
Li et al. Journal of Nanobiotechnology          (2024) 22:605  
https://doi.org/10.1186/s12951-024-02883-w

RESEARCH Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Journal of Nanobiotechnology

Ultrasound‑responsive nanocarriers 
with siRNA and Fe3O4 regulate macrophage 
polarization and phagocytosis for augmented 
non‑small cell lung cancer immunotherapy
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Abstract 

The immunosuppressive tumor microenvironment (TME) significantly inhibits the effective anti-tumor immune 
response, greatly affecting the efficacy of immunotherapy. Most tumor-associated macrophages (TAMs) belong 
to the M2 phenotype, which contributes significantly to the immunosuppressive effects in non-small cell lung cancer 
(NSCLC) TME. The interaction between signal regulatory protein α (SIRPα) expressed on macrophages and CD47, 
a transmembrane protein overexpressed on cancer cells, activates the "eat-me-not" signaling pathway, inhibiting 
phagocytosis. In this study, a folic acid (FA)-modified ultrasound responsive gene/drugs delivery system, named FA@ 
PFP @ Fe3O4 @LNB-SIRPα siRNA (FA-PFNB-SIRPα siRNA), was developed using 1,2-dioleoacyl-3-trimethylammonium-
propane (DOTAP), FA-1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [amino (polyethylene glycol)2000] (DSPE-
PEG2000-FA), cholesterol, and perfluoropentane (PFP), for the delivery of siRNA encoding SIRPα mRNA and immune 
adjuvant Fe3O4 nanoparticles. Under ultrasound conditions, the nanobubbles effectively transfected macrophages, 
inhibiting SIRPα mRNA and protein expression, promoting the phagocytosis of TAMs, and synergistically reversing M2 
polarization. This system promotes the infiltration of T cells, enhances the proliferation and activation of cytotoxic T 
cells, and inhibits the infiltration of immunosuppressive cells in tumor tissues. Administration of FA-PFNB-SIRPα siRNA 
combined with ultrasound significantly inhibits NSCLC progression. The study highlights the potential of ultrasound 
nanotechnology-enabled delivery of SIRPα siRNA and Fe3O4 as an effective strategy for macrophage-based immuno-
therapy to reshape the immunosuppressive TME for cancer therapy.
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Graphical Abstract

Introduction
Non-small cell lung cancer (NSCLC) is the predominant 
form of lung cancer, with approximately 60% of patients 
being diagnosed at an advanced stage [1, 2]. At this point, 
the window for surgical resection closes, and the effec-
tiveness of conventional chemotherapy and radiotherapy 
becomes limited [3]. In recent years, immunotherapy has 
shown promising outcomes in treating advanced lung 
cancer. However, only approximately 20% of patients with 
cancer experience a lasting response to immunotherapy, 
likely attributed to the diverse immune checkpoint vari-
ations, tumor microenvironment (TME) complexity, and 
other related factors. This significantly hampers the wide-
spread adoption of immunotherapy [4]. Consequently, 
there is an urgent demand for discovering more efficient 
immunotherapy targets, and the potential breakthrough 
in NSCLC immunotherapy may depend on exploring 
combination therapies.

Studies indicate that tumor-associated macrophages 
(TAMs) are crucial in tumorigenesis, influencing treat-
ment response and prognosis across various solid tumors 
[5]. TAMs comprise a diverse and dynamic popula-
tion responsive to distinct local cues. They can undergo 
polarization into M1 or M2 types based on the signals 
within the TME [6]. M1-like TAMs can kill tumor cells 

by producing proinflammatory cytokines and recruiting 
T cells, while M2-like TAMs promote tumor cell growth 
and immune escape [7]. Reprogramming TAMs from 
M2-like to M1-like macrophages can effectively trig-
ger anti-tumor immune responses and eliminate tumor-
promoting effects [8]. Various anti-TAM strategies have 
been evaluated in preclinical studies and at different 
stages of clinical trials [6]. However, specifically manipu-
lating TAMs to promote anti-tumor immune responses 
while preserving macrophages in healthy tissues remains 
a significant challenge.

Iron oxide (Fe3O4) nanoparticles have been found to 
induce the transition from M2-like to M1-like mac-
rophages, making them a potential nanoplatform for can-
cer immunotherapy [9]. The high concentration of iron in 
TAMs may be involved in this reprogramming by activat-
ing the interferon-regulatory factor 5(IRF5) pathway to 
stimulate the inflammatory response [10]. However, the 
immune response induced by iron oxide nanoparticles 
alone is limited and cannot significantly inhibit tumor 
growth [11]. Tumor cells often upregulate the expres-
sion of CD47, and CD47 interacts with its signal regula-
tory protein α (SIRPα) on the surface of the macrophage 
[12]. This interaction provides a "self" signal that enables 
tumor cells to escape recognition and phagocytosis by 
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macrophages, thus reducing antigen presentation capac-
ity, inhibiting the activation of downstream T cells, and 
promoting tumor cell immune escape [13]. Blocking the 
CD47-SIRPα pathway can reactivate macrophages to 
phagocytose tumor cells, induce antigen-specific CD8+ 
T cell proliferation, and enhance innate and adaptive 
anti-tumor immune responses [14, 15]. Current clinical 
trials using monoclonal antibodies to block the CD47-
SIRPα pathway have shown limited anticancer efficacy 
and systemic toxicity [16]. RNA interference (RNAi) is a 
highly effective gene-silencing technology widely used in 
gene therapy because of its specificity and low cost [17]. 
However, it is limited by low cellular uptake and easy 
nuclease-mediated degradation, thus requiring effective 
delivery vectors to protect siRNA entry into cells [18].

Nanoparticles (NPs) have emerged as promising gene 
delivery carriers, which can package and safeguard genes 
from enzymatic degradation, facilitate gene transport 
into the cytosol or elude lysosomal entrapment, and 
release gene cargo to the cellular translation apparatus 
[19]. While conventional nanoparticles offer numerous 
benefits, their practical use is hindered by ineffective 
tumor targeting and subpar gene transfection efficiency. 
Folic acid (FA) is a small molecular vitamin that boasts 
low molecular weight, no immune prototype, afford-
ability, and ease of acquisition [20]. Moreover, it exhibits 
a strong affinity for receptors. In recent years, folic acid 
has been demonstrated to possess significant biological 
functions for the human body and can also serve as a tar-
geting agent, particularly in cancer applications [21, 22]. 
Folic acid is used extensively in developing novel mol-
ecules, and various fields of research, including chemi-
cal, pharmaceutical, and biological research, require folic 
acid molecules [23, 24]. The folate receptor (FR), a cell 
surface glycoprotein with a high affinity for FA, facilitates 
the active uptake of FA [25]. FRβ is notably upregulated 
on M2-like macrophages, positioning FA as an effective 
modifier for targeted therapy of TAMs. This enhance-
ment promotes nanoparticle accumulation in tumors 
while minimizing systemic toxicity [26].

Ultrasound-triggered drug release in nanoparticles 
offers a promising strategy to prevent premature drug 
release in non-targeted tissues and enhance drug pen-
etration into tumor cells upon ultrasound (US) exposure 
[27]. Low-intensity focused ultrasound (LIFU) combined 
with nanomaterials elicits biological effects, includ-
ing cavitation, mechanical impact, thermal effects, and 
acoustic pore formation. This approach is widely utilized 
in drug delivery and enhancing ultrasound imaging for 
tumor therapy [28]. The mechanical and thermal effects 
of LIFU can induce phase transition in liquid–gas materi-
als like perfluoropentane (PFP), leading to acoustic drop-
let vaporization (ADV) and the generation of gas micro/

nanobubbles that enhance ultrasound imaging capabili-
ties [29]. PFP, a biocompatible phase change material, can 
be encapsulated in liposome nanoparticles. Upon LIFU 
stimulation, PFP transitions to a gaseous state, forming 
micro/nanobubbles that amplify ultrasound imaging [30]. 
The continuous liquid-to-gas transition of PFP under 
persistent excitation, the sonoporation effect, and ultra-
sound-induced cavitation can boost targeted drug/gene 
delivery and enable personalized treatment approaches 
[31]. Therefore, incorporating Fe3O4 nanoparticles and 
SIRPα siRNA into nanobubbles can mitigate drug leakage 
and degradation, thus enhancing treatment efficacy.

This study introduces a TAMs-targeting siRNA/
Fe3O4 ultrasonic-responsive delivery system engi-
neered from FA-1,2-distearoyl-sn-glycero-3-phosphoe-
thanolamine-N- [amino (polyethylene glycol)2000] 
(DSPE-PEG2000-FA), cholesterol,1,2-dioleoacyl-3-tri-
methylammonium-propane (DOTAP), Fe3O4 nanopar-
ticles, and PFP to create a sophisticated nano complex, 
termed FA@PFP@Fe3O4@LNB(FA-PFNB). Nanobub-
bles (NBs) encapsulating Fe3O4 nanoparticles and SIRPα 
siRNA were then integrated to form the FA-PFNB-SIRPα 
siRNA complex. This study aims to investigate the poten-
tial of ultrasound and FA-modified non-viral vectors as 
an innovative strategy to enhance the delivery and effi-
cacy of Fe3O4/SIRPα siRNA for treating NSCLC.

Materials and methods
Materials
DSPE-PEG2000, DSPE-PEG2000-FA, Cholesterol, and 
DOTAP were purchased from Ruixibio Co., Ltd. (Xi’an, 
China). Iron oxide nanoparticles with oleic acid (OA-
Fe3O4) (Product Number: SOR10-02, 25 mg/mL, 5 nm) 
were purchased from Shanghai Sunr Biotech Co., Ltd 
(Shanghai, China), the preparation of Iron oxide nano-
particles by thermal decomposition method. Iron Oxide 
Nanoparticles in Chloroform have been coated with 
oleic acid for particle stability, and the oleic acid mol-
ecules’ hydrophobic tail groups (hydrocarbon chains) 
line up to form a shell around the nanoparticle. PFP was 
purchased from Chongqing Zihai (Chongqing, China). 
Reagents such as trichloromethane (CHCl3) and others 
of analytical grade were bought from Chongqing Chuan-
dong Chemicals (Chongqing, China). Fetal bovine serum 
(FBS), Dulbecco’s modified Eagle’s Medium (DMEM), 
and Opti MEM were obtained from GIBCO BRL (Grand 
Island, USA). Agarose, Cell Counting Kit 8, 4′, 6-Diamid-
ino-2-phenylindole (DAPI), trypsin, Annexin V-FITC/PI 
apoptosis detection kit, phosphate-buffered saline (PBS), 
and serum-free cell freezing medium were obtained from 
Biosharp (Anhui, China). Lipofectamine RNAiMAX Rea-
gent and carboxyfluorescein succinimidyl ester (CFSE) 
were purchased from Thermo Fisher Scientific (Thermo 
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Fisher, MA, USA). Recombinant Interleukin-4(IL-4) was 
purchased from PeproTech (USA). Trizol, primescript RT 
kit (036A), and SYBR Green PCR Master Mix were pur-
chased from Takara (Shiga, Japan). DNase I, collagenase 
IV, hyaluronidase, and RBC lysis buffer were purchased 
from Solrabio (Beijing, China). The three double-
stranded SIRPα siRNA and Cy5-NC siRNA used to knock 
down SIRPα gene expression in the study were obtained 
from Genepharma (Shanghai, China). The sequence of 
SIRPα siRNA is shown in Table S1. The flow cytometry 
antibodies used in this study are listed in Table  S2, and 
the antibodies involved in the Western Blotting assay are 
shown in Table  S3. Primers were obtained from ZerK-
corp Biotech (Xi’an, China), and their specific sequences 
can be found in Table S4.

Screening of siRNA targeted SIRPα
To generate M2-like macrophages, RAW 264.7 cells were 
incubated in DMEM containing 20 ng/mL of IL-4 over-
night. Specific siRNAs were designed to target SIRPα 
for silencing. Western blotting was performed to detect 
the effect of SIRPα gene silencing. Targeted siRNAs 
were transfected into M2-like macrophages using Lipo-
fectamine RNAiMAX transfection reagent. M2-like 
macrophages were divided into four groups: the experi-
mental group was transfected with siRNA targeting 
SIRPα (SIRPα-1, SIRPα-2, and SIRPα-3), and the control 
group was not transfected with siRNAs.

Synthesis of FA‑PFNB‑SIRPα siRNA
FA-PFNB was synthesized using a standard thin film 
hydration method [32]. Initially, DOTAP, cholesterol, and 
DSPE-PEG2000-FA were dissolved in 6 mL of trichlo-
romethane in a round-bottom flask with a molar ratio 
of 3:1:1. Concurrently, OA-Fe3O4 nanoparticles were 
dissolved in CHCl3 in a clear glass bottle and combined 
with the lipid solution at 25% of the lipid weight. The 
mixed solution was evaporated in a round-bottom flask 
using rotary evaporation to create a thin lipid film. Sub-
sequently, 4 mL of PBS was introduced, and the solution 
was sonicated for 1 h at 60 °C. After adding 200 µL of PFP, 
the suspension was emulsified using a sonicator (Sonics 
and Materials Inc., USA) at 125 W power in an ice-water 
bath. Sonication was carried out for 8-min intervals of 5 s 
on and off. To remove excess reactants and free lipids, the 
emulsion was centrifuged at 8,000 rpm for 10 min at 4 °C, 
with this step repeated thrice for purification. The result-
ing vesicles were extruded through a 200-nm membrane 
and purified via dialysis.

To finalize the binding of siRNA to FA-PFNB (FA@
PFP@Fe3O4@LNBs), the positively charged FA-PFNB 
was merged with the siRNA solution in enzyme-free 
water and incubated at room temperature for 10 min. 

The resulting prepared samples were denoted as FA-
PFNB-siRNA. Within this designation, FA-PFNB-SIRPα 
siRNA identified combinations with SIRPα siRNA, while 
FA-PFNB-NC siRNA, serving as the control group, rep-
resented bindings with NC siRNA.

Characterization
Dynamic light scattering (DLS) (Nano-ZS, Malvern, 
UK) was used to detect Particle size and surface poten-
tial, including PFP@LNBs (PNB), PFP@Fe3O4 @LNBs-
NC siRNA (PFNB-NC siRNA), PFP@LNBs-SIRP α 
siRNA (PNB-SIRPα siRNA), FA@ PFP@Fe3O4@LNBs 
(FA-PFNB), and FA@ PFP@Fe3O4 @LNBs-SIRPα siRNA 
(FA-PFNB-SIRPα siRNA). To evaluate the stability of 
FA-PFNB-SIRPα siRNA nanocarriers, the hydromechan-
ical particle size of the nanocomposites was measured at 
1, 3, 5, 7, and 10 days, respectively. Droplets of the diluted 
nanoparticle solution were added to the copper mesh and 
silicon wafer and dried at room temperature. The inter-
nal structure and morphology of FA-PFNB-SIRPα siRNA 
were obtained by Transmission electron microscope 
(TEM) (H-7600; Hitachi Ltd., Tokyo, Japan). The Fe con-
centration was analyzed with an atomic absorption spec-
trometer (Hitachi model Z-5000, Hitachi Ltd., Tokyo, 
Japan). The encapsulation efficiency and loading capacity 
of Fe3O4 were determined using the following equation:

Gel retardation assay
Agarose gel electrophoresis was used to test the SIRPα 
siRNA-carrying capacity of FA-PFNB nanoparticles [33]. 
First, SIRPα siRNA was incubated with FA-PFNB at mass 
ratios of 1:0, 1:1, 1:2, 1:4, 1:8, 1:16, 1:20, and 1:25 for 10 
min at 25°C temperature. After that, add 6 × loading 
buffer to the incubated mixture. Using 3% agarose gel at a 
voltage of 100 V, the sample was subjected to electropho-
resis for 30 min. After electrophoresis, the gel was placed 
in the gel imaging system to observe the band changes of 
SIRPα siRNA.

In vitro CEUS imaging
To explore the phase transition dynamics of PNB-SIRPα 
siRNA and the function of PFP within this process, 
PNB-SIRPα siRNA nano/microbubbles and nano/micro-
particles loaded with SIRPα siRNA underwent LIFU 
exposure at varied acoustic intensities (ranging from 0 
to 1.5 W/cm2, 50% duty cycle). The irradiation lasted dif-
ferent durations from 1 to 4 min. B-mode and contrast-
enhanced ultrasound (CEUS) modes were utilized for 

Encapsulation efficiency(%) = mass of
Fe3O4

total
Fe3O4 × 100%;

Loading content (%) = mass of Fe3O4/total liposomes× 100%.
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image capture, and pre-irradiation images were com-
pared with them as controls. Image analysis and evalua-
tion were conducted using ultrasound imaging software 
(FDY-II; Institute of Ultrasound Imaging, Chongqing, 
China). Optical microscopy (DMIL LED Fluo, Leica, Ger-
many) under the optimal ultrasound parameters allowed 
for the visualization and detection of the phase transition 
of PNB-SIRPα siRNA.

Cells and animals
The RAW264.7 cell line (representing M0-like mac-
rophages) and Lewis’s lung cancer (LLC) cell line used 
in this study were obtained from Procell Life Science & 
Technology Co., Ltd. (Wuhan, China). LLC cells were 
cultured in DMEM supplemented with 10% FBS and 1% 
penicillin–streptomycin. The cells were incubated in a 
humidified atmosphere at 37  °C with 5% CO2. C57BL/6 
female mice aged 5–6 weeks were procured from Lan-
zhou Veterinary Research Institute, Chinese Academy 
of Agricultural Sciences Co. Ltd. (Lanzhou, China). All 
mouse experiments were conducted per the approved 
guidelines by the Ethics Committee of Lanzhou Univer-
sity Second Hospital.

Cell viability assays
The Cell Counting Kit-8 (CCK-8) assay was used to eval-
uate different concentrations and groups of NBs biocom-
patibility with RAW264.7 cells and assess the cytotoxicity 
of different ultrasound parameters on RAW264.7 and 
LLC cells [34]. Varying concentrations (25–400 µg/mL) 
and other groups of NBs were introduced into the culture 
medium of RAW264.7 cells, and the cells were further 
incubated for an additional 24 h. RAW264.7 cell viabil-
ity assays were then performed. RAW264.7 and LLC cells 
were subjected to a range of ultrasound power (0–1.5 W/
cm2) for 1 to 4 min. Following a 24-h incubation, cell 
viability was assessed using the CCK-8 kit. Subsequently, 
the PNB-SIRPα siRNA and FA-PFNB-SIRPα siRNA 
groups were exposed to varying ultrasound parameters at 
the specified concentrations, followed by the evaluation 
of cell viability.

Evaluation of transfection efficiency of NBs loading 
PNB‑SIRPα siRNA
To determine the optimal gene transfection parameters 
using LIFU, various factors, such as ultrasound intensity 
and duration of irradiation were investigated. The PNB-
SIRPα siRNA was incubated with cells for 10 min in a 
cell incubator before exposure to LIFU at different ultra-
sound parameters (0–1.5 W/cm2, duty cycle of 50%). The 
duration of ultrasound exposure varied from 1 to 4 min. 
Before ultrasound treatment, the M2-like macrophages 
were cultured for an additional 6 h, and then the medium 

was replaced before continuing the culture for another 
24 h. Transfection efficiency was evaluated in the cells 
through flow cytometry (CytoFLEX, Beckman Coulter, 
USA) analysis using Cy5-NC/SIRPα siRNA.

Cellular uptake/transfection
M2-like macrophages (2 × 106 cells/pores) were plated 
onto confocal dishes and incubated at 37  °C. Various 
media (PBS, free Cy5-SIRPα siRNA [120 nM], Lipo-Cy5-
SIRPα siRNA, PNB-Cy5-SIRPα siRNA, PFNB-Cy5-NC 
siRNA, FA-PFNB-Cy5-SIRPα siRNA, and FA-PFNB-Cy5-
SIRPα siRNA + US [200 µg/mL, Cy5-SIRPα siRNA: 120 
nM]) were added to the dishes and cells were cultured 
for 24 h. The ultrasonic treatment process remained 
unchanged as described earlier for FA-PFNB-Cy5-SIRPα 
siRNA + US. Following incubation, cell nuclei were 
stained with DAPI, and images were captured using a 
laser confocal scanner [35].

M2-like macrophages (2 × 106 cells/pores) were pre-
pared. Different medium conditions were used (PBS, free 
Cy5-SIRPα siRNA [120  nM], Lipo-Cy5-SIRPα siRNA 
[120  nM], PNB -Cy5-SIRPα siRNA, PFNB-Cy5-SIRPα 
siRNA, FA-PFNB-Cy5-SIRPα siRNA and FA-PFNB-
Cy5-SIRPα siRNA + US [200  µg/mL, Cy5-SIRPα siRNA: 
120 nM]), the ultrasonic treatment method is the same as 
above. After 24 h of culture, the cells were examined for 
nanomaterial uptake by flow cytometry, and the results 
were analyzed using FlowJo software.

Downregulation of SIRPα gene expression after treatment
M2-like macrophages (2 × 106 cells/well) were plated and 
cultured overnight. Various media formulations were 
then added to the cells: PBS, Lipo-SIRPα siRNA, PNB-
SIRPα siRNA, FA-PNB-SIRPα siRNA, FA-PFNB-SIRPα 
siRNA, and FA-PFNB-SIRPα siRNA + US (200 µg/mL, 
SIRPα siRNA: 120 nM). Lipofectamine RNAiMAX Rea-
gent was used as a positive control for SIRPα siRNA 
delivery. The ultrasonic treatment procedure remained 
consistent, as described earlier. After an additional 48-h 
incubation, a Western blot analysis was conducted to 
evaluate the levels of SIRPα protein expression.

Evaluation of the repolarization of M2‑like macrophages
M2-like macrophages were cultured with varying con-
centrations of PFNB-NC siRNA for 24 h. Subsequently, 
the macrophages were washed thrice. The M2-like mac-
rophage samples were immediately collected and stained 
by fluorescence-labeled antibodies, i.e., PE-CD206 and 
FITC-CD86. The samples were run on a flow cytometer 
[36].

M2-like macrophages (2 × 106 cells/pores) were inocu-
lated into 6-well plates and received different treatments 
(PBS, PNB-SIRPα siRNA, PFNB-SIRPα siRNA, FA-PFNB 
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-SIRPα siRNA and FA-PFNB-SIRPα siRNA + US, (200 
µg/mL, other groups with the equivalent Fe3O4 or SIRPα 
siRNA (120 nM) content) based on the LIFU (1W/cm2, 
2min). After 24 h, the cells were stained with fluores-
cence-labeled antibodies, i.e., PE-CD206 and FITC-CD86 
for fluorescence observation. Similarly, the quantized flu-
orescence intensity was also detected by flow cytometry.

Macrophage‑associated cytokine secretion analysis
M2-like macrophages (2 × 106 cells/well) were treated 
with different formulations in the culture medium, 
including PBS, PNB-SIRPα siRNA, PFNB-NC siRNA, 
PFNB-SIRPα siRNA, FA-PFNB-SIRPα siRNA, and 
FA-PFNB-SIRPα siRNA + US. They were cultured at 
37  °C for 24 h to obtain treated macrophages. RT-PCR 
analysis was performed to assess Interferon-γ(IFN-γ), 
tumor necrosis factor-α(TNF-α) and Interleukin-
10(IL-10) expression levels [37].

Phagocytosis assay
M2-like macrophages (2 × 106 cells/well) were pre-
treated with various substances: PBS, PNB-SIRPα siRNA, 
PFNB-NC siRNA, PFNB-SIRPα siRNA, FA-PFNB-SIRPα 
siRNA, and FA-PFNB-SIRPα siRNA + US (200 µg/mL). 
Additionally, all groups were exposed to equivalent 
Fe3O4 or SIRPα siRNA (120 nM) for 48 h. Subsequently, 
CFSE-labeled LLC cells (5 × 105) were added to the mac-
rophage-containing plate at a 4:1 cell ratio. Following 
a 6-h incubation, the macrophages were stained with 
APC-F4/80, and the ratio of double-positive cells (CFSE/
APC) within the total macrophage population (APC) was 
determined using flow cytometry [38].

Apoptosis assays
M2-like macrophages were treated with a different 
medium condition for 48 h (PBS, PNB-SIRPα siRNA, 
PFNB-NC siRNA, PFNB-SIRPα siRNA, FA-PFNB 
-SIRPα siRNA and FA-PFNB-SIRPα siRNA + US). 5 × 105 
LCC cells were suspended in 500 µL of M2 conditioned 
medium in different conditions without FBS. Cell apop-
tosis was evaluated using the Annexin V-FITC Apoptosis 
Detection Kit I [39].

Migration and invasion experiment
Cell Migration and invasion tests were performed using 
a 24-well Transwell (8 µm aperture) plate precoated 
with matrix glue [40]. 5 × 105 LLC cells were suspended 
in M2 conditioned medium (PBS, PNB-SIRPα siRNA, 
PFNB-NC siRNA, PFNB-SIRPα siRNA, FA-PFNB -SIRPα 
siRNA and FA-PFNB-SIRPα siRNA + US) with different 
conditions without FBS and added to the upper chamber, 
and 600 µL RPMI 1640 containing 20% FBS was added to 
the lower chamber. After a 24-h culture, the matrix glue 

and residual cells in the upper chamber were removed 
using a cotton swab. Matrix glue was used in the upper 
layer of the invasion assay, and no matrix glue was used 
for migration experiments. The cells beneath the mem-
brane were fixed with a 4% paraformaldehyde fixative for 
30 min, followed by staining with 0.5% crystal violet for 
10 min and subsequent washing thrice. Finally, the cells 
passing through the membrane are observed with an 
optical microscope, counted, and photographed.

Cell proliferation inhibition experiment
LLC cells were inoculated into 6-well plates at a density 
of 3 × 103 cells per well and cultured overnight at 37  °C. 
Different conditions of M2-like macrophages condi-
tioned medium (PBS, PNB-SIRPα siRNA, PFNB-NC 
siRNA, PFNB-SIRPα siRNA, FA-PFNB -SIRPα siRNA, 
and FA-PFNB-SIRPα siRNA + US) were used, and the 
medium was changed every two days. After 7 days of 
treatment, the cells were fixed with 4% paraformalde-
hyde and stained with 0.5% crystal violet. The fixed and 
stained cells were then evaluated and documented using 
biological microscopy to determine the proliferation sta-
tus of the different cell groups [41].

In vivo fluorescence imaging
To establish the NSCLC tumor-bearing mouse model, 
5 × 107 LLC cells in 200 µL of PBS were injected subcu-
taneously into the right thigh of female C57BL/6 mice 
(6–8  weeks old). When the tumor volume of the mice 
grew to approximately 800 mm3, they were intravenously 
administrated with PFNB-Cy5-SIRPα siRNA, FA-PFNB-
Cy5-SIRPα siRNA via tail vein (injection dose of NBs: 
200 μL, 3 mg/mL). At 1, 2, 4, 8, and 24 h, the fluorescence 
biodistribution of Cy5 in the tumor was analyzed. In the 
FA-PFNB-Cy5-SIRPα siRNA group, the highest fluores-
cence aggregation time was given to the LIFU stimulation 
(1 W/cm2, 2 min, 50% duty cycle) to observe the in vivo 
imaging effect. At the peak of fluorescence intensity, the 
mice were euthanized, and organs, including the heart, 
liver, spleen, lung, kidney, and tumors, were harvested. 
These tissues underwent ex vivo imaging for Cy5 fluores-
cence using the IVIS Spectrum Imaging System (VISQUE 
Invivo Smart-LF) [42].

In vitro and in vivo PA imaging
To determine the optimal excitation wavelength, we used 
FA-PFNB-SIRPα siRNA (200 µg/ml, 10 µL) for continu-
ous photoacoustic imaging (Vevo LAZR Photoacoustic 
Imaging System) (VisualSonics Inc., Toronto, Canada) 
of the nanomaterials across the excitation wavelength 
spectrum of 680–970 nm) [43]. When the tumor vol-
ume of the mice grew to approximately 800 mm3, the 
model rats were randomly divided into three groups 
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for PA imaging: PFNB-SIRPα siRNA, FA-PFNB-SIRPα 
siRNA, and FA-PFNB-SIRPα siRNA + US. The drugs 
were administered to the groups via tail vein injections 
(injection dose of NBs: 200 μL, 3 mg/mL). The FA-PFNB-
SIRPα siRNA + US group underwent LIFU treatment for 
2 min with 1 W/cm2 in 2 h after administering the drug. 
PA images were acquired after injection at 1 h, 2 h, 4 h, 
8 h and 24 h.

In vivo US imaging
The effect of PFNB-Cy5-SIRPα siRNA, FA-PFNB-Cy5-
SIRPα siRNA nanocomplexes on in  vivo CEUS imaging 
was tested using an LLC subcutaneous tumor model. 
When the tumor volume of mice grew to approximately 
800  mm3, CEUS imaging was performed by intravenous 
injection of nanocomplex solution [44]. The drug was 
injected through the tail vein and received different treat-
ments (injection dose of NBs: 200  μL, 3  mg/mL). LIFU 
stimulation was given 2 h after the tail vein injection, and 
further contrast-enhanced ultrasound was performed. 
The B-mode and CEUS images were captured before and 
after LIFU irradiation, and the intensity of the Region of 
Interest (ROI) was subsequently compared.

In vivo combination cancer therapy
The NSCLC tumor-bearing C57BL/6 mice model 
(approximately 200  mm3) was randomly divided into 
seven groups and treated with various interventions 
(injection volume: 200  µL, PBS: 10  mM; PNB -SIRPα 
siRNA, PFNB–NC siRNA, PFNB -SIRPα siRNA, 
FA-PFNB-SIRPα siRNA, FA-PFNB-SIRPα siRNA + US, 
and (PNB-SIRPα siRNA + PFNB-NC siRNA) (injec-
tion dose of NBs: 200 μL, 3 mg/mL). Tumor volume was 
monitored using a vernier caliper. Survival analysis was 
performed on the mice, and continuous observation was 
performed until the 35th day. In addition to the sponta-
neous death of the mice, when the tumor volume reached 
2000  mm3, or the length of the tumor was > 20  mm, it 
could also be considered the death endpoint.

Intertumoral lymphocyte analysis
On the 14th day after the treatment, the mice in each 
group were euthanized, and tumor tissues and drain-
ing lymph nodes were extracted to prepare a sin-
gle-cell suspension for analyzing the tumor immune 
microenvironment [45]. To assess SIRPα expression on 
the macrophage surface, macrophages were labeled with 
anti-F4/80-APC and anti-SIRPα-FITC antibodies for 
flow cytometric analysis. To analyze cytotoxic T lym-
phocytes (CTLs, CD3CD4, CD3CD8), T lymphocytes 
were stained with anti-CD3-PE, anti-CD4-FITC, and 
anti-CD8-FITC antibodies. For assessing T cell activation 
and proliferation frequency, lymphocytes were stained 

with anti-CD4-FITC, anti-CD8-FITC, anti-CD69-PE, 
anti-IFN-γ-PE, and anti-ki67-PE antibodies. The fre-
quency of regulatory T cells (Tregs) (CD4 Foxp3) was 
analyzed by staining lymphocytes with anti-CD4-FITC 
and anti-Foxp3-PE antibodies. M2-like macrophages 
(F4/80CD206) and M1 macrophages (F4/80CD86) in 
tumor tissue cell suspensions were identified using 
anti-F4/80-APC, anti-CD86-FITC, and anti-CD206-
PE antibodies through flow cytometric analysis. TNF-α 
and IFN-γ levels in tumor tissues were determined 
using enzyme-linked immunosorbent assay (ELISA). 
Subsequently, the frequency of M1-like macrophages 
(F4/80CD86), CTLs (CD3CD4, CD3CD8), and T cell 
activation and proliferation (CD4 IFN-γ, CD8 IFN-γ, 
CD8Ki67) in the tumor-draining lymph nodes (TDLNs) 
was examined using flow cytometric analysis [36, 46].

Detection of apoptosis in tumor tissues
TUNEL staining was performed to detect post-treat-
ment apoptosis in tumor tissue. The stained sections 
were examined under a fluorescence microscope (Olym-
pus, Japan) to identify apoptosis. The apoptotic index 
was determined and analyzed in five randomly selected 
samples. Additionally, tumor tissues were stained with 
hematoxylin and eosin (H&E) to assess the pathological 
alterations [47].

Transcriptomic analysis
The NSCLC tumor-bearing mice were divided into PBS 
and FA-PFNB-SIRPα siRNA + US groups. After treat-
ment completion, tumor tissues were collected for tran-
scriptome sequencing analysis [48].

In vitro assays for immune cell stimulation
Primary murine spleen-derived lymphocytes (PBMC) 
were isolated according to previously described pro-
tocols [49]. The collected primary lymphocytes were 
added to the three groups with different treatments: 
PBMC + LLC + M0 group, PBMC + LLC + M2(PBS) 
group, PBMC + LLC + M2(FA-PFNB-SIRPα siRNA + US). 
The cells were co-cultured for 24 h, and lymphocytes 
were stained with anti-CD8-FITC, anti-CD69-PE, anti-
CD4-FITC, and anti-CD69-PE, as well as anti-CD8-FITC 
and anti-Ki67-PE to assess lymphocyte activation and 
proliferation via flow cytometry. Additionally, superna-
tants from stimulated lymphocytes were collected and 
used to culture LLC cells for 24 h. Following incubation, 
LLC cell viability and apoptotic rate were assessed using 
the CCK-8 assay and an apoptosis kit.

Toxicity assessment
A histopathological evaluation of vital organs was 
conducted to assess potential toxicity from various 
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treatments. Heart, liver, spleen, lung, and kidney speci-
mens were harvested from each group of mice, fixed in 
paraffin, and sectioned for hematoxylin and eosin (H&E) 
staining. Observations and evaluations of the stained sec-
tions were carried out using a light microscope. Blood 
samples were collected from the mice for routine tests. 
Following overnight refrigeration at 4 °C, serum samples 
were obtained by centrifugation and analyzed for key 
serological biochemical indicators using an automated 
analyzer (Hitachi High-Technologies Corp., Japan).

Statistical analysis
Statistical analysis was conducted using GraphPad Prism 
7 (GraphPad, San Diego, USA). Student’s t-test and one-
way analysis of variance (ANOVA) were employed for 
data analysis. Survival analyses were performed using 
the Kaplan–Meier method with a log-rank test. All sta-
tistical results are presented as mean ± standard error 
of measurement. Statistical significance was defined 
as a P-value < 0.05 (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001).

Results
Preparation and characteristics of FA‑PFNB‑SIRPα siRNA
Treatment of RAW264.7 cells with IL-4 led to a notable 
increase in CD206 expression from 27.00 ± 1.375% to 
96.03 ± 1.519%, indicating successful polarization of M0 
(RAW264.7) cells into M2-like macrophages (Figure S1). 
As shown in Figures S2 and S3, we successfully selected 

siRNA (SIRPα-3) as the best choice for silencing the 
SIRPα gene. In Fig.  1A, the solution color shifted from 
milky white to brown upon adding OA-Fe3O4, confirm-
ing the successful incorporation of iron. TEM analysis 
revealed distinct structural variances between FA-PFNB-
SIRPα siRNA and FA-PNB-SIRPα siRNA NBs, with iron 
oxide particles prominently present in the former NBs 
while absent in the latter group (Figs. 1D, E). The mean 
diameter of FA-PFNB-SIRPα siRNA was 211.3 ± 1.1 nm 
(Fig. 1B). Furthermore, the polydispersity index (PDI) of 
FA-PFNB-SIRPα siRNA was 0.218 ± 0.001, affirming the 
uniform dispersion and homogeneity of these nanobub-
bles. The zeta potential of FA-PFNB-SIRPα siRNA was—
12.13 mV (Fig.  1C). No significant size changes were 
observed during the 10-day observation period, indi-
cating the stability of the NBs (Figure S4). The Fe con-
tent was determined by atomic absorption spectroscopy 
(R2 = 0.9981), and the Fe3O4 encapsulation efficiency 
and loading capacity were calculated to be 73.33 ± 1.03% 
and 15.49 ± 0.18%, respectively (Figure S5). The positive 
charge on the DOTAP hydrophilic head of FA-PFNB-
SIRPα siRNA facilitates the electrostatic interaction with 
the siRNA, enabling effective attraction to the nano-
bubble surface. Additionally, FA-PFNB was detected for 
gene-carrying capacity through agarose gel electropho-
resis (Fig.  1F). During agarose gel electrophoresis, free 
siRNA in lane 1 exhibited a reduction in brightness when 
the mass ratio of siRNA to FA-PFNB was 1:20. Remark-
ably, at a ratio of 1:25, the siRNA bands vanished. To 

Fig. 1  Characteristics of the FA-PFNB-SIRPα siRNA. A Appearance diagram of PNB- SIRP α siRNA versus FA-PFNB-SIRPα siRNA. B Size and zeta 
potential (C) of FA-PFNB-SIRPα siRNA. D, E The Transition electron microscope image of FA-PFNB-SIRPα siRNA and PNB-SIRPα siRNA. F Agarose gel 
electrophoresis assay of the FA-PFNB loaded SIRPα siRNA. SIRP α, signal regulatory protein α; FA, folic acid
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ensure the safety of nanomaterials, the optimal mass 
ratio of 1:20 was used in this experiment.

In vitro biosafety assay
The toxicity of varying concentrations of different groups 
of RAW264.7 cells was determined using the CCK-8 
method. Additionally, the effects of different ultrasound 
parameters on LLC and RAW264.7 cells were inves-
tigated. Divided into PNB-SIRPα siRNA, PFNB-NC 
siRNA, PFNB-SIRPα siRNA, and FA-PFNB-SIRPα siRNA 
groups, RAW264.7 cells were incubated with different 
concentrations (25–400 µg/mL). When the concentra-
tion of PFNB-NC siRNA, PFNB-SIRPα siRNA group was 
400 µg/mL, the cell viability was < 80%. However, 200 µg/
mL NBs of all groups had good cell compatibility, and the 
cell viability was > 85% (Figure S6). Therefore, 200 µg/mL 
NBs could be used as a reference concentration for cell 
experiments. Simultaneously, we further found that dif-
ferent ultrasound parameters had no significant effect on 
the cell viability of LLC and RAW264.7 cells (Figure S7). 
Subsequently, the cell viability of RAW264.7 cells was 
tested at 200  µg/mL concentrations of PNB-NC siRNA 
or FA-PFNB-SIRRP-α siRNA under different ultrasound 
parameters. The results showed that 200 µg/mL PNB-NC 
siRNA or FA-PFNB-SIRRP-α siRNA had good biocom-
patibility under different ultrasonic parameters, and the 
cell viability was > 80% (Figures S8, S9).

In vitro ADV and US imaging and transfection efficiency 
assay in M2
CEUS plays a crucial role in the differential diagnosis 
of tumors [50]. In PNB-SIRPα siRNA, PFP acts due to 
LIFU-triggered ADV, thus allowing PFP-coated NBs to 
enhance US imaging. Firstly, Before LIFU irradiation, 
there were no echoes or very low echo intensities in 
both B-mode and CEUS modes. However, as the LIFU 
intensity increased, reaching 1 W/cm2 with a duration 
of 1 min, contrast-enhanced ultrasound images began to 
appear. When the LIFU parameters were 1 W/cm2 and 2 
min, the intensity of the NBs peaked for CEUS (Figs. 2A, 
C, D). Furthermore, the formation of bubbles in the 
micrometer scale was observed under the microscope 
(Fig. 2E), which proved that PFP was successfully coated 
in the nanoparticles and the phase transition of nanopar-
ticles could be triggered by LIFU (1  W/cm2, 2 min). In 
contrast, the echo intensity of NPs-SIRPα siRNA without 
PFP remained constant irrespective of the LIFU intensity 
or stimulation time in the B and CEUS modes (Figure 
S10). All the above results confirmed that PNB -SIRPα 
siRNA encapsulated PFP can respond well to ADV and 
thus enhance US imaging performance. Moreover, from 
an imaging perspective, the optimal LIFU excitation 
intensity for NBs is 1 W/cm2 for 2 min.

Compared with other nanoparticles, NBs possess 
a unique characteristic called "ultrasonic cavitation" 
induced by ultrasonic irradiation [51]. This phenomenon 
creates approximately a 300 nm gap in the cell mem-
brane, enhancing cell permeability [52]. In this study, 
we detected the transfection efficiency of M2-like mac-
rophages with different LIFU intensities and at other 
times; among them, siRNA was labeled using the red 
probe Cy5. The LIFU treatment (1  W/m2, 2  min, and 
duty cycle of 50%) exhibited the highest transfection effi-
ciency at 75.82 ± 0.64%, compared to the control group at 
49.83 ± 0.78% (Fig.  2B, F). Thus, the optimal parameters 
for achieving the highest transfection efficiency were an 
ultrasound intensity of 1  W/m2 and an irradiation time 
of 2 min.

The transfection efficiency of US combined with 
FA-PFNB-SIRPα siRNA on M2-like TAM was fur-
ther verified. It was found that almost all of the cells in 
the US combined with the FA-PFNB-Cy5-SIRPα siRNA 
group had red fluorescence signals (Fig. 2G). However, it 
was difficult for free Cy5-siRNA to enter the cells (Fig-
ure S11). Flow cytometry was used to further evaluate 
the transfection efficiency of M2-like macrophages. In 
the US combined with the FA-PFNB-Cy5-SIRPα siRNA 
group, the cell uptake rate was > 95%, consistent with 
the confocal image results (Fig.  2H and I). FRβ expres-
sion was also detected in M0 and M2 mouse umbilical 
vein endothelial cells (MUVEC). Flow cytometry results 
confirmed that M2-like macrophages exhibited a higher 
mean fluorescence intensity than M0 and MUVEC cells 
(Figure S12). This outcome can be ascribed to the pres-
ence of FA on the surface of FA-PFNB-SIRPα siRNA, 
facilitating the uptake of nanomaterials by M2-like mac-
rophages through specific binding to the overexpressed 
FRβ. Furthermore, the cavitation effect of ultrasound 
augmented the uptake of nanobubbles by macrophages.

Delivery of Fe3O4 and SIRP α siRNA in FA‑PFNB regulated 
the polarization of macrophages
Despite the tumor diversity, M2-like macrophages 
expressing CD206 share common features linked to 
angiogenesis and the inhibition of anti-tumor immune 
responses. These characteristics bolster the advance-
ment and metastasis of various cancer types [53]. In this 
study, we incubated M2-like macrophages with PFNB-
NC siRNA at different concentrations and found that 
the expression of M1-like macrophage marker CD86 
was gradually increased, and CD206 was progressively 
decreased with increasing concentrations (The active 
ingredient was nano-Fe3O4; hence PNB-NC siRNA did 
not significantly impact on M2-like macrophages (Fig-
ures  S13, S14). However, when the concentration was 
200  µg/mL and 300  µg/mL, there was no significant 
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difference in the expression levels of CD86 and CD206, 
respectively (Figures S15, S16). This indicates that Fe3O4 
has a limited ability to re-educate M2, and it needs to 

be used together with other therapies. Subsequently, 
we observed a significant upregulation of IRF5 expres-
sion in M2-like macrophages following the addition of 

Fig. 2  In vitro ultrasound imaging and transfection efficiency of different conditions. A Ultrasound imaging (left: B-Mode, right: contrast-enhanced 
ultrasound) of PNB-SIRPα siRNA. B, F Transfection efficiency for different ultrasound parameters. C, D Quantitative analysis of PNB-SIRPα siRNA 
echo intensity following LIFU irradiation at various intensities and durations in B-mode (C) and CEUS mode (D). E Phase change microscopy image 
of PNB-SIRPα siRNA (scale bar = 10 µm). G Laser confocal microscope images of the M2-like macrophage uptake of different nanocarriers (scale 
bar = 100 µm). H, I The transfection efficiency of different nanocarriers by flow cytometry. Data was presented by the mean ± SD (n = 3) per group. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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PFNB-NC siRNA compared to M2-like macrophages 
alone and M2 + PNB-NC siRNA (Figure S18). There-
fore, remodeling M2-like macrophages by Fe3O4 may 
be related to the activation of the IRF5 pathway. How-
ever, SIRPα gene knockdown did not affect IRF5 in 
M2-like macrophages, indicating no crosstalk between 
SIRPα-mediated pathways and IRF5 (Figure S17). Fur-
thermore, the efficiency of different groups in silenc-
ing SIRPα of M2-like macrophages was assessed using 
Western blotting assays. Fig.  3A and B demonstrate a 
substantial decrease in SIRPα expression in M2-like mac-
rophages following treatment with both FA-PFNB-SIRPα 
siRNA + US and Lipo-SIRPα siRNA. The FA-PFNB-
SIRPα siRNA + US group showed the most significant 
reduction in expression, which decreased by > 80% com-
pared with the control group. There was no significant 
difference between FA-PNB-SIRPα siRNA (no Fe3O4) 
and FA-PFNB-SIRPα siRNA (including Fe3O4), indicating 
that Fe3O4 did not affect the expression of SIRPα. We also 
found that all treatment groups significantly reshaped 
M2-like macrophages into M1, while the FA-PFNB-
SIRPα siRNA + US group had the highest proportion 
of M1-like macrophages and the lowest proportion of 
M2 (Fig. 3C–F). Moreover, the highest expression levels 
of inflammatory cytokines IFN-γ and TNF-α in mac-
rophages were FA-PFNB-SIRP α siRNA + US group, and 
the lowest expression levels of the immunosuppression-
related IL-10 were also FA-PFNB-SIRPα siRNA + US 
group (Fig.  3H–J). Among them, Fe3O4 promotion of 
the polarization of macrophages may be by upregulat-
ing IRF5, while SIRPα knockout promotes the M1-like 
polarization of macrophages, which may be related to the 
reduction of SHP-1/p38MAPK/STAT3 [54].

Delivery of Fe3O4 and SIRPα siRNA in FA‑PFNB regulates 
the phagocytic efficiency of macrophage
To investigate whether US combined with FA-PFNB-
SIRP α siRNA could enhance the phagocytic efficiency 
of M2-like macrophages for tumor cells, M2-like mac-
rophages were pretreated with different groups for 48 h 
and then co-cultured with CFSE-labeled LLC cells for 
6 h. Next, macrophages were stained with APC-labeled 
F4/80 antibody, and cellular phagocytosis was meas-
ured by flow cytometry (Fig. 3G). The phagocytosis ratio 
of M2 macrophages treated with PNB-SIRPα siRNA 
(14.37 ± 1.04%) was higher than that of PBS-treated group 
(4.43 ± 0.20%) (Fig.  3K-L), which may be attributed to 
the inhibition of CD47/SIRPα interactions by the linked 
SIRPα siRNA on the liposome.M1-like macrophages gen-
erally show improved phagocytosis of tumor cells com-
pared to M2. An enhanced proportion of phagocytosis 
was also observed in M2-like macrophages treated with 
PFNB-NC siRNA (9.00 ± 0.78%), consistent with previous 

studies [15, 51]. Under the dual effect of Fe3O4 and SIRPα 
siRNA, for PFNB-SIRPα siRNA (26.17 ± 2.21%), the pro-
portion of phagocytosis induced by Fe3O4 and SIRPα 
siRNA was higher than that of PNB-SIRPα siRNA and 
PFNB-NC siRNA group. Notably, the phagocytosis of 
LLC by macrophages in the FA-PFNB-SIRPα siRNA 
group (33.4 ± 0.66%) showed a significant increase com-
pared to the PFNB-SIRPα siRNA group. However, the 
FA-PFNB -SIRPα siRNA + US group showed the highest 
proportion of phagocytosis (45.07 ± 0.95%), which may be 
related to the cavitation and sonoporation effects of ultra-
sound to promote the uptake of targeted nanobubbles.

TAMs treated with FA‑PFNB‑SIRPα siRNA combined 
with US effectively inhibit NSCLC migration, invasion 
and proliferation and promote NSCLC apoptosis
Disrupting the M2-induced polarization of TAMs can 
impede tumor invasion and metastasis [55, 56]. We 
employed a transwell assay for validation to investigate 
the impact of FA-PFNB-SIRPα siRNA + US treatment 
on inhibiting the invasion and metastasis of LLC cells 
in  vitro. After 48 h of treating M2-like TAMs in vari-
ous groups, we collected and applied the conditioned 
medium to LLC cells. The FA-PFNB-SIRPα siRNA + US 
group exhibited reduced cell migration and invasion 
abilities compared to the control and other groups. At 
the 24-h mark, the transwell migration assays revealed a 
significant decrease in cell migrations of the FA-PFNB-
SIRPα siRNA + US group compared to others (P < 0.01), 
with only one-fifth of the migrated cells observed in the 
control group (Fig. 4A, B). Similarly, the transwell inva-
sion assay demonstrated that after 24 h, only a small 
number of cells from the FA-PFNB-SIRPα siRNA + US 
group traversed the chamber, whereas the control group 
had nearly 6.9 times more cells passing through (Fig. 4C, 
D). Therefore, combining US and FA-PFNB-SIRPα siRNA 
can effectively inhibit NSCLC invasion and metastasis, 
potentially by altering the polarization of M2-like TAMs.

In line with the transwell assay findings, flow cytom-
etry results (Fig. 4E, F) demonstrated a notable rise in the 
apoptosis of LLC tumor cells when exposed to the condi-
tioned medium of M2-like TAMs treated with US in con-
junction with FA-PFNB-SIRPα siRNA, as opposed to the 
PBS group. Approximately 39.37 ± 1.62% and 46 ± 1.41% 
of the cells in the FA-PFNB-SIRPα siRNA and FA-PFNB-
SIRPα siRNA + US (the highest apoptotic rate) groups, 
respectively, went into apoptosis. This effect may arise 
from the ability of US, in conjunction with FA-PFNB-
SIRPα siRNA, to enhance the uptake of nanocomposites 
by macrophages. This, in turn, increases intracellular lev-
els of Fe3O4 and SIRPα siRNA, facilitating the repolariza-
tion of M2-like TAMs to an M1 phenotype.
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To further test the long-term efficacy of US combined 
with targeted nanocomposite therapy, we performed 
colony-forming assays in which conditioned medium 
was obtained from M2-like macrophages treated with 

various treatments, followed by LLC cells pretreated 
and cultured for an additional 7 days. The cell colony 
formation was notably decreased in the FA-PFNB-
SIRPα siRNA and PFNB-SIRPα siRNA groups 

Fig. 3  In vitro gene silencing of macrophages and polarization and phagocytosis efficiency assays. A, B Western blotting (A) and (B) relative 
quantitative analyses of SIRP α Protein expression in different groups of M2-like macrophages. C–F M1-like marker (i.e., CD 86) and M2-like 
macrophage marker (i.e., CD206) expression of different groups by flow cytometry. G Schematic showing the procedures. H-J IFN-γ, TNF-α, and IL-10 
mRNA expression by quantitative RT-PCR. K, L Flow cytometric analysis of the phagocytosis of LLC cells in different groups of macrophages. Data are 
presented as mean ± SD (n = 3) per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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compared to the Control group, as well as the PFNB-
NC siRNA and PNB-SIRPα siRNA groups (Fig. 4G, H). 
However, the number of cell colonies irradiated with 
FA-PFNB-SIRPα siRNA combined with US was further 

reduced. The reduction in the colony formation effi-
ciency of LLC cells was most pronounced when ultra-
sound was combined with FA-PFNB-SIRPα siRNA, 
decreasing to < 10%.

Fig. 4  Invasive metastasis assay of non-small cell lung cancer cells (LLC) under different conditioned media. A, B The migration ability of LLC 
cells under different M2-like macrophages conditioned media was detected by transwell migration assays (scale bar = 100 µm). C, D Cell invasion 
ability of LLC cells under different M2-like macrophage-conditioned media was detected by transwell invasion assays (scale bar = 100 µm). E, F 
Apoptosis assay of LLC cells under different M2-like macrophage conditioned media. G, H Colony-forming assays of LLC cells under different M2-like 
macrophage-conditioned media. Data was presented by the mean ± SD (n = 3) per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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FA‑PFNB‑SIRPα siRNA + US promotes the enrichment 
of nanobubbles in tumor tissues and has a good 
therapeutic effect
We conducted a detailed exploration of the NSCLC 
tumor-bearing mouse model distribution of folate-tar-
geted and ultrasound-targeted NBs. Fluorescence inten-
sity at the tumor site reached a maximum at 2 h after 
injection at PFNB-Cy5-SIRPα siRNA or FA-PFNB-Cy5-
SIRPα siRNA group. However, the fluorescence signal 
was significantly stronger in the FA-PFNB-Cy5-SIRPα 
siRNA group than in the PFNB-Cy5-SIRPαsiRNA group 
at all time points (Fig. 5A, B). At 2 h post-injection, major 
organs and tumor tissues were isolated and imaged. 
FA-PFNB-Cy5-SIRPα siRNA-treated mice showed 
stronger Cy5 fluorescence in tumor tissues, indicating a 
more efficient tumor aggregation of FA-targeted nano-
particles (Fig. 5C, D). After 2 h of FA-PFNB Cy5-SIRPα 
siRNA injection, the mouse tumor was subjected to LIFU 
(1 W/cm2, 2 min). The tumor site showed a stronger flu-
orescence value than the FA-PFNB-Cy5-SIRPα siRNA 
group, and reached the peak at 4 h. Simultaneously, fol-
lowing 4 h of ex  vivo organ imaging, the fluorescence 
intensity at the tumor tissues was notably higher than the 
peak of FA-PFNB-Cy5-SIRPα siRNA group.

Photoacoustic (PA) imaging harnesses optical resolu-
tion, offering wide-ranging possibilities for preclinical 
and clinical settings, and Fe3O4 has applications in PA 
imaging. In our experiment, FA-PFNB-SIRPα siRNA 
was scanned across the spectrum from 680 to 950 nm to 
identify the peak absorbance. The peak detected at 690 
nm, consistent with previous findings [56], was selected 
for subsequent PA imaging (Figure S19). PA imaging was 
performed on NSCLC tumor-bearing mice in  vivo after 
the intravenous injection of FA-PFNB-SIRPα siRNA or 
PFNB-SIRPα siRNA, and PA values were quantified. Both 
had noticeable PA signals at the tumor site, suggesting 
that the NBs effectively accumulate in the tumor tissue; 
however, the FA-PFNB-SIRPα siRNA was significantly 
higher. Moreover, LIFU administered at 2 h post-intra-
venous injection notably amplified the PA signal at the 
tumor site in mice (Fig.  5E, F). This suggests that LIFU 
effectively enhanced the accumulation of Fe3O4 in the 
deep-seated tumor tissue, aligning with the in  vivo ani-
mal imaging findings.

Referring to the biodistribution of NBs in  vivo as 
described previously, the time point of 2 h NBs after 
injection was selected for observation, and no obvious 
CEUS was observed in either the FA-PFNB-SIRPα siRNA 
or PFNB-SIRPα siRNA groups (Fig. 5G). However, after 
LIFU irradiated (1  W/cm2, 2  min), the FA-PFNB-SIRPα 
siRNA group showed a hyperintense signal in the lesion 
site under CEUS mode, which was significantly higher 
than that in the PFNB-SIRPα siRNA group. The results 

are consistent with previous studies and in vivo imaging, 
indicating that NBs cannot initiate ADV without LIFU 
stimulation. Similarly, the retention of NBs in the tumor 
region is reduced if no FA is targeted.

In vivo evaluation of anti‑tumor performance
Building on our promising in vitro and in vivo findings, 
we assessed the therapeutic effectiveness of FA-PFNB-
SIRPα siRNA in C57BL/6 mice bearing LLC tumors. 
The mice were randomly divided into seven groups: 
PBS, PNB-SIRPα siRNA, PFNB-NC siRNA, PFNB-
SIRPα siRNA, FA-PFNB-SIRPα siRNA, FA-PFNB-SIRPα 
siRNA + US, and PNB-SIRPα siRNA + PFNB-NC siRNA. 
Treatment was given every 2 days (Fig. 6A). While each 
treatment group exhibited tumor inhibition capabili-
ties, the FA-PFNB-SIRPα siRNA + US group demon-
strated the most potent anti-tumor efficacy (Fig.  6B, C 
and E). We photographed the tumor tissue to visually 
verify the superior anticancer activity of the FA-PFNB-
SIRPαRNA + US group (Fig.  6F). In addition, we con-
firmed that the SIRPα gene was silenced after treatment 
in the FA-PFNB-SIRPα siRNA + US group (Figure S20). 
Apoptosis was also clearly observed in the FA-PFNB-
SIRPα siRNA + US by TUNEL staining (Fig. 6H, I). More-
over, the results of tumor HE staining (Fig.  6J) showed 
that the necrotic area of tumor cells in each group was 
significantly higher than that in the PBS group, and 
the effect of FA-PFNB-SIRPα siRNA + US was rela-
tively stronger. Furthermore, based on the survival rates 
observed in various treatment groups, it was noted that 
all mice in the PBS group died after 16 days, whereas 
the group treated with ultrasound in combination with 
FA-PFNB-SIRPα siRNA exhibited a 60% survival rate at 
day 35, demonstrating its superior anti-tumor efficacy 
(Fig. 6G).

Administration of US combined with FA‑PFNB‑SIRPα siRNA 
significantly modified the immunosuppressive TME
To verify the role of TAM polarization in tumors after dif-
ferent treatments, immune-cell populations in the tumor 
tissue were analyzed, and M1 and M2 macrophages 
were stained with F4/80、CD86, and CD206 antibodies, 
respectively (Fig. 7A, B and Figure S21). Compared with 
the PBS group, the percentage of CD86 positive mac-
rophages (F4/80+CD86+ lymphocytes) was significantly 
increased, while the percentage of CD206 positive mac-
rophages (F4/80+CD206+ lymphocytes) was significantly 
decreased in all treatment groups. These results indicate 
that Fe3O4 NPs and SIRPα knockout can effectively trans-
form TAMs from M2 to M1-type, consistent with the 
in  vitro results. Notably, CD86 expression was highest, 
and CD206 expression was lowest in the FA-PFNB-SIRPα 
siRNA + US group. This indicates that FA-PFNB-SIRPα 
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Fig. 5  In vivo multimodal imaging images. A, B Biodistribution of FA-PFNB-Cy5-SIRPα siRNA in LLC tumor-bearing C57BL/6 mice (Number 
of replicates, n = 3). C, D The organs and tumor tissues were imaged at the peak of fluorescence value in vivo (Number of replicates, n = 3). E, F PA 
images of the tumors in model rats of PFNB-SIRPα siRNA or FA-PFNB-SIRPα siRNA and FA-PFNB-SIRPα siRNA + US groups (Number of replicates, 
n = 3). G Ultrasound imaging of mice bearing non-small cell lung cancer tumors with different treatment groups in B-mode and CEUS mode 
before and after Low-intensity focused ultrasound (Number of replicates, n = 3). Data was presented by the mean ± SD (n = 3) per group. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. PA, photoacoustic imaging; MFI, mean fluorescence intensity; LIFU, low-intensity focused ultrasound; SIRPα, 
signal regulatory protein α
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siRNA + US can enhance the polarization of M1-like 
macrophages while suppressing M2-like macrophages 
within the TME in NSCLC.

In the following step, we examined the abundance of 
M1-like macrophages and the proliferation and activa-
tion of T cells in the TDLN. The level of F4/80+CD86+ 
in the TDLN of the FA-PFNB-SIRPα siRNA + US group 
was notably higher than that in other treatment groups 
(Fig. 7C and S22). IFN-γ or CD69 is mainly secreted by 
activated CD4 or CD8 T lymphocytes [57].in addition, 
the expression of Ki67 was a cell-associated protein 
closely related to effector T cell proliferation and growth 
[58] Moreover, the levels of CD3+CD4+, CD3+CD8+, 
CD4+IFNγ+, CD8+IFNγ+, and CD8+ki67+ in the TDLN 
of the FA-PFNB-SIRPα siRNA + US group were signifi-
cantly elevated in comparison to the other treatment 
groups (Fig. 7D–H, S23, 24). These findings suggest that 
combining US with PFNB-SIRPα siRNA + US demon-
strated a superior immunostimulatory effect. Over-
all, these results indicate that the FA-PFNB-SIRPα 
siRNA + US treatment led to an increased abundance of 
M1-like macrophages and enhanced proliferation and 
activation of T cells in the TDLN. This phenomenon 
may be attributed to the rise in M1-like macrophages 
and their enhanced phagocytic activity within the tumor 
tissues.

Subsequently, tumor-infiltrating CTLs, including CD4+ 
and CD8+ T cells, were analyzed by flow cytometry to 
assess the anti-tumor immunity induced by FA-PFNB-
SIRPα siRNA + US. The highest CD3+CD4+ and 
CD3+CD8+ T cell ratios were observed under the com-
bined treatment with FA-PFNB-SIRPα siRNA plus LIFU, 
which were > 10 times higher than in the PBS group, 
respectively (Fig.  7I, J, and S25). Significantly elevated 
levels of CD4+ and CD8+ T lymphocytes were observed 
in the FA-PFNB-SIRPα siRNA + US group compared 
to the FA-PFNB-SIRPα siRNA group, potentially due to 
ultrasound-mediated microbubble destruction (UTMD) 
enhancing drug delivery for M2-like macrophages. Addi-
tionally, it promotes CTL infiltration by modifying M2 
and enhancing its phagocytic capacity. All treatment 
groups activated CD4 and CD8 T cells, while the propor-
tion of IFN-γ+ and CD69 + in CD4+ T, IFN-γ+ and CD69 
+ in CD8+ T cells was the highest in the FA-PFNB-SIRPα 
siRNA + US group (Figs.  7K–N and S26, S27). The level 

of Ki67+ in CD8+ T cells was at its peak after FA-PFNB-
SIRPα siRNA + US treatment (Figs. 7O and S28).

Tumor-infiltrating Tregs negatively regulated the 
response to immunotherapy; hence, reducing the propor-
tion of Tregs in tumors is necessary to ensure the success 
of immunotherapy. Therefore, we investigated whether 
FA-PFNB-SIRPα siRNA + US could effectively modify 
the immunosuppressive TME. As shown in Fig.  7P and 
Figure S29, the administration of FA-PFNB-SIRPα siRNA 
to mice with NSCLC significantly inhibited Tregs (Foxp3 
T cells gating CD4 T cells) infiltration, which was fur-
ther reduced in FA-PFNB-SIRPα siRNA + US group. 
This indicates that immunosuppressive TME was effec-
tively reversed after combined treatment. Furthermore, 
FA-PFNB-SIRPα siRNA + US treatment resulted in the 
highest expression levels of anti-tumor related cytokines 
such as TNF-α and IFN-γ among all groups (Fig. 7Q, R, 
P < 0.001). These results indicate that the constructed 
multifunctional FA-PFNB-SIRPα siRNA + US can effec-
tively re-regulate the immunosuppressed TME and 
enhance the immunotherapeutic effect of the tumor by 
increasing the proportion of CTL, M1-like TAMs, and 
activating T cells, and decreasing the proportion of Tregs 
and M2-like TAMs.

Tumor mRNA analysis and verification of immune effect 
in vitro
To investigate the immune mechanism underlying 
the anti-tumor effect of FA-PFNB-SIRPα siRNA + US 
treatment, gene sequencing was conducted on tumor 
tissues obtained from both the PBS and the FA-PFNB-
SIRPα siRNA + US groups following the completion 
of the treatment. A total of 54,160 transcripts were 
detected, among which 805 genes exhibited differen-
tial expression between the two groups, including 524 
upregulated and 281 down-regulated genes (Fig.  8A). 
Through gene ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analysis 
(Fig.  8B and C), it was discovered that the differen-
tially expressed genes were primarily enriched in sign-
aling pathways associated with immune response, 
antigen presentation and processing, cytokine inter-
action, inflammatory response, and T cell activation. 
Furthermore, a detailed analysis was performed on 
immune-related genes, revealing that genes involved 

Fig. 6  Antitumor activity of FA-PFNB-SIRPα siRNA + ultrasound (US) in the NSCLC model. A Illustration of the in vivo experimental design. B NSCLC 
tumor growth curves in different groups (n = 5). C Spaghetti plots of NSCLC tumor growth in different groups (n = 5). D The body weight of mice 
in different groups(n = 5). E Tumor inhibition ratio in different groups(n = 5). F Image of representative NSCLC tumors in different groups. G Survival 
rate in different groups (n = 5). H and I TUNEL analysis of NSCLC tumors in different groups (Scale bar: 10μm). J H&E staining analysis of NSCLC 
tumors in different groups (Scale bar: 10μm). Data was presented by the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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in M1 macrophages, NK cell activation (Fig. 8D), anti-
gen presentation and processing (Fig.  8E), and T cell 
maturation (Fig.  8F) were significantly upregulated in 
the FA-PFNB-SIRPαsiRNA + US treatment group. Fig-
ure  8G demonstrates the close relationships among 
these upregulated genes, which collectively contribute 
to innate and adaptive immunity. By elucidating these 

immune-related gene alterations, this study sheds 
light on the potential mechanisms by which FA-PFNB-
SIRPα + US treatment exerts its anti-tumor effects, par-
ticularly through the modulation of immune responses 
involving M1 macrophages, NK cells, antigen presenta-
tion, and T cell activation. They are closely related to 
functional networks (Fig.  8H), and involved in innate 

Fig. 7  Anticancer immune response in the tumor and TDLNs. A, B M1-like macrophages (F4/80+ CD86+), M2-like macrophages (F4/80+CD206+) 
in tumor tissue(n = 5). C M1-like macrophages (F4/80+ CD86+) in TDLN (n = 3). D, E CD3+CD4+ and CD3+CD8+ T cells in TDLN (n = 3). F, G Activated 
CD4 +and CD8+ lymphocytes in TDLN (CD4+IFNγ+, CD8+IFNγ+) (n = 3). H Percentages of proliferation in CD8 lymphocytes in TDLN (CD8+ki67+) 
(n = 3). I, J CD3+CD4+and CD3+CD8+ T cells in tumor tissue(n = 5). K–N Activated CD4 and CD8 lymphocytes in tumors tissue (CD4+IFNγ+, 
CD4+CD69+.CD8+IFNγ+, CD8+CD69+) (n = 5). O Percentages of proliferation in CD8 lymphocytes in tumor tissue (CD8+ki67+) (n = 5). P Percentages 
of Tregs (CD4+FOXP3+) in tumor tissue (n = 5). Q, R ELISA analysis of IFN-γ and TNF-α in tumor tissue(n = 5). Data was presented by the mean ± SD. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001



Page 19 of 26Li et al. Journal of Nanobiotechnology          (2024) 22:605 	

and cellular immunity. In summary, FA-PFNB-SIRPα 
siRNA + US treatment can effectively activate the 
immune microenvironment and reverse the immuno-
suppressive state in NSCLC mice, thereby improving 
cancer immunotherapy.

Finally, the activation of specific immunity by 
FA-PFNB-SIRPα siRNA + US was further confirmed 
in vitro. The experiments were divided into three groups: 
M0 + LLC, M2 + LLC, and M2 + LLC + FA-PFNB-SIRPα 
siRNA + US, which were co-cultured for 24 h (LLC: 

Fig. 8  Transcriptomic analysis. A A volcano plot of the FA-PFNB-SIRP α siRNA + US and PBS group. B, C Gene ontology annotation analysis (B) 
and Kyoto Encyclopedia of Genes and Genomes pathway analysis (C) in the FA-PFNB-SIRP α siRNA + US group. D Heat map illustrating differential 
gene expression of macrophages (M1 and M2) and natural killer cell-mediated cytotoxicity. E, F Heat map depicting differential expression 
of antigen processing and presentation-related genes (E) and T cell functional markers (F). G Venn diagram illustrating differentially expressed 
genes positively regulating both innate and adaptive immune responses. H Functional networks of differentially expressed immune-related genes 
regulating both innate and adaptive immune responses
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TAMs = 4:1). Primary lymphocytes were isolated from 
the spleen of healthy mice (Fig.  9A). Subsequently, 
PBMCs were added in different groups at a ratio of 
1:4:1(PBMC: LLC: TAMs). The co-culture system was 
treated for 24 h. The results showed that co-culture 
systems treated with FA-PFNB-SIRPα siRNA + US sig-
nificantly increased the proportion of CD4 and CD8 

positive T cells and significantly promoted the activa-
tion of CD8 positive T cells. The percentage of CD69+ 
in CD8+ and ki67+in CD8+ positive cells increased 
(Fig. 9B–E and H–K). However, the proportion of Foxp3+ 
in CD4+positive cells was significantly decreased (Fig. 9F, 
L). Meanwhile, the final treated supernatant was added 
to the medium containing LLC cells, which significantly 

Fig. 9  In vitro immune activation validation and its anti-tumor effect. A Schematic diagram of a cell experiment. B, C, H, I The percentages 
of CD3+CD4+ T cells and CD3+CD8+ T cells(n = 3). D, J Activated CD8 lymphocytes (CD8+CD69+) (n = 3). E, K Percentages of proliferation in CD8 
lymphocytes (CD8+ki67+) (n = 3). F, L Percentages of Tregs (CD4+FOXP3+) (n = 3). G, M Apoptosis assay of LLC cells under different conditioned 
media(n = 3). N CKK-8 method for measuring LLC cell viability under different culture media conditions(n = 3). Data was presented by the mean ± SD. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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inhibited the viability of LLC and promoted the apoptosis 
of LLC cells (Fig. 9G, M, N). Overall, these results indi-
cate that FA-PFNB-SIRPα siRNA + US effectively remod-
els M2-like TAMs and enhances the antigen presentation 
capacity of macrophages, which activates and promotes 
the secretion of proinflammatory T cells, killing tumor 
cells.

The biological safety evaluation of tumor therapy
To evaluate the biosafety of the experimental groups, we 
examined major organs (heart, liver, spleen, lung, and 
kidney) from tumor-bearing mice at the endpoint of the 
different treatments using staining techniques (Figure 
S30). No significant organ damage was observed after 
the treatments, resembling the findings in the PBS group. 
Additionally, when considering the recorded weight 
changes, as shown in Fig. 6D, it is evident that the mate-
rials utilized in this study are biocompatible and do not 
induce significant adverse effects in mice.

The results of the blood, liver function, and kidney 
function tests in each group were comparable to those of 
the PBS group, encompassing white blood cells (WBCs), 
red blood cells (RBCs), hemoglobin (HGB), alanine ami-
notransferase (ALT), aspartate aminotransferase (AST), 
total bilirubin (TBIL), creatinine (CREA), and Urea 
(UREA). These findings further support the biosafety 
profile of FA-PFNB-SIRPα siRNA + US treatment (Figure 
S31, 32).

Discussion
The successful infiltration and activation of immune 
cells in tumor tissues are essential for effective tumor 
immunotherapy [59]. TAMs, functioning as special-
ized antigen-presenting cells (APCs), play a crucial role 
in preventing the malignant transformation of cells in 
the innate immune response [60]. However, TAMs pri-
marily exhibit immunosuppressive M2-like phenotypes, 
promoting various cancers’ progression and metasta-
sis [61]. Additionally, the overexpression of CD47 on 
tumor cells interacts with SIRP-α on the surface of mac-
rophages, activating the "don’t eat me" signaling path-
way. This weakens the phagocytosis of macrophages on 
tumor cells, reduces antigen presentation ability, and 
inhibits the activation of downstream T cells, thus pro-
moting tumor immune escape [62]. Therefore, targeting 
TAMs holds promise as an immunotherapy for NSCLC 
treatment.

Currently, several anti-TAM drugs are being evalu-
ated in clinical trials, utilizing three main strategies [6]:(i) 
inhibition of TAM recruitment [63], (ii) depletion of 
TAMs [64], and (iii) remodeling of M2-like TAMs [65]. 
However, previous studies have indicated that inhibit-
ing TAM recruitment and survival may not produce 

a durable anti-tumor response [8]; instead, reeduca-
tion strategies represent a more practical option as they 
improve immunosuppressive function and enhance 
antigen presentation. Magnetic nanoparticles (MNPs) 
have been extensively developed and broadly utilized 
in various biomedical applications, including magnetic 
resonance imaging, targeted drug delivery, gene therapy, 
magnetic separation of cells or biomolecules, in vivo cell 
tracking, tissue engineering, and hyperthermia for cancer 
therapy [66, 67]. Iron oxide MNPs, particularly super-
paramagnetic iron oxide nanoparticles, demonstrate sig-
nificant potential across multiple domains within these 
nanoscience initiatives [68, 69]. Iron oxide are preva-
lently employed in biomedical applications due to their 
exceptional properties, including cost-effectiveness [70]. 
Studies have shown that iron oxide (Fe3O4) nanoparticles 
can effectively promote the transformation of M2-like 
TAMs into M1-like by activating the IRF5 pathway. In 
line with these findings, our experiment confirmed that 
Fe3O4 nanoparticles significantly increased the expres-
sion of IRF5 and CD86 in M2-like macrophages while 
significantly decreasing CD206 expression. This indicates 
the effectiveness of Fe3O4 nanoparticles in remodeling 
M2 macrophages. However, our study further revealed 
that re-educating M2-like macrophages using Fe3O4 
nanoparticles alone was insufficient, and high doses of 
nano-Fe3O4 could affect macrophage viability. This may 
be attributed to the limited delivery efficiency of nano-
medicine and the single-drug mechanism of action. Pre-
vious studies have demonstrated that blocking the CD47/
SIRP-α axis enhances the phagocytosis of TAMs and 
dendritic cells, thereby activating the innate immune 
response, directly killing tumor cells, and enhancing anti-
gen presentation, ultimately activating cytotoxic T cells 
and expanding the anti-tumor effect [71].

Recently, RNAi-based therapies have significantly 
advanced gene therapy [18]. Current studies indicate that 
targeting SIRPα can produce better immunotherapeutic 
effects than solely targeting CD47 on tumor cells [72]. 
Therefore, in this study, we employed SIRPα siRNA to 
knock down the SIRPα receptor on macrophage surfaces. 
Free siRNA has the disadvantages of low cellular uptake 
rate and susceptibility to nuclease degradation. There-
fore, an RNAi technology-based immunotherapy deliv-
ery system with high transfection efficiency and effective 
macrophage targeting is essential for NSCLC tumors. 
While viral and non-viral vectors have been utilized in 
gene therapy delivery systems, viral vectors are con-
strained by potential oncogenicity, immunogenicity, and 
restricted loading capacity [73, 74]. Thus, we synthesized 
non-viral phase-transforming liposomal nanobubbles to 
deliver SIRPα siRNA and Fe3O4 nanoparticles. Under the 
action of LIFU, phase-transition NBs are transformed 
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into microbubbles, followed by UTMD, resulting in the 
release of Fe3O4 nanoparticles. The sonoporation and 
cavitation effects can effectively increase tumor tissue 
and blood vessel permeability, promoting drug release 
into the extravascular space and enhancing cell nano-
composite uptake [75]. Combining our findings, which 
showed significantly higher FRβ expression in M2-like 
macrophages than endothelial cells, we used FRβ as a tar-
get to enhance tumor-specific plasmid uptake [76]. Mod-
ified with FA the nanobubbles actively target M2-like 
macrophages, and ultrasound-induced sonoporation 
and cavitation effects are used in tandem to promote 
the delivery of SIRPα siRNA and Fe3O4 nanoparticles to 
M2-like macrophages. Our study showed that the US sig-
nificantly improved SIRPα siRNA transfection in M2-like 
macrophages. Furthermore, combining FA modification 
with ultrasound irradiation led to a significantly higher 
SIRPα siRNA transfection efficiency than commercial 
Lipofectamine RNAiMAX Reagent, FA-PFNB, and PFNB 
delivery systems. Moreover, this approach promoted NB 
accumulation in vivo, as confirmed by multimodal imag-
ing. It also significantly reduced SIRPα expression in 
macrophages in both in vivo and in vitro settings. There-
fore, the US, combined with targeted NBs, holds impor-
tant clinical application potentials in improving siRNA/
drug targeting delivery.

In this study, combining the US with FA-PFNB-
SIRPα siRNA significantly inhibited NSCLC tumor 
growth and substantially extended overall survival in 
mice. The remarkable anti-tumor efficacy of this treat-
ment approach may be attributed to boosted anti-tumor 
immunity. For example, it can promote the polarization 
and phagocytosis of M1-like macrophages, suppress 
M2-like macrophage polarization, enhance the activa-
tion and proliferation of intertumoral cytotoxic T cells, 
and decrease Treg infiltration. Increasing intertumoral 
M1-like macrophages and enhancing antigen-presenting 
capacity required for naive T priming and T-cell-medi-
ated anti-tumor immunity can be an effective anti-tumor 
strategy [8]. Our results demonstrated that US com-
bined with FA-PFNB-SIRPα siRNA treatment signifi-
cantly increased F4/80CD86 expression in macrophages, 
indicating a significant increase in M1 macrophages, 
in vitro and in vivo. Additionally, the US combined with 
FA-PFNB-SIRPα siRNA treatment significantly pro-
moted the phagocytosis of F4/80+ macrophages on LLC 
tumor cells. Further in  vitro experiments revealed that 
the US combined with FA-PFNB-SIRPα siRNA treatment 
significantly promoted the proliferation and activation of 
lymphocytes and activated the immune microenviron-
ment, leading to tumor cell killing. This may be linked to 
the polarization of M1-like macrophages and enhanced 
antigen presentation ability. Analysis of intertumoral 

lymphocyte subsets and tumor tissue gene sequencing 
indicated that the US combined with FA-PFNB-SIRPα 
siRNA treatment significantly promoted the expression 
of M1 macrophage and antigen presentation-related 
genes in the tumor, activating innate and adaptive 
immunity. This was manifested by increased CD4 and 
CD8 positive T cells and their proliferation and activa-
tion. Additionally, the tumor infiltration by immuno-
suppressive Treg cells was significantly reduced after 
FA-PFNB-SIRPα siRNA + US treatment. The significant 
increase in tumor apoptosis observed in mice treated 
with FA-PFNB-SIRPα siRNA + US resulted from the sig-
nificantly enhanced anti-tumor immune response medi-
ated by Fe3O4 nanoparticles and SIRPα siRNA delivery 
and in vitro experiments with PBMCs further confirmed 
these findings. Moreover, we found that FA-PFNB-SIRPα 
siRNA + US significantly increased M1 expression in 
tumor-draining lymph nodes and activated cytotoxic T 
cells. Furthermore, we discovered that the holistic deliv-
ery of nanomedicine was more effective and contributed 
to more synergistic activation of the immune response 
compared to separate injections of the two drugs simul-
taneously. Furthermore, FA-PFNB-SIRPα siRNA + US-
mediated tumor-targeted delivery was well-tolerated in 
mice without causing systemic toxicity.

The strategy employed in this study offers several 
advantages over current immunotherapies. Macrophages, 
traditionally refractory cells [77], were targeted in this 
study. Ultrasound combined with FA-modified nanobub-
bles significantly improved the transfection efficiency 
of M2-like macrophages and promoted drug and gene 
enrichment in  vivo, a challenge faced by previous gene 
delivery systems. Additionally, real-time multimodal 
imaging achieved through ultrasound combined with FA-
modified NBs allows the detection of drug density and 
quantity in target organs. This study went beyond single-
strategy M2 targeting to demonstrate the effectiveness 
and superiority of multi-modality combination therapy. 
Moreover, our targeted delivery system outperforms 
other tumor-targeting gene delivery systems reported 
in the literature. For example, commonly used cationic 
lipids in gene delivery systems are associated with high 
toxicity, limited efficiency, and non-specific delivery [78–
80]. Conversely, our tumor-targeted gene delivery system 
is safe, easy to prepare, exhibits low immunogenicity and 
systemic toxicity, and combining ultrasound with FA 
modification further increases transfection efficiency.

Despite the extensive research conducted in this field, 
the limited penetration of ultrasound through lung tissue 
has bottlenecked studies on ultrasound-responsive drugs 
for treating lung diseases, particularly lung cancer. This 
limitation has also curtailed their clinical application. 
However, our clinical observations indicate a significant 
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diagnostic and therapeutic benefit of ultrasound in treat-
ing peripheral lung cancer. Consequently, this research 
holds substantial potential for managing inoperable 
peripheral NSCLC and as an adjunctive to immuno-
therapy for peripheral NSCLC. Moreover, the findings 
could guide immunotherapy strategies for other cancers 
exhibiting CD47 overexpression. Looking ahead, we are 
optimistic about technological advancements enabling 
the development of devices to enhance ultrasound pen-
etration in lung tissues. Such progress would broaden the 
applicability of ultrasound-responsive drugs in treating 
lung diseases, underlining the transformative potential of 
our study in clinical settings.

Conclusions
The novel FA-modified NBs in this study exhibited high 
efficiency and safety in delivering Fe3O4 nanoparticles 
and SIRPα siRNA. This delivery system can effectively 
transform M2-like macrophages into M1, enhance their 
phagocytic capacity, promote antigen presentation, and 
subsequently induce T-cell activation while inhibiting the 
infiltration of immunosuppressive cells in NSCLC, which 
plays a crucial role in inhibiting the invasion and migra-
tion of cells. The US, in combination with a targeted NB 
system, is safe and well-tolerated in mice and is free from 
systemic toxicity, rendering it a dependable gene deliv-
ery system. With its potential for future applications, this 
strategy for NSCLC and potentially other tumor types 
offers a novel approach to cancer immunotherapy based 
on immune cell recruitment and activation, distinguish-
ing it from current immunotherapies.
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H&E	� Hematoxylin and eosin
ANOVA	� One-way analysis of variance
PDI	� Polydispersity index
MUVEC	� Mouse umbilical vein endothelial cells
PA	� Photoacoustic
MFI	� Mean fluorescence intensity
UTMD	� Ultrasound-mediated microbubble destruction
GO	� Gene Ontology
KEGG	� Kyoto Encyclopedia of Genes and Genomes
WBC	� White blood cell
RBC	� Red blood cell
HGB	� Hemoglobin
ALB	� Albumin
ALT	� Alanine aminotransferase
AST	� Aspartate aminotransferase
TBIL	� Total bilirubin
CREA	� Creatinine
UREA	� Urea
APCs	� Antigen-presenting cells
MNPs	� Magnetic nanoparticles
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