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Abstract
The limited efficacy and poor tumor accumulation remain crucial challenges for radiotherapy against lung cancer. 
To address these limitations, we rationally developed a polyunsaturated fatty acid (PUFA)-based nanoreactor (DHA-
N@M) camouflaged with macrophage cell membrane to improve tumoral distribution and achieve peroxynitrite-
augment ferroptosis for enhanced radiotherapy against lung cancer. After nebulization, the nanoreactors exhibited 
superior pulmonary accumulation in orthotopic lung cancer-bearing mice, with 70-fold higher than intravenously 
injected nanoreactors at 12 h post-administration, and distributed deeply in the tumors. DHA-N@M selectively 
released nitric oxide (NO) in glutathione (GSH)-enriched tumor cells, with consumption of GSH and subsequent 
inactivation of glutathione peroxidase 4 (GPX4). Under radiation, NO reacted with radiotherapy-induced reactive 
oxygen species (ROS) to generate peroxynitrite (ONOO-), resulting in redox homeostasis disruption. Combined with 
docosahexaenoic acid (DHA)-induced lipid metabolism disruption, overwhelming ferroptosis was induced both 
in vitro and in vivo. Notably, DHA-N@M mediated ferroptosis-radiotherapy significantly suppressed tumor growth 
with a 93.91% inhibition in orthotopic lung cancer models. Therefore, this design provides a nebulized ferroptosis-
radiotherapy strategy for lung cancer.
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Introduction
Lung cancer is the most prevalent malignancy globally 
and has the highest mortality rate among cancers [1]. 
Radiotherapy, a favored option for treating inoperable 
early-stage or locally advanced lung cancer patients [2, 3], 
could directly damage DNA structure via ionizing radia-
tion and induce abundant reactive oxygen species (ROS) 
to aggravate cellular injury [4]. However, the evasion of 
apoptosis serving as a characteristic feature of tumors 
and the high glutathione (GSH) in tumor microenviron-
ment (TME) neutralizing ROS are associated with the 
inadequate efficacy of radiotherapy, restricting its clinical 
application [5].

Compelling evidence indicates a close association 
between radiotherapy and ferroptosis, a regulated form 
of non-apoptotic cell death characterized by lethal 
accumulation of lipid peroxides (LPO) [6]. ROS gener-
ated during radiotherapy can oxidize biomolecules, par-
ticularly polyunsaturated fatty acids (PUFA), resulting 
in lipid peroxidation and ferroptosis [7]. Nevertheless, 
tumor cells are well-equipped with an elevated level of 
GSH (1 × 10− 3 ~ 10 × 10− 3 M) [8], which is involved in 
ROS scavenging and act as a cofactor for glutathione 
peroxidase 4 (GPX4) to catalyze LPO into non-toxic 
alcohol forms, hindering the ferroptosis and radiothera-
peutic effect [9, 10]. Thus, PUFA supplementation cou-
pled with GSH depletion may potentiate the synergistic 
effects between ferroptosis and radiotherapy. To this end, 
S-nitrosothiol (SNO) comes into our sight because of its 

GSH-triggered nitric oxide (NO) release profile [11, 12]. 
It not only consumes GSH but also releases NO, react-
ing with ROS to form an extremely reactive species of 
peroxynitrite (ONOO-), thus intensifying oxidative stress 
[13, 14]. In this regard, designing an SNO-grafted PUFA 
conjugate would offer a new perspective for ferroptosis/
radiation synergistic therapy. Herein, we designed DHA-
SNO by grafting SNO onto docosahexaenoic acid (DHA), 
an endogenous PUFA containing three biallylic groups 
that readily undergo oxidation. 

The unreliable delivery efficiency of systemic adminis-
tration routes, e.g., intravenous (i.v.) or oral, constitutes 
another critical bottleneck for lung cancer therapy. This 
challenge can be overcome via intratracheal (i.t.) admin-
istration of macrophage cell membrane-based nanoves-
icles. On one hand, i.t. administration optimizes the 
pulmonary bioavailability of active ingredients [15, 16]. 
On the other hand, macrophages, overexpressing inte-
grin α4, can interact with overexpressed vascular cell 
adhesion molecule-1 (VCAM-1) on lung cancer cells and 
be efficiently recruited to the tumor region by the che-
mokine C-C motif ligand 2 (CCL2), making macrophage 
membrane-based nanovesicles excellent carriers for 
enhanced delivery to lung tumors [17–20]. 

In this work, we firstly developed an inhalable biomi-
metic nanoreactor (termed as DHA-N@M) by inserting 
DHA-SNO into macrophage cell membrane nanoves-
icle, with favorable retention in lung tumors to potenti-
ate the ferroptosis-radiotherapy (Fig. 1). Through i.t. 

Fig. 1  Schematic illustration of the preparation of DHA-N@M, and the mechanism of radiotherapy-enhanced ferroptosis (Created by FigDraw)
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administration and macrophage membrane assistance, 
DHA-N@M could accumulate in lung tumors and be 
uptaken by lung cancer cells. Upon internalization, NO 
was expected to be released in the GSH-enriched tumor 
cells, along with GSH depletion and subsequent GPX4 
inactivation. Then, radiotherapy-generated ROS would 
react with NO forming highly toxic ONOO-. Simultane-
ously, DHA underwent chain oxidation to form LPO in 
the context of high ROS/ONOO- and impaired GSH/
GPX4, ultimately inducing perturbation of lipid metab-
olism homeostasis, mitochondrial disfunction, DNA 
damage, and ferroptotic cell death. Therefore, this inhal-
able nanoreactor with robust redox and lipid metabo-
lism homeostasis disruption ability provides a promising 
paradigm for ferroptosis-radiotherapy in lung cancer 
treatment.

Materials and methods
Materials
Anti 3-nitrotyrosine (3-NT), anti-GPX4, anti-integrin 
α4, anti-γ-H2AX, and DAR-1 were provided by Abcam 
(Cambridge, UK). The organic solvents used in synthe-
sis procedure were obtained from Adamas (Shanghai, 
China). 5,5’-Dithiobis-2-nitrobenzoic acid (DTNB), 
N-Boc-ethylenediamine, and N, N-diisopropylethylamine 
(DIPEA) were came from Aladdin Biochemical Technol-
ogy Co., Ltd (Shanghai, China) and the other chemicals 
for synthesis were brought from Bidepharm (Shanghai, 
China). Ferrostain-1 (Fer-1), Necrostatin-1 (Nec-1), and 
Z-VAD-Fmk were provided by Bidepharm (Shanghai, 
China). Cell counting kit-8 (CCK-8) assay kit, Bicincho-
ninic acid (BCA) assay kit, D-luciferin potassium salt, 
1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine,4-
chlorobenzenesulfonate salt (DID), 2-(4-amidinophenyl)-
6-indolecarbamidine (DAPI), DAF-FM, and Evans Blue 
were obtained from Dalian Meilun Biotechnology Co., 
Ltd (Dalian, China). Cell lysis buffer, phenylmethane-
sulfonylfluoride (PMSF), GSH, membrane and cytosol 
protein extraction kit, chemokine C-C motif receptor 
2 (CCR2) antibody, 2,7-dichlorofluorescin diacetate 
(DCFH-DA), anti-β-actin, and Triton X-100 (10%) were 
bought from Beyotime Biotechnology Co., Ltd (Shang-
hai, China). GelNest™ was from NEST Biotechnology 
(Wuxi, China). Egg phosphatidylcholine and cholesterol 
(for injection) were obtained from AVT (shanghai) Phar-
maceutical Tech Co., Ltd. Glutaraldehyde stationary 
liquid (2.5%) and 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraeth-
ylimidacarbocyanine (JC-1) assay kit were bought from 
Beijing Solarbio Science & Technology Co., Ltd. (Beijing, 
China). GSH assay kit (abs580006-96T) was purchased 
from Absin (Shanghai, China). Malonaldehyde (MDA) 
assay kit came from Jiancheng Bioengineering Institute 
(Nanjing, China). O58 probe was supplied by BestBio 
(Nanjing, China). C11-BODIPY581/591 was obtained from 

Thermo Fisher Scientific Inc (MA, USA). FITC Rabbit 
anti-goat IgG (H + L) antibody (K1213) was from APEx-
BIO (Houston, USA).

Cells and animals
Macrophage cell line (RAW 264.7), Lewis lung carcinoma 
line (LLC), and lung epithelial cell line (MLE-12) were 
provided by Shanghai Cell Bank, Chinese Academy of 
Sciences (Shanghai, China). RAW 264.7 cells, LLC cells, 
and LLC cells stably expressing firefly luciferase (LLC-
Luc) were incubated at 37℃ in high glucose Dulbecco’s 
medium (DMEM) medium (HyClone) containing 10% 
fetal bovine serum (FBS, Biochannel, BC-SE-FBS01), 100 
U/mL penicillin, and 100  µg/mL streptomycin (Gibco). 
MLE-12 cells were maintained at 37℃ in DMEM/F12 
supplemented with 5 µg/mL insulin, 10 µg/mL transfer-
rin, 30 nM sodium selenite, 10 nM hydrocortisone, 10 
nM β-estradiol, 2 mM L-glutamine, and 2% FBS.

Male C57B/6 (4 ~ 6 weeks) mice were purchased from 
the Laboratory Animal Center of Fudan University 
(Shanghai, China) and raised in specific pathogen-free 
conditions. All the mice were acclimated to environ-
ment for 7 days prior to experiments. All the animal 
experimental procedures were in accordance with the 
guidelines for the Care and Use of Laboratory Animals of 
Fudan University and approved by the Institutional Ani-
mal Care and Use Committee of the School of Pharmacy, 
Fudan University.

Isolation of RAW 264.7 cell membrane
RAW 264.7 cells in logarithmic growth phase were 
washed three times with pre-chilled PBS, harvested, 
and centrifuged to collect cell precipitation. Accord-
ing to the protocol of the membrane and cytosol pro-
tein extraction kit, cell precipitation was resuspended 
in reagent A containing 1 mM PMSF, placed in ice-
water bath for 15  min, and homogenized 50 times by 
a pre-cold handheld glass homogenizer. The homog-
enate was then centrifuged (4 °C, 1000 g) for 10 min to 
remove cell nuclei and unbroken cells and the super-
natant was then centrifuged (4  °C, 14000  g) for 0.5  h 
to pellet cell membrane fragments. After resuspending 
in PBS, the suspension was extruded through 800 nm 
and 200 nm porous polycarbonate filters for 11 times 
to prepare RAW 264.7 cell-membrane nanovesicles 
(RCM). The protein content of RCM was determined 
using a BCA assay kit.

Preparation of DHA-N@M
To investigate the optimal ratio, RCM and DHA-SNO 
were mixed in PBS at different weight ratios and incu-
bated for 0.5 h in a 37 °C water bath to form DHA-SNO-
inserted RCM nanoreactors (DHA-N@M), followed 
by wash with PBS to remove free DHA-SNO. After 
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extracting DHA-SNO with methanol from DHA-N@M, 
the encapsulation efficiency and drug loading efficiency 
were determined by high performance liquid chroma-
tography (HPLC, Agilent 1260 infinity, USA) method: 
column, Eclipse Plus C18, 4.6 × 250 mm, 5 Micro; mobile 
phase, acetonitrile, tetrahydrofuran, and 0.4% acetic acid 
solution (77:3:20); flow rate, 1.0 mL/min; column temper-
ature, 30 °C; sample volume, 18 µL; detection wavelength, 
210 nm.

Characterization of DHA-N@M
The structure of RBC and DHA-N@M was observed 
using a Cryo-transmission electron microscopy (Cryo-
TEM, Tecnai G2 F20, Fei, USA). The particle size, poly-
dispersity index (PDI), and Zeta potential were measured 
by the dynamic light scattering (DLS) performed on the 
Zetasizer Nano ZS device. Fourier transform infrared 
spectroscopy (FT-IR, Nicolet™ iS5, Thermo Fisher Scien-
tific Inc, USA) was employed to determine the functional 
groups of nanoreactors.

To test stability in typical storage condition, DHA-
N@M was dispersed in PBS and stored at 4  °C. Daily 
measurements were carried out to monitor changes in 
particle size, PDI, and drug loading content after cen-
trifugation to remove leak DHA-SNO. Additionally, 
the particle size of DHA-N@M incubated in PBS (pH 
7.4) and PBS (pH 7.4) with 10% FBS after 24  h were 
determined to assess the stability in physiological fluid 
conditions.

The protein profiles in RAW 264.7, RCM, DHA-SNO, 
and DHA-N@M were determined by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
analysis. The typical markers of integrin α4 and CCR2 
were identified by western blot analysis.

Next, we evaluated the GSH-responsiveness of DHA-
N@M. DHA-N@M was respectively suspended in PBS 
(pH 7.4) and PBS (pH 7.4) + 10 mM GSH containing a 
NO fluorescent probe of DAR-1 (5 µM) with or without 
X-ray (6 Gy) and kept in a 37 °C shaker. The fluorescence 
values of the solution (Ex = 560  nm, Em = 595  nm) were 
measured at predetermined time points using a micro-
plate reader (Synergy 2, BioTek Instruments Inc, USA). 
Furthermore, the morphology and the particle size of 
DHA-N@M were monitored after incubation in PBS 
(pH 7.4) and PBS (pH 7.4) + 10 mM GSH with or without 
X-ray (6 Gy).

The GSH consumption ability of DHA-N@M was 
determined using DTNB method. DHA-N@M was redis-
persed in PBS (pH 7.4) containing 10 mM GSH mim-
icking tumor intracellular high-reduction environment. 
After vibrating with shaker at 37  °C for 12 h, the super-
natant was collected via centrifugation, reacted with 
DTNB, and the optical density (OD) at 405 nm was mea-
sured using a microplate reader.

Cellular uptake
The preparation of rhodamine-B-fluorescent-group-
modified-DHA@M (D-RhB@M) was similar as that 
of DHA-N@M. For the stability test, D-RhB@M and 
DHA-N@M were incubated in cell culture media with or 
without 10%FBS, and cargo leakage was evaluated using 
spectrofluorometer or HPLC.

RAW 264.7 cells, LLC cells and MLE-12 cells were 
counted by automatic cell counter (Countstar BioTech, 
Shanghai, China) and seeded in confocal dishes with 
incubation overnight. Then the cells were incubated 
with free D-RhB and D-RhB@M with equal concentra-
tion of D-RhB for 4 h, rinsed three times with cold PBS 
to remove free drug, and visualized under confocal laser 
scanning microscopy (CLSM, LSM 710, Zeiss, Germany). 
Meanwhile, the treated cells were collected, made into 
single-cell suspension, and then subjected to flow cytom-
etry (FCM) analysis (CytoFlex S, Beckman, USA) to 
quantify cellular uptake.

Three different DID-labeled nanovesicles were pre-
pared as follow. (1) DID-labeled RCM (DID@M) was 
prepared as previously depicted and the stability test of 
DID@M was similar as that of D-RhB@M. (2) To con-
firm the role of integrin α4 of macrophage membrane 
in mediating cellular uptake, DID@M was mixed with 
anti-integrin α4 antibody, which was designated as the 
blocked DID@M group. (3) To further explore the supe-
riority of RCM-based nanovesicles, liposome, a classical 
dosage form, was served as a formulation control. Egg 
phosphatidylcholine and cholesterol were dissolved at 
molar ratio of 60%/40% in 1 mL chloroform, and DID 
at 1% molar ratio was added. The mixture was evapo-
rated to form a uniform blue film at the bottom of the 
round-bottom flask, which was then hydrated in 1 mL 
PBS, sonicated and passed repeatedly through a 200 nm 
porous polycarbonate filter to obtain the DID-labeled 
liposome (DID@Lipo) with equivalent particle size to 
DID@M. Following an overnight culture, the cells were 
respectively incubated DID@M, DID@Lipo, and blocked 
DID@M carrying equal fluorescence dye for 4 h. Nuclei 
were stained with DAPI and observed by CLSM.

In vitro cytotoxicity study
The viability of LLC cells was investigated by CCK-8 
assay. In brief, LLC cells were seeded in 96-well plates 
at 10,000 cells/well and cultured overnight. Then, DHA, 
DHA@M, SNO-grafted behenic acid (BA-SNO), BA-
N@M, DHA-SNO, and DHA-N@M with different con-
centrations were respectively added to the culture media 
for 12 h, while the cells in radiation groups were exposed 
to 6 Gy X-ray (RS 2000, Rad Source Technologies, USA). 
After culture for another 12 h, 10% CCK-8 solution was 
added to each well for 1 h incubation and the OD value at 
450 nm was recorded by a microplate reader.
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MLE-12 cells were used to assess the possible cyto-
toxicity of DHA-N@M on normal lung cells. Follow-
ing overnight incubation to adherent, cells were treated 
with DHA-N@M at concentrations ranging from 1 µM to 
100 µM for 24 h, and the cell viability was determined by 
CCK-8 assay.

To investigate the cell death pathway, various cell death 
pathway inhibitors were used to rescue cell death medi-
ated by DHA-N@M + X-ray. In brief, LLC cells were 
seeded in 96-well plates and grown to 70 ~ 80% conflu-
ency. Then cells were exposed to X-ray (6 Gy) at 12 h of 
incubation with 50 µM DHA-N@M in the absence or 
presence of 25 µM Nec-1, 50 µM Z-VAD-Fmk, or 1 µM 
Fer-1. Another 12  h after cell culture, cell viability was 
determined using CCK-8 assay.

NO, ROS, and ONOO- production in LLC cells
To detect the intracellular NO, ROS, and ONOO-, LLC 
cells were seeded in glass-bottom 24-well plates (NEST 
Biotechnology Co., Ltd, Wuxi, China) for CLSM imag-
ing or 12-well plates for FCM analysis and cultured over-
night prior to studies. DHA-SNO, DHA@M, BA-N@M, 
and DHA-N@M at 50 µM suspended in DMEM were 
added and incubation for 12  h. Afterwards, cells were 
loaded with probes at working concentration (NO probe: 
3-amino-4-aminomethyl-2’,7’-difluorescein diacetate, 
DAF-FM DA, at 5 µM; ROS probe: DCFH-DA at 10 µM; 
ONOO- probe: O58 at 1:1000) for 30 min, with a three-
time wash using PBS to remove excess or non-specific 
probes and a replacement with fresh DMEM. Subse-
quently, cells in radiation groups were irradiated (6  Gy) 
and their nucleus were identified by Hoechst 33342 stain-
ing (10 µg/mL) for CLSM imaging.

Meanwhile, the cells following the same treatment were 
harvested, processed into single-cell suspensions, and 
subjected to FCM analysis to quantify the level of intra-
cellular NO, ROS, and ONOO-.

Detection of GSH and GPX4
LLC cells were at a density of 3 × 105 cells per well in 
6-well plates. After incubation overnight and attachment, 
DHA-SNO, DHA@M, BA-N@M, and DHA-N@M at 50 
µM were added and co-incubation with cells for 12  h, 
following with 6  Gy X-ray irradiation. Then cells were 
harvested 12 h post-culture, washed with PBS and lysed 
in lysis buffer containing 1 mM PMSF. GSH content in 
cell lysates were performed by the reduced GSH assay kit 
according to the instructions, which were normalized to 
total protein content using a BCA assay.

Additionally, after denaturation by boiling in load-
ing buffer, the total protein in cell lysate was separated 
by 15% SDS-PAGE, transferred from gel to nitrocellu-
lose membrane (Millipore, USA) at 250 mA for 2 h, and 
blocked with by 5% non-fat milk for 1  h. Subsequently, 

specific primary antibodies (rabbit anti-GPX4, dilution 
1:1000; mouse anti-β-actin, dilution 1:1000) were added 
for overnight incubation at 4 °C and the antibody-bound 
proteins were developed with the enhanced chemilumi-
nescence reagent coupled with horseradish peroxidase-
conjugated secondary antibody.

Measurement of intracellular LPO and MDA formation
Next, the levels of LPO and MDA, as the characteristic 
indicators of ferroptosis, were estimated to reflect the 
effect of DHA-N@M + X-ray on ferroptosis. For LPO 
staining, LLC cells grown in confocal culture plates were 
incubate with different formulations including DHA-
SNO, DHA@M, BA-N@M, and DHA-N@M for 12  h 
with or without X-ray exposure. After continuous culture 
for 12 h, 10 µM C11-BODIPY581/591 staining was carried 
out for 0.5 h at 37 °C, protected from light. After Hoechst 
33342 staining and wash steps, the intracellular oxidation 
of probe by LPO was visualized under CLSM.

Lysates from LLC cells treated with different formu-
lations were prepared as described above and used for 
measuring MDA content in accordance with the kit 
instructions.

Mitochondrial membrane potential (ΔΨm) test
The change of ΔΨm is indicated by the green/red fluo-
rescence intensity ratio of JC-1. LLC cells in logarithmic 
growth phase were seeded at a density of 1.2 × 105 cells/
well in 24-well glass bottom confocal plates. After over-
night incubation, various formulations were added: 
control medium, DHA-SNO, DHA@M, BA-N@M, and 
DHA-N@M. Cells in the radiation therapy group were 
incubated with the formulations for 12 h before receiving 
a single dose of X-ray irradiation. Following standard cul-
ture for an additional 12 h, JC-1 probe was added at the 
working concentration according to the kit instructions. 
After incubation at 37 °C in the dark for 0.5 h, cells were 
washed twice with pre-chilled staining buffer and then 
with Hank’s buffer. Intracellular fluorescence was imme-
diately observed using CLSM.

Observation of mitochondria morphology
Bio-TEM was applied to observe the morphology of 
mitochondria. After overnight cultivation in 10-cm dish, 
LLC cells were incubated with DMEM containing DHA-
N@M at 50 µM for 12 h before being subjected to 6 Gy 
X-ray irradiation. In contrast, the untreated and unirra-
diated LLC cells were performed as control. Following 
an additional 12 h incubation, cells were collected using 
a cell scraper and centrifuged at 1500 rpm for 10 min to 
harvest cell pellet, which was then fixed with pre-cold 
2.5% glutaraldehyde stationary liquid. After overnight 
fixation at 4  °C, the cell samples were processed as the 
standard sample preparation and bio-TEM observation.
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DNA damage evaluation
Immunofluorescence assay for γ-H2AX was performed 
to assess the DNA damage. LLC cells were incubated 
with different formulations for 12  h without or with 
X-ray irradiation. One hour after X-ray treatment, cells 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature. After being rinsed with PBS, buffer supple-
mented with 5% BSA and 0.3% Triton X-100 was used 
to block and permeabilize. Next, cells were incubated 
overnight at 4 °C with rabbit anti-γ-H2AX (1:200). After 
washing, the secondary antibody with FITC labeling was 
added for 1 h followed by nuclear DAPI counterstain and 
CLSM observation.

Target lipidomics study
Target lipidomics study was performed by Shanghai Bio-
profile Technology Co., Ltd. In detailed, LLC cells were 
exposed to 6  Gy X-ray after a 12-hour incubation with 
DHA-N@M. Cells without treatment were taken as the 
control. All cells were washed, collected with scrapers, 
counted, and centrifuged. The obtained cell samples were 
subjected to extraction by adding 200 µL of pre-chilled 
75% methanol solution and 825 µL tert-butyl methyl 
ether (MTBE), followed by shaking for 60  min. Subse-
quently, the samples were sonicated in an ice-bath for 
30 min, then 200 µL of water was added and mixed, fol-
lowed by incubation at room temperature for 10  min. 
After centrifugation at 4 °C and 16,000 g for 20 min, the 
precipitated proteins were resuspended in 300 µL of SDT 
buffer. The solution containing an equal number of cells 
was subjected to vacuum drying, reconstituted in 120 
µL of DCM/methanol (1:1, v/v), centrifugated to col-
lect supernatant for UPLC-MS/MS analysis. Of note, the 
sample processing was conducted at 4 °C throughout.

Samples were separated by ultra high-performance 
liquid chromatography (UPLC; Nexera X2 LC-30AD, 
Shimadzu) on an Acquity UPLC BEH HILIC column 
(130Å, 1.7 μm, 2.1 mm × 100 mm, Waters) column fol-
lowed by mass spectroscopy performed on QTRAP 5500 
(AB SCIEX). Mobile phase A (water/acetonitrile (50:50, 
v/v) with 10 mM ammonium acetate, pH 8.0) and mobile 
phase B (acetonitrile) were used for gradient elution: 
0–0.1 min, 85% mobile phase B; 0.1–7.5 min, a linear gra-
dient of B from 85 to 65%; 8.5–11 min, a linear gradient 
of B from 65 to 5%; 11–11.1 min, a linear gradient of B 
from 5 to 85%; 11.1–15 min, 85% mobile phase B. Flow 
rate, 300 µL/min; Column temperature, 40  °C; Sample 
volume, 2 µL; Sample temperature, 4 °C.

Electrospray ionization conditions in positive ion 
mode: Source Temperature 550℃, Ion Source Gas1 
(GAS1): 40, Ion Source Gas2 (GAS2): 50, Curtain Gas 
(CUR): 35, Ion Spray Voltage Floating (ISVF) 5500 V.

Electrospray ionization conditions in negative ion 
mode: Source Temperature 550℃, Ion Source Gas1 

(GAS1): 40, Ion Source Gas2 (GAS2): 50, Curtain Gas 
(CUR): 35, Ion Spray Voltage Floating (ISVF) -4500 V.

Assessment on the feasibility of RCM inhalation
The particle size, PDI, and the DHA-SNO leakage of 
DHA-N@M before and after aerosolization by liquid 
aerosol device (HY-LWH03, YSKD bio-technology co., 
LTD, China) consisted of a micro-sprayer and a high-
pressure syringe.

A next-generation impactor (NGI; Copley Scientific, 
UK) was employed to analyze the aerosol particle size 
distribution (APSD). The flow rate was set to 15  L/min 
(± 5%) and the experiment was performed in an NGI 
cooler at 5 ± 1.5 °C with at least 90 min pre-cooling time. 
DHA-N@M solution was loaded into the nebulizer cup, 
and the apparatus was assembled according to the manu-
facturer’s instructions, followed by simultaneous activa-
tion of the flow pump and nebulizer (PARI Turboboy N 
compressor/LC Plus nebulizer, PARI GmbH, Starnberg, 
Germany). Upon completion of nebulization, nanoreac-
tors deposited in the induction port and impaction cups 
were respectively collected for HPLC quantification. 
APSD parameters, including fine particle fraction (FPF), 
mass median aerodynamic diameter (MMAD), and geo-
metric standard deviation (GSD), were calculated by 
Copley Inhaler Testing Data Analysis Software (version 
3.10 EIBU).

Under cold light source, locating the glottis of mice 
using a small animal Laryngoscope (HY-SHJ01, YSKD 
bio-technology co., LTD, China). Then the liquid aero-
sol device was inserted into the trachea via the oral cav-
ity and glottis, and immediately 25 µL of Evans Blue was 
spayed into lungs. Afterwards, the mice were transcardi-
ally perfused with 0.9% NaCl (15 mL), after which lungs 
were excised to observe distribution of the blue dye.

Orthotopic lung cancer model
LLC-Luc cells were resuspended in PBS to a concentra-
tion of 6.6 × 105 cells/mL and mixed with an equal vol-
ume of GelNest™, kept on ice-water bath to maintain cell 
viability and fluidity of GelNest™. C57BL/6 mice were 
anesthetized, shaved, and a small skin incision was made 
on the left chest to expose lungs. About 105 cells in 30 
µL suspension were injected into the left lung to a depth 
of 4 mm, followed by immediate surgical glue (3M, USA) 
application to stitch the incision. After inoculation, the 
mice were placed at the right lateral decubitus position 
in a heating pad and monitored until fully awaken from 
narcosis. The tumor burden was recorded based on lucif-
erase bioluminescence.

Biodistribution study
The biodistribution experiment was carried out in ortho-
topic LLC-Luc tumor bearing mice, who were randomly 
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divided into three groups (three mice per group). The 
mice were i.t. administered with DID@M or DID@Lipo, 
or i.v. injected with DID@M at an equal dose of 0.2 mg/
kg of DID. At 6, 12, 24, and 48  h post-administration, 
mice were received intraperitoneal injection of D-lucif-
erin potassium salt at 150 mg/kg and euthanized 12 min 
later. The heart, liver, spleen, lung, kidney, and blood 
samples (20 µL) were collected for fluorescence imaging 
(IVIS Spectrum, USA).

To determine the localization of nanovesicles in ortho-
topic lung tumors, the lung tissues with tumors were 
excised at 12 h after administration, rapidly frozen, opti-
mal cutting temperature (OCT)-embedded, and cryo-
sectioned. After the slides were counterstained by DAPI 
to visualize nuclei, the microscopic distribution of DID-
labeled nanovesicles in lung and tumor was observed 
using CLSM.

In vivo therapy
The therapeutic efficacy of DHA-N@M mediated ferrop-
tosis-radiotherapy was examined in orthotopic LLC-Luc 
lung cancer model. Five days after tumor cell inoculation 
(set as Day 0), the tumor-bearing mice were randomly 
divided into seven groups (Day 0) and respectively i.t. 
injection with 25 µL of PBS (G1), DHA-N@M (G2), PBS 
(G3), DHA-SNO (G4), DHA@M (G5), BA-N@M (G6), 
and DHA-N@M (G7) at 7.5 µmol/kg (Day 1). Of these, 
mice in G3 ~ G7 were received a single dose of 6 Gy X-ray 
12  h after nebulization. During irradiation, mice were 
with a small animal gas anesthesia machine (ABS, Yuyan-
bio) and placed in a dedicated container for local irradia-
tion while lying on their right side. A lead plate covered 
other parts of the mice, exposing only the lung region. 
The treatment was repeated on Day 7.

The mice were weighted every 2 days and biolumines-
cence-imaged to monitor the tumor progression on Day 
0, 3, 6, 9, 12, 15, and 20. The relative tumor progression 
was normalized to the initial total flux on Day 0. The 
tumor inhibition rate was calculated as follows:

	
Tumor inhibition rate=1-

Relative tumor total flux(treatment)
Relative tumor total flux(control)

On Day 20, the mice were sacrificed to collect the heart, 
liver, spleen, lung with tumor, kidney, and trachea. The 
lungs with tumors were prepared for hematoxylin and 
eosin (H&E) staining to observe the tumor cellularity. 
H&E staining was also applied on the other organs to 
preliminarily evaluate systemic toxicity of the treatment 
regimen.

Immunofluorescence staining
LLC-Luc tumor-bearing mice were treated as 
described above. One day (24  h) after the last X-ray 

irradiation, the lungs with tumors were excised to pre-
pare paraffin-embedded sections which were stained 
with antibodies or probe (anti-GPX4, dilution 1:600; 
anti-3-NT, dilution 1:200; anti-γ-H2AX, dilution 1:1000; 
C11-BODIPY581/591).

Statistical analysis
Data were presented as mean ± standard deviation (SD). 
Student’s t-test, one-way ANOVA, or two-way ANOVA 
was used to determine statistical significance. n.s. means 
no significance, and the difference was considered signifi-
cant as *P < 0.05, **P < 0.01, and ***P < 0.001.

Results
Preparation and characterization
DHA-N@M was prepared in three steps (Fig.  2A): (1) 
Synthesizing DHA-SNO (Fig. S1 ~ S10); (2) isolating the 
cell membranes of macrophage cell line (RAW 264.7) 
with reference to published method [21], and extrud-
ing them to prepare RCM; (3) incubating DHA-SNO 
with RCM for 30 min, after which DHA-SNO would be 
spontaneously incorporated onto RCM due to its lipid 
tether structure [22, 23]. For comparison, a SNO-grafted 
saturated fatty acid (BA-SNO) was synthesized (Fig. 
S11 ~ S17), and the insertion of DHA or BA-SNO into 
the RCM was also performed following the same proce-
dure described for DHA-N@M to fabricate DHA@M or 
BA-N@M, respectively. The ratio of DHA-SNO to RCM 
was optimized by striking a balance between encap-
sulation efficiency and drug loading content, with a 2:1 
ratio optimal (Table S1). The DLS analysis showed that 
the hydrodynamic diameter was 113.3 ± 18.170  nm with 
a PDI of 0.146 for RCM and 121.6 ± 9.725  nm with a 
PDI of 0.224 for DHA-N@M (Fig. 2B). The Zeta poten-
tial value was changed from -29.7 ± 5.92 mV for RCM to 
-33.6 ± 1.27 mV for DHA-N@M (Fig. S18), and the nega-
tive charge of nanovesicles indicated the right-side-out 
orientation of cell membrane [24], facilitating the preser-
vation of its biological properties. RCM presented a typi-
cal membranous vesicle morphology in Cryo-TEM, while 
DHA-N@M maintained a spherical morphology but 
exhibited discontinuity in the membrane layer (Fig. 2B). 
The PUFA absorption peak at 3012  cm-1 appeared in 
FT-IR spectra of DHA-N@M, suggesting the successful 
incorporation of DHA-SNO into RCM (Fig. S19). SDS-
PAGE revealed that DHA-N@M’s protein profile closely 
matched RCM but differed from cell lysates (Fig. S20). 
In addition, the specific proteins integrin α4 and CCR2 
of macrophage cells were well-retained in DHA-N@M, 
while the nearly invisible of β-actin signals in RCM and 
DHA-N@M confirmed the highly purified of the cell 
membranes (Fig. 2C). All these data validated the devel-
opment of DHA-N@M by inserting DHA-SNO into the 
RCM, endowing DHA-N@M with the tumor-tropism 
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potentiality to facilitate the high tumor accumulation. 
Moreover, there was no obvious variation in diameter, 
PDI, drug loading of DHA-N@M at daily storage condi-
tion and in the mimicked physiological fluids (Fig. S21), 
indicating agreeable stability for future studies.

Under GSH-reduction, the S-N bonds of two molecules 
of SNO would homolyze, resulting in two molecules of 
NO release and one molecule of oxidized GSH (GSSG) 
generation [25, 26]. Therefore, we investigated the GSH-
responsive NO release profile of DHA-N@M in PBS 
(pH 7.4) containing 10 mM GSH in absence or presence 
of X-ray (6  Gy) using a classic NO probe of DAR-1. As 
shown in Fig. 2D, the fluorescence signals of DHA@M at 
any conditions were not detected as clearly. In the GSH-
containing media, the DHA-N@M and BA-N@M gave off 
obvious fluorescence signals of NO, which increased over 
time and reached a relatively plateau after 12 h, while only 

slight NO leakage was observed upon their incubation in 
PBS. Meanwhile, the introduction of X-ray did not alter 
the NO release profile of DHA-N@M and BA-N@M, 
indicating that the low dose of X-ray used in this study 
was insufficient to break the S-N bond. Likewise, at GSH 
solution, DLS analysis showed that obvious aggregation 
occurred, and the spherical morphology of DHA-N@M 
was disrupted into membrane fragments observed by 
Cryo-TEM, while X-ray radiation had no effect (Fig. 2E). 
Next, the GSH depletion capacity was measured via 
DTNB method (Fig. 2F). Due to the equal amounts of 
SNO, the GSH consumption abilities of the DHA-N@M 
and BA-N@M were comparable and significant, reduc-
ing ~ 40% GSH. These results suggested that the GSH-
responsive property of DHA-N@M enable tumor-specific 
activation during nebulization and X-ray irradiation, 
thereby minimizing off-target toxicity in normal tissues.

Fig. 2  Characterization of DHA-N@M. (A) Schematic illustration of DHA-N@M preparation (Created by FigDraw). (B) Size distribution and Cryo-TEM of 
RCM and DHA-N@M. (C) Typical protein markers of integrin α4, CCR2, and β-actin by western blot analysis. (D) NO release from DHA@M, BA-N@M, and 
DHA-N@M during different conditions (n = 3). (E) Size distribution and Cryo-TEM of DHA-N@M at different conditions. (F) GSH consumption in the solu-
tion after incubation with DHA@M, DHA-N@M and BA-N@M (n = 3)
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Cellular uptake and in vitro anticancer activity
The cellular uptake of nanovesicles was investigated in 
LLC, RAW 264.7, and MLE-12 cells. The high expres-
sion on VCAM-1 on LLC cells was validated (Fig. S22). 
To evaluated the uptake difference between free-PUFA 
and nanovesicle, D-RhB was synthesized, and then, 
D-RhB@M and DID@M were prepared as the procedure 
described for DHA-N@M (Fig. S23 ~ S25). Before cel-
lular uptake assays, we confirmed minimal cargo leakage 
from DHA-N@M, D-RhB@M, or DID@M over 72  h in 
both serum-free and 10% FBS-supplemented cell culture 
media, ensuring that the observed fluorescence signals in 
uptake study would accurately reflect nanovesicle inter-
nalization profile rather than free dye (Fig. S26). As dis-
played in Fig. 3A and S27, the fluorescence from D-RhB 
in RAW 264.7 or MLE-12 cells was significantly brighter 
than that of D-RhB@M, while D-RhB@M showed an 
enhancement of cellular uptake by LLC cells over D-RhB. 
Additionally, similarly sized DID@Lipo was prepared to 
demonstrate superiority of membrane-based nanovesicle 
over existing agent. The uptake of DID@M in LLC cells 
was 1.9 times that of DID@Lipo and reduced by 40.23% 
after integrin α4 being blocked (Fig. 3B and S28). Com-
pared with liposome, the uptake of DID@M by mac-
rophage cells was dramatically decreased. The weak 
fluorescent signals in MLE-12 cells, either in DID@Lipo 
or DID@M group, indicated the lower uptake of nano-
scopic-size formulations by MLE-12 cells. All the above 
results confirmed that membrane-based nanovesicles 
exhibited enhanced cellular uptake in LLC cells mediated 
by integrin α4 [27], and effectively escaped from phago-
cytosis by macrophages due to the invisibility-cloak effect 
of the natural macrophage membrane associated proteins 
[28].

The in vitro radiotherapeutic inhibitory activity of 
DHA-N@M was analyzed in LLC cells (Fig. 3C). 6 Gy of 
X-ray alone induced cell death in 22.29 ± 2.87%, which 
did not be enhanced by DHA@M at 0.5 µM ~ 50 µM but 
slightly increased to 38.45 ± 3.45% combined by 100 µM 
DHA@M. Treatment with DHA-N@M above 50 µM 
reduced the viability of LLC cells, combination treatment 
with X-ray further inhibited cell survival to 21.67 ± 1.63% 
at 50 µM and 2.15 ± 0.43% at 100 µM, which was stron-
ger than that of free DHA-SNO due to the higher cellu-
lar uptake mediated by RCM. Meanwhile, the relatively 
stronger radiotherapeutic effect of DHA-N@M com-
pared to BA-N@M emphasized the importance of PUFA 
in synergistic treatment strategy. The combination index 
(CI) of DHA-N@M (10, 50, and 100 µM) + X-ray were 
1.00927, 0.83978, and 0.56767, where value less than 0.9, 
between 0.9 ~ 1.1, or greater than 1.1 represents synergis-
tic, additive, or antagonistic effects, respectively, indicat-
ing DHA-N@M acted synergistically with radiotherapy 
(Fig. S29) [29]. As shown in Fig. S30, the DHA-N@M 

was almost harmless to MLE-12 cells at the concentra-
tion range of 0.5 µM ~ 50 µM, while a suppressive cell 
growth was observed upon 100 µM DHA-N@M incu-
bation. Consider both the cytocompatibility in normal 
cells and the cytotoxicity in tumor cells, the DHA-N@M 
concentration was kept at 50 µM in the subsequent cell 
studies. To determine the cell death pathway activated 
by DHA-N@M + X-ray, the rescue abilities of different 
cell death inhibitors were evaluated (Fig.  3D). The fer-
roptosis inhibitor (Fer-1) significantly blocked DHA-
N@M + X-ray-mediated cell death, which predominated 
over the apoptosis inhibitor (Z-VAD-Fmk) and the 
necrosis inhibitor (Ner-1), suggesting the major role of 
ferroptosis.

Reinforcement on oxidative stress and disruption of redox 
homeostasis
To elucidate the mechanism underlying the enhanced 
radiotherapeutic effect of DHA-N@M, we performed 
cytological experiments in LLC cells. The cellular NO, 
ROS, and ONOO- were detected by commercially avail-
able probes, DAF-FM DA, DCFH-DA, and O58, respec-
tively. As shown in Fig.  3E and S31, fluorescence was 
nearly absent in DHA@M-treated cells, in contract, 
the fluorescence intensities were nearly the identical in 
DHA-N@M, BA-N@M + X-ray, and DHA-N@M + X-ray 
groups for carrying the same amount of SNO, which was 
brighter than that in free DHA-SNO group due to the 
uptake difference. As expected, X-ray irradiation slightly 
increased the cellular ROS formation, and a visibly green 
fluorescence was observed in DHA-N@M-treated cells, 
as a result of the oxidation of NO to DCFH-DA (Fig. 3F 
and S32) [30, 31]. Of note, the cells treated with DHA-
N@M + X-ray and BA-N@M + X-ray emitted strongest 
green fluorescence representing ROS, primarily due to 
the oxidation effect of NO on the probe and the con-
sumption of GSH by SNO, which promoted the accu-
mulation of ROS. As depicted in Fig.  3G and S33, the 
ONOO- production, formed by the reaction of ROS 
and NO, demonstrated the same tendency with cellular 
NO. Without mediation of NO, no ONOO- (red fluo-
rescence) was detected in LLC cells exposed with X-ray 
or DHA@M + X-ray. DHA-N@M-treated cells showed a 
brighter fluorescence due to the small amounts of NO in 
tumor cells [32]. After X-ray exposure, the fluorescence 
was intensified in both BA-N@M + X-ray and DHA-
N@M + X-ray groups, reaching about 1.7-fold that of the 
DHA-N@M group. All these results demonstrated DHA-
N@M + X-ray caused heightened oxidative stress in LLC 
cells.

The redox system, especially GSH/GPX4, plays a nega-
tive role in ferroptosis. Upon incubation with DHA-
N@M, the cellular GSH level decreased significantly by 
31.09 ± 2.35% (p < 0.01), which was attributed to GSH 
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Fig. 3  Cellular uptake, cytotoxicity, and in vitro NO, ROS, and ONOO- generation. (A) CLSM images of LLC cells, RAW264.7 cells and MLE-12 cells after incu-
bation with D-RhB or D-RhB@M. Scale bar = 20 μm. (B) CLSM images of LLC cells, RAW264.7 cells and MLE-12 cells after incubation with DID@Lipo, DID@M, 
and blocked DID@M. Scale bar = 50 μm. (C) Relative viability of LLC cells after different treatments (n = 3). (D) Relative viability of LLC cells treated with 50 
µM DHA-N@M + 6 Gy X-ray in the presence of 25 µM Nec-1, 50 µM Z-VAD-Fmk, or 1 µM Fer-1 (n = 3). * and *** denote p < 0.05 and p < 0.001, respectively. 
CLSM images of (E) NO, (F) ROS, and (G) ONOO- in LLC cells after different treatments. Scale bar = 20 μm
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mediating the cleavage of the S-N bond of DHA-N@M, 
resulting in substantial GSH consumption during this 
reaction (Fig.  4A). Unlike the comparable GSH con-
sumption observed in solution, the cellular GSH deple-
tion in DHA-N@M and BA-N@M + X-ray groups was 
inferior to that in DHA-N@M + X-ray group. The dis-
crepancy may stem from the complex redox microenvi-
ronment in tumor cells, where ONOO- could denature 
intracellular GSH-related reductases and consequentlty 
inhibit GSH levels [33]. Additionally, compared to BA, 
the PUFA property of DHA facilitated the generation of 
LPO, leading to GSH consumption. These factors con-
tributed to the most effective depletion of GSH in LLC 
cells by DHA-N@M + X-ray (40.97 ± 1.68%). Concomi-
tant with GSH depletion, cellular GPX4 was dramatically 
inactivated with DHA-N@M + X-ray with a 57.20 ± 4.81% 
decline (Fig.  4B and S34). At this point, the balance of 
redox system had been broken by DHA-N@M + X-ray 
and tipped in favor of ferroptosis.

Afterwards, LPO and its final product MDA, as ferrop-
tosis biomarkers, were analyzed. As shown in Fig. 4C and 
S35, the slightly increased ratio between the green signal 
and red signal in BA-N@M + X-ray group revealed that 
ONOO-, as a potent oxidant, could induced LPO forma-
tion to some extent. Among all groups, the cells treated 
with DHA-N@M + X-ray exhibited the strongest green 
fluorescence and the weakest red fluorescence, with the 
ratio being 30.78-fold that of in X-ray and being 5.69-fold 
that of in BA-N@M + X-ray, indicating overwhelming 
LPO accumulation, which was attributed to the disrup-
tion of the GSH/GPX4 reductive defense system and the 
oxidative action of ROS/ONOO- on exogenous supple-
mented DHA. The levels of MDA presented the same 
trend, which was most abundant in DHA-N@M + X-ray 
group with a 165% increment (Fig. 4D).

Ferroptosis, ONOO-, and excessive ROS have all been 
reported to associated with functional impairment of 
mitochondria [34, 35]. The JC-1 dye was applied to 
label ΔΨm to assess the degree of mitochondrial dam-
age, where red fluorescence indicates healthy status at 
high ΔΨm, while green fluorescence represents dysfunc-
tional mitochondria with low ΔΨm. As shown in Fig. 4E 
and S36, due to the action of NO, LLC cells treated with 
DHA-N@M exhibited slight but significant mitochon-
drial damage, with a higher ratio of green/red fluores-
cence signal compared to the control group (p < 0.001). In 
the BA-N@M + X-ray group, both ONOO- and ROS led 
to the presence of JC-1 dye predominantly in its green 
monomeric form, indicating mitochondrial damage. 
In the DHA-N@M + X-ray group, cells showed intense 
green fluorescence, with the ratio of green/red fluores-
cence signal being 52.58, 8.61, 23.59, 10.23, 31.76, and 
3.30 times higher than that in G1 to G6, respectively 
(p < 0.001), indicating that the combined radiotherapy 

effect of DHA-N@M resulted in highly negative ΔΨm 
and severe mitochondrial damage. Additionally, it was 
observed by Bio-TEM that, different from control cells 
with intact mitochondrial morphology, mitochondria in 
LLC cells treated with DHA-N@M + X-ray presented a 
ferroptosis-associated morphological changes, including 
shrinkage, increased membrane density, reduced cris-
tae, and outer membrane rupture (Fig.  4F) [36]. Based 
on the direct DNA damage ability of radiotherapy and 
the DNA fragmentation induce by ONOO- [37, 38], we 
conjectured the augment effect of DNA damage from 
DHA-N@M, which was verified by γ-H2AX immunoflu-
orescence staining (Fig. 4G and S37). Under the combine 
action of radiotherapy and ONOO-, there was 1.95-
fold increase in green fluorescence in BA-N@M + X-ray 
group than that in X-ray group. Remarkably, DHA-
N@M + X-ray group boost the most drastic DNA impair-
ment by 8.79-fold than X-ray group, consistent with the 
notion that the aldehydic products generated from LPO 
during DHA-N@M + X-ray-mediated ferroptosis could 
form DNA adducts resulting in augment of DNA dam-
age [39–41]. Taken together, DNA-N@M + X-ray induced 
ferroptosis via promotion of ROS/ONOO-, downregula-
tion of GSH/GPX4, and PUFA supplementation, causing 
severe DNA and mitochondrial damage.

Disturbance in lipid metabolism homeostasis
Given that PUFA supplementation changes cellular lipid 
composition and thereby controls the sensitivity to fer-
roptosis [42, 43], targeted lipidomics analysis was per-
formed to elucidate the effect of DHA-N@M + X-ray 
on intracellular lipid composition and metabolism. In 
total, 958 lipid species were quantified. Principal com-
ponent analysis (PCA score plot) and orthogonal par-
tial least squares discriminant analysis (OPLS-DA) of 
extracted lipid metabolites exhibited a clear separation 
between two groups, with the control group gathering 
in the positive direction while the DHA-N@M + X-ray 
group clustering in the negative direction (Fig.  5A and 
B). With|Log2(fold change)| > Log21.5 and p < 0.05 as 
the screening criterion, 398 significantly changed lipid 
species were discovered (Fig.  5C). Previous studies 
suggested that ferroptosis is executed by peroxidizing 
PUFA-chains-containing phospholipids (PL), espe-
cially phosphatidylethanolamines (PE) and phosphati-
dylcholines (PC) [44], while the lysophospholipids (LP) 
increase upon ferroptosis inducer treatments as the 
product of enzymatic cleavage of the oxidized PUFA tail 
[45, 46]. The majority of PUFA, PE-PUFA, PC-PUFA, 
and LP were upregulated after DHA-N@M + X-ray 
treatment (Fig. 5D, 5E, 5F, and 5G). Among the signifi-
cantly changed lipid species, those containing mono-
unsaturated fatty acids (MUFA) chains and saturated 
fatty acids (SFA) chains showed a downregulated trend, 
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Fig. 4  The therapeutic mechanism of DHA-N@M upon X-ray irradiationin vitro. (A) GSH contents normalized to the total protein concentration in LLC 
cells after different treatments (n = 3). (B) Cellular protein expression of GPX4 in LLC cells after different treatments. (C) Determination of LPO generation 
in LLC cells after different treatments based on CLSM. Scale bar = 20 μm. (D) Relative MDA contents in LLC cells after different treatments (n = 3). (E) CLSM 
images of LLC cells after different treatments tested using JC-1 fluorescent probe. Scale bar = 20 μm. (F) Bio-TEM images and enlarged view of LLC cells. 
Green arrowheads indicate healthy mitochondria, red arrowheads point to the shrunken mitochondria with increased membrane density, blue arrow-
heads indicate disrupted outer mitochondrial membranes, and yellow arrowheads point to rupture of cell membranes. Scale bar = 1 μm for upper panel 
and 400 nm for lower panel. (G) CLSM images of LLC cells after different treatments immunostaining for γ-H2AX; Scale bar = 20 μm.*, **, and *** denote 
p < 0.05, p < 0.01 and p < 0.001, respectively
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while those with high unsaturated degree exhibited 
a significantly increase (Fig.  5H, 5I, and 5J). Of note, 
Fig. 5K revealed the noticeable elevations of DHA across 
various PL. To summarize, these results showed that 
DHA-N@M + X-ray treatment increased the level of 
PUFA-containing lipids, resulting in the perturbation 

of lipid metabolic homeostasis and the amplification of 
ferroptosis.

Biodistribution of RCM via intratracheally administration
Before initiating the animal experiments, it is necessary 
to evaluate the feasibility of aerosolization of RCM and 

Fig. 5  Perturbation of lipid metabolism homeostasis by DHA-N@M upon X-ray irradiation. (A) PCA and (B) OPLS-DA plots of extracted lipid profiles of 
control and DHA-N@M + X-ray-treated cells. (C) Heatmap showing the significantly changed lipid abundances in control and DHA-N@M + X-ray-treated 
cells. Volcano plots representing the changes in (D) LP, (E) free fatty acid (FFA), (F) PE, and (G) PC. Quantification of the relative abundance of significantly 
changed (H) FFA, (I) PE, (J) PC with different unsaturation degrees in control and DHA-N@M + X-ray-treated cells (n = 3). (K) Quantification of the relative 
abundance of significantly changed PL-DHA in control and DHA-N@M + X-ray-treated cells (n = 3). *, **, and *** denote p < 0.05, p < 0.01 and p < 0.001, 
respectively
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the construction on orthotopic C57BL/6 murine model 
of lung tumor. As shown in Fig. S38, after nebulization 
by liquid aerosol device, the particle size of DHA-N@M 
slightly decreased from 121.6 ± 9.725 to 102.6 ± 3.428 nm 
maintaining a narrow size distribution with a constant 
PDI of 0.140 ± 0.003. The DHA-SNO content was mar-
ginally reduced to 93.35% of the pre-aerosolization value. 
Despite some minor variations, the structural integrity 
of the nebulized nanoreactors remained intact, with 
DHA-SNO leakage within the acceptable range. These 
results confirmed the tolerance of nanoreactor to the 
high pressure and shear forces generated by lipid aero-
sol device owing to the flexible structure of RCM [47, 
48]. To assess pulmonary delivery efficiency, the APSD 
of DHA-N@M was measured via NGI and the deposi-
tion profile at various stages are as shown in Fig. S39. 
FPF, representing the percentage of particles with aero-
dynamic diameters ≤ 5 μm that can deposit in the lower 
respiratory tract [49], was measured at 77.80 ± 4.20%. 
MMAD, corresponding to the median diameter in the 
cumulative mass distribution, was 3.41 ± 0.11 μm, falling 
within the optimal 1–5 μm range for effective deposition 
in small airways and alveoli [49, 50]. GSD of 1.69 ± 0.14 
further confirmed the favorable aerosol dispersion 

characteristics. These results collectively demonstrated 
that DHA-N@M exhibited both high FPF and optimal 
MMAD, ensuring efficient deep lung delivery while mini-
mizing oropharyngeal deposition, thereby confirming its 
suitability as an excellent pulmonary delivery carrier. As 
shown in Fig. S40, homogeneous distribution of Evans 
blue administered by aerosolization was seen in the left 
and the right lung. These results demonstrated the feasi-
bility of in vivo therapy with inhalable RCM. 5 days after 
orthotopic inoculation of LLC-Luc tumor cells, a single 
tumor nodule was observed both in macroscopic appear-
ance and H&E stained image, with a single biolumines-
cence spot under IVIS system (Fig. S41), confirming the 
successful construction of orthotopic lung cancer model 
within 5 days.

To investigate the biodistribution of RCM, orthotopic 
LLC-Luc tumor-bearing mice were received i.t. or i.v. with 
DID@M or DID@Lipo with equal amount of fluorescent 
dye. The ex vivo fluorescence images were depicted in 
Fig. 6A, indicating DID@M injected i.v. primarily distrib-
uted in livers and spleens, which would result in subop-
timal tumor accumulation and consequent compromise 
treatment effectiveness. Both inhaled DID@M and DID@
Lipo exhibited preferential enrichment at lung over 

Fig. 6  The lung distribution of macrophage cell membrane-based nanovesicles. (A) Representative ex vivo images of DID fluorescence intensity in major 
organs dissected from mice at different time points after i.t. injected with DID@M, i.t. injected with DID@Lipo, or i.v. injected with DID@M. (B) The quanti-
fied results of ex vivo DID fluorescence intensity in major organs dissected from mice at 6 h, 12 h, 24 h, and 48 h (n = 3). (C) The quantified results of ex vivo 
DID fluorescence intensity in major organs dissected from mice at different time points after treated with DID@M (i.t.) (n = 3). (D) Localization of DID@M 
(i.t.), DID@Lipo (i.t.), or DID@M (i.v.) in orthotopic LLC lung cancer. T and L represent tumor region and lung region, respectively. The white dotted lines 
show tumor-lung border. Scale bar = 100 μm. *, **, and *** denote p < 0.05, p < 0.01, and p < 0.001, respectively
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Fig. 7 (See legend on next page.)
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other organs up to 48 h. More significantly, quantitative 
results from Fig. 6B showed that the average fluorescence 
intensity of inhaled DID@M in the lungs surpassed that 
of DID@Lipo, being 1.41-fold, 2.38-fold, 2.24-fold, and 
3.12-fold higher at 6 h, 12 h, 24 h, and 48 h, respectively, 
and surpassed that of injected DID@M, being 48.30-fold, 
70.32-fold, 44.09-fold, and 52.87-fold higher at 6 h, 12 h, 
24 h, and 48 h, respectively. This result proved the supe-
riority of inhaled RCM than inhaled liposome in distri-
bution and retention in the lungs, benefiting from the 
biomimetic stealth effect of macrophage membrane and 
evasion of the mononuclear phagocyte system. The fluo-
rescence intensity in the lungs post i.t. administration of 
DID@M peaked at 12 h, which was selected as the opti-
mized time for X-ray irradiation, and decrease over time 
with a noticeable fluorescence signal at 48 h (Fig. 6C).

To further observe the tumor distribution of nanoves-
icles, the tumor-carrying lungs were harvested to make 
into sections  12  h post-administration. Tumor regions 
and lung regions can be differentiated according to cell 
nucleus density [51–53]. As displayed in Fig.  6D, the 
almost absence of fluorescence indicated the difficulty 
for i.v. injected DID@M to reach lungs. It could also 
be seen that i.t. administrated DID@Lipo was located 
in lungs and the border of tumor-lung, unable to pen-
etrate deeply into tumor, whereas the i.t. administrated 
DID@M crossed the tumor-lung border and distributed 
uniformly in the interior of the tumor, attributed to the 
tumor tropism ability of macrophage [17, 27]. The above 
results collectively suggested that inhaled RCM provide a 
productive way to treat lung cancer.

In vivo antitumor effect
Inspired by the high accumulation of RCM at lung tumor 
after nebulization and the in vitro radiotherapeutic inhib-
itory activity, we further investigated the in vivo antican-
cer effect on C57BL/6 mice with LLC-Luc orthoptic lung 
tumors (Fig. 7A). As shown in Fig. 7B, 7C, and S42, the 
tumors in control groups grew at an incredibly rapid rate. 
After two cycles of inhalation-based radiotherapy, vari-
ous degrees of tumor growth inhibition were observed in 
all treatment groups, among which DHA-N@M + X-ray 
treatment achieved the most effective tumor suppres-
sion (93.91%) with the weakest bioluminescence inten-
sity. The antitumor effect was further confirmed by H&E 

staining. As displayed in Fig. 7D and E, there was a large 
solid tumor visible in the lung dissected from mouse 
without any treatment, nearly occupying the entire left 
lung, while the lung in DHA-N@M + X-ray group barely 
had detected tumor in macroscopic appearance, with the 
loosely arranged tumor cells in H&E image. This excel-
lent antitumor effect of DHA-N@M was mainly attrib-
uted to the localized delivery via inhalation helping the 
nanoreactors accumulating in the lung and the tumor-
tropism ability of macrophage cell membranes directing 
the nanoreactors at the tumor site. In the meantime, the 
DHA-N@M accumulated at the tumor sites could disin-
tegrate to release NO and DHA under reductive TME, 
and subsequently triggered ferroptosis upon X-ray irra-
diation via ONOO- generation, GSH/GPX4 depletion, 
DHA oxidation, and LPO production.

To explore the anti-neoplastic mechanism, tumor-
bearing lungs were harvested within 24  h after the 
completion of the second round of treatment and then 
immunofluorescence stained with 3-NT antibody, GPX4 
antibody, LPO probe, and γ-H2AX antibody, respectively. 
In line with the cytological study, the DHA-N@M + X-ray 
group exhibited the highest level of 3-NT, confirming the 
formation of ONOO- and the high nitrosative stress in 
tumor tissue (Fig. 7F and S43). After DHA-N@M + X-ray 
therapy, the significant decrease in green fluorescence 
representing GPX4 indicated the complete collapse of the 
tumor’s reductive defense mechanism (Fig. 7G and S44), 
while the substantial increase in the ratio of green/red 
fluorescence of the C11-BODIPY581/591 probe suggested 
the accumulation of LPO (Fig.  7H and S45). Together, 
these two observations unveiled the occurrence of fer-
roptosis in the tumor tissue. Moreover, the most severe 
DNA damage was observed in DHA-N@M + X-ray group 
(Fig. 7I and S46). These data collectively supported that 
DHA-N@M inhalation combined with radiotherapy 
would be a promising treatment approach against lung 
cancer.

Finally, the in vivo biosafety of DHA-N@M was prelim-
inarily evaluated. As shown in Fig. S47, the body weight 
varied in a small range (less than ± 10%). In addition, no 
evident histopathological changes were observed in H&E 
staining of major organs and the tracheas maintained 
intact (Fig. S48). These results indicated the satisfactory 
safety of DHA-N@M for in vivo application.

(See figure on previous page.)
Fig. 7  In vivo combination therapy. (A) Schematic illustration of the treatment schedules in LLC-Luc orthotopic lung cancer model (Created by FigDraw). 
(B) Representative bioluminescence images of LLC-Luc orthoptic lung tumors in mice on day 0, 6, 12, and 20. (C) The tumor growth curves of LLC-Luc 
orthoptic lung cancer mice after different treatments monitored by the IVIS system (n = 5). (D) Representative images of lung tissues with LLC-Luc or-
thoptic lung tumor from each group in the end of experimentation; Scale bar = 1 cm. (E) Representative H&E staining images and enlarged view of lung 
tissues with LLC-Luc orthoptic lung tumor from each group in the end of experimentation; Scale bar = 1 mm for upper panel and 100 μm for lower panel. 
Immunofluorescence staining with (F) antibody against 3-NT (red) and (G) antibody against GPX4 (green). Scale bar = 50 μm. (H) Immunofluorescence 
analysis with C11-BODIPY581/591 probe (BODIPY(Ox), LPO, green; BODIPY, LP, red). Scale bar = 50  μm. (I) Immunofluorescence staining with antibody 
against γ-H2AX (pink). Scale bar = 50 μm
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Discussion
Inhalation therapy, primarily evolved for the clinical 
treatment of asthma and chronic obstructive pulmonary 
disorder, also shows promise for lung cancer treatment. 
Although systemic administration routes (e.g., intrave-
nous or oral), have served as the cornerstone of treat-
ment of lung cancer, they face critical bottlenecks, such 
as blood-air barrier, extremely low drug accumulation 
in tumor site, and pronounced systemic toxicity [54]. In 
contrast, inhalation approach offers non-invasiveness, 
rapid onset of pharmacologic action, minimal off-target 
effects, and enhanced pulmonary drug accumulation. 
Recent studies have validated the feasibility of novel 
nanoparticles for lung cancer treatment, including lipo-
some [55], exosome [47, 48], and nanoemulsion [56]. 
For the first time, we conducted a proof-of-concept for 
the design and preclinical use of cell membrane-based 
nanovesicles in inhalation therapy for lung cancer. 
Our findings demonstrated that cell membrane-based 
nanovesicles could withstand the shear forces and high 
pressure generated during nebulization (Fig. S38). In 
addition, pulmonary delivery of cell membrane-based 
nanovesicles mainly targeted to the lungs and tumors, 
while most intravenous nanovesicles accumulated in the 
livers (Fig. 6A ~ 6C). 

Although inhalation therapy exhibits reduced sys-
temic toxicity, the potential pulmonary toxicity needs to 
be considered due to the inevitable exposure of healthy 
lung tissue to inhaled drug which is distributed equally 
among the lung parenchyma [57]. To address this chal-
lenge, we rationally designed DHA-N@M nanoreactors 
with tumor-tropism capacity and GSH-responsive NO 
release ability that can reduce nonspecific toxicity in nor-
mal lung tissue. In Fig.  7E, representative H&E staining 
of lung from DHA-N@M + X-ray group showed that only 
a small residual tumor located in the left lung, while the 
surrounding parenchyma and contralateral right lung 
maintained normal tissue architecture. No significant 
differences in body weight or in H&E staining of major 
organs were observed between the DHA-N@M + X-ray 
group and the control group, indicating no systemic tox-
icity during the treatment period (Fig. S47 and Fig. S48). 
It should be noted, due to the gaseous and short-lived 
nature of NO and ONOO-, the likelihood of delayed and 
accumulated toxicity after the completion of treatment is 
minimal [58, 59]. The combined evidence suggested min-
imal pulmonary toxicity and robust safety characteristics 
of DHA-N@M nanoreactors. 

Numerous studies have substantiated that radiotherapy 
can induce lipid peroxidation and ferroptosis represents 
a critical mechanism underlying radiation-mediated 
anticancer effects, confirming the rationality of the ther-
apeutic strategy combing radiotherapy with ferroptosis-
inducing nanoparticles [60, 61]. Mechanistically, the 

synergy between radiotherapy and ferroptosis hinges 
on metabolic reprogramming and amplified oxidative 
stress cascades. The ionizing radiation generates ROS, 
causing oxidative stress, that not only directly dam-
age tumor cells but also drive PUFA-PL peroxidation, 
thereby triggering ferroptosis execution. Capitalizing on 
this insight, we designed DHA-N@M nanoreactors not 
only to intensify oxidative stress through GSH depletion 
and NO/ONOO- generation but also to modulate lipid 
metabolism via PUFA supplement, creating a coordi-
nated therapeutic axis that potently enhances ferropto-
sis and tumor suppression. In vivo, DHA-N@M + X-ray 
significantly suppressed tumor growth (93.91% inhi-
bition), outperforming X-ray monotherapy (22.9% 
inhibition, p < 0.001), highlighting the dominant contri-
bution of oxidative stress amplification, lipid metabolic 
intervention, and consequent ferroptosis potentiation 
(Fig. 7B ~ 7E). Although a serials of control groups were 
set, including DHA-SNO + X-ray, DHA@M + X-ray, and 
BA-N@M + X-ray, the inherent dynamic crosstalk and 
reciprocally regulation between oxidative stress, lipid 
metabolism [62], and ferroptosis pathways, makes it chal-
lenging to precisely quantify the individual contributions 
of specific mechanisms (NO/ONOO- generation, GSH 
depletion, and lipid metabolic interference) to the overall 
therapeutic outcome. 

Several important questions remain to be addressed in 
subsequent studies. First, given that the lung represents a 
common metastatic site for breast cancer and melanoma 
[63, 64], the inhalation approach offers unique advantage 
by enabling nanovesicle delivery to multiple pulmonary 
lesions/lobes at the same time [65]. Therefore, establish-
ing pulmonary metastasis models to evaluate the radio-
therapeutic efficacy of inhaled DHA-N@M would be 
highly valuable. Second, multiple type of cell membranes 
has been extensively studied in biomimetic nanotechnol-
ogy [66], thus, systematic screening is required to identify 
the optimal membrane-based delivery system for inhaled 
lung cancer therapy. Third, considering that ferroptosis, 
radiotherapy, and ONOO- all have potential to modulate 
the tumor immune microenvironment [37, 65], combina-
tion DHA-N@M + X-ray treatment with immunotherapy 
may yield synergistic therapeutic benefits. Finally, com-
prehensive long-term safety assessments remain essential 
to fully evaluate the clinical potential of this therapeutic 
strategy.

Conclusion
In this study, we rationally synthesized a functional-
ized PUFA (DHA-SNO) with GSH-responsive NO 
release capability and firstly designed a macrophage 
cell-inspired inhalable nanoreactor of DHA-N@M to 
achieve enhanced lung tumor accumulation and excel-
lent ferroptosis-radiotherapy. This inhalable biomimetic 
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nanoreactor exhibit a spectrum of the following applica-
tion superiorities. (1) The local administration route via 
inhalation and the macrophage cell membrane-based 
nanovesicle with tumor-tropism ability jointly facilitate 
satisfactory accumulation of DHA-N@M at lung tumor 
to pursue maximized therapeutic efficacy. (2) In terms of 
antitumor mechanism, DHA-N@M nanoreactor couples 
two cascade reactions under X-ray irradiation, including 
SNO-participated reaction for depleting GSH and gen-
erating NO, and ROS-participated reactions for forming 
highly cytotoxic ONOO- and oxidizing PUFA. Ultimately, 
in vitro potent cytotoxicity andin vivo satisfactory tumor 
suppression effect were achieved by joint ferroptosis and 
radiotherapy. Overall, the unique inhalable DHA-N@M 
led to new insights into enhanced ferroptosis-radiother-
apy against lung cancer.
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