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Background: Many nanocarriers currently developed have potential in tumor targeting, but there are still several limitations to their
applications in clinical treatment. It is crucial to explore novel nanocarriers with higher biocompatibility and targeting efficiency to
overcome the barriers of the tumor microenvironment to penetrate deeply into the tumor.

Methods: In this work, we designed multilayer sonoresponsive M1/IR780@PLGA nanoparticles, which can actively target tumor
tissues, and repolarize M2 macrophages in the tumor microenvironment into M1 macrophages to stimulate antitumor immune effects.
When the nanoparticles reach the tumor site, ultrasound (US) irradiation is applied to the tumor site, and the sonosensitizer consumes
oxygen and generates ROS, thereby triggering local tumor cell death.

Results: The M1/IR780@PLGA nanoparticle-based antitumor sonodynamic therapy (SDT) significantly inhibited tumor growth,
triggered a great number of M2 tumor-associated macrophages to convert into M1 macrophages in the tumor microenvironment and
promoted dendritic cell maturation to activate the antitumor immune response.

Conclusion: M1/IR780@PLGA nanoparticles potentiate antitumoral efficacy through SDT and antitumor immune responses by
activating dendritic cells maturation and M1 macrophage repolarization in the tumor microenvironment.

Keywords: M1 macrophage, sonodynamic therapy, antitumor therapy, reactive oxygen species, tumor microenvironment

Introduction

In view of the high morbidity and fatality rate of cancer, people are constantly looking for more ideal treatments to
overcome it, such as immunotherapy, photodynamic therapy (PDT), and SDT, and certain achievements have been
made.'® With the development of nanotechnology and nanomedicine, cancer nanomedicine is considered one of the few
strategies that could revolutionize cancer treatment.””

Although many nanocarriers currently developed have potential in tumor targeting, there are still many limitations to
their applications in clinical treatment. First, most nanocarriers have low biocompatibility and are easily cleared by the
immune system quickly, resulting in limited antitumor effects due to the low absorption rate of tumor cells.'®'" Second,
the high intratumor interstitial hydraulic pressure may become another obstacle to the successful penetration and
accumulation of nanocarriers in solid tumors. Interstitial fluid pressure is much higher in the central region of solid
tumors due to excessive vascular leakage and defective lymphatic circulation.'? Third, toxicity is one of the main
problems of nanocarriers as tumor-targeted therapies. For unmodified naked nanocarriers, the drugs and other molecules
loaded in them are prone to leak prematurely before reaching the target, resulting in unnecessary toxic side effects.
Therefore, it is crucial to explore novel nanocarriers with higher biocompatibility and targeting efficiency to overcome

the barriers of the tumor microenvironment to penetrate deep into the tumor.
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Exosomes are extracellular vesicles encapsulated by nanoscale lipid bilayers secreted by various types of cells, with low
immunogenicity, low toxicity and high biocompatibility, which can transport proteins, lipids and nucleic acids between cells,
have a natural affinity for target cells and are considered to be good nanocarriers.'* Multiple protein families on the surface of
exosomes determine the targeting specificity of exosomes.'* Compared with liposomes of the same size, the ability of
exosomes to target tumor cells is significantly enhanced (greater than 10-fold), which is likely due to the specific ligand-
receptor interaction in the receptor cells and the superior endocytosis of exosomes compared to that of liposomes.'’
However, due to the low production of exosomes released by cells and the complicated exosome engineering required for
differentiation and purification, some investigators have suggested the use of nanovesicles as a replacement for exosomes.
Nanovesicles are prepared by continuous extrusion of cells; they have a similar cell membrane and size to exosomes but are
generated at higher yields and are richer in protein and RNA.'®'” Tumor-associated macrophages in the tumor microenvir-
onment have been found to play an important role in determining tumor nanoparticle uptake and intratumoral distribution.'®
Different subsets of tumor-associated macrophages may play different roles in tumor development. The majority of newly
recruited monocytes are induced by intratumoral cytokines to differentiate from proinflammatory and tumor-suppressive M 1-
type cells to anti-inflammatory M2-type cells. M2 macrophages release multiple anti-inflammatory cytokines (IL-4, IL-10,
and IL-13) that promote tumor growth and aggravate disease progression by inhibiting the activity of cytotoxic T cells."”
Some scholars have found that M1-type macrophage-derived nanovesicles can target tumor tissues and repolarize M2-type
tumor-associated macrophages into M1-type macrophages, which then secrete proinflammatory factors and stimulate
antitumor immune effects.’ Therefore, as nanocarriers, M1 macrophage-derived nanovesicles can effectively target the
tumor microenvironment, induce the repolarization of M2 macrophages into M1 macrophages, and activate the immune
system to generate an antitumor immune response, thereby activating antitumor immune responses to inhibit tumor growth.

SDT is an emerging tumor treatment strategy that was developed on the basis of PDT and has superior tissue
penetration to make its application range wider than that of PDT.?"** It uses US irradiation to trigger the reaction
between sonosensitizers in tumors and oxygen to generate reactive oxygen species (ROS), which leads to tumor cell
apoptosis, causes acute inflammation, and stimulates antitumor immune responses.”>** Our previous study found that
utilizing lipid-soluble IR780 as a sensitizer and encapsulating it in a polymer shell (poly lactide-co-glycolide acid,
PLGA) for SDT effectively inhibited tumor growth through increased ROS generation.*

Thus, we designed multilayer sonoresponsive M1/IR780@PLGA nanoparticles with PLGA as the shell to load IR780
and encapsulate it inside the M1-type macrophage-derived nanovesicles to ensure sufficient IR780 loading in the
nanocarriers and prevent premature leakage before reaching the tumor site. With modified M1-type macrophage-
derived nanovesicles, the nanoparticles can actively target tumor tissues, and repolarize M2 tumor-associated macro-
phages in the tumor microenvironment into M1 macrophages to stimulate antitumor immune effects. When the
nanoparticles reach the tumor site, US irradiation is applied to the tumor site, and the sonosensitizer consumes oxygen
and generates ROS, thereby triggering local cell death (Scheme 1). Compared with previous cell membrane biomimetic
strategies, the M1 macrophage-derived nanoparticles preserve the various components, especially RNA, in the nanopar-
ticles to the greatest extent during preparation.®>° However, to our knowledge, few reports have reported the use of
PLGA-based drug-loaded M1 macrophage-derived biomimetic nanoparticles for tumor treatment research. Herein, we
discuss how M1/IR780@PLGA nanoparticles potentiate antitumoral efficacy through SDT and antitumor immune
responses by activating dendritic cell maturation and M1 macrophage repolarization in the tumor microenvironment.

Materials and Methods

Materials

IR780 iodide, PLGA, and polyvinyl alcohol (PVA) were provided by Sigma Aldrich (St. Louis, MO, USA). The singlet
oxygen sensor green (SOSG) probe, LPS, INF-y, cell-counting kit-8 (CCK-8), calcein AM, 4, 6-diamidino-2-phenylin-
dole (DAPI) and pyridine iodide (PI) were obtained from Beyotime Biotechnology (Shanghai, China). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and penicillin/streptomycin were purchased from
Gibco (Grand Island, NY). The ROS assay kit was purchased from Beijing Boxbio Science & Technology Co., Ltd.
CD&86, CD80, CD206, and CD11c monoclonal antibodies were purchased from Biolegend (San Diego, CA, USA). RAW
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Scheme | Schematic illustration of the MI/IR780@PLGA nanoparticles for antitumor SDT and subsequent converting M2 tumor-associated macrophages to the Ml type,
activating dendritic cells mature and leading to a strong antitumor immunity effect.

264.7 and 4T1 cell lines were obtained from Second Xiangya Hospital of Central South University (Changsha, China).
All other reagents were of analytical grade and were used without further purification. All animal experiments were
approved by the Ethics Committee of the Second Xiangya Hospital of Central South University and conducted in
accordance with the guidelines of the Department of Laboratory Animals of Central South University.

Preparation and Characterization of M1/IR780@PLGA Nanoparticles

First, IR780@PLGA nanoparticles were developed according to our previous studies.>>"**2173% PLGA (50 mg) and
IR780 (1 mg) were completely dissolved in 2 mL of chloroform. Then, 10 mL of PVA solution (cold, 4% w/v) was
added, and the mixture was emulsified for 2 min with an ultrasonic processor (Sonics, VCX150, USA). Next, 20 mL of
deionized water was added, the mixture was stirred for 3 h, and then the fabricated IR780@PLGA nanoparticles were
washed with deionized water 3 times.

Second, the RAW264.7 macrophage cell line was cultured in DMEM supplemented with 10% (v/v) FBS and 1% (v/v)
penicillin/streptomycin, and 100 ng/mL lipopolysaccharide (LPS) was added to induce differentiation into M1 macro-
phages. To determine the successful induction of MO macrophages into M1 macrophages, CD86 on membranes was
evaluated by flow cytometry analysis, and the expression of M1 macrophage associated genes (CD86, TNF-a and iNOS)
was analyzed by real-time polymerase chain reaction (RT-PCR).>>>° The primer sequences are listed in Supporting
Information: Table S1. Then, M1 macrophage-derived nanovesicles were obtained by extrusion using a mini-extruder
(Avanti Polar Lipids) with pore sizes of 1 um and 400 nm.?® Third, 1 mL of IR780@PLGA nanoparticles (1 mg/mL)

International Journal of Nanomedicine 2022:17 https: 4727
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=381170.docx
https://www.dovepress.com
https://www.dovepress.com

Chen et al Dove

mixed with the M1 macrophage-derived vesicles was sonicated for 30s to complete the multilayer assembly, and the
collected M1/IR780@PLGA nanoparticles were redispersed in 1xXPBS after removing the excess M1 macrophage
vesicles by centrifugation.

The structures of the M1/IR780@PLGA nanoparticles and M1 macrophage-derived nanonvesicles were examined by
transmission electron microscopy (TEM, Hitachi H-7600). The size distributions and zeta potentials of the M1/
IR780@PLGA nanoparticles and IR780@PLGA nanoparticles were tested by a dynamic light scattering (DLS) analyzer
(Malvern Nano ZS, UK). To confirm the spatial colocalization of M1 macrophage-derived vesicles (DiO-labeled green
fluorescence) and IR780@PLGA nanoparticles (Dil-labeled red fluorescence), colocalization fluorescence images of M1/
IR780@PLGA nanoparticles were obtained by confocal laser scanning microscopy (CLSM, Carl Zeiss, LSM 510
META). The stability of the M1/IR780@PLGA nanoparticles was measured in 1 x PBS or in 10% FBS with DLS
over 7 days. The presence of IR780 in the M1/IR780@PLGA nanoparticles was determined by a UV-Vis-NIR spectro-
photometer (Cary 5000, USA). IR780 loading was calculated according to the following equation:*'

Weight of IR780 in the nanoparticles
Weight of total added IR780

Encapsulation efficiency (%)= x 100% @)

Weight of IR780 in the nanoparticles
Weight of nanoparticles

Loading efficiency (%)= x 100% )

Measurement of ROS Generation in vitro

The production of 'O, was measured using SOSG as a fluorescent probe, and time-dependent or nanoparticle concentra-
tion-dependent ROS generation of M1/IR780@PLGA nanoparticles was detected. First, 100 uL. of M1/IR780@PLGA
nanoparticle (0.05 mg/mL) solution and 1 pL of SOSG (2.5 mM) were mixed in a quartz cuvette. A low-frequency US
transducer (WED-100, WELLD Medical Electronics, China) was used to irradicate the solution to produce 'O, (1 MHz,
2 W/cmz, 40% duty cycle) for 0, 20, 40, 60, 80, or 100s, and then the fluorescence spectra of SOSG were acquired on
a fluorescence spectrometer with an excitation wavelength of 504 nm. Second, different concentrations (0.2, 0.4, 0.6, 0.8
or 1.0 mg/mL) of M1/IR780@PLGA nanoparticle solution and 1 uL of SOSG (2.5 mM) were mixed in a quartz cuvette.
The low-frequency US transducer was used to irradiate the solution to produce 'O, (1 MHz, 2 W/cm?, 40% duty cycle)
for 5s, and then the fluorescence spectra of SOSG were acquired on a fluorescence spectrometer with an excitation
wavelength of 504 nm.

Cellular ROS Generation

The mouse breast cancer 4T1 cell line was cultured in 1640 medium supplemented with 10% (v/v) FBS and 1% (v/v)
penicillin/streptomycin. The cells were divided into six groups: 1) PBS group, 2) US group, 3) IR780@PLGA group, 4)
M1/IR780@PLGA group, 5) IR780@PLGA+US and 6) M1/IR780@PLGA+US group. The concentration of IR780 in
the IR780@PLGA and M1/IR780@PLGA nanoparticles was 0.05 mg/mL. The cells were washed and incubated with the
ROS assay kit DCFH-DA probe for 40 min to detect intracellular 'O, generation, and in Groups 2, 5 and 6, the cells were
irradiated by a low-frequency US transducer (1 MHz, 1 W/cm?, 40% duty cycle, 30s on and 30s off) for four on/off
cycles. Then, intracellular ROS generation after different treatments was visualized by fluorescence microscopy, and
quantitative analysis of the fluorescence area was performed.

Intracellular Uptake

For the intracellular uptake experiment, 4T1 cells were incubated with M1/IR780@PLGA or IR780@PLGA nanopar-
ticles for 4 h. The red fluorescent probe Dil was used to label IR780@PLGA nanoparticles, and the green fluorescent
probe DiO was used to label M1 nanovesicles; thus, the M1/IR780@PLGA nanoparticles could emit both red and green
fluorescence. After incubation with nanoparticles for 4 h, the cells were washed with PBS to remove the unphagocytosed
nanoparticles, stained with the blue fluorescent probe DAPI, and then visualized by confocal laser scanning microscopy
(CLSM, Carl Zeiss, LSM 510 META).

4728 e International Journal of Nanomedicine 2022:17
Dove!


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

Dove Chen et al

Cell Viability Assay

Different dosages (0, 5, 10, 100, 500, 1000 and 2000 pg/mL, 0.1 mL per well) of M1/IR780@PLGA nanoparticle
suspensions were added to human umbilical vein endothelial cells (HUVECs) and 4T1 cells for 24 h of coincubation,
respectively. The corresponding US groups of different dosages received US irradiation by a low-frequency US
transducer (1 MHz, 1 W/cm?, 40% duty cycle, 30s on and 30s off) for four on/off cycles. The cell viabilities were
calculated using CCK-8 assays.

Apoptosis Assay

To verify the SDT efficacy of MI/IR780@PLGA nanoparticles in cells, 4T1 cells were randomly divided into six
groups: 1) PBS group, 2) US group, 3) IR780@PLGA group, 4) M1/IR780@PLGA group, 5) IR780@PLGA+US group
and 6) M1/IR780@PLGA+US group. The cells were treated with IR780@PLGA and M1/IR780@PLGA nanoparticles at
1000 pg/mL, and the cells in groups 2, 5 and 6 were irradiated by a low-frequency US transducer (1 MHz, 1 W/cm?, 40%
duty cycle, 30s on and 30s off) for four on/off cycles. Then, the cells were stained with calcein AM to identify live cells
and propidium iodide (PI) to identify dead cells and imaged by CLSM.

Animal Model

Female BALB/c mice (20 g, 5 weeks old) were obtained from the Medical Experimental Animal Center of Second
Xiangya Hospital (Changsha, China). A total of 1x10° 4T1 cells were subcutaneously injected into the right flanks of the
mice to establish a breast tumor model. The tumor volume reached approximately 100 mm® after one week, and the
tumor model was successfully established.

In vivo Fluorescence Imaging of Biodistribution

Ten tumor-bearing mice were randomly divided into 2 groups (n = 5): 1) MI/IR780@PLGA nanoparticles and 2)
IR780@PLGA nanoparticles, and each mouse was injected with 200 uL. of M1/IR780@PLGA nanoparticles or
IR780@PLGA nanoparticles (10 mg/mL) via the tail vein according to group assignment. The in vivo fluorescence
images of the tumors were obtained at different time points (4 h, 12 h, 24 h, 48 h and 72 h). Then, the tumors and major
organs were imaged for ex vivo fluorescence at 72 h, and the average in vivo and ex vivo fluorescence intensities were
calculated.

To further identify the location of the nanoparticles, hydrophilic nanocarbon was encapsulated in the M1/
IR780@PLGA nanoparticles or IR780@PLGA nanoparticles to label them for TEM examination because the high
electron density of nanocarbon makes it easily detectable After 72 h, the tumor tissues in the two groups were detected by
TEM to verify their distribution in tumor cells.

In vivo Antitumor Effect and Activated Antitumor Immune Response
To evaluate the antitumor SDT efficacy of M1/IR780@PLGA nanoparticles, tumor-bearing mice were randomly divided
into six groups (n = 5): 1) Saline group, 2) US group, 3) IR780@PLGA group, 4) M1/IR780@PLGA group, 5)
IR780@PLGA+US group and 6) M1/IR780@PLGA+US group. The IR780@PLGA and M1/IR780@PLGA nanoparti-
cles (200 pL, 10 mg/mL) were injected via the tail vein at 0 and 3 days, and the US irradiation (1 MHz, 2.0 W/em?, 30s
on and 30s off for four on/off cycles) was performed at 1 and 4 days, respectively. The tumor volumes of each mouse
were measured every three days for 21 days, and body weight was measured every seven days. Twenty-one days after
treatment, the tumor tissues were harvested and stained with hematoxylin and eosin (H&E), and immunofluorescence
histology was performed to examine the immune microenvironment (CD86 and CD206) of the tumor tissues by
qualitatively and quantitatively estimating the M1 or M2 macrophages.

To evaluate the immune responses induced by antitumor SDT, the spleen of each mouse was harvested and stained
with anti-CD80-PE, anti-CD86-APC and anti-CD11¢-FITC antibodies according to the manufacturer’s protocols®’ and
then analyzed by flow cytometry.
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Safety Assessment of MI/IR780@PLGA Nanoparticles

To assess of the biological toxicity of the developed M1/IR780@PLGA nanoparticles, mice were treated with different

treatments as described above. Three healthy mice were used as controls. Serum biochemistry assays were carried out at
21 days after the different treatments and included measurement of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), urea nitrogen (UREA) and creatinine (CREA). After sacrifice at the final time point, the major organs
were harvested for H&E staining to assess the histological changes.

Statistical Analysis
All data are presented as the means + standard deviation (SD), One-way ANOVA and Student’s ¢-test were used to
analyze the data. A value of *p <0.05 was considered statistically significant.

Results and Discussion
Preparation and Characterization of MI/IR780@PLGA Nanoparticles

M1/IR780@PLGA nanoparticles were facilely synthesized via a single emulsion evaporation using the well-established
“top-down” method?’ (Figure 1A). M1 macrophages were induced by the addition of 100 ng/mL LPS. To identify M1
repolarized macrophages, the RNA expression levels of CD86, TNF-a and iNOS and CD86 fluorescence expression were
evaluated by RT-PCR analysis and flow cytometry analysis, respectively. As shown in Figure 1B, the expression level of
CD86 in M1 macrophages was almost 2-fold that in MO macrophages, the expression level of TNF-a in M1 macrophages
was almost 5-fold that in MO macrophages, and the expression level of iNOS in M1 macrophages was more than 600-
fold that in MO macrophages, which means that M1 macrophages were successfully repolarized from M0 macrophages.
As shown in Figure 1C and D, more than 80% of the M1 repolarized macrophages expressed CD86, while only 10% of
the MO macrophages expressed of CD86, which indicates that most of the M1 macrophages were successfully
repolarized from MO macrophages. The developed M1/IR780@PLGA nanoparticles showed an obvious absorption
peak at a wavelength of 800 nm in the UV-vis-NIR absorption spectra, which confirmed the existence of IR780 and
indicated that the M1/IR780@PLGA nanoparticles could be used as a good sonodynamic agent (Figure S1, Supporting
Information).?>>* The standard curve of IR780 was calculated, the encapsulation efficiency of IR780 was 45.91% and the
loading efficiency of IR780 was 3.06% (Figure S2, Supporting Information). After M1 macrophage membrane coating,
the average diameter of the M1/IR780@PLGA nanoparticles changed from 235 to 250 nm, and the surface zeta potential
of the MI/IR780@PLGA nanoparticles changed from —8.4 to —12.3 mV (Figure 1E). The structures of the
IR780@PLGA nanoparticles, M1 macrophage nanovesicles and M1/IR780@PLGA nanoparticles were observed by
TEM examination. As shown in Figure 1F, the M1/IR780@PLGA nanoparticles showed core—shell structures with the
M1 macrophage membrane as the outer shell, and the thickness was approximately 15 mm, which was consistent with
the size distribution. To further confirm the structure of the M1/IR780@PLGA nanoparticles, the Dil red fluorescence-
labeled IR780@PLGA nanoparticles and DiO green fluorescence-labeled M1 macrophage nanovesicles were colocalized
in the M1/IR780@PLGA nanoparticles in the CLSM image (Figure 1G), indicating that the M1 macrophage nanove-
sicles were successfully coated on the IR780@PLGA nanoparticles, which was consistent with the TEM results.
Furthermore, insubstantial changes in the size and zeta potential of the M1/IR780@PLGA nanoparticles were monitored
by DLS over 7 days in PBS and 10% FBS, suggesting that the M1/IR780@PLGA nanoparticles have excellent colloidal
stability for in vivo study (Figures S3 and S4, Supporting Information).

Vitro and Cellular ROS Generation

SOSG was applied to measure 'O, generation. As shown in Figure 2A, the fluorescence intensity of the SOSG solution
containing M1/IR780@PLGA nanoparticles (0.05 mg/mL) increased drastically with prolonged US irradiation (1 MHz, 2
W/em?, 40% duty cycle). The fluorescence intensity of SOSG increased more than 2-fold within 100s. As shown in
Figure 2B, the fluorescence intensity of the SOSG solution containing different M1/IR780@PLGA nanoparticles
changed significantly with increasing concentrations of nanoparticles. The fluorescence intensity of SOSG at 1.0 mg/
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Figure | Characterization of MI/IR780@PLGA nanoparticles. (A) Schematic illustration of the preparation of MI/IR780@PLGA nanoparticles. (B) Induction of
macrophage switching from MO to M| by LPS, RNA expression levels of CD86, TNF-o and iNOS in macrophages determined by quantitative real-time polymerase chain
reaction. (C and D) Definition of M| polarized macrophages by flow cytometry (C) and quantification results (D). (E) Size and zeta distributions of IR780@PLGA
nanoparticles and MI/IR780@PLGA nanoparticles. (F) The TEM image of IR780@PLGA nanoparticles, M| nanovesicles and M2/IR780@PLGA nanoparticles (Scale bar: 100
nm). (G) Typical confocal images of RAW264.7 incubated with MI/IR780@PLGA nanoparticles, Dil-labeled IR780@PLGA nanoparticles (red) and DiO-labeled MI
nanovesicle (green). Scale bar, 10 pm. Statistical significances were calculated via Student’s t-test, ***P < 0.001.
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mL was more than 2-fold that at 0.2 mg/mL. These results indicated that the M1/IR780@PLGA nanoparticles could be
used as a good sonosensitizer with time-dependent and nanoparticle concentration-dependent ROS generation.

Then, DCFH-DA fluorescence was applied to measure intracellular ROS after different treatments. As shown in
Figure 2C and D, 4T1 cells treated with PBS, US irradiation, IR780@PLGA or M1/IR780@PLGA nanoparticles alone
emitted negligible fluorescence. In contrast, cells treated with IR780@PLGA or M1/IR780@PLGA nanoparticles
showed bright green fluorescence after US irradiation (1 MHz, 1 W/cm? 40% duty cycle, 30s on and 30s off) for
four on/off cycles, indicating that cellular ROS can only be generated when both IR780@PLGA or M1/IR780@PLGA
nanoparticles and US irradiation are present, and the M1 nanovesicle coating does not affect ROS production.

Intracellular Uptake

To track the intracellular localization of MI1/IR780@PLGA nanoparticles, Dil was used to label IR780@PLGA
nanoparticles, DiO was used to label M1 macrophage nanovesicles, and DAPI was used to label 4T1 cells. As shown
in Figure 2E and F, after incubation with M1/IR780@PLGA or IR@PLGA nanoparticles for 4 h, the red fluorescence of
Dil-labeled nanoparticles was obviously detected in 4T1 cells in the two groups, while the green fluorescence of DiO-
labeled M1 macrophage nanovesicles was observed only in the M1/IR780@PLGA group because the M1 macrophage
nanovesicles were successfully coated on the IR780@PLGA nanoparticles. In contrast, the red fluorescence of Dil-
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Figure 2 (A) Time-dependent ROS generation of MI/IR780@PLGA nanoparticles detected by SOSG at a fixed IR780 concentration of 0.05 mg/mL for 0, 20, 40, 60, 80 and
100s. (B) Concentration-dependent ROS generation of MI/IR780@PLGA nanoparticles (0.2, 0.4, 0.6, 0.8 and 1.0 mg/mL) detected by SOSG. (C) Intracellular ROS
generation after different treatments visualized by fluorescence microscope and (D) quantitative analysis of fluorescence area. Scale bar 50 ym. Statistical significances were
calculated via one-way ANOVA, **P < 0.001, ns means no statistical significance. (E) CLSM images of intracellular uptake of MI/IR780@PLGA nanoparticles and
IR780@PLGA nanoparticles by 4T| cells and (F) quantitative analysis of fluorescence intensity. Dil-labeled IR780@PLGA nanoparticles showed red fluorescence, DiO-
labeled M| nanovesicles showed green fluorescence and DAPI-labeled nucleus showed blue fluorescence. Scale bar 5 pm.
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labeled M1/IR780@PLGA nanoparticles in 4T1 cells was higher than that of IR780@PLGA nanoparticles, which proved
that the M1 macrophage nanovesicles coating further enhanced the accumulation of nanoparticles in 4T1 cells.

Cell Viability and Apoptosis Assay
The cytotoxicity of different concentrations of M1/IR780@PLGA nanoparticles was assessed by CCK-8 assays. As
shown in Figure 3A and B, in the absence of US irradiation, the harmful effect of M1/IR780@PLGA nanoparticles at any
concentration was negligible in both HUVECs and 4T1 cells. When exposed to US irradiation, the 4T1 cell viability
started to be inhibited by M1/IR780@PLGA nanoparticles at 5 pg/mL and was inhibited by more than 90% at
concentrations of 1000 pg/mL and 2000 pg/mL.

To verify the SDT efficacy of M1/IR780@PLGA nanoparticles in cells, apoptosis was evaluated by calcein AM/PI
assays. 4T1 cells under different treatments were stained with calcein AM to identify live cells and PI to identify dead
cells. As shown in Figure 3C and D, 4T1 cells treated with IR780@PLGA and M1/IR780@PLGA nanoparticles
displayed evident red fluorescence after US irradiation (1 MHz, 1 W/cm?, 40% duty cycle, 30s on and 30s off) for
four on/off cycles, which almost resulted in more than 90% tumor cell death, while 4T1 cells treated with other
treatments emitted green fluorescence, and only little red fluorescence was observed. These results indicated that SDT
significantly killed tumor cells when both IR780@PLGA and M1/IR780@PLGA nanoparticles and US irradiation were
present, similar to the results of the cellular ROS generation assay.
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Figure 3 Cytotoxicity and apoptosis assays of MI/IR780@PLGA nanoparticles. Cell viabilities of HUVEC (A) and 4T cells (B) after various treatments. Data are expressed
as means SD (n = 3). Statistical significances were calculated via Student’s t-test, *P < 0.05. (C) Relative quantitative and (D) CLSM images analysis of Calcein AM/PI co-
stained 4T | cells after various treatments (live and dead cells are stained green and red, respectively). Data are expressed as means SD (n = 3). Statistical significances were
calculated via one-way ANOVA, ***P < 0.001, ns means no statistical significance.
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In vivo Fluorescence Imaging of Biodistribution

To assess the tumor targeting ability and biodistribution of the nanoparticles in vivo, the fluorescence intensities of
M1/IR780@PLGA and IR780@PLGA nanoparticles were measured at different time points. As shown in Figure 4A
and B, the fluorescence intensities of the tumors injected with M1/IR780@PLGA nanoparticles were higher than
those injected with IR780@PLGA nanoparticles at all time points, and the fluorescence intensities of tumors peaked
at 24 h in both groups, which may indicate the targeting ability of M1 macrophage-derived nanovesicles to the
tumor tissue. Then, the fluorescence intensities in both groups gradually decreased, but the fluorescence intensity of
tumors injected with M1/IR780@PLGA nanoparticles was even higher at 72 h than that of tumors injected with
IR780@PLGA nanoparticles at 48 h. At 72 h, the tumors and major organs were harvested and imaged. As shown in
Figure 4C and D, the fluorescence intensity of the tumor in the MI1/IR780@PLGA nanoparticle group was
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Figure 4 In vivo tumor targeting and circulation prolonging ability of MI/IR780@PLGA nanoparticles. (A) In vivo fluorescence imaging and (B) intensities of tumor-bearing
mice at 4, 12, 24, 48, 72h after intravenous injection of M1/IR780@PLGA nanoparticles or IR780@PLGA nanoparticles. (C) Averaged ex vivo NIR fluorescence intensities at
72h and (D) NIR fluorescence images of major organs. (E) TEM images of tumor tissue at 72h, the red arrows indicated the nanocarbon labeled nanoparticles. Data are
expressed as means SD (n = 3). Statistical significances were calculated via Student’s t-test, *P < 0.05, ***P< 0.001.
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significantly higher than that in the IR780@PLGA nanoparticle group, and the fluorescence intensity of the liver in
the M1/IR780@PLGA nanoparticle group was obviously lower than that in the IR780@PLGA nanoparticle group.
This indicates that the M1 macrophage-derived nanovesicle coating effectively reduced the reticuloendothelial
system (RES) uptake of the nanoparticles and efficiently prolonged blood circulation to enhance the enhanced
permeability and retention (EPR) effect in tumors, which was consistent with other studies on the cell membrane
coating technique.?’

To further identify the location of nanoparticles in tumor cells, nanocarbon-labeled M1/IR780@PLGA nanoparticles
or nanocarbon-labeled IR780@PLGA nanoparticles were used for TEM examination (Figure S5, Supporting
Information). The nanocarbon-labeled nanoparticles showed a uniform shape and were evenly distributed. After 72 h,
the tumor tissues in the two groups were harvested and detected by TEM. As shown in Figure 4E, many nanocarbon-
labeled nanoparticles were observed in the M1/IR780@PLGA nanoparticle group, and fewer nanocarbon- labeled
nanoparticles were observed in the IR780@PLGA nanoparticle group, which was also consistent with the results of

the in vivo and ex vivo fluorescence imaging studies.

In vivo Antitumor Effect and Activated Antitumor Immune Response

Inspired by the excellent in vitro antitumor efficacy and the remarkable fluorescence imaging results indicating the
tumor targeting ability, the in vivo antitumor effects of SDT were evaluated. The time schedule for in vivo treatment
is shown in Figure 5A. As shown in Figure 5B-D, after different treatments for 21 days, the tumor volumes of mice
treated with M1/IR780@PLGA nanoparticles under US irradiation increased approximated 2-fold compared to the
initial tumor volumes, which was smaller than the increase in tumor volume observed in the group treated with
IR780@PLGA nanoparticles and US irradiation. In regards to antitumor efficacy in the M1/IR780@PLGA nano-
particles alone group, the tumor volumes of the mice were increased approximately 4-fold compared to the initial
tumor volumes and were smaller than those of the IR780@PLGA nanoparticles alone group, which had a slight
tumor inhibition effect. We speculated that this might be due to the immunomodulatory effects of the tumor
microenvironment caused by M1 nanovesicles. In contrast, the tumor volumes of mice treated with saline or US
irradiation were increased more than 5-fold over the initial tumor volumes. These results indicated that the antitumor
SDT significantly inhibited tumor growth when the M1/IR780@PLGA nanoparticles were exposed to US irradiation.
In addition, the body weight curves showed no obvious weight loss among these groups after different treatments
(Figure S6, Supporting Information). Furthermore, H&E staining analysis proved that tumor cells were extensively
damaged with coagulative necrosis in the M1/IR780@PLGA + US group; this also existed in the IR780@PLGA +
US group, but the extent was lower. In the M1/IR780@PLGA group, only small patch of coagulative necrosis was
observed. The cells in the other groups were not notably damaged (Figure 5E).

Then, immunofluorescence staining of tumor tissues showed the levels of CD86 and CD206 in the different
groups. CD86 was labeled with red fluorescence, and as shown in Figure 6A and B, the level of CD86 was high in
the IR780@PLGA + US group, but it was the highest in the M1/IR780@PLGA + US group, indicating that the
most M1 macrophages existed in the MI/IR780@PLGA + US group, and a small amount of CD86 red
fluorescence appeared in the M1/IR780@PLGA group, which was due to the immunomodulatory effect of M1
nanovesicles, and was consistent with our previous hypothesis. In addition, CD86 was rarely expressed in the
saline, US irradiation or IR780@PLGA nanoparticles alone groups. In contrast, green fluorescence-labeled CD206
was lowest in the M1/IR780@PLGA + US group and was only 0.5-fold higher than that in the IR780@PLGA +
US group (Figure 6C), but was highly expressed in the saline, US irradiation and IR780@PLGA nanoparticles
alone groups. Moreover, the expression of CD206 in the M1/IR780@PLGA group was more obvious than that in
the IR780@PLGA group, indicating that M1 vesicles repolarized M2 macrophages into M1 macrophages in tumor
tissue. The expression of CD206 in the M1/IR780@PLGA + US group was only 0.25- to 0.3-fold higher than that
in the saline groups, indicating that M2 macrophages were the least abundant in the M1/IR780@PLGA + US
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Figure 6 The immunofluorescence analysis. (A) Representative immunofluorescence images showing CD86 and CD206 in different groups. Scale bar: 100 um. (B) The
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ANOVA, * P < 0.05, **P < 0.01, ***P < 0.001.

group. These results demonstrated that many M2 tumor-associated macrophages were converted to M1 macro-
phages in the tumor microenvironment in the M1/IR780@PLGA + US group due to SDT efficacy.

To evaluate the immune responses induced by antitumor SDT, dendritic cells in spleens were studied on day 21. As
shown in Figure 7A and B, the volume of spleens in the M1/IR780@PLGA + US group was smaller than that in the other
groups. Furthermore, as shown in Figure 7C and D, the percentage of mature dendritic cells (CD11c+ CD80+ CD86+)
was much higher in the M1/IR780@PLGA + US group than in the other groups. Interestingly, the volume of spleens in
the M1/IR780@PLGA nanoparticles alone group was only 0.5-fold that of the saline or US irradiation group.
Correspondingly, the percentage of mature dendritic cells in the M1/IR780@PLGA nanoparticles alone group was
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49.0%, which was obviously higher than that of in the IR780@PLGA nanoparticles group. Moreover, the percentage of
mature dendritic cells in the IR780@PLGA + US group was slightly lower than that of the M1/IR780@PLGA + US
group. These results demonstrated that the M1/IR780@PLGA nanoparticles possessed the ability to stimulate antitumor
immune responses to a certain degree. To a certain extent, M1 vesicles can reprogram the tumor-promoting M2 type into
the tumor-suppressing M1 type. When combined with US irradiation, the antitumor immune responses triggered by M1/
IR780@PLGA nanoparticles could be further improved with more mature dendritic cell generation.

Safety Assessment of MI/IR780@PLGA Nanoparticles

To assess of the biological toxicity of the developed M1/IR780@PLGA nanoparticles, serum biochemistry assays were
performed at 21 days after the different treatments, and no significant difference was seen between the different groups
(Figure 8A). In addition, the major organs were harvested for H&E staining, which showed no noticeable organ damage
in the different treatment groups (Figure 8B), indicating that the M1/IR780@PLGA nanoparticles have negligible toxic
side effects in vivo.

Conclusion

In conclusion, we developed multilayer sonoresponsive M1/IR780@PLGA nanoparticles modified with M1-type macro-
phage-derived nanovesicles, which can actively target tumor tissues, inhibit tumor growth by SDT, trigger many M2
macrophages to convert into M1 macrophages in the tumor microenvironment and promote dendritic cell maturation to
activate the antitumor immune response. Thus, this therapeutic bionic nanosystem targeting the tumor microenvironment
has great potential for future clinical applications.
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