate. For L-Arg, Ag2S and CaCO3, cells also maintained 93.17 ±
0.34%, 87.93 ± 9.39% and 69.60 ± 11.43% relative viability, respec
tively (Fig. 3B). After co-incubation with RBCs for 12 h, only negligible 
hemolysis was present in QD@Ca/ML-Arg-group (Fig. S2). 

Performing wound healing test to simulate the process of metastatic 
breast cancer cells migration in vitro. 4T1 cells were cultivated as a 
monolayer and created a “wound scratch” (Fig. S3). The control group 
healed most with the healing rate of 82.93 ± 0.89% after 48 h. Only US 
treatment as well as free L-Arg-and CaCO3 achieved a limited inhibitory 
effect. The considerable migration inhibition was accomplished by 
QD@Ca/ML-Arg+US, with a healing rate of only 13.11 ± 12.09% 
(Fig. 3C). The parallel results were also demonstrated in the MDA-MB- 
231 cell line. Compared to the high healing rate of 84.23 ± 1.19% in 
the control group, the healing rate in the QD@Ca/ML-Arg+US group was 
only 12.88 ± 3.94% after 48 h (Fig. 3C and Fig. S5). Similarly, the 
longitudinal metastasis and invasion of 4T1 cells was simulated by 
transwell with Matrigel. Only US treatment, free L-Arg-and CaCO3 were 
unable to inhibit cell invasion, analogous to wound healing test. 
QD@Ca/ML-Arg+US had the highest invasion inhibition rate of 74.01 ±
3.26% (Fig. 3D and S4). 

Fluorescence imaging displayed hardly ROS was generated with only 

US treatment or QD@Ca/ML-Arg-incubation. The 4T1 cells treated with 
QD@Ca/ML-Arg-under US presented enormous ROS generation (Fig. 3E 
and S6 A). Correspondingly, extensive NO was detected in the 4T1 cells 
of QD@Ca/ML-Arg-group (Fig. 3F) while free L-Arg-failed to produce 
large amount of NO. Speculation is that QD@Ca/ML-Arg-enhanced the 
intracellular delivery of L-Arg. Further, the intracellular NO level was 
measured by the classical Griess method and mutually corroborating to 
the fluorescence image (Fig. S6 B), which revealed the same trend as 
fluorescence images of NO. 

The intracellular ONOO− level was also analyzed. As shown in 
Fig. 4A, the free L-Arg-group did not produce ONOO− . The strongest 
fluorescence, which is obtained from the reaction between ROS and NO 
generated by QD@Ca/ML-Arg+US. Cancer counteract PDT or SDT using 
ROS as a therapeutic tool by increasing the content of endogenous 
glutathione (GSH). It was found that ONOO− inhibit GSH levels by 
modulating GSH-related synthase through the nitration reaction. Intra
cellular GSH content was measured by DTNB kit and significantly 
reduced by ONOO− in the QD@Ca/ML-Arg+US group (Fig. 4B). 

It has been reported that NO and ONOO− could regulate HIF-1α 
transcription, thereby overcoming drug resistance of tumor due to 
hypoxia. As revealed in Fig. 4C, which insinuate QD@Ca/ML-Arg+US has 
the potential to down-regulate the expression of HIF-1α by releasing 
ONOO− in hypoxic 4T1 cells. Considering the generation of ROS and 
ONOO− under US, the DNA damage status was investigated by immu
nofluorescence staining of γ-H2AX. Strongest fluorescence was observed 
in QD@Ca/ML-Arg+US group (Fig. 4D), which speculated that DNA 
damage by generating ROS and possibly indicates that DNA self- 
restoration was impeded by ONOO− . Relevant quantitative results 
were reflected in Figure S7. 

Efficacy of combined therapy against cancer cells 

Due to the degrade of CaCO3-based nanoplatform in acid environ
ment. Intracellular Ca2+ content was assessed by the Ca2+ fluorescent 
probe Fluo-4 AM (Fig. S8). A time-dependent increase of Ca2+ was 
observed within 2 h due to the degradation of QD@Ca/ML-Arg-by lyso
some through the endocytic pathway (Fig. 5A). Mitochondria are crucial 
organelles for the regulation of cellular respiration and intracellular 
calcium homeostasis, while accumulation of Ca2+ is harmful for mito
chondria function. The mitochondrial damage was evaluated by the 
mitochondrial membrane potential fluorescence probe (JC-1). Fig. 5B 
and S9 showed a high level of mitochondrial red fluorescence of control 
group, which indicates that 4T1 cells maintain high mitochondrial ac
tivity. After incubation with QD@Ca/ML-Arg, green fluorescence of 
reduced membrane potential was emerged in 4T1 cells. Normal mito
chondrial membrane potential is the premise of maintaining mito
chondria for oxidative phosphorylation and ATP production, which is 
necessary for maintaining cell function. The mitochondrial membrane 
potential decline is an early sign of tumor cell apoptosis, which indicates 
the amplification of the oxidative stress state of the mitochondria by the 
ROS generated by SDT. 

Immunogenic cell death (ICD) is a specialized form of cell death 
which can be triggered by SDT. Cancer cells that undergo ICD can 
initiate an adaptive immune response and establish a long-term immune 
response, thereby obtaining anti-tumor immunity. ICD is characterized 
by the release of damage associated molecular patterns (DAMPs), 
including adenosine triphosphate (ATP), high mobility group protein B1 
(HMGB1), and calprotectin (CRT) [42]. CRT migrates from the endo
plasmic reticulum to the surface of the cell membrane and provides an 
“eat-me” signal for dendritic cell uptake. The immunofluorescence 
image of CRT showed that neither US nor synthetic nanoparticles 
treatment alone could trigger the migration of CRT, while 
QD@Ca/ML-Arg+US group brought the highest level of CRT fluorescence 
detected on the surface of 4T1 cells (Fig. 5C). Similarly, the release of 
ATP and HMGB1 provided additional antigen stimuli for immunocytes 
maturation, which was evaluated respectively. Obviously, 
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QD@Ca/ML-Arg+US caused the highest extracellular drain of ATP and 
HMGB1, demonstrating the ICD effect (Fig. 5D-E and Fig S9). 

To validate the US-triggered combined therapy of synthetic nano
platform, neither CaCO3, L-Arg-nor Ag2S without US-triggered produced 
therapeutic effects on 4T1 cells, as previously result shown (Fig. 3B). 
CaCO3L-Arg-and Ag2S, Ag2SL-Arg, QD@Ca treated with US, namely SDT, 
Ca-ion interference and NO gas therapy, as a single treatment or a 
combination of two factors, could not kill 4T1 cancer cells adequately 
(Fig. S10). Further, the efficacy of combined therapy was verified by 
Calcein AM/PI staining and relative viability calculation of 4T1 cells. 
Fluorescence imaging of Fig. 6A showed that, the 4T1 cells incubation 
with QD@Ca/ML-Arg-keeping alive. Whereas QD@Ca/ML-Arg+US group 

present large amount of red fluorescence which indicated the reduced 
activity of 4T1 cells through cascade treatment reactions generated by 
QD@Ca/ML-Arg-under US irradiation. The cell viability quantification 
using CCK-8 assay kit, the relative viability of 4T1 cells under the 
combined therapy was only 58.26 ± 6.17%, which validated the com
bination therapy produced a strong therapeutic effect on cancer cells 
(Fig. 6B). Similarly, the therapeutic efficacy verification in the MDA-MB- 
231 cell line was conducted. Results showed that QD@Ca/ML-Arg+US 
group produced considerable reduced activity (Fig. 6D) in MDA-MB-231 
cells, with a survival rate of only 53.05 ± 11.75% (Fig. 6E). 

To verify the synthesized nanoscale drug delivery system whether or 
not present more effective therapeutic capabilities, a typical 

Fig. 4. Confocal fluorescence images of ONOO- (A); the intracellular GSH concentration of hypoxic 4T1 cells after different treatment (B); the immunofluorescence 
images of HIF-1α (C) and γ-H2AX (D) after treated with QD@Ca/ML-Arg-and US. n.s.: no significant, *P < 0.05, ***P < 0.001. 
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chemotherapy drug doxorubicin (Dox) was selected and performed at 
gradient concentration on 4T1 cells and MDA-MB-231 cell lines. The 
results displayed that at the concentrations of 4 μg/mL, the viability of 
the two cell lines decreases to 44.08 ± 2.46% and 55.18 ± 3.19% 
respectively (Fig. 6C and F). Although traditional chemotherapy seems 
to be an effective treatment, the ensuing toxic side effects on normal 
tissues cannot be ignored. The nanoscale drug delivery system designed 
and synthesized in this experiment realized the sonodynamic combined 
therapeutic effect triggered by exogenous ultrasound. As shown in 
Fig. 3B, no significant cytotoxicity was produced when ultrasound was 
not administered, which reflects the specific therapeutic characteristics 
of ultrasound-guided. 

Reprograming of M2 to M1 TAMs by ICD 

M2-type macrophages resisting immune activity and increasing 
resistance to chemotherapeutic agents. Reprogramming from suppres
sive to promoting immune microenvironment is emerging as a novel tool 
[43]. Raw 264.7 cell lines are capable of typical TAMs phenotype 
transformation in vitro, which were employed as a simulated 

inflammatory cell model here. The phenotype (M0, M1 and M2) was 
established firstly, and similar to the previous section, cell survival ratio 
was assessed after administration of different nanoparticles to 
tumor-associated macrophages (TAMs). None of the nanoparticles pro
duced significant cytotoxicity to TAMs (Fig. S11). 

To investigate the reprogramming of TAMs, L-Arg, CaCO3, and 
QD@Ca/ML-Arg-was administered to M2 TAMs respectively, and applied 
US. Cytokines secreted by M2 TAMs were collected and quantified for 
enzyme-linked immunosorbent assay (ELISA). None of the stimuli could 
transfer M2 to M1 phenotype, i.e., the increment of proinflammatory 
cytokines (IL-6) and reduction of anti-inflammatory cytokine (IL-10) 
(Fig. 7A and B). 

Inspired by previous studies that ICD-induced DAMPs release could 
activate the anti-tumor immune function, the co-culture model of 4T1 
and M2 cells was established. The lower chamber inoculated with 4T1 
cells and administered by QD@Ca/ML-Arg-as well as US treatment, with 
M2 TAMs cultivated in the upper inserts. As shown in Fig. 7A and B, 
QD@Ca/ML-Arg+US acting on 4T1 cancer cells increased IL-6 and 
decreased IL-10 level. 

To determine the phenotypic switch was generated by ICD, 4T1 and 

Fig. 5. Intracellular Ca2+ was assessed by Fluo-4 AM (A); the mitochondrial membrane potential was acquired by JC-1 (B); the DAMPs detection of CRT (C), ATP (D) 
and HMGB1 (E). 
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M2 co-culture model with different treatments was analyzed. Results 
exhibited hardly M1 phenotypic switch (IL-10, IL-12, TNF-α) within the 
4T1 cells and another group of 4T1 cells incubated by QD@Ca/ML-Arg-
without US. Consequently, determined that QD@Ca/ML-Arg+US not 
only kills cancer cells, but triggers ICD to release DAMPs which induces 
reprogramming in macrophages (Fig. 7C-E). 

Based on the TAMs reprogramming, the immune effect was 

evaluated. As results presented in Fig. 7F, the OD value detected at 450 
nm reflected of a phenomenon that M2 TAMs were able to promote 
cancer cell proliferation, and M1 TAMs as well as QD@Ca/ML-Arg+US 
had the ability to partially inhibit the growth of cancer cells. Simulta
neously, QD@Ca/ML-Arg+US activated the phenotypic switch from M2 
to M1, preventing the proliferation of 4T1 cancer cells. 

Fig. 6. Calcein AM/PI staining of 4T1 cells incubated with QD@Ca/ML-Arg-and irradiated by US (F) and quantified by CCK-8 kit (G); Calcein AM/PI staining of MDA- 
MB-231 cells incubated with QD@Ca/ML-Arg-and irradiated by US (H) and quantified by CCK-8 kit (I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

Fig. 7. The IL-6 (A) and IL-10 (B) generation was measured by ELISA kit after incubating with different nanoparticles; the cytokines of IL-10 (C), IL-12p70 (D) and 
TNF-α (E) was collected in tranwell inserts and detected by ELISA; the OD value was measured of 4T1 cells of co-cultured transwell system after incubated with CCK- 
8 (F). 
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RNA-seq analysis 

To demonstrate the mechanism of cytotoxicity produced by US 
activation of QD@Ca/ML-Arg-on 4T1 cells, whole genome transcriptome 
sequencing analysis was inspected of 4T1 cells incubated by QD@Ca/ 
ML-Arg-with/without US treatment [44]. A total of 12,394 genes were 
examined for transcription during this test. Quantitative Venn diagram 
revealed that 225 genes were transcribed exclusively in QD@Ca/M
L-Arg-treated 4T1 cells; 205 genes were transcribed particularly in 
QD@Ca/ML-Arg+US-treated cells (Fig. 8A). The genic expression data 
were statistically analyzed and visually demonstrated using volcano 
plots. Compared with Control group, 4118 genes were upregulated, and 
4140 genes were downregulated in QD@Ca/ML-Arg+US-treated cells; 
with 4286 genes were upregulated and 4321 genes were downregulated 
in QD@Ca/ML-Arg-treated cells. Compared with QD@Ca/ML-Arg-group, 
2157 genes were upregulated, and 2052 genes were downregulated in 
QD@Ca/ML-Arg+US-treated cells (Fig. 8B). 

Gene Ontology (GO) enrichment was applied to describe the gene 
functions. Taking QD@Ca/ML-Arg-as an example, QD@Ca/ML-Arg+US 
treatment exerted remarkable effects on 4T1 cells in terms of mitotic cell 
cycle, mitochondrial inner membrane and calmodulin binding 
(Fig. S12), etc. Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis is a comprehensive database integrating genomic, 
chemical and phylogenetic function. Specifically, 4T1 cells treated with 
QD@Ca/ML-Arg+US, involved in signaling pathways such as p53, HIF-1, 
FoxO, ErbB, and oxidative phosphorylation were significantly affected, 
compared with Control group (Fig. 8C). 

Further mining of gene clustering heat map, found that the HIF-1- 

related pathway had a significant trend of inhibited expression in the 
QD@Ca/ML-Arg+US group, which was consistent with the pattern of 
HIF-1α in hypoxic cancer cells that was suppressed by ONOO− in the 
previous report. For the Ras/Raf/Mek/Erk signaling pathway with 
characterized genes such as Ephb2, Epha1 and Bmp1, the 4T1 cells 
treated by QD@Ca/ML-Arg+US appeared significant discrepancy 
compared with incubated by QD@Ca/ML-Arg-only. Which predicts a 
possible cancer cells’ therapeutic effect produced of ROS by SDT. With 
the key role APAF1 gene performed in mitochondrial apoptosis, and the 
higher activation of APAF1 gene in the QD@Ca/ML-Arg+US and 
QD@Ca/ML-Arg-group demonstrated Ca2+-mediated mitochondrial 
overload. The resulting activation of apoptotic genes such as Casp-1, 
Casp-3 and Casp-9 revealed cancer cell death induced by combined 
therapy (Fig. 8D). The protein-protein interaction (PPI) network depicts 
the potential interactions of genes mentioned above (Fig. 8E). 

Conclusion and discussion 

Recent studies have explored the utilization of tumor-specific mi
croenvironments pH-sensitive to create inorganic nanoparticles to 
improve drug delivery. These instances include Maryam Zoghi et al. who 
used multilayered shell-nucleus structures to target human breast cancer 
cell line MCF-7 for in vitro cancer cell diagnostic and therapeutic efficacy 
[45]. And Faranak Aghaz et al., using serine as a charge reversal tem
plate developed a pH-responsive sericin to carry out cellular uptake and 
cytotoxicity studies on human breast cancer MCF-7 cells [46]. These 
experiments demonstrate the potential of exploiting the weakly acidic 
state of the tumor microenvironment to achieve pH-responsive drug 

Fig. 8. Venn diagram of whole gene transcription (A); volcano plots displayed the genic expression (B); KEGG pathway enrichment analysis (C); Heat map of interest 
genes’ transcription (D); Protein− protein interaction networks were depicted based on STRING database (E). 
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release and in vitro cancer therapy. 
In this study, we referenced the SDT properties of Ag2S and con

structed a CaCO3 nanoscale drug delivery system for TME-response 
modulation. The combination therapy of SDT, Ca2+- interference ther
apy and NO gas therapy produced excellent therapeutic effects on cancer 
cells. Meanwhile, the TME response and modulation were skillfully 
combined to achieve immunosuppressive reprogramming. The experi
mental results indicate that this design has high potential in cancer 
therapy and unique advantages in activating anti-tumor immunity. 
Compared with conventional chemotherapeutic drugs, ultrasound as a 
non-invasive treatment method is avoided from drug toxicity and other 
toxic damage. In addition, the ultrasound-triggered nanoplatform 
combined with TME modulation achieves equivalent therapeutic effect 
as chemotherapeutic drugs. 

However, the application of nanoscale drug delivery system-based 
clinical surgical therapies is still in the initial stage of adjuvant ther
apy, due to the delivery mode and long-term biosafety assessment are 
not yet fully clarified. To promote the application of nano
pharmaceutical therapy in clinical translation, the issues still need to be 
addressed: a) The in vitro system applied in the project with the limita
tion of lacking the principle of biological wholeness, and the integrity 
needs to be optimized urgently; b) regarding the components and 
intricate interactions of TME, there is still multitudinous work to be 
carried. And there are deficiencies in our understanding of TME as well; 
c) issues as in vivo circulation and metabolism, and biological toxicity 
assessment are expected to be resolved. 
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