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ABSTRACT: Ferroptosis therapy and immunotherapy have been
widely used in cancer treatment. However, nonselective induction
of ferroptosis in tumors is prone to immunosuppression, limiting
the therapeutic effect of ferroptosis cancer treatment. To address
this issue, this study reports a customized hybrid nanovesicle
composed of NK cell-derived extracellular versicles and RSL3-
loaded liposomes (hNRVs), aiming to establish a positive cycle
between ferroptosis therapy and immunotherapy. Thanks to the
enhanced permeability and retention effect and the tumor homing
characteristics of NK exosomes, our data indicate that hNRVs can
actively accumulate in tumors and enhance cellular uptake. FASL,
IFN-γ, and RSL3 are released into the tumor microenvironment,
where FASL derived from NK cells effectively lyses tumor cells. RSL3 downregulates the expression of GPX4 in the tumor, leading
to the accumulation of LPO and ROS, and promotes ferroptosis in tumor cells. The accumulation of IFN-γ and TNF-α stimulates
the maturation of dendritic cells and effectively induces the inactivation of GPX4, promoting lipid peroxidation, making them
sensitive to ferroptosis and indirectly promoting the occurrence of ferroptosis. This study highlights the role of the customized
hNRV platform in enhancing the effectiveness of synergistic treatment with selective delivery of ferroptosis inducers and immune
activation against glioma without causing additional side effects on healthy organs.
KEYWORDS: natural killer cell, biomimetic hybrid nanovesicles, targeted delivery, enhanced ferroptosis therapy, immunotherapy

1. INTRODUCTION
Glioma, the most aggressive form of brain tumor, is renowned
for its high mortality rate, dismal prognosis, and recurrent
nature.1−3 Current therapeutic approaches are primarily
limited to surgical resection followed by radiotherapy (RT)
and adjuvant chemotherapy.4 However, the blood−brain
barrier (BBB) and blood−brain tumor barrier (BBTB) pose
significant challenges in delivering chemotherapeutic agents to
the central nervous system (CNS).5−7 Additionally, prolonged
chemotherapy usage often leads to drug resistance in glioma
patients, thereby compromising therapeutic outcomes.8,9

Ferroptosis therapy, a novel therapeutic approach, offers
promising opportunities for cancer refractory to traditional
treatments.10,11 Ferroptosis is a complex and highly regulated
process involving the dysregulation of iron homeostasis,
glutathione (GSH) metabolism, and lipid peroxidation.
Numerous studies have emphasized the crucial role of
ferroptosis in various malignancies, including lung cancer,
ovarian cancer, leukemia, and glioma.12,13

The intricate interplay between metabolic regulation and
immune response governs the tumor microenvironment, often

leading to metabolic disorders that either initiate or accelerate
tumor growth.14 Recent insights reveal a crosstalk between
ferroptosis mechanisms in tumor cells and the immune
system.15,16 However, the nonspecific circulation of ferroptosis
agents upon intravenous administration can lead to unintended
cytotoxicity, affecting crucial immune cells like CD8+ T cells,
natural killer (NK) cells, and dendritic cells (DCs).17,18

Additionally, the evasion of immune recognition by tumors
due to a lack of activation factors hinders the specificity and
clinical utility of these drugs. Therefore, there is an urgent need
for innovative brain-targeted drug delivery systems that can
efficiently traverse the blood−brain barrier (BBB) and blood−
brain tumor barrier (BBTB) to deliver ferroptosis agents safely
and effectively to tumor cells. This would enhance the
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intracellular generation of reactive oxygen species (ROS) and
lipid peroxidation (LPO) while simultaneously activating the
immune response and remodeling the immunosuppressive
tumor microenvironment (TME).19,20

Currently, ferroptosis is primarily achieved by inhibiting the
cystine/glutamate antiporter system Xc− and the GSH-GPX4
axis, resulting in the accumulation of lipid reactive oxygen
species and subsequent cell death.21,22 This process involves
iron and lipid metabolism. Cystine plays a key role in GSH
synthesis, reducing the level of lipid peroxide accumulation in
cell membranes through GPX4 activity regulation. GSH
deficiency can also deactivate GPX4, triggering ferroptosis.22,23

Therefore, modulating iron metabolism and enhancing GPX4
expression via GSH concentration inhibition can accelerate
tumor ferroptosis. RSL3, a GPX4 inhibitor, is commonly used
to induce ferroptosis, but its clinical translation is limited due
to poor water solubility, instability in vivo, and nonspecific
distribution.24 Efficiently delivering RSL3 to the tumor site is a
crucial challenge. Liposomes, approved by the FDA for
marketing,17 are established drug carriers with excellent drug
loading capacity. Encapsulating insoluble drugs in liposomes
enhances drug stability and reduces toxicity. However,
liposomes face challenges in circulation time and targeted
delivery efficiency, similar to other nanomedicines.20,25 Off-
target toxicity is a common issue with traditional targeted
modification strategies for liposomes.26 Hence, there is an
urgent need to develop a safe and effective liposome delivery
system.

In recent years, strategies leveraging the body’s pathophysio-
logical mechanisms for targeted drug delivery have attracted
researchers’ attention. NK cells, innate lymphoid cells crucial
in cancer immune response,27 mediate cytotoxic effects via Fas
death receptors and ligands like FASL, inducing caspase-
dependent apoptosis. Additionally, NK cells secrete IFN-γ and
TNF-α, triggering perforin release, suppressing tumor cell
growth.28 Beyond cytotoxic functions, NK cells recruit
dendritic cells to solid tumors, enhancing CD8+ T cell
responses.29−31 IFN-γ, in particular, can deactivate GPX4,
enhancing lipid peroxidation in tumor cells, sensitizing them to
ferroptosis.32 Delivering cytokines such as FASL, IFN-γ, and
TNF-α to lesions can eliminate CD8+ T cell-evasive cancer
cells and sensitize tumor cells to ferroptosis. This dual T cell
and NK cell attack deepens immunotherapy’s impact.

However, traditional cell therapies struggle to treat solid
tumors due to limited immune cell tumor penetration. NK cell-
derived extracellular vesicles (NK-EVs), with nanoscale
dimensions and superior tissue permeability, can cross the
BBB for targeted brain tissue delivery. Yet, challenges like low
EV extraction efficiency and uncontrollable drug loading
hinder EVs’ drug delivery applications.33,34 Facing these
challenges, hybrid nanovesicles have garnered significant
attention in recent scientific advancements. Liposomes,
spherical vesicles composed of phospholipid molecules, share
a composition similar to EVs. Based on similarity-miscibility
theory, this similarity suggests feasibility for membrane fusion
between liposomes and NK-EVs. The integration of NK-EVs
with liposomes offers a “1 + 1 > 2” synergistic effect.35,36 This
not only compensates for the limited drug loading capacity and
uncontrollable drug loading process of exosomes but also
endows the hybrid liposomes with the active targeting function
of EVs, enabling BBB and BBTB traversal. Subsequently, drug
release occurs, enhancing nanoparticle penetration into tumor
tissues and minimizing cytotoxic effects and hypersensitivity
reactions associated with liposomes.

Herein, we developed hybrid nanovesicles (hNRVs), a novel
formulation combining RSL3-loaded liposomes with NK-EVs,
designed to synergistically trigger ferroptosis and immuno-
therapy. As Figure 1 illustrates, these biomimetic nanovesicles
possess a stable and uniform structure, exhibiting a high drug
loading capacity and inheriting the biological attributes of NK-
EVs. In vivo and in vitro studies confirm their ability to migrate
effectively to tumor tissues, displaying remarkable therapeutic
synergism. Leveraging the EPR effect and tumor homing
properties of NK exosomes, hNRVs accumulate actively in
tumors, enhancing cellular uptake. Upon entering the tumor
microenvironment, they release FASL, IFN-γ, and RSL3. FASL
lyses tumor cells, while RSL3, as a GPX4 inhibitor, triggers
ferroptosis by disrupting redox homeostasis. IFN-γ and TNF-α
further activate dendritic cells and sensitize tumor cells to
ferroptosis. Additionally, necrosis- and ferroptosis-induced
DAMPs activate CD8+ T cells, augmenting immunotherapy.
In summary, hNRVs facilitate targeted delivery of GPX4
inhibitors and immune activators, promoting synergistic
immunotherapy and ferroptosis in tumors. This is the first
design that utilizes NK cell-derived extracellular vesicles for
synergistic ferroptosis and immunotherapy in tumor treatment,

Figure 1. Schematic illustration of the action mechanism of hNRVs for synergistic ferroptosis-immunotherapy. After intravenous injection into
glioma-bearing mice, hNRVs transmigrate to the brain across the BBB and BBTB and penetrate the infiltrating glioma cells. They actively
accumulate in tumors, releasing immune activators and ferroptosis inducers, thereby exerting a synergetic ferroptosis-immunotherapy effect.
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providing new insights for the clinical treatment and scientific
research of NK cells in solid tumors.

2. MATERIALS AND METHODS
2.1. Materials. RSL3 was supplied by Shanghai Aladdin

Biochemical Technology Co., Ltd. DCFH-DA and BODIPY C11-
581/591 were supplied by Absin Bioscience, Inc. (Shanghai, China).
The anti-CD86-FITC, anti-CD80-PE, anti-NKG2C, anti-CD4-FITC,
anti-CD8-PE, and anti-ALIX antibodies and other antibodies used for
flow cytometry assays were obtained from Abcam (Cambridge, UK).
GPX4, GSH, TNF-α, IL-6, and IFN-γ ELISA kits were obtained from
Absin Bioscience, Inc. (Shanghai, China). All other chemicals were
sourced from Sigma-Aldrich. Unless otherwise stated, all chemicals
were of reagent grade.
2.2. Cells and Experimental Animals. C6 glioma cells,

RAW264.7 cells, bEnd.3 cells (mouse brain microvascular endothelial
cells), and RBMVECs (rat brain microvascular endothelial cells) were
supplied by the Cell Resource Center of IBMS (Beijing, China) and
cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS; Gibco) and 100 IU of penicillin.
Luciferase-tagged C6 glioma cells were purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China) and cultured
in DMEM supplemented with 10% FBS at 37 °C in a humidified 5%
CO2 atmosphere.

Both male and female ICR mice (initially weighing 18−22 g) were
provided by SPF Biotechnology Co., Ltd. All procedures involving the
care and handling of animals were conducted with the approval of the
Animal Care and Use Ethics Committee of the Beijing Institute of
Pharmacology and Toxicology (Beijing, China). This committee also
approved all animal-related experiments in the current study (No.
IACUC-DWZX-2020-646).
2.3. The Extraction and Characterization of Activated NK

Cells. Mouse NK cells were stimulated with TKD and IL-2 in vitro.37

Briefly, peripheral blood lymphocytes of ICR mice were isolated by
Ficoll-Paque gradient centrifugation and resuspended in an RPMI
1640 medium containing 2 mM glutamine and 10% FCS. Then, the
peripheral blood lymphocytes were stimulated with TKD (20-mer)
peptides and IL-2 (200 IU/mL) for 6 days at a cell density of 5 ×
108/mL to obtain activated mouse NK cells (aNKs). Flow cytometry
was performed on day 5 after TKD and IL-2 stimulation using a
FITC-conjugated mouse CD16 antibody and a PE-conjugated
monoclonal antibody against the NK cell activating receptor
(NKG2C). The percentage of positive cells was determined after
subtraction of cells stained with an isotype-matched negative control
antibody. Only PI-negative live cells were gated and analyzed.
2.4. Preparation of NEVs, RLPs, and hNRVs. NK cell-derived

extracellular vesicles (NK-EVs) were purified by differential
centrifugation.38 Briefly, the cell-conditioned medium was centrifuged
for 15 min at 2500g to eliminate the residual cells and debris. The
pellet was discarded, and the supernatant was first centrifuged for 20
min at 20,000g, recollected, and ultracentrifuged at 150,000g for 100
min. Supernatants were then discarded, and the exosome fraction was
resuspended in PBS, frozen in liquid nitrogen, stored at −80 °C, and
used within 1 week.

Liposomes were prepared by thin-film hydration.39 Typically,
RSL3, cholesterol, DSPE-mPEG 2000, and soy lecithin (molar ratio of
2:5:1:10) were added to 3 mL of dichloromethane, completely
dissolved, and placed in a round-bottom flask, and the mixture was
evaporated using a rotary evaporator under reduced pressure until a
homogeneous lipid film was formed (37 °C, 100 rpm, 30 min). The
obtained phospholipid film was then hydrated with 10 mL of
ultrapure water for 30 min followed by sonication of the mixture with
50 W at 4 °C for 2 min. Homogeneous RLPs were obtained by
centrifugation at 3000 rpm for 10 min and filtration through a 0.22
μm filter. The previously prepared RLPs, NK-EVs, and 60% (w/v)
PEG8000 in phosphate-buffered saline (PBS) were thoroughly mixed
at a volume ratio of 1:1:2 and incubated at 40 °C for 2 h to synthesize
hNRVs. PEG8000 causes aggregation and adhesion of NK-EVs with
RLPs.

2.5. Characterization of NK-EVs, RLPs, and hNRVs. The
morphologies of NK-EVs, RLPs, and hNRVs were observed through
transmission electron microscopy (TEM). First, NK-EVs, RLPs, and
hNRVs were diluted in PBS. Each sample (10 μL) was then deposited
onto an EM grid and observed under a TEM instrument at 100 kV.
Dynamic light scattering (Litesizer 500, Anton Paar, Austria) was
used to evaluate the size distribution and zeta potential. The hNRVs
were stored in 1× PBS or PBS with 10% FBS at 37 °C. Stability
analysis was performed by measuring the particle size and zeta
potential over 7 days. The drug loading efficiency (LE) and
encapsulation efficiency (EE) of hNRVs were determined by HPLC
(Agilent 1200, USA).
2.6. Protein Analysis of NK-EVs and hNRVs. The expression of

FASL and CD63 was examined through Western blot analysis.
Notably, CD63 serves as a characteristic marker for extracellular
vesicles derived from NK cells, while FASL represents a functional
protein intimately linked to NK cells, as referenced in previous
studies.27,40,41 Initially, the NK-EVs, RLPs, and hNRVs were lysed
using RIPA lysis buffer to extract proteins, which were then denatured
at 95 °C for 5 min. Subsequently, the total protein concentration was
determined using a BCA protein assay kit. The extracted proteins
were blocked with Tris-buffered saline Tween buffer (TBST)
containing nonfat dry milk for 1 h at 37 °C. Following this, they
were incubated overnight at 4 °C with primary antibodies and then
with peroxidase-conjugated secondary antibodies for 1 h at 37 °C.
Finally, immunoreactive proteins were visualized using a gel imaging
system.
2.7. Verification of hNRV Fusion. To determine whether RLPs

were incorporated into NK-EVs, fluorescence resonance energy
transfer (FRET) was first employed to verify membrane fusion.
Briefly, two lipophilic dyes, namely, DiD (excitation/emission = 644/
663 nm) and DiI (excitation/emission = 549/565 nm), were
employed. The extrusion fusion method was utilized for fusion of
the NK-EVs and RLPs. NK-EVs were stained with DiD and DiI, and
with respect to NK-EV protein, the final ratios were 0.5 and 1.82 wt %
for DiI and DiD, respectively. A solution containing the NK-EVs was
then placed in the vial and stirred at 37 °C for 1 h. Afterward, a free
dye was washed away by centrifuging the membrane at 10,000g for 15
min, three times. RLPs were added to the DiI/DiD-doped NK-EVs at
RLP to NK-EV protein weight ratios of 4:1, 2:1, 1:1, and 0:1 followed
by extrusion to complete membrane fusion. The fluorescence
spectrum of each sample was read using a plate reader (Tecan
Spark, Austria) with an excitation wavelength of 500−650 nm under
different mixing ratios (RLPs/NK-EVs). The fluorescence recovery of
the donor (NK-EVs) at a low emission peak (nm) was utilized to
indicate the increased amount of fusion. In addition, to further
validate the fusion of NK-EVs and RLPs, samples were imaged under
a confocal laser scanning microscope (CLSM) (LSM 880, Zeiss,
Germany).
2.8. RSL3 Loading and In Vitro Cumulative Release Study.

RSL3 was loaded into RLPs or hNRVs through a remote loading
method. Briefly, RLPs and hNRVs were prepared as described above.
Then, different concentrations of RSL3 (100, 200, 400, 600, and 800
μg/mL) within 1 mL of PBS were added into RLPs and hNRVs and
incubated for 30 min at 45 °C with constant stirring, while for
hNRVs, drugs were loaded by 15 times repeated extrusion using a
liposome extruder. The unencapsulated RSL3 was removed by a
dialysis tube (MWCO, 3500 Da) in PBS. Then, the drug
encapsulation efficiencies and loading capacities were determined by
HPLC (Agilent 1200, USA).

The in vitro release of RSL3 was evaluated by the dialysis method.
First, all RSL3-loaded samples were normalized to an RSL3
concentration of 100 μg/mL. Subsequently, 1 mL of nanoparticles
was added to a dialysis tube (MWCO, 3500 Da) and immersed in 50
mL of PBS media (pH 6.8 or 7.4). Samples were shaken at a speed of
100 rpm at 37 °C on the shaker table. Release media (1 mL) were
extracted at each predetermined time point and substituted with 1 mL
of fresh media. The RSL3 concentration of the media was detected
using HPLC (Agilent 1200, USA).
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2.9. In Vitro Cellular Uptake of hNRVs. Cells (bEnd.3,
RBMVEC, and C6) were placed in 12-well plates (105 per well)
and placed in a cell culture incubator overnight. DiI-labeled hNRVs in
fresh DMEM were incubated with cells for 3 h. Then, cells were fixed
with 4% paraformaldehyde for 15 min and rinsed with cold PBS 3
times. After the nucleus was stained by DAPI, cells were harvested
and then resuspended in 300 μL of prechilled PBS followed by flow
cytometer detection.
2.10. Absorption Inhibition Assay. Cells (bEnd.3 and C6) were

seeded in 12-well plates (105 cells/well) and placed in a cell culture
incubator overnight. The cells were then preincubated with inhibitors
for 30 min followed by the addition of hNRVs for another 3 h. The
inhibitors were dissolved completely in a phenol red-free medium.
The inhibitors included 5 μM chlorpromazine, 50 μM dynasore
hydrate, 10 μM cytochalasin D, 1 μM filipin, and 100 μg/mL
amiloride hydrochloride.
2.11. In Vitro BBB and BBTB Model. bEnd.3 cells were cultured

in the upper chamber of Transwell inserts, while C6 cells were
cultured in the lower chamber for 7 days in DMEM supplemented
with 10% FBS. Transendothelial cell resistance (TEER) values were
measured to ensure the integrity of the cultured monolayer model,42

thus creating a membrane that functions as the BBB. This created a
membrane that acts as a BBB. Similarly, RBMVECs and C6 cells were
employed to establish a BBTB model to investigate the penetration
capacity of the preparations.
2.12. In Vitro Cytotoxicity and Apoptosis Analysis. The

cytotoxicity of biomimetic hybrid nanovesicles was analyzed by using
the standard Cell Counting Kit-8 (CCK-8) assay. In detail, C6 cells
were seeded in a 96-well plate at a density of 5 × 105 cells/well. After
being incubated for 24 h, the cells were treated with four
formulations, namely, NK-EVs, RLPs, free RSL3, and hNRVs. The
dose of RSL3 ranged from 0 to 15 μM, and the plates were incubated
at 37 °C in a 5% CO2 atmosphere for 48 h. After incubation for 48 h,
20 μL of a CCK-8 solution was added to each well, and the cells were
cultured for 2 h. The absorbance of each well was measured at 450
nm using a microplate reader (Tecan Spark, Austria), and the IC50 of
each formulation was calculated accordingly.

Annexin V-FITC/PI dual staining was used for analyzing apoptosis.
C6 glioma cells were seeded in a six-well plate at 5 × 105 cells/well
and cultured for 12 h. The cells were then treated with free NK-EVs,
RLPs, free RSL3, and hNRVs (RSL3 dose at 5.3 μM). Following 48 h
of incubation, the cells were collected, washed three times with cold
PBS, suspended in 500 μL of a binding buffer, and stained with
annexin V-FITC/PI. Finally, the cells were analyzed using flow
cytometry (FACS Aria III, BD, USA). Nontreated cells were used as
negative controls, and the experiment was repeated three times.
2.13. ROS and Lipid Peroxidation Assay. Cells were seeded in

6-well plates with a glass bottom and subjected to different
treatments. The C11 BODIPY 581/591 assay kit and DCFH-DA
assay kit were used following the manufacturer’s manual. Results were
analyzed by CLSM.
2.14. GPX4 Analysis In Vitro. C6 cells (5 × 105) were seeded in

six-well plates cultured at 37 °C for 24 h. After 12 h, the cells were
treated with four formulations, namely, NK-EVs, RLPs, free RSL3,
and hNRVs, for 5 h. Afterward, the cells were washed with PBS three
times followed by the addition of a fresh medium and cultured under
hypoxia for another 12 h. The cells were then collected, and the GPX4
activity was analyzed using the commercial glutathione peroxidase
assay kit (Beyotime Biotechnology, China). All procedures followed
the product protocol (n = 3).
2.15. GSH Quantification. The in vitro GSH levels in C6 cells

post formulation treatment were detected by a GSH assay kit under
the manufacturer’s protocol. C6 cells were seeded in six-well plates at
4 × 105 cells per well. After the cells reached 70−80% confluency,
hNRVs were added to the culture medium, and the cells were
collected after 12 h of incubation. The harvested cells were
homogenized in a homogenizer on ice to obtain the disrupted cell
dispersion. RLPs and NK-EVs were used as controls. The intracellular
GSH content in untreated C6 cells was defined as 100%.

2.16. DC Maturation In Vitro. The effect of hNRVs on DC
maturation was evaluated in Transwell systems. In brief, C6 cells at a
density of 5 × 104 cells per well were seeded in the upper
compartment, and DCs isolated from mice were seeded in the lower
well at a density of 5 × 104 cells per well. After cell attachment, NK-
EVs, RLPs, and hNRVs were added to the culture medium. After
coincubation for 24 h, the DCs in the lower compartment were
harvested by centrifugation and stained with anti-CD86-FITC and
anti-CD80-PE for 30 min at 4 °C in the dark. After being washed with
PBS three times, DCs were resuspended in PBS and analyzed by flow
cytometry. At the same time, the culture medium in the supernatant
after centrifugation was collected to measure the secretion of TNF-α
and IL-6 by mature DCs. The levels of TNF-α and IL-6 were
quantified by ELISA kits (Invitrogen) following the manufacturer’s
instructions.
2.17. Immune Escape Study. RAW264.7 cells were placed in 12-

well plates (105 cells/well) and cultured for 12 h at 37 °C. DiI-labeled
hNRVs in fresh DMEM were incubated with cells for 3 h. Afterward,
cells were harvested and then resuspended in 300 μL of prechilled
PBS followed by flow cytometry (Aria III, BD, USA).
2.18. Hemocompatibility Analysis. The hemocompatibility of

the biomimetic hybrid nanovesicles was assessed based on a
previously published protocol. Blood was collected from the eyes of
healthy ICR mice and was collected in tubes containing heparin. After
being centrifuged at 3000 rpm for 15 min, erythrocytes were obtained
and washed three times with PBS. Then, pure erythrocytes at a ratio
of 1:20 were diluted with PBS to prepare the 2% erythrocyte solution.
Two hundred μL of hNRVs solution was added to the 2% erythrocyte
suspension and incubated at 37 °C for 60 min, the mixed solution was
centrifuged at 2000 r/min for 10 min at 4 °C to observe the color of
the supernatant, erythrocyte lysis resulted in the release of
hemoglobin, and the supernatant was collected and assayed at 540
nm to determine its absorbance. Two hundred μL of PBS (pH 7.4)
and 200 μL of Triton X-100 solution were used as the negative
control and positive control, respectively.
2.19. In Vivo Glioma Biodistribution. To investigate whether

hNRVs could target glioma cells, intracranial glioma mouse models
were established according to previously described procedures.43,44

The glioma mouse model was established by following the procedure
described previously. Briefly, after anesthetizing mice with chloral
hydrate (4%, w/v), 2 μL of C6 cells at a density of 2 × 106 cells/mL
was injected into the right striatum (1.8 mm lateral, 1 mm
longitudinal, and 4 mm depth) of ICR mice. After 2 weeks, the
mice were divided randomly into 4 groups and then intravenously
injected with free DiR, RLPs, NK-EVs, and hNRVs at an RSL3
concentration of 2 mg/kg. Subsequently, DiR (1 mg/kg), serving as a
fluorescent probe, was employed to label the diverse nanovesicles,
which were subsequently intravenously administered into glioma-
bearing mice. The biodistribution was monitored by fluorescence in
each group using an in vivo spectrum imaging system (IVIS Spectrum,
PerkinElmer, USA) with excitation and emission wavelengths of 748
and 780 nm. In addition, to further verify the tumor targeting ability
of hNRVs to the tumor site, the glioma-bearing model mice were
sacrificed at 12 h, and different organs, including the brain, heart, liver,
spleen, lung, and kidney, were harvested. The region of interest (ROI)
was circled around the tissues, and the fluorescence intensity was
determined by using Living Image software.

For tumor distribution analysis, DiI (0.5 mg/kg) was used as the
fluorescent probe. Glioma-bearing mice were intravenously injected
with free DiI-labeled hNRVs. After treatment for 4 h, brain tissues
were removed and fixed with 4% paraformaldehyde in the dark for 24
h. DAPI, which was observed at an excitation wavelength of 358 nm
and an emission wavelength of 461 nm, was used to stain the nuclei.
Finally, the distribution of hNRVs in each brain tissue section was
observed by using an inverted fluorescence microscope.
2.20. In Vivo Pharmacokinetics Study. To evaluate the

circulating half-lives of RLPs and hNRVs, DiI-labeled nanoparticles
were injected into ICR mice via the tail vein. Blood samples of 30 μL
were collected at 0, 5, 15, and 30 min and 1, 2, 4, 8, 24, and 48 h
postinjection. Six mice were included in each group. The collected
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blood samples were diluted in a 96-well plate with 70 μL of PBS, and
then, fluorescence measurements were taken using a microplate
reader (Tecan Spark, Austria). A standard curve was generated by
mixing DiI with hNRV solution, diluting the mixture to concen-
trations of 2, 4, 10, 20, and 50 μg/mL, and subsequently measuring
the correlation between fluorescence intensity and DiI concentration.
2.21. Antitumor Experiments In Vivo. To monitor tumor

growth intuitively, the mice were intracranially implanted with Luc-
C6 cells (1 × 105cells/mouse), and models of intracranial glioma mice
were established according to a previous procedure. The mice were
randomly divided into five groups (n = 4): NK-EVs, RLPs, free RSL3,
hNRVs, and the control group treated with PBS.

All preparations were intravenously injected into the mice every 3
days for a total of five administrations, with an RSL3 dose of 2 mg/kg.
On days 0, 7, 14, and 21 after administration, bioluminescence
imaging of the tumor was conducted 10 min following an
intraperitoneal injection of D-luciferin at a dose of 150 mg/kg. The
body weight of the mice was measured every 2 days after treatment.
The survival period of the mice was recorded throughout the
experiment, with any deaths or pathologic events being promptly
noted. After 20 days of administration, three mice from each group
were randomly selected and sacrificed, and their brains were collected
and fixed in 4% paraformaldehyde for 48 h for subsequent H&E and
TUNEL staining to assess the degree of tumor cell apoptosis.

2.22. In Vivo Synergistic Mechanism Evaluation of
Ferroptosis-Immunotherapy. To evaluate the synergistic ferrop-
tosis-immunotherapy mechanism in vivo, the glioma-bearing ICR
mice were divided into five experimental groups and treated three
times at intervals of 1 week by intravenous injection with PBS
(control), RSL3, RLPs, NK-EVs, and hNRVs at an equal amount of
RSL3 (2 mg/kg). After 14 days, tumor tissues and lymph nodes were
collected. Tumor cells were stained by BODIPY C11-581/591 and
DCFH-DA to determine the level of intratumoral LPO and ROS
accumulation. In addition, the tumor tissues were homogenized for
obtaining the supernatant. The expression of TNF-α, IFN-γ, GPX4,
and GSH in tumors was detected using an enzyme-linked
immunosorbent assay (ELISA). In addition, immunohistochemical
(IHC) staining was conducted on brain tissues to determine the
expression of caspase-3 and cytochrome-C protein. The infiltration of
CD8+ and CD4+T lymphocytes in tumor tissues was analyzed via
immunofluorescence staining. Dendritic cells (DCs) in the lymph
nodes were stained with APC anti-CD80 and PE anti-CD86
antibodies to determine the ratio of matured DCs.
2.23. Histology and Immunohistochemistry. The collected

mouse tissues were fixed in 4% paraformaldehyde in a PBS buffer
overnight. They were then gradually dehydrated in ethanol,
transferred to xylene, and embedded in paraffin. The paraffin-
embedded tissues were cut into 4 μm-thick sections and histologically
examined by H&E staining and immunohistochemistry (IHC).

Figure 2. Characterization of hNRVs. (A) Fabrication of hNRVs. (B) Representative TEM images of NK-EVs, RLPs, and hNRVs. (C) Western
blotting of NK extracellular vesicle-specific protein on NK-EVs, RLPs, and hNRVs. (D) Hydrodynamic size distribution and PDI (E) of different
formulations. (F) Validation of hybridization via FRET analysis and CLSM images (G). (H) Cumulative release of RLPs and hNRVs in different
release media (n = 3). Data were presented as means ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.
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2.24. Immunofluorescence Staining. The samples with various
treatments were gently washed three times with PBS, fixed with 4%
paraformaldehyde for 15 min, and rinsed with PBS 3 times for 3 min
each. Cells were then permeabilized using 0.3% Triton X-100 for 15
min and washed with PBS 3 times for 3 min each. An animal
nonimmune serum was added dropwise to the cells or tissues for
blocking. Then, the samples were incubated at room temperature for
1 h. The primary antibody at the optimal working concentration was
added dropwise to the tissue or cell, incubated at 37 °C for 1 h, and
rinsed with PBS 3 times for 5 min each. Fluorescent secondary
antibodies were then added for incubation at room temperature for 1
h in the dark and rinsed with PBS 3 times. Then, the nucleus was
stained with DAPI for 10 min. Finally, the samples were washed with
PBS and observed by CLSM (LSM 880, Zeiss, Germany).
2.25. Biosafety Evaluation. For biocompatibility and biosafety in

vivo analysis, normal male mice were randomly divided into four
groups and intravenously injected with 200 μL of saline (control),
RLPs, NK-EVs, and hNRVs. Sixteen days later, all mice were
euthanized, and serum samples from the mice were collected to detect
alanine transaminase (ALT), aspartate transaminase (AST), and
creatinine (CREA). Further, the heart, liver, spleen, lung, kidney, and
brain were removed for histology via H&E staining. The body weights
of mice during treatments were measured every 2 days.
2.26. Statistical Analysis. All experiments were conducted in

triplicate and expressed as the mean ± the standard deviation.
Statistical significance was analyzed using SPSS 19.0 (IBM Corp.,
Armonk, NY, USA). One-way analysis of variance with post hoc
Tukey’s test was used to determine significant differences between
data sets.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of hNRVs. First,

we isolated and prepared activated NK cells from peripheral
blood lymphocytes as previously described38 (Figure 2A).
NKG2C and CD16 have been reported to be expressed in
activated NK cells.45−47 The aNKs that we prepared were
positive for NKG2C and CD16 (Figure S1A,B), indicating the
potential of expressing lytic granules such as FASL and
perforins. Next, NK-EVs were prepared isolated via a
differential centrifugation method. The purity of NK-EVs
was examined by TEM, revealing that NK-EVs were spherical
particles of 120 ± 5.5 nm with an intact membrane structure,
consistent with the well-established characteristics of EVs
(Figure 2B). Further characterization of NK-EVs by Western
blot analysis confirmed the presence of two typical exosome
proteins, namely, CD63 and ALIX.45−47 NK cells are known to
exert their cytotoxic activity through the release of cytotoxic
cytokines contained in lytic granules. At the same time, several
transmembrane proteins, such as FASL, are exposed on the cell
surface and dictate the fates of effector and target cells. Thus,
we confirmed the presence of FASL in NK-EVs through
Western blot analysis (Figure 2C). The average protein
concentration of NK-EVs was 68.3 μg/mL detected by a BCA
kit following the manufacturer’s procedure. In addition, we
found less protein loss caused by extrusion and sonication
during preparation (Figure S1C). Next, RLPs were prepared
by using a film dispersion method. The prepared RLPs were
149 ± 6.0 nm in diameter. Finally, hNRVs were successfully
prepared by using the extrusion method. DLS measurements
showed that the particle size of hNRVs was 135 ± 2.7 nm
(Figure 2D). The nanoscale size can benefit the substantial
accumulation of hNRVs in the tumor via the enhanced
permeability and retention (EPR) effect. In addition, the
decreased polydispersity index (PDI) indicated that hNRVs
possessed a better size homogeneity than NK-EVs (Figure 2E).
A possible explanation is that the insertion of a lipid membrane

led to the dilution of the hNRV surface protein corona and
reduction of protein−protein interaction-induced aggregation.
There was a decreased zeta potential of hNRVs (−29.6 ± 3.5
mV) compared with PLPs (−26 ± 2.2 mV), probably due to
the insertion of NK-EV membrane lipids (−30.3 ± 3.1 mV)
(Figure S1D).

Stability is a prerequisite for the further application of
hNRVs in vivo. The stability of the biomimetic hybrid
nanovesicles was evaluated in both PBS and PBS containing
10% FBS over a period of 7 days at 37 °C to mimic the in vivo
conditions. As shown in Figure S1E,F, hNRVs showed little
protein adsorption and negligible changes in particle size after
incubation with 10% FBS, indicating that hNRVs could exhibit
effective immune evasion in vivo. These results confirmed that
the fusion of NK-EVs and RLPs effectively prevented the
absorption of plasma proteins and enhanced the plasma
stability of the nanoparticles. Superior plasma stability would
enhance the nanoparticles’ immune escape ability and maintain
their stability in blood circulation in vivo. These results further
demonstrated the potential of hNRVs for drug delivery and
multiple cytokine delivery.
3.2. Validation of Hybridization. The successful fusion

of RLPs and NK-EVs is paramount to the effective delivery of
drugs and cytokines via hNRVs. Therefore, the hybridization
assay was initially conducted. To assess the fusion, NK-EVs
were doped with two distinct dyes, forming a FRET pair. Our
observations revealed that fluorescence resonance occurred at
578 nm. Notably, as the quantity of RLPs increased, a recovery
of fluorescence was observed at an approximately 675 nm
emission wavelength. This finding indicates the fusion of the
two membrane materials, leading to the attenuation of FRET
interactions within the original NK-EVs (Figure 2F).
Subsequently, CLSM imaging was employed to further
corroborate the fusion of various nanovesicles (Figure 2G).
NK-EVs and RLPs were mixed in a protein weight ratio of 5:1.
Specifically, the RLPs labeled with the red fluorescent dye
(DiI) fused with NK-EVs were labeled with a green fluorescent
dye (DiD). The merged fluorescence exhibited colocalization
of RLPs-DiI and NK-EVs-DiD, unequivocally demonstrating
the cofusion of the liposomal membrane and NK-EV
membrane. Collectively, these results unequivocally confirm
the successful formation of hNRVs.
3.3. Drug Loading and In Vitro Release Study. To

achieve a high encapsulation efficiency of RSL3 in hNRVs, the
remote loading method was employed here.48 As a
comparison, RLPs were also prepared accordingly. The results
demonstrated that the high drug encapsulation efficiency
(>95%) in hNRVs was obtained even at the initial feed
concentration of RSL3 (800 μg/mL), and the loading
efficiency gradually increased from 2.8 to 27.2% with the
increased initial RSL3 feed (Figure S1G). The RLPs exhibited
a drug loading profile comparable to that of hNRVs, suggesting
that the integration of the NK-EV membrane did not
significantly affect the drug loading efficiency (Figure S1H).
During our study, through a rigorous process of formulation
screening and process optimization, we achieved a drug
loading capacity of 5.6% for RSL3 in the RLPs. Additionally,
using ELISA kits, we measured the concentrations of FASL
and IFN-γ in the extracted NK exosomes, which were found to
be 47.44 and 26.03 pg/mL, respectively. Subsequently, we
fused the RLPs with NK-EVs to obtain the hybrid nanovesicles
(hNRVs). After fusion, the drug loading of RSL3 in hNRVs
was detected to be 4.8 ± 1.64%. Correspondingly, the
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concentrations of FASL and IFN-γ were 43.01 and 23.76 pg/
μg, respectively. These results indicate that there was a
minimal loss of active ingredients during the fusion process,
ensuring the efficiency of our drug delivery system.

To mimic the release profiles of RSL3 in vivo, the drug
release kinetics of both hNRVs and RLPs were assessed at 37
°C for 36 h in media with pH 6.8 to mimic the acidic tumor
environment and pH 7.4 to represent a normal physiological
environment.42,49 As exhibited in Figure 2H, RLPs demon-
strated obvious burst release in different release media. The
cumulative release of RSL3 from RLPs reached 43% within 4 h,
with release amounts of 81% at pH 7.4 and 84% at pH 6.8
within 36 h. However, hNRVs exhibited only a 12% RSL3
release at pH 7.4 within 36 h, whereas at pH 6.8, up to 53%
release occurred within 4 h. This indicated that hNRVs are
more stable than RLPs under normal physiological conditions
(pH 7.4) but are sensitive to the mildly acidic tumor
microenvironment. The pH-triggered release characteristic
was probably attributed to the destabilization of the lipid
carrier and increased solubility of RSL3 under acidic
conditions. The results further indicated that the fusion of

NK-EVs with the RLP membrane significantly enhanced the
drug loading stability.
3.4. Enhanced Internalization and Cytotoxicity of

hNRVs In Vitro. Cellular uptake is a prerequisite for both drug
and exosome delivery. RBMVECs, bEnd.3 cells, and C6 cells
are key components of the BBB and BBTB. The cellular uptake
behavior of different preparations in normal media was
conducted. As shown in Figure 3A, the uptake efficiency of
hNRVs by bEnd.3 cells was 3−4 times higher than that of
RLPs, and the uptake efficiency in RBMVECs and C6 cells
showed similar differences. To further confirm the internal-
ization behavior of hNRVs, we individually treated cells with
various endocytosis inhibitors including filipin, cytochalasin D,
colchicine, and chlorpromazine. Filipin is a caveola-mediated
endocytosis inhibitor. Cytochalasin D is a macropinocytosis
inhibitor. Colchicine interferes with microtubule trafficking by
binding to tubulin subunits and blocking macropinocytosis.
Chlorpromazine blocks the clathrin endocytosis pathway.50−52

As shown in Figure 3B and Figure S2A,B, the cellular uptake of
hNRVs by C6 glioma cells and bEnd.3 cells was affected by
most of the inhibitors and was significantly suppressed by
cytochalasin D and chlorpromazine, indicating that hNRV

Figure 3. Assessment of cellular uptake behavior and cytotoxicity of hNRVs. (A) Flow cytometry of uptake efficiency of hNRVs by different cells.
(B) Representative CLSM images and quantification of the cellular uptake of hNRVs in cells treated with PBS, filipin, cytochalasin D, colchicine,
and chlorpromazine. DiI: red; DAPI: blue. (C) In vitro BBB and BBTB model penetration analysis. (D) Cell apoptosis induced by various
treatments examined by flow cytometry. The cells were stained with annexin V-FITC and PI. (E) Viability of RAW264.7 and DC2.4 cells in
response to different concentrations of hNRVs. Data were presented as means ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.
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uptake by C6 cells and bEnd.3 cells was multifaceted and the
endocytosis of hNRVs was internalized mainly by clathrin and
micropinocytosis.

The ability of the drug to travel across the BBB is the key to
treatment of brain diseases.53,54 Transwell models were used to
evaluate the ability of hNRVs to cross the BBB and BBTB in
vitro. Monolayer culture in a Transwell with bEnd.3 cells or
HUVECs in the upper chamber and C6 cells in the lower
chamber is commonly used in in vitro models for brain delivery
studies.44,55 An in vitro BBB model with a barrier function was
established using bEnd.3/C6 glioma cells. The TEER value is
an important indicator for evaluating the integrity of the BBB
model. In the experiments, the successful construction of the
model was initially determined by a TEER value greater than
200 Ω·cm2.42 The selection of this threshold is based on
literature reports and previous experience in our laboratory,
which indicates that the BBB model has a good barrier
function and can effectively simulate the permeability of the
blood−brain barrier in vivo.45 During the experimental process,
although the initial TEER value of the constructed BBB model
met the requirements, in order to ensure the integrity of the
entire experimental process, we believe that it is very necessary
to measure the TEER value again at critical stages of the
experiment, including before and after drug treatment and
detection. These detections all showed TEER values greater
than 200, indicating that the BBB was intact.

CLSM results showed that the fluorescence intensity of the
hNRV and NK-EV groups was stronger than that of the free
DiI group, indicating that hNRVs preserved the specific BBB
targeting ability from NK cells. The HUVEC/C6 cell coculture

model was used as the BBTB, and the resistance value was
233.5 Ω·cm2. Compared with other groups, hNRVs also
showed the greatest tumor targeting ability, further indicating
that the fusion of NK-EVs and RLPs could enhance the ability
of hNRVs to penetrate the BBB and BBTB (Figure 3C and
2Figure S2C).

Afterward, the in vitro synergistic anticancer activity was
determined using the CCK-8 assay (Figure S2D). All
preparations (NK-EVs, RLPs, and hNRVs) exhibited prom-
inent cytotoxicity with an IC50 of 5.1 μg/mL, which was much
lower than that of RSL3 (36.7 μg/mL), confirming the
excellent RLP- and NK-EV-induced antitumor performance.
Free RSL3 exhibited faint suppression on the proliferation of
glioma cells, which illustrates that interfering tumor ferroptosis
metabolism alone hardly effectively caused a good antitumor
effect. Compared with NK-EVs, hNRVs had greater inhibition
on the proliferation of C6 cells. It manifested that the synergy
of tumor ferroptosis metabolism regulation and immunother-
apy by employing hNRVs had the most anticancer therapeutic
effect. Similar results were also observed in the apoptosis flow
cytometry assay. As shown in Figure 3D, the groups including
free RSL3 and RLPs produced weak apoptosis. Compared to
other groups, hNRVs exhibited the highest degree of apoptosis,
with 66.3 ± 3.2% of the total apoptosis ratio. In contrast, the
total apoptosis ratios in the groups (RSL3, RLPs, and NK-
EVs) were 18.3 ± 1.1, 28.4 ± 2.3, and 47.2 ± 1.7%,
respectively. The cytotoxicity of hNRVs was also evaluated on
RAW264.7 and DC2.4 cells using the CCK-8 assay. In
comparison with direct cytotoxicity on tumor cells, RLPs and
hNRVs both produced slight cytotoxicity even at a high RSL3

Figure 4. hNRV-induced ferroptosis and activation of BMDCs in vitro. (A) ROS and LPO imaging in C6 cells. (B) GPX4 level and GSH level (C)
in C6 cells post hNRV incubation. (D) BMDC maturation as detected by FC with staining of anti-CD80 and anti-CD86. (E) TNF-α and IL-6 (F)
levels in the supernatants of BMDCs with different treatments. (G) In vitro hemocompatibility of hNRVs. Data were presented as means ± SD; *p
< 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.
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concentration of 7 μg/mL in normal physiological conditions,
indicating that RSL3-loaded nanovesicles showed a relatively
safe profile on RAW264.7 cells and DC2.4 cells (Figure 3E).
The enhanced cellular uptake and selective cell cytotoxicity of
this hybrid nanovesicle may make it a promising delivery
system for cancer nanomedicine.
3.5. hNRVs Induce Ferroptosis In Vitro. The DCFH-DA

was utilized to stain the C6 cells to specifically identify the
generation of intracellular ROS, which induces ferroptosis.
Figure 4A shows the CLSM images of the C6 cells treated with
the DMEM medium (control), RLPs, NK-EVs, and hNRVs
and stained with DCFH-DA (green). Both RLP and hNRV
groups present robust green dots, indicating the increase of the
intracellular ROS level. Compared with the control group, the
RLP and hNRV groups show much stronger green
fluorescence (p < 0.001). The hNRV group was more potent
than the RLP group in ROS production, primarily because of
the enhanced cellular uptake. Importantly, the intracellular
ROS levels recovered to the same level as the control group
with addition of ferroptosis inhibitors. Next, the treated C6
cells were stained with BODIPY C11-581/591 to determine
the intracellular LPO level by CLSM. From Figure 4A, it is
found that the intracellular level of LPO in the C6 cells treated
with hNRVs also significantly increases compared with the
other groups. Similarly, the LPO level in the cells treated with
hNRVs with addition of Fer-1 is comparable to that of the
control group, which is in accordance with the above-
mentioned ROS results. It is obvious that the hNRVs could
accelerate the accumulation of LPO. These results reinforce
the critical role of hNRVs in ferroptosis induced in glioma.
Figure 4B shows GPX4 levels in the C6 cells measured by
ELISA after various treatments. The C6 cells treated with
hNRVs and RLPs exhibit an obvious decrease in the GPX4

level, compared with the control and NK-EV groups. However,
the GPX4 level in the cells treated with hNRVs with addition
of Fer-1 shows a significant recovery. From Figure 4C, we find
that the intracellular level of GSH (an important substrate of
GPX4) in the C6 cells treated with hNRVs also significantly
decreases compared with the control and NK-EV groups.
Similarly, the GSH level in the cells treated with hNRVs with
addition of Fer-1 is comparable to that of the control group,
which is in accordance with the above-mentioned GPX4 assay
results. Therefore, it can be concluded that hNRVs can be used
for ferroptosis therapy of tumors. Therefore, hNRVs are
promising to be used for tumor ferroptosis therapy via lipid
peroxidation and redox imbalance induced by the high level of
intracellular RSL3 and cytokines.
3.6. hNRVs Induce Maturation of Dendritic Cells In

Vitro. We employed a Transwell device to coculture C6 cells
and immature dendritic cells (imDCs) in the upper and lower
chambers to mimic the complex tumor microenvironment
(Figure S2F). The mouse bone marrow dendritic cells
(BMDCs) were employed. The subpopulation of CD86+/
CD80+ cells was used as the marker of the maturation of DCs
(Figure 4D). It is found that NK-EV- or hNRV-treated C6
cells can obviously promote BMDC maturation compared with
the control. The former is due to the fact that hNRVs can aid
in the internalization of NK-derived cytokines by DCs, thereby
directly promoting BMDC maturation. The latter is due to
immunogenic cell death (ICD) resulting from cancer cell
fragments generated by ferroptosis and necrosis induced by
hNRVs, which can also promote DC maturation.48,56 In
addition, it can be seen that BMDC maturation is much higher
in the presence of hNRVs compared to the NK-EV group,
displaying “1 + 1 > 2” of synergistic effects in BMDC

Figure 5. In vivo glioma targeting and biodistribution of hNRVs. (A) Living images of glioma-bearing mice with different treatments. (B)
Fluorescence imaging in different organs and brain tissues (C). (D) Ratio of fluorescence intensity in brain tissues and different organs. (E)
Pharmacokinetics behavior of RLPs and hNRVs in glioma-bearing mice. (F) Immunofluorescence staining of hNRVs in glioma-bearing brains at 12
h after administration. Data were presented as means ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.
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activation. Therefore, it can be concluded that hNRVs can be
used for synergistic ferroptosis-immunotherapy of glioma.

The mature DCs (mDCs)would release proinflammatory
cytokines, such as tumor necrosis factor-alpha (TNF-α) and
interleukin-6 (IL-6).56 Due to peroxidation and ferroptosis, the
C6 cells undergoing ferroptosis would release immunostimu-
latory signals, triggering the maturation of imDCs (Figure S11,
Supporting Information). There was a substantial release of
TNF-α and IL-6 from BMDCs post hNRV treatment (Figure
4E,F), which corroborated the maturation of imDCs. Mean-
while, the targeted hNRVs were more potent than other
groups in triggering cytokine release. The concentration of
TNF-α was consistent with that of IL-6. Altogether, the
targeted hNRVs could efficiently induce DC maturation in a
Transwell coculture model.
3.7. Immune Escape and Hemocompatibility of

hNRVs. We investigated the effect of hNRVs on the uptake
by the reticuloendothelial system (RES). Comparing the
uptake efficiency of RLPs and hNRVs by RAW264.7 cells, we
found that the uptake efficiency of hNRVs was significantly
reduced. After incubation with macrophages for 6 h, the
number of internalized hNRVs was less than half that of RLPs
(Figure S2E). NK-EVs have been reported to express CD47, a
“don’t eat me” signaling protein, indicating that the uptake of
hNRVs by RES was reduced with CD47 blocking.57 Next, a
hemolytic assay was performed to evaluate the hemocompat-
ibility of hNRVs. As shown in Figure 4G, hNRVs showed a

negligible influence on erythrocytes and hardly produced a
strong hemolytic effect, which reflects good biocompatibility.
3.8. In Vivo Brain Distribution and Pharmacokinetics.

To examine the in vivo biodistribution of hNRVs, we employed
a glioma-bearing mouse model. The DiR-labeled RLPs or
hNRVs, at a DiR-equivalent dose of 2.5 mg/kg, were
administered to track the biodistribution. At predetermined
time intervals, the tumor and main organs were obtained and
imaged under an in vivo imaging system (IVIS). Figure 5A
shows that almost no free DiR and RLP fluorescence was
detected at the brain tumor site, while other treatment groups
showed different degrees of fluorescence signals. The
accumulative fluorescence intensity in the tumor increased
over time. Among these groups, the hNRVs showed much
stronger fluorescence intensity than the NK-EV group after 4
h, showing that there were more hNRVs accumulated and
retained in the tumor due to the specific targeting ability and
EPR effect.58 However, the lower brain accumulation observed
for NK-EVs compared with hNRVs does not necessarily
indicate a reduced targeting capacity. This observation can be
explained by the differences in the physicochemical properties
and stability of these two formulations. When NK-EVs are
fused with RLPs to form hNRVs, the resulting system
maintains the same amount of exosome protein as the
standalone NK-EVs. This ensures that the targeting function
of NK-EVs is not compromised by the fusion process. In fact,
the fusion of NK-EVs with liposomes enhances the stability of
the overall system. The addition of PEG to the liposomes

Figure 6. In vivo antiglioma efficacy of hNRVs. (A) Schematic illustration of the establishment of the orthotopic glioma-bearing mouse model and
dose regimen. (B) Luciferase luminescence levels of mice following the indicated different treatments. (C) Body weight changes of mice in different
treatment groups. (D) Survival rate of mice treated with different formulations. (E) H&E and TUNEL staining of tumor tissues after treatment
with different formulations. Data were presented as means ± SD.
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confers long-circulating properties, which further enhances the
EPR effect, allowing for improved accumulation in the tumor.
Moreover, our stability studies and pharmacokinetic data
support this hypothesis. These data demonstrate that the
hNRV formulation is more stable than standalone NK-EVs,
resulting in improved retention and distribution within the
tumor. This stabilization effect, combined with the EPR
enhancement, likely contributes to the observed higher
accumulation of hNRVs in the brain compared to NK-EVs.
We also collected the hearts, livers, spleens, lungs, kidneys, and
brains of mice treated with different DiR-labeled formulations
and investigated their distribution in each organ (Figure 5B).
The strong DiR-NK-EV and DiR-hNRV fluorescence was
observed in the brain and localized to brain tumor locations.
Quantitative analysis of the brain tissue further confirmed the
brain targeting effect of the hNRVs. Furthermore, we
quantitatively analyzed the proportion of the hNRV content
in the brain compared to other major organs to confirm the
brain delivery characteristics of hNRVs (Figure 5C,D). The
results demonstrated that the accumulation ratio of hNRVs in
the brain was significantly higher than that in other organs.
Specifically, at 12 h postadministration, the DiR fluorescence
signal intensity in the brain was 6.56 times, 4.21 times, 2.56
times, 8.43 times, and 4.24 times higher than those in the
heart, liver, spleen, lungs, and kidneys, respectively. These data
unequivocally highlight the excellent brain targeting ability of
hNRVs, enabling the efficient delivery of drugs to the brain.
Frozen brain sections were obtained for closer observation of
the nanoparticle distribution. As shown in Figure 5F and
Figure S3A, free DiI did not enter the tumor tissues. However,
NK-EVs and hNRVs were distributed in the tumor tissues,
confirming their brain targeting effect. Taken together, these
data confirm our hypothesis that hNRVs have NK cell-like
brain targeting characteristics, prolonged blood circulation, and
the EPR effect, which facilitate RSL3 and NK-derived cytokine
(IFN-γ and TNF-α) accumulation in glioma.

In addition, the distribution and metabolism of hNRVs in
blood were also investigated. At various time points following
drug administration, we measured the fluorescence signal
intensity in the blood of the mice. A standard curve for DiI
concentration detection was generated (Figure S3B). Within
30 min of drug administration, the fluorescence intensity was
stronger in the RLP group, whereas the fluorescence signal in
the hNRV group was relatively lower (Figure 5E). This
suggested that, in the initial stages following drug admin-
istration, the drug was rapidly distributed into the blood and
tissues of mice. In contrast, hNRVs exhibited faster distribution
to the brain, potentially leading to a relatively lower drug
concentration in the blood. Over time, at 12 h postadministra-
tion, the fluorescence intensity in the blood of the RLP group
decreased significantly. This indicated that RLPs were
gradually distributed from the blood to various tissues while
being rapidly metabolized and eliminated by organs such as the
liver and kidneys. In contrast, the fluorescence signal in the
blood of the hNRV group remained at a relatively high level.
This was attributed to the improved brain targeting and
immune evasion capabilities of hNRVs, resulting in a longer
retention time in the body and a slower rate of metabolism and
elimination. At 48 h postadministration, the fluorescence signal
of RLPs maintained a low but stable level, whereas the
fluorescence signal in the blood of the hNRV group remained
relatively high. This further confirmed the excellent brain
targeting and longer retention time of hNRVs in vivo.

3.9. Antiglioma Efficacy In Vivo. Based on the enhanced
tumor targeting effect, we then explored the in vivo antitumor
efficacy of hNRVs in the orthotopic C6-luc glioma mouse
model. The mice were randomly divided into 5 groups and
intravenously injected with PBS (control), free RSL3, RLP,
NK-EVs, and hNRVs. The therapy program was performed
with the schedule in Figure 6A. Then, the tumor volume and
progression were monitored by bioluminescence imaging. At
day 7, strong fluorescence was observed in the PBS, RSL3 and
RLPs groups, and the intensity of bioluminescence increased
significantly over time, confirming that there was no significant
inhibitory efficacy on the growth of tumors in the free RSL3
group, which was due to the rapid clearance of free drugs in
vivo and poor tumor accumulation in glioma (Figure 6B). In
addition, the mice treated with NK-EVs and RLPs exhibited
limited tumor growth suppression. It was observed that the
malignancy of the RLP group was similar to that of the PBS
group, and the fluorescence intensity increased significantly
over time. The mice in the NK-EV group showed significant
recurrence on day 14, illustrating that regulating tumor
ferroptosis or immunotherapy alone hardly effectively obtained
effective antiglioma potency. In contrast, hNRVs efficiently
inhibited recurrence with faint bioluminescence until day 23.
In summary, hNRVs revealed the strongest tumor inhibition
efficacy compared to the single NK-EVs and RLPs. Regarding
the physiological state, the weight of mice treated with PBS
and RSL3 decreased significantly, while the rate of the weight
loss of mice treated with NK-EVs and hNRVs was relatively
lower (Figure 6C). For RSL3-treated mice, this weight loss
may have been due to the systemic side effects of RSL3 due to
nonspecific circulation in the mice.4 This phenomenon is
consistent with NK-derived EVs enhancing the brain tumor
targeting and therapeutic effect, thereby reducing the side
effects of RSL3.

The capability of hNRVs to trigger enhanced tumor ablation
encouraged us to further systematically explore whether the
treatment increased the survival of mice bearing orthotopic C6
glioma. The survival curves are shown in Figure 6D. The
median survival of mice treated with hNRVs was extended to
69 days, which is longer than other treatments including PBS
(19 days), free RSL3 (18.5 days), NK-EVs (46.5 days), and
RLPs (37 days). This extended survival may be related to the
superior antitumor effect of hNRVs. Furthermore, H&E
staining and TUNEL immunostaining were performed for
the pathological analysis (Figure 6E). Compared to those of
other groups, the tumor sections of mice treated with hNRV
groups possessed the strongest cell disruption with the largest
nucleus absence and produced the densest cell apoptosis,
confirming their superior antiglioma potency. In addition,
TUNEL expression in tumor tissues was significantly enhanced
after treatment with hNRVs. All of these data suggested that
hNRVs can effectively accumulate in tumor tissues to
synergistically enhance tumor deposition by inducing tumor
ferroptosis and amplified NK cell-induced immunotherapy.
3.10. Mechanism of hNRVs for Synergistic Ferropto-

sis-Immunotherapy. To uncover the underlying mechanism
of synergistic ferroptosis-immunotherapy to suppress glioma
growth, we first evaluated the hNRV-mediated ferroptosis
pathway of tumor cells. Ferroptosis therapy (FT) of tumors
aims to initiate programmed cell death by accumulated lipid
peroxides (LPO). GPX4 is one of the master regulators of
ferroptosis signaling pathways, and thus, GPX4 inhibition is
the most powerful approach for inducing ferroptosis.59
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However, GPX4 is also critical in maintaining redox homeo-
stasis in normal cells and tissues.60 Selective inhibition of
GPX4 in cancer cells is challenging because of the lack of
advanced delivery systems for GPX4, limiting the clinical
translation. Typically, under the slightly acidic TME, RSL3
released from the hNRVs generates ROS, leading to robust
LPO accumulation and ferroptosis initiation. Furthermore, the
IFN-γ secreted from NK-EVs cells inhibits system Xc−, which
downregulates the intracellular GSH/GPX4 and then
promotes the ferroptosis acceleration. The corresponding
mechanism was verified through the measurements of in vivo

ROS, LPO, GPX4, and IFN-γ levels. Figure 7A shows the
schematic illustration of the animal experimental design for
determination for ferroptosis indicators and immune indicators
in the C6 glioma-bearing mice after treatment (iv injection) of
PBS (control), RLPs, NK-EVs, or hNRVs. Figure 7B and
Figure S4A,B show the FC images with intratumor LPO and
ROS accumulation stained by BODIPY C11-581/591 and
DCFH-DA, respectively. It is found that hNRVs exhibit much
stronger fluorescence than RLPs and NK-EVs, demonstrating
the released RSL3-promoted ferroptosis. This result was
consistent with the cellular level detection, confirming the

Figure 7. Synergistic mechanism of ferroptosis and immunotherapy induced by hNRVs in vivo. (A) Schematic illustration of animal experiment
design on the synergistic effect of ferroptosis and immunotherapy. (B) Fluorescence distributions of the treated tumors stained with DCFH-DA
and BODIPY C11-581/591. (C) Relative GPX4 and GSH (D) levels of the cells in the treated tumors. (E) Proportion of CD80+/CD86+ reflecting
the ratio of mature DCs in the mouse spleen. (F) Immunofluorescence staining of anti-CD4 (green) and anti-CD8 (red) in the lymph node. Data
were presented as means ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.
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occurrence of ferroptosis directly and the accurate glioma
targeting indirectly by hNRVs. Because GSH acts as the
cofactor of GPX4, GSH depletion can cause the inactivation of
GPX4 and the accumulation of lipid peroxides and relevant
degradation products.61 As expected, hNRVs present much
lower levels of GPX4 (Figure 7C) and GSH (Figure 7D) in the
treated tumors than those of the other groups. Therefore, we
speculated that the downregulation of GPX4 was due to the
RSL3 inhibition and IFN-γ stimulation, which has also been
shown in previous works.62

It has been proposed that apoptosis is an important
mechanism in NK cell-based immunotherapy.63 Perforin
triggers the intrinsic pathway and elevates the release of
cytochrome-c.64 FASL triggers the extrinsic apoptotic pathway
by activating caspase-3.65,66 To confirm the cell death
mechanism, we examined the expression of apoptosis-related
proteins (caspase-3 and cytochrome-c) using IHC staining. As
shown in Figure S4D, compared with the other groups, a large
number of positive cells were observed in the hNRV and NK-
EV groups, representing the apoptosis of tumor cells.
Compared to the control group, the number of caspase-3-
positive and cytochrome-c-positive cells increased significantly
after 24 h of hNRV treatment. These results indicated that
hNRVs could induce the apoptosis of the cancer cells by both
the extrinsic and intrinsic apoptotic pathways.

Encouraged by hNRVs’ superior ability to induce tumor
ferroptosis, we then investigated the immunotherapeutic
mechanism. The corresponding mechanism was verified by
the measurements of in vivo immune indicators, including
CD80/CD86, CD4/CD8, TNF-α, and IFN-γ. DC maturation
is proven to be a pivotal process for initiating immune
response by promoting effective antigen presentation and
infiltration of cytotoxic T lymphocytes. The hallmarks of DC
maturation are the high expression of stimulating factors
(CD80, CD86, etc.).67 As shown in Figure 7E, RLPs slightly
induced DC maturation. On the contrary, the percentage of
CD80+ and CD86+ DCs after the treatment with hNRVs was
obviously higher than those of other groups, with 2.28-fold and
3.60-fold increases compared to the control group (Figure
S4C), respectively. In addition, DC maturation would activate
cytotoxic CD8+ T cells and CD4+ T cells. Subsequently, the
infiltration of CD8+ and CD4+ T lymphocytes in tumor tissues
was analyzed to evaluate the antitumor immune response
(Figure 7F). Compared with other groups, hNRVs had the
highest percentage of CD4+ and CD8+ T cells in tumor tissues.
These results confirmed that hNRVs can effectively facilitate
the infiltration of CD4+ and CD8+ T cell lymphocytes in
tumors. NK-EVs have been confirmed to contain cytokines
such as IFN-γ. Cytokines including IFN-γ and TNF-α are the
key biomarkers released by tumor-infiltrating T cells, which
can activate an antitumor immune response. Therefore, we also
detected the expression of TNF-α and IFN-γ in tumors using
an ELISA assay. Results demonstrated the remarkably
upregulated levels of TNF-α and IFN-γ in mice receiving
hNRVs (Figure S4E,F). Typically, activating CD8+ T cells
would further enhance ferroptosis-specific lipid peroxidation in
tumor cells by releasing IFN-γ. Therefore, we demonstrated
that our biomimetic delivery systems could effectively induce
GPX4-mediated ferroptosis and increase the NK-related
cytokine accumulation in tumors, thereby enabling reversal
of the immunosuppressive TME and boosting NK-induced
antitumor immune effects. Such a positive loop between C6

glioma ferroptosis and NK-mediated immunotherapy can be
enhanced by targeted hNRV systems.

In summary, the synergistic effect of ferroptosis and
immunotherapy in our system arises from several key
mechanisms. First, the release of FASL from NK cells
effectively lyses tumor cells, creating a favorable microenviron-
ment for ferroptosis. Second, RSL3 downregulates the
expression of GPX4 in tumor cells, leading to the accumulation
of lipid peroxidation (LPO) and reactive oxygen species
(ROS), which are critical for ferroptosis. Importantly, the
accumulation of cytokines such as IFN-γ and TNF-α in the
tumor microenvironment stimulates the maturation of
dendritic cells and effectively induces the inactivation of
GPX4. This inactivation further promotes lipid peroxidation
and sensitizes the tumor cells to ferroptosis. In this way,
immunotherapy not only enhances the direct killing effect of
ferroptosis but also indirectly promotes the occurrence of
ferroptosis by modulating the tumor microenvironment.
Moreover, the EPR effect and tumor homing characteristics
of NK exosomes ensure that hNRVs actively accumulate in
tumors, maximizing the local concentration of therapeutic
agents and minimizing off-target effects. This targeted delivery
approach further enhances the synergistic effect between
ferroptosis and immunotherapy.

Our study demonstrates that the customized hNRV platform
can effectively enhance the therapeutic effect of ferroptosis
therapy and immunotherapy through their synergistic actions.
By targeting tumor cells specifically and modulating the tumor
microenvironment, we aim to achieve better therapeutic
outcomes without causing additional side effects on healthy
organs. We believe that this approach has the potential to
revolutionize cancer treatment and improve patient outcomes.
3.11. Safety Evaluation. The biosafety of the different

treated groups was determined during treatment. The body
weights of mice during treatments are shown in Figure S5A.
No significant changes in body weight were observed across all
of the experimental groups. Considering the in vivo
administration, a hemolytic test was conducted on liposomes.
All of the formulations demonstrated excellent blood
compatibility at this concentration. Finally, a systematic
investigation of in vivo toxicology and potential side effects
was conducted in normal mice. ALT, AST, and CREA are
closely associated with liver and kidney functions in mice
(Figure S5B−D). The hematological analysis revealed that the
indexes of each group were relatively stable compared to the
control group, indicating the absence of hepatotoxicity and
nephrotoxicity. In addition, the main organs of mice (heart,
liver, spleen, lung, and kidney) were harvested for H&E
staining (Figure S5E). Compared with the control group, all
treatment groups exhibited no significant pathologic abnor-
malities, indicating the absence of obvious toxicity to mouse
organs, as expected. All of these data confirmed that the
preparations used possessed good biocompatibility and
biosafety and had potential for the treatment of glioma in vivo.

4. CONCLUSIONS
In this study, we introduce hNRVs, an advanced hybrid
biomimetic nanovesicle designed to enhance ferroptosis and
immunotherapy for brain glioma treatment. This delivery
system, loaded with ferroptosis inducers and immune
activators, integrates active targeting, drug release, immune
activation, and selective lipid peroxidation. Prepared via a
simple and robust process, hNRVs encapsulate RSL3 in RLPs
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and integrate with NK-EVs. Characterization demonstrates
excellent drug loading, uniform size, and stability. CLSM and
flow cytometry demonstrated cellular uptake and immune
evasion. Ferroptosis is confirmed through ROS, LPO, GSH,
and GPX4 levels, while immunotherapeutic effects are shown
through CD80/CD86 expression and cytokine measurement.
In orthotopic glioma mice, hNRV-induced therapy demon-
strates targeting, efficacy, and biosafety via live imaging, IHC,
IF, and ELISA. The mechanism of hNRVs in vivo was
determined by assessing ROS, LPO, GPX4, and GSH levels,
analyzing tumor-infiltrating DCs with anti-CD86/CD80,
examining CD8+ T cells with anti-CD4-FITC/CD8-PE, and
measuring TNF-α and IFN-γ secretion. Our study highlights
the potential of hNRVs in coordinating ferroptosis and
immunotherapy, offering a promising multimodal approach
for glioma.
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