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ABSTRACT: The treatment of solid tumors often faces significant = a Neutrophil-Mediated Hitchhiking = b. Tumor penet
hurdles. These include inefficient drug delivery due to a lack of specific : /i
targets and difficulties in penetrating tumors, as well as inadequate
immune activation exacerbated by immunosuppressive tumor micro-
environments. This study introduces a biomimetic system that employs a }
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fusion membrane (FM) composed of hyaluronidase-decorated bacterial-
derived outer membrane vesicles (OMVs) and PD-L1 knockout cancer-
derived cell membranes (CCMs). By leveraging the affinity of the OMVs e —————

for neutrophils, the FMs can efficiently navigate to tumor sites. The o ) DG maturation
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Meanwhile, the genetically edited CCMs not only ensure precise PANPS
homologous tumor targeting but also minimize the introduction of
exogenous immunosuppressive factors. Each component of the FM provides an abundance of antigens, amplifying immune
enhancement and addressing the issue of inadequate immune responses. In multiple tumor models, our results demonstrated
that FM system exhibited superior tumor targeting, penetration, and immune activation. When combined with chemotherapy
and immunotherapy, it led to significant tumor volume reduction and survival benefits. This advanced biomimetic platform
integrates precise targeting, efficient drug delivery, and potent immune stimulation, offering a promising approach for solid
tumor treatment.
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1. INTRODUCTION acid (HA)-rich extracellular matrix (ECM),"~"" which physi-
cally blocks immune infiltration and drug penetration, making
ECM disruption essential for therapeutic efficacy.'” Clinically,
chemo-immunotherapy has largely replaced monotherapy due
to its ability to enhance antigenicity and reduce chemo-
resistance'” but not all cancers response optimally. “Cold
tumors”, characterized by low antigen presentation, poor
immune infiltration, and an immunosuppressive microenviron-

Malignant solid tumors continue to pose a formidable
challenge, and the pursuit for precise and efficient delivery of
antitumor agents remains a focal point of research endeavors.
While enhanced permeability and retention (EPR) effect-based
nanoparticles have advanced tumor targeting, their clinical
translation is hindered by passive accumulation and uneven
intratumoral distribution." The active transport and retention
(ATR) principle has emerged as a biology-driven alternative,”

utilizing transcytosis, vesicle-vacuolar organelles, migrating cell Received:  August 27, 2025
effects, and immune cell inflammatory tropism to enhance the Revised:  December 8, 2025
targeting efficiency.’ ® However, even when substantial Accepted:  December 9, 2025

payloads reach the tumor, their spread is often arrested by a Published: December 18, 2025

dense, fibrotic stroma.” Rapidly proliferating tumor cells drive
excessive connective tissue hyperplasia, forming an hyaluronic
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Scheme 1. Schematic Illustration of the Randomizable Paradigm “Slot Machine” for Tumor Therapy Based on the FM System,
Encompassing Distribution Regulation, Immunotherapy, Delivery Application, and Diseases Diversity
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ment,'* remain resistant to immunotherapy and are linked to
worse outcomes. These refractory tumors highlight the need
for advanced nanodelivery systems that simultaneously achieve
effective intratumoral distribution and robust
activation to realize meaningful antitumor effects.
Recently, biomimetic nanovesicles (BNVs) have emerged as
a highly promising nanodelivery platform, showcasing
considerable potential across various applications. Produced
by cells across all kingdoms of life, BNVs derived from
mammalian cells and bacteria have drawn particular attention
for pharmaceutical development.” These natural vesicles
inherit biological information from their progenitors, enabling
crucial roles in intercellular communication and functional
molecular transport.w’17 Unlike artificial liposomes, BNVs
excel in biocompatibility and functional adaptability. For
instance, surfaces functionalized with hydrophilic PEG or
phagocytosis-inhibiting peptide successfully enable immune
escape and extent the halflife of BNVs.'® Cell membrane
camouflage strategies further minimize phagocytosis while
enhancing targeting specificity.'” By conjugating ligands, BNV
achieve antigen shielding,” specific antigen capturing,”’ and
inflammatory site hitchhiking.”” BNVs exhibit infinite
possibilities for customization via various modification

immune

techniques, and their unique properties make them a highly
attractive option for advanced nanodelivery systems, poised to
revolutionize therapeutic strategies.

Consequently, we endeavor to establish an innovative
biomimetic nanodelivery system to overcome the hurdles in
solid tumor drug development. This system leverages BNVs
with distinct properties and functions as modular building
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blocks, collectively constructing a versatile and customizable
carrier platform. As the cornerstone of this system, we selected
bacterial-derived outer membrane vesicles (OMVs) and
specific cancer-derived cell membranes (CCMs), integrating
them through advanced hybrid membrane fusion techniques.
OMUVs naturally exploit neutrophil (NE) hitchhiking via TLR4
recognition—an exemplary ATR strategy,23 and activate innate
immune pathways, serving as direct immunotherapeutic
adjuvants.”* "> However, standalone OMVs suffer from
nonspecific uptake,”’ limiting their targeting precision.
CCM:s, devoid of genetic information, are emerging as another
tumor vaccine candidate due to their homologous targeting
and abundant tumor antigens supply.”® Their tumor-associated
surface antigens endow them with immune escape abilities,”
yet inadvertently induce immunosuppression. Therefore, the
membrane fusion strategy synergizes the strengths of both
parent materials while circumventing their individual draw-
backs,*® achieving superior intratumoral delivery and immune
activation.

Our fusion membrane (FM) system is further tailored
through genetic engineering to incorporate specific proteins,
fulfilling customized objectives with precision, including deep
tumor penetration and immunosuppression reversal. Specifi-
cally, hyaluronidase (HAase) is decorated on the surface of the
OMVs (HAase-OMV) to disrupt the protective ECM barrier,
facilitating the infiltration of immune cells and therapeutic
agents. Meanwhile PD-L1 is knockout from CCMs (CCM*?)
to prevent any unintended immune surveillance that might
arise from exogenous PD-L1 introduction.”’ This “subtraction-
addition” dual editing-genetic deletion plus functional grafting
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Figure 1. Construction and characterization of tailored and modified FM. (A) Schematic illustration of the FM from OMV-HAase and
CCMX® and its loading capacity. (B) The conformational arrangement of ClyA-HAase on the bacterial surface was simulated using
ChimeraX software. (C) Detection of expressed Myc tag of ClyA-Myc-HAase on the OMV by Western blot. (D) Qualitative analysis for
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Figure 1. continued

HAase activity using the HA agarose plate assay. Quantitative estimation of HA scavenging ability using HA degradation spectrophotometric
assay for (E) engineered bacteria and (F) OMV-HAase under increasing HA concentration. (G) PD-L1 knockout efficiency and relocation of
internalized exogeneous PD-L1. (H) Representative TEM images of OMV-HAase, CCM*°, and FM. (I) Particle size of FM. (J) Zeta-
potential comparison of OMV-HAase, CCM*?, and FM. (K) Representative CLSM image of colocalization situation in FM (Green: DiO-
labeled CCMX®; Red: Dil-labeled OMV-HAase). (L) Verification of membrane fusion by FRET. (M) Schematic illustration and verification
of the penetration capacity of FM within ECM-simulated gel comprising HA and Matrigel (scale bar: 100 gm). (N) PD-L1 expression levels
on the 4T1%° cell membrane after incubation with CCM, CCMX, and FM (scale bar: 10 um). (O) Intracellular colocalization of EM (scale

bar: 10 pm).

elevates the FM from simple functional superposition to true
functional complementation. As conceptualized in Scheme 1,
this platform establishes a randomized “slot machine”
paradigm for tumor therapy, operating as a universal
“motherboard” with modular customization capabilities. The
system progresses through three stages: (1) during in vivo
distribution regulation, FM leverages NE-mediated hitchhik-
ing, ECM disruption, and homologous targeting to achieve
highly efficient intratumoral accumulation; (2) in the
immunotherapy optimization, FM achieves immune evasion,
reduction of immunosuppression, and synergistically amplifies
immune activation through multimechanistic stimulation; (3)
in clinical application, FM accommodates diverse payloads,
including small-molecule chemotherapeutics and nucleic acid
drugs, enabling personalized combination therapies. Studies
across solid tumor models confirm FMs’ superiority over a
single-membrane system. By unifying delivery precision,
stromal barrier disruption, and immune reactivation, this
innovation addresses the critical unmet needs of cold tumors
and refractory malignancies, positioning FM as a next-
generation therapy platform.

2. RESULTS

2.1. Construction and Characterization of FM. A
modular nanoplatform was engineered by merging membranes
of distinct origins into a single functionalized vesicle, as
depicted in Figure 1A. HAase was covalently displayed onto
the OMV surfaces via the membrane anchoring protein
cytolysin A (ClyA). The conformational arrangement of
ClyA-HAase on the bacterial surface was simulated by using
ChimeraX software (Figure 1B). Specifically, we engineered a
T7 promoter plasmid encoding HAase-ClyA with an
intervening flexible Myc-tagged linker (Figure S1). Preliminary
verification confirmed HAase expression through Myc tag
detection, with Western blot showing a distinct 56 kDa band
exclusively in induced samples (Figure 1C). HAase activity was
first validated on HA agarose plates. Clear halos indicated
robust substrate degradation by engineered Escherichia. coli and
derived OMVs, whereas wild-type OMVs remained inactive
(Figure 1D). Quantitative assay revealed over 85% HA
scavenging efficiency by engineered bacteria at low HA
concentrations, though activity declined in HA-rich environ-
ments due to the growth inhibition caused by osmotic stress
and nutrient limitation (Figure 1E). In contrast, the OMV-
HAase maintained 50% clearance rates regardless of HA
concentration, underscoring the superior environmental
robustness of vesicles over living cells (Figure 1F). Next, to
preclude PD-L1-mediated immunosuppression, we employed
the gene editing technology to knock out PD-L1 on tumor cell
membranes. A cas9/sgRNA ribonucleoprotein complex (RNP)
was constructed, as shown in Figure S2, and was then delivered
into 4T1 cells by transfection. The complete loss of PD-L1 was
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verified by Western blot (Figure 1G). To broaden the
application scope of FM, we further constructed Pan02"P™! ¥©
cells (Figure S3). When PD-L1-knockout CCM (CCMX©)
were incubated with 4T 17P! O cells, no expression of PD-L1
was observed, whereas normal CCM (CCM"7') restored
membrane PD-L1 expression (Figure 1G). Thus, CCMX©
provided a PD-L1-free building block for subsequent assembly.

OMV-HAase and CCMX® were fused by serial coextrusion.
Ultrasonication at 40 W, 4 °C, and 20 times extrusion in pH
7.4 PBS yielded optimal vesicle size and fusion efficiency
(Figure S4). TEM images revealed intact bilayer vesicles of
FM, indicating good compatibility between OMV-HAase and
CCMX© (Figure 1H). The particle sizes of OMV-HAase and
CCMX® and FM were 186.0 nm, 212.2 nm, and 188.0 nm,
respectively, with good uniformity (Figures SS and 1I). Zeta
potentials were separately —7.77 mV, —11.8 mV, and —13.2
mV (Figure 1J). SDS-PAGE verified that FM inherited the
majority of the parental membrane proteins (Figure S6).
Besides, in representative CLSM images, DiO-labeled CCM
and Dil-labeled OMV exhibited pronounced colocalization
within FM, providing direct evidence of successful membrane
fusion (Figure 1K). To corroborate this observation, we
employed fluorescence resonance energy transfer (FRET).
OMVs were prelabeled with a donor—acceptor dye pair, and
fusion with CCM progressively disrupted the nanometer-scale
proximity required for FRET. Consequently, emission at 565
nm decreased markedly, with a more pronounced decline
observed as the proportion of CCM increased (Figure 1L).
This FRET signal attenuation unequivocally confirms the
integration of the two membrane systems during FM
formation. Subsequently, the functional integrity postfusion
was detected. FM significantly degraded HA and penetrated
deeply into the HA matrix, demonstrating a deeper distribution
within the gel (Figure 1M). Relative HAase enzyme activities
were 110.6 U/mg for the OMV-HAase and 57.1 U/mg for FM,
via constructing a relative activity standard curve using
commercial hyaluronidase (Figure S7). These two preserved
over 65% activity for 36 h under physiological or tumor-
mimicking conditions, while free commercial was rapidly
inactivated by its protein crown shield (Figure S8)."
Concurrently, immunofluorescence demonstrated that the
internalization of CCM caused a pronounced increase in PD-
L1 expression on the target cell membrane, while CCM*® and
FM showed little impact (Figure IN). Cellular uptake assay
revealed intact FM internalization, evidenced by complete
colocalization of membrane dyes, whereas simple mixtures
remained segregated (Figure 10). Finally, FM exhibited
excellent drug-loading capacity. As illustrated in Figure S9,
the maximum drug-loading capacities of Pt and Gem were
8.61% and 8.65%, respectively. Release profile indicated that
FM presented better stability under neutral conditions and
released more rapidly under acidic conditions, matching the

https://doi.org/10.1021/acsnano.5c14644
ACS Nano 2026, 20, 636—656


https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14644/suppl_file/nn5c14644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14644/suppl_file/nn5c14644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14644/suppl_file/nn5c14644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14644/suppl_file/nn5c14644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14644/suppl_file/nn5c14644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14644/suppl_file/nn5c14644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14644/suppl_file/nn5c14644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14644/suppl_file/nn5c14644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14644/suppl_file/nn5c14644_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c14644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

-
=
<+
ulticellular Tumor
Spheroids
Tumor cell
membrane s
% g -
Homologous uptake/f
\ e sTumor cell g
Y c
o
o
Deep-seated ©
penetration - [
3
@
=
C E 0 F
2000 ek >
o
Hepal-6 xs 1500 g
a o
*g 3 | Z1000-
S | Pan02 adoie
° 500+ o
O | LO2 0 "E
/ Control CPZ_ AMI_ GST S
am 2500 o
W e e e [ @) 20004
. @ .
Fluorescent Intensity & | —15004 £
D 3|5 AN
> | <1000+ ok
25000 = ok e
20000 \O/ 5001 o
12
15000 0~ Control GPZ AW GST &
__ 10000 2500 T
[T Hddk T
= 5000 - 2000 g
3000 sk o
— 1500
2000 s | "
1000 % = 1000 - s
e 500 Z
[OARN o PP
°% we? 0~ Control CPZ _AMI _GST
G‘ ccm cCMmKo | oMv-HAase| [ m | H com CCMKo [I]
3 f A
2 i |
£ |
-
£ \
3 . /
e as L[ 50.8 51.6
g s . = -
f ¥ A
CFSE
| com ceme (m ] J cem comre e )
1 §5 S5 1 1 3.94 ] 131 1 12.0
> b 1 1 b
Z] ] 0] ] ]
™ o
s e i e e N ‘j S
K 2000 L M N
?60_ n.s. e ns.
g ek it 2 n.s. ’\31 5+ *kk
1500+ g :1 o4 sk = s *kk
- 40 ©
E,o. | = a B10-
< 1000 5 gé 2
® 20 = 5+ =
500- = 320 iy r| a ¥
deek dedek § E (]
° ——— gol 111, ot 01— ‘ —
) o I 3 A ¥ A AN ¥© AN N d AN
‘Nx\" 5 e ot o < o < A <

o)

Figure 2. Homologous targeting, deep penetration, and immune-shielding of FM. (A) Schematic representation of the uptake and tumor
penetration behavior of FM. (B) Confocal images depicting the uptake efficiency of FM by various cell models (scale bar: 10 gm). (C)
Quantitative analysis of the uptake efficiency using flow cytometry and (D) statistics results. (E) Verification of the uptake mechanism of FM
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Figure 2. continued

by flow cytometry. (F) Tumor spheroid penetration. (G) Phagocytosis of OMV-HAase, CCM*®, and FM by Raw264.7 macrophages (scale
bar: 10 pm). (H) CD8" T-cell proliferation level, (I) IFN-y*CD8"* T-cell ratio, and (J) GrB* T-cell ratio in the coculture system. (K—N)

Statistical analysis corresponding to Figure 2(G—]J).

tumor environment. Postloading, particle size and morphology
of FM remained unchanged, underscoring its superiority as an
efficient delivery vehicle (Figure S10).

2.2. Homologous Targeting, Deep Penetration, and
Immune-Shielding of FM. Benefiting from the reservation of
an abundant array of specific adhesion proteins, antigens, and
membrane structures, CCM inherit pertinent surface character-
istics and functionalities.”> Consequently, 4T1-derived FM
exhibited highly selective binding and internalization by 4T1
cells, while minimal uptake was observed in other cell types
(Figure 2A,B). Quantitative flow cytometry analyses revealed
that 4T1-FM accumulation in 4T1 cells was 3.6-fold higher
than that in normal hepatocytes and 7.1-fold higher than that
in pancreatic cancer or hepatoma cells (Figure 2C,D).
Similarly, Pan02-derived FM (Pan02-FM) demonstrated 2.8-,
9.0-, and 15.6-fold preferential uptake by Pan02 cells compared
to other cell lines (Figure S11). Mechanistic study indicated
that FM internalization was predominantly clathrin-mediated,
with additional routes contributing cooperatively (Figure 2E).
Importantly, FM efficiently delivered cargoes ranging from
small molecules to macromolecular nucleic acids. Both payload
cargoes demonstrated extensive intracellular colocalization
with FM, while free siRNA remained largely extracellular
(Figure S12). Although homologous targeting enhances tumor
selectivity, the dense HA-rich still constitutes a formidable
physical barrier to intratumoral diffusion.” By integration of
HAase-decorated OMV, FM acquired potent ECM-degrada-
tion capacity, enabling deep tumor penetration (Figure 2A). In
3D tumor spheroids, blank OMV alone showed poor retention,
CCMX® accumulated only at surfaces, and HAase-free FM
(FM®="%) penetrated modestly (Figure 2F). In stark contrast,
OMV-HAase and FM demonstrated profound intraspheroidal
distribution. Tumor cells evade innate immunity through
“Don’t eat me” signal.”* Though the OMV was readily
engulfed by macrophages, CCM, CCMX®, and FM all
exhibited pronounced resistance to phagocytosis (Figure
2G). Notably, PD-L1 removal did not compromise this
immune-shielding property. CCM and CCMX® were phag-
ocytosed at comparable rates, indicating that CD47—
abundantly retained on CCM<°—remains the dominant
inhibitory ligand for SIRP- on macrophages. Quantitatively,
the phagocytosis rate of FM decreased by 75.45% compared
with that of the OMV (Figure 2K). Subsequently, we examined
the immunomodulatory consequences of PD-L1 knockout.
Tumor cells treated with CCM, CCMX®, and FM were
cocultured with CD8" T cell Compared to CCM, both
CCMX© and FM significantly augmented CD8" T-cell
proliferative (Figure 2H,L). Moreover, PD-L1-deficient
vesicles elevated the ratio of IFN-y*CD8" T cells (Figure
2LM) and enhanced Granzyme B (GrB) secretion (Figure
2J,N), underscoring that the elimination of PD-L1 from the
vesicle membrane mitigates exogenous inadvertent immuno-
suppression. In summary, FM integrates three key advantages:
(i) precise, homologous tumor targeting; (ii) ECM-disrupting,
deep-penetration; (iii) robust immune-evasive properties.
These features converge to deliver therapeutics efficiently
and safely to the tumor core. Furthermore, by simply
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exchanging the CCM source, FM can be customized for
tumor-specific applications, providing a versatile platform for
precision cancer therapy.

2.3. Neutrophils Hitchhiking Delivery of FM. The
optimal delivery behavior of a nanovehicle hinges on precise
targeting of tumor regions and efficient recognition of target
tumor cells. As previously mentioned, FM already demon-
strates promising cellular-delivery precision and robust
penetration through tumor stroma. Here, we dissect, in
mechanistic detail, how FM exploits the ATR effect to
accumulate within malignant tissue via NE hitchhiking (Figure
3A). NEs were harvested from the peripheral blood of CS7BL/
6 mice and purified to above 91.9%. Wright-Giemsa staining
confirmed the characteristic lobular-shaped nuclei (Figure
S13). Co-incubation assays revealed the efficient phagocytosis
of both the OMV and FM by NEs, establishing the feasibility
of FM hitchhiking (Figure 3B). Anti-TLR4 blockade markedly
inhibited uptake, underscoring the TLR4-LPS axis as the
dominant recognition pathway,”’ and confirming that FM
retains the immunogenic surface signature of OMV. The
uptake of FM was time- and dose-dependent, with FM stably
entrapped inside NEs (Figure S14). Additionally, FM@Pt-
loaded NE retained over 80% viability for 12 h, verifying the
negligible premature leakage of the drug (Figure S15). To
detect the chemotactic competence of FM, we established a
transwell model recapitulating tumor necrosis factor (TNF-)-
driven tumor inflammation (Figure S16). Results demon-
strated that the internalization of FM did not impair the
chemotactic capability of NEs (Figures 3C and S17). Only
under inflammatory conditions did NEs form neutrophil
extracellular traps (NETs) and release FM,” with clear
colocalization of NETs and FM (Figure S18). This suggested
that FM-bearing NEs were stable under normal physiological
conditions and released FM only upon reaching the tumor
environment. With time, NETs were continuously produced
with sustained FM release (Figure 3D). To rigorously assess
FM structural integrity after NE-mediated uptake and
subsequent release, FM membranes were labeled with Dil
while FITC was encapsulated as a surrogate cargo. Flow
cytometry analysis revealed that the FITC/Dil fluorescence
ratio remained constant at 2 during both the uptake and NET-
triggered release phases, confirming that FM vesicles retain
their complete architecture and that no cargo leakage occurs
throughout the NE-hitchhiking route (Figure S19).

In tumor-bearing mice, peripheral blood analysis at 4 h
postintravenous injection revealed that compared to CCM
(20.5%) and OMV (32.1%), FM exhibited stronger affinity to
NEs, with a pronounced increase in the percentage of DiD*-
NEs (59.6%). TLR4 blockade collapsed FM-carrying NE
percentage to 19.5%, underscoring the pivotal role of TLR4 in
the hitchhiking process. By 24 h, the DiD*-NEs ratio had risen
further (Figure 3E,F). Furthermore, tumor tissues harvested 24
h postinjection contained 44% FM-bearing NEs, significantly
higher than other groups (Figure $S20). In vivo living imaging
showed 1.36- and 1.12-fold higher FM accumulation in tumors
relative to the OMV and CCM, respectively, at 48 h (Figure
3H). Notably, despite the inevitable nonspecific accumulation
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Figure 3. Neutrophils hitchhiking delivery of FM. (A) Schematic illustration of NE-mediated hitchhiking delivery of FM. (B) Phagocytosis of
OMYV and FM by NEs (DiD for nanovehicle staining, scale bar: 10 ym). (C) Chemotaxis of NEs before and after FM treatment under the
tumor inflammatory environment. (D) NETs production of FM-carrying NEs (Alexa 647-CitH3 for NETs staining, scale bar: 10 ym). (E)
Percentage of DiD*-NEs at 4 and 24 h postintravenous injection (DiD for nanovehicle staining) and (F) its statistical analysis. (G) In vivo
fluorescence imaging of postintravenous injection of free DiR, CCM, OMV and FM, and (H) statistical analysis of fluorescence intensity in
tumor tissue at the 48th hour. (I) Fluorescence imaging of excised tissues from all groups and (J) its statistical analysis. (K)
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Figure 3. continued

Immunofluorescence imaging of colocalization in tumor tissue (Dil for FM membrane labeling, FITC for cargo simulation, scale bar: 50

pm).

of nanoparticles in the liver and kidneys, FM exhibited the
highest tumor-to-normal-organ ratio among all tested for-
mulations (Figure 3G). Ex vivo imaging of excised tissues
revealed markedly greater FM accumulation in the tumor—
approximately 40-, 4.9-, and 2.4-fold higher than that observed
in the other groups, respectively (Figure 3LJ). Finally, the
immunofluorescence of tumor sections revealed a tight
colocalization between Dil-labeled FM and FITC-represented
cargo, confirming that NE-mediated delivery preserves FM
integrity (Figure 3K). Collectively, FM inherits the OMV-
derived TLR4-interactive membrane for efficient NE hitchhik-
ing while leveraging CCM components to evade macrophage
clearance. This dual-membrane engineering yields a nanoplat-
form with optimal tumor tropism, extended circulation, and
intact therapeutic cargo delivery, setting the stage for next-
generation cancer therapies.

2.4. In Vitro Immune Activation and Antitumor
Efficacy. Initially, the cytotoxicity of individual components
was profiled in the 4T1 cell (Figure 4A). CCMX® alone
showed negligible impact, whereas both OMV-HAase and FM
elicited mild antiproliferative effects. By contrast, FM@DPt
induced pronounced cytotoxicity. Analysis of typical apoptosis-
related proteins revealed that FM did not affect cell apoptosis
progress, while FM@Pt significantly accelerated tumor cell
death (Figure 4B). We next examined the immunostimulatory
potential of FM. Flow cytometry analysis exhibited exceptional
ability to promote dendritic cell (DC) maturation, with a 1.75-
fold increase compared with the control group (Figure 4C,D).
Concurrently, FM interference led to the polarization of more
M2 tumor-associated macrophages toward the M1 phenotype,
as shown in Figure 4E—G. The representative images of
macrophages treated with FM presented evident nuclear
fragmentation and pseudopodia, indicative of M1 polarization
(Figure S21). Therefore, FM demonstrated commendable
immune activating properties, encompassing enhanced antigen
presentation, immune response initiation, and direct tumor-
icidal effects. CCMs harbor numerous tumor antigens, which
are derivatives of tumor whole cells, while OMVs yield PAMPs
capable of interacting with pattern recognition receptors.’®
FM@Pt subsequently elicited strong immunogenic cell death
(ICD), characterized by the exposure of calreticulin (CRT) on
cell membranes, translocation of high-mobility group box 1
(HMGBI1) from the nucleus, and extracellular release of
adenosine triphosphate (ATP) (Figures 4H,I and S22).
Compared with Pt, CCM®°@Pt, and OMV-HAase@Pt,
FM@Pt presented the strongest tumoricidal effects and
showed the largest number of dead-cell in Calcein-AM/PI
staining (Figure 4J,K). Apoptosis assays corroborated these
findings, with total apoptotic fractions of 24.9%, 37.3%, 42.7%,
and 50.8%, respectively (Figure 4L,M). In summary, FM serves
as both an antigen-rich immune adjuvant and a stable
chemotherapeutic vector. Its FM design maximizes immune
activation while enabling precise drug delivery, thereby
synergizing immunotherapy and chemotherapy for superior
antitumor efficacy.

2.5. Antitumor Effect in Orthotopic Mouse Models of
Triple Negative Breast Cancer. Encouraged by the
promising delivery efficiency and robust antitumor activity

643

observed in vitro, we subsequently evaluated the antitumor
effect of FM@Pt on orthotopic mouse models of breast cancer.
Hemolysis investigations preliminarily confirmed the excellent
hemocompatibility of FM, with no hemolytic behavior at
various concentrations (Figure S23). Afterward, 4T1 tumor-
bearing mice were randomly assigned to five groups and, once
tumors reached 200 mm?®, they were administrated saline,
CCM*°@Pt, OMV@Pt, OMV-HAase@Pt, and FM@Pt every
2 days for a total of five treatments (Figure SA). Triple
negative breast cancer (TNBC) is characterized by a dense
HA-rich tumor matrix and a profound immunosuppression
milieu (Figure SB). Therefore, therapeutic success requires
both ECM penetration and autoimmunity activation. After the
treatment, the mice were euthanized, and tumor tissues were
collected for weight and photograph. Body weight and tumor
volume were monitored throughout the study period. Saline-
treated mice exhibited rapid unchecked tumor growth. All the
administration groups suppressed tumor progression, with
FM@Pt achieving the most pronounced inhibition (Figure
SC,D). The average tumor volume alteration also reflected the
maximum tumor suppression in the FM@Pt group (Figure
SE). Consistently, end-point tumor weights translated to
inhibition rates in the four experimental groups were 38.84%,
56.22%, 68.53%, and 85.61%, respectively (Figures SF and
$24). Additionally, body weights remained stable across all
groups, indicating minimal systemic toxicity (Figure 5G). To
further investigate the potential therapeutic effect of FM@Pt,
we evaluated cell proliferation and apoptosis levels using H&E,
Ki67, and TUNEL staining, respectively (Figure SH). H&E
staining results revealed the most severe damage and necrosis
of tumor cells in the FM@Pt group, while saline controls
displayed closely packed, viable cells with prominent nuclei.
Ki67 immunostaining demonstrated the lowest proliferation
index in the FM@Pt group, while TUNEL assay showed
maximal apoptotic signaling within the same group, confirming
its potent antitumor activity. H&E sections of major organs
revealed no pathological lesions, underscoring the favorable
safety profile achieved by FM-mediated tumor-selective
accumulation (Figure S25). In the survival experiment, FM@
Pt significantly extended the survival time, whereas untreated
mice succumbed rapidly to tumor burden (Figure SI). In
conclusion, FM@Pt exerts remarkable antitumor efficacy in the
TNBC model by leveraging precise tumor targeting, robust
ECM penetration, and eflicient intratumoral drug accumu-
lation while maintaining excellent systemic tolerability.

2.6. Immune Activation in Orthotopic Mouse Models
of TNBC. Immunotherapy integrated with chemotherapy is
emerging as a low-toxicity, high-efficacy paradigm for solid
tumors. Yet most breast cancers are immunologically “cold”,
featuring scant immune infiltration and an immunosuppressive
microenvironment.”” Consequently, activating the innate
immune system therefore offers a strategy to remodel the
tumor microenvironment (TME) (Figure 6A). Based on our in
vitro immune activation findings, we evaluated the impact of
FM@Pt on autoimmune reactions in vivo, and typical gating
strategies are shown in Figures S$26—S29. Mature
CD80"CD86" DCs rose from 26.0% (saline group) to 50.5%
(FM@Pt group) (Figure 6B,F). This robust DC maturation-
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Figure 4. In vitro immune activation and antitumor efficacy of FM@Pt. (A) Cell viability at varying treatments and concentrations. (B)
Western blot images of key apoptotic protein expression. (C) Flow cytometry analysis of DC maturation rates and (D) statistical results. (E)
Flow cytometry analysis of the ratio of M1 and M2 macrophages and (F,G) statistical results. (H) Confocal analysis of CRT and HMGB1
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Figure 4. continued

expression (scale bar: 10 gm). (I) Elisa analysis of the intracellular ATP content. (J) Representative live/dead stained images after different
treatments and (K) statistical results. (L) Flow cytometry analysis of the cell apoptosis rate and (M) statistical results. (I: control group; II:
CCMX® group; III: OMV-HAase group; IV: FM group; V: FM@Pt group).

stimulating capacity stemmed from the synergy between the
OMV-derived PAMPs and CCM-derived DAMPs. FM@Pt
expanded the CD8" T-cell differentiation from 3.95% to 17.9%,
significantly higher than other groups (Figure 6C,G). More-
over, the population of M2 macrophages in the FM@Pt group
decreased significantly from 49.5% to 19.4%, accompanied by a
notable increase of approximately 14% in M1 macrophages
(Figure 6D,H). CD4'CD25*Foxp3* Tregs decreased from
12.4% to 4.33%, relieving local immunosuppression (Figure
6E,1). Immunofluorescence confirmed the most dense CD8*
T-cell infiltration in FM@Pt-treated tumors (Figure 6]).
Subsequently, the tumors in saline and FM@Pt groups were,
respectively, harvested and compared through transcriptome
analysis (RNA-seq). A total of 342 genes were identified as
significantly differentially expressed genes (log, (FC) > 0.58
(or £ —0.58), p < 0.05) (Figure S30). The specific expression
levels of key genes related to immune system are exhibited in
Figure S31. Gene Ontology analysis highlighted upregulated
antigen presentation, lymphocyte activation, and adaptive
immune responses (Figure S32). In the Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis, the antigen
processing and presentation of DCs, as well as the differ-
entiation and activation of effector T cells, were strongly
enriched (Figure 6K). Gene set enrichment analysis (GESA)
further revealed significant enrichment of antigen processing
and presentation (NES = 1.59, FDR = 0.05), T-cell receptor
signaling pathway (NES = 1.69, FDR = 0.03), and natural killer
cell-mediated cytotoxicity (NES = 1.80, FDR = 0.01) (Figure
$33). Enrichment analysis of T-cell immune-related genes
underlined enhanced selection, proliferation, differentiation,
and activation (Figure 6L). Additionally, the intratumoral
secretion levels of tumor necrosis factor-a (TNF-a),
interleukin-6 (IL-6), and interferon-y (IFN-y) were obviously
marked by FM@Pt (Figure 6M—O). The concentrations of
these cytokines in the serum were also substantially increased,
indicating the activation of antitumor systemic immunity
(Figure S34). Summarily, FM, which is rich in tumor antigens
and PAMPs, functions as a natural and effective immunoadju-
vant. Engineered for superior tumor targeting and ECM
penetration, FM@Pt precisely delivers Pt, induces ICD, and
remodels the immunosuppressive TME, thereby orchestrating
a synergistic chemo-immunotherapeutic attack against TNBC.
2.7. Antitumor and Immune Activation Effect in
Orthotopic Mouse Models of Pancreatic Ductal
Carcinoma. In addition to low immunogenicity and dense
ECM, the limited permeability of pancreatic ductal carcinoma
(PADC), stemming from inadequate vascularization, poses
another significant therapeutic challenge (Figure 7A).***” The
conventional EPR-based accumulation of nanomedicines is
therefore insufficient. Exploiting NE hitchhiking, FM emerges
as a promising ATR strategy for drug delivery to PADC
pathological tissues. We then investigated the applications of
FM@Gem in orthotopic PADC models. In vivo living imaging
showed FM@DIiR exhibited a significant and progressive
accumulation in tumor tissues (Figure S35). In isolated tumor
tissues, the FM@DIiR group showed the highest fluorescence
intensity, while the OMV-HAase@DiR group also demon-
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strated considerable fluorescence enrichment (Figure 7B,C).
Pancreatic tumors recruit NEs and trigger NETosis,*”*'
enabling OMVs to accumulate in PADC tissue via NE
hitchhiking. The additional HAase-induced tumor stroma
disruption and the CCM"°-mediated evasion of macrophage
clearance further amplified FM penetration, establishing an
ATR route independent of EPR effects.

In PADC models, tumor fluorescence in the pancreatic
tissue became clearly detectable by in vivo imaging on day 7
postinoculation, and treatment was initiated at this time
according to the dosing schedule (Figure 7D). Throughout the
administration period, no significant body weight loss was
observed (Figure 7E). The bioluminescence imaging showed
rapid tumor progression in the saline-treated group, whereas
FM@Gem conferred the most potent tumor suppression
(Figure 7F). The tumor inhibition rates of each treatment
group were 38.8%, 56.7%, 72.4%, and 81.5%, respectively
(Figure 7G). Moreover, FM@Gem markedly prolonged
survival (Figure 7H). Histology further corroborated these
findings (Figure 7I). Saline-treated tumors were densely
packed and largely TUNEL-negative, whereas FM@Gem
tumors displayed loose architecture and extensive apoptosis.
Sirius red staining indicated ECM disruption in FM@Gem-
treated tumors. In the Alcian blue staining, compared with the
control group, the FM-treated group displayed less blue
staining, confirming a reduction in the content of HA within
the tumor stroma (Figure $36). HA degradation destroyed the
ECM structure, facilitating deeper drug penetration and
strengthening tumor damage. Despite the well-recognized
immunosuppression, FM@Gem also potently remodeled
TME. Compared to the control groups, FM@Gem induced
substantial elevations in mature DC (10.4-fold), CD8* T-cell
(3.8-fold), and M1 macrophage (2.8-fold), while concurrently
suppressing Treg cell (0.24-fold) and M2 macrophage (0.16-
fold) (Figures S37 and 7]—M). Collectively, FM overcomes
the dual barriers of poor perfusion and immunosuppression in
PADC. From TNBC to PADC, FM ensures precise tumor
accumulation, deep stromal penetration, and robust immune
conversion, highlighting its high versatility in treating various
types of immune-cold tumors.

2.8. Persistent Antitumor Immunity in Distal Tumor
Models. To determine whether FM@Pt elicits a durable and
systemic immune response, we established a dual-tumor model
(Figure 8A). The primary tumor size was consistently
monitored throughout the whole experiment (Figure S38),
and the growth of the distal tumor was also evaluated. The
FM@DPt-treated group exhibited markedly smaller distal
tumors (Figure 8B,C). Quantitative analysis toward tumor
weight revealed distal tumor inhibition rates of 20.1% (Pt),
33.0% (FM), 54.5% (FMP™™@Pt), and 72.6% (FM@Pt)
relative to the saline control group (Figure 8D). Moreover,
FM@Pt pronouncedly prolonged the overall survival (Figure
8E). Body weight remained stable across all treatment groups
(Figure 8F). Serum biochemistry, including alanine amino-
transferase (ALT), aspartate aminotransferase (AST), total
protein, albumin (ALB), creatinine (CREA) and urea,
confirmed the absence of hepatic and renal toxicity (Figure
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Figure S. Antitumor effect in orthotopic mouse models of TNBC. (A) Illustration of the treatment schedule for primary tumor studies. (B)
Schematic illustration of the typical characteristics in orthotopic breast cancer. (C) Photographs of tumor at the end point. (D) Curve of
relative tumor volume changes and (E) mean tumor volume during treatment. (F) Tumor weight after the mice were euthanized. (G) Curve
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Figure 5. continued

of body weight changes during treatment. (H) H&E, Ki67, TUNEL staining of tumor extracted from various groups. (I) Survival curve of

mice calculated by the Kaplan—Meier estimate (scale bar: 50 ym).

8G). The key indicators of the blood routine examination
further verified the excellent biosafety of FM@Pt (Figure S39),
and the histological morphology of major organs following
FM@Pt treatment revealed no signs of histological damage
(Figure $40).

We next examined the immune basis of this distal
protection. Splenic effector memory (Tem) (CD62L~CD44")
and central memory (Tcm) (CD62L'CD44%) T cells were
quantified by flow cytometry. Compared with the control
group, FM@Pt elevated CD4* Tem and Tcm percentages by
4.0- and 6.4-fold, respectively (Figure 8H,I), and increased
CD8* Tem and Tcm by 3.6- and S5.6-fold, respectively (Figure
8],K). GrB'CD8"* T cells rose from 7.66% (saline) to 28.6%
(FM@Pt) (Figure 8L), and IFN-y*CD8* T cells rose from
5.33% to 31.4% (Figure 8M), underscoring the robust
cytotoxic activity. The immunohistochemical results of CD8
corroborated these findings (Figure 8N). Systemic cytokine
profiling further showed elevated TNF-a, IL-6, and IL-1p,
consistent with potent immune activation (Figure 80—-Q).
Notably, empty FM alone also induced modest immune
responses and tumor suppression, highlighting its intrinsic
immunomodulatory properties. Collectively, FM@Pt estab-
lishes a durable, systemic immunological memory that
effectively prevents distal tumor outgrowth without overt
toxicity.

2.9. Metastasis Suppression in 4T1 Lung Metastasis
Models. Promoted by robust primary tumor control, we next
assessed the antimetastatic ability of FM in an aggressive 4T'1
lung metastasis model. Initially, the targeting efficacy of FM
against pulmonary metastatic tumor tissues was studied. In
vivo living imaging revealed prominent FM@DIiR accumu-
lation in pulmonary metastatic lesion within 8 h of intravenous
injection, whereas free DiR was sequestered almost exclusively
in liver (Figure 9A). FM?™™* exhibited moderate tumor tropism
with lower signal intensity, related to its general ECM
penetration. Ex vivo organ imaging corroborated these
findings. FM generated the brightest signal metastatic lung,
while displaying relatively less off-target retention in the liver
and kidneys (Figures S41 and 9B,C). Subsequently, the
antimetastatic efficacy was evaluated in metastasis models
(Figure 9D). Bioluminescence monitoring showed severe
metastatic expansion in the saline-treated group, whereas
FM@Pt significantly inhibited pulmonary outgrowth (Figure
9E). Compared with all other groups, lung from the FM@Pt-
treated group demonstrated the lowest fluorescence burden
and minimal bloating (Figure 9F,G). Quantitative analysis
yielded metastasis inhibition rates of 14.0% (Pt), 22.9% (FM),
36.8% (FMP™@Pt), and 60.7% (FM@Pt) relative to the
saline group (Figure 9H). Empty FM alone exhibited intrinsic
antimetastatic activity, highlighting its intrinsic immunomodu-
latory contribution. Additionally, membrane engineering via
surface functionalization significantly augmented therapeutic
efficacy compared to that of FM"**@Pt. Lung metastasis
significantly accelerated mortality in metastasis models,
whereas FM@Pt markedly prolonged overall survival (Figure
91). The histopathological examination of pulmonary tissues
revealed a pronounced reduction in metastatic burden
following FM@Pt treatment, as evidenced by decreased
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tumor nodule density in H&E sections (Figure 9J).
Immunohistochemical analysis demonstrated an attenuated
Ki67 proliferation index in metastatic lesions, further
substantiating the therapeutic efficacy of FM@Pt (Figure
9K). Collectively, FM demonstrates superior tumor targeting,
enhanced metastatic-site penetration, and potent therapeutic
efficacy against tumor metastasis.

3. CONCLUSIONS

Effective antitumor therapies face substantial challenges from
solid tumors’ intricate microenvironments, particularly limited
drug penetration/distribution within TME and inadequate
immune activation. Traditional strategies relying solely on the
EPR effect have shown limited clinical success, necessitating
exploration of alternative mechanisms such as the ATR
pathway. Here, we introduce a genetically engineerable
biomimetic FM vehicle that integrates the distinctive proper-
ties of the OMVs and CCMs to address these challenges.
OMV components exhibit high NE affinity, exploiting the
inflammatory tropism of NEs to enable FM hitchhiking to
tumor tissues. In this study, we observed the phagocytosis of
the morphology of the OMVs in a normal environment and
NETs formation under inflammatory stimuli, confirming the
potential of NEs as active transport vectors. Consequently, FM
achieves a large-scale, deep penetration into tumor tissues via
NE-hitchhiking. Concurrently, CCMs endow FM with “don’t
eat me” CD47 signals, shielding it from mononuclear
phagocyte clearance while enhancing tumor specificity. Upon
reaching the tumor core, the dense HA-rich ECM poses the
next hurdle. To overcome this, we incorporated HAase onto
the OMVs, acting as a molecular drill to degrade the ECM and
facilitate drug delivery and immune cell infiltration. We verified
the HA degradation capacity and enhanced tumoral pene-
tration, indicating that the introduction of HAase significantly
improves FM delivery efficacy. Beyond delivery, FM functions
as a potent immune adjuvant. The CCM layer presents a broad
repertoire of tumor antigens, while the OMV layer supplies
PAMPs for immune activation. Removal of PD-L1 from CCMs
avoided the exogenous immune checkpoint introduction,
reducing CD8" T-cell inhibition. In vitro studies confirmed
the superior immune activation capacity of FM, promoting DC
maturation and M2 macrophage polarization. Subsequently,
the antitumor efficacy of drug-loaded FM systems was
validated across multiple solid tumor models, including
immunologically cold and refractory tumors, distal tumors,
and lung metastatic lesions. Notably, FM@Pt exhibited robust
antitumor activity while reversing immunosuppressive TMEs,
achieving synergistic therapeutic outcomes through chemo-
therapeutic cytotoxicity and immune activation. In distal tumor
and metastasis models, FM@Pt maintained a persistent
antitumor immunity and significantly suppressed lesion
growth. In PADC models, which are significantly lacking in
vascularization and possess a highly dense ECM, FM still
achieved superior tumor accumulation, confirming ATR as the
primary pathway. Following FM@Gem treatment, tumor
volume was markedly reduced, and survival was prolonged.
Collectively, FM represents a multifunctional platform with
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Figure 6. Immune activation in orthotopic mouse models of TNBC. (A) Schematic illustration of the transformation from
immunosuppressive cold tumor to immune-activated hot state. Flow cytometry analysis of (B) mature DC proportion, (C) CD8" T-cell
proportion, (D) macrophage phenotype, (E) Treg proportion, and (F—I) their corresponding statistical analysis. (J) Fluorescent images of
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Figure 6. continued

CDS8" T-cell infiltration in tumor tissue (scale bar: 50 gm). (K) KEGG pathway enrichment analysis of related specific pathway. (L) KEGG
enrichment analysis of T-cell inmune-related genes. The intratumoral secretion level of (M) TNF-a, (N) IL-6, and (O) IFN-y measured by
Elisa assay (I: saline group; IIl: CCM*°@Pt group; III: OMV@Pt group; IV: OMV-HAase@Pt group, V: FM@Pt group).

three key advantages: precision delivery, ECM disruption, and
potent immunomodulation. The modular customization
capabilities and versatile compatibility of the FM platform
establish a novel paradigm for advancing combination cancer
therapy, enabling the plug-and-play integration of diverse
therapeutic modalities. This adaptability positions FM as a
transformative tool for personalized oncology, where treatment
regimens can be rapidly tailored to individual tumor micro-
environments and evolving resistance profiles.

4. METHOD

4.1. Materials. Plasmid pET30a-ClyA-Myc-HAase was
synthesized by GenScript (Nanjing, China). E. coli BL21
(DE3) was purchased from Tolobio (Shanghai, China). f-p-
thiogalactopyranoside (IPTG) was purchased from Sangon
(Shanghai, China). Lysotracker Red and Annexin V-FITC/PI
apoptosis kits were obtained from KeyGEN (Nanjing, China).
DiO, Dil, bovine serum albumin (BSA), DAPI, crystal violet,
bicinchoninic acid assay (BCA) kit, Coomassie brilliant blue,
paraformaldehyde, Triton X-100, and cetyltrimethylammo-
nium bromide (CTAB) were purchased from Beyotime
(Shanghai, China). The protein marker standard and Western
blot antibodies were purchased from Abclonal (Wuhan,
China). Flow antibodies were purchased from Elabscience
(Wuhan, China). All other chemicals were used as received
without further purification.

4.2. Isolation of CCM*® and OMV-HAase. The CRISPR-
Cas9/sgRNA ribonucleoprotein complex (RNP) was as-
sembled by mixing 1 ug of CRISPR-Cas9 protein with 0.5
ug of sgRNA and incubating at 37 °C for 10 min.
Subsequently, 4T1 cells were seeded, and the RNP was
transferred into cells by using the transfection reagent
(Biodragon Biotechnology) for a duration of 6 h. The PD-
L1 expression was assessed via Western blot. E. coli BL21cells
were transformed with the plasmid pET30a-ClyA-Myc-HAase
to generate engineered bacteria E. coli-HAase. To isolate
CCMX©, a cell membrane protein and cytoplasmic protein
extraction kit (Beyotime, China) was employed. For OMV-
HAase isolation, engineered E. coli-HAase was cultured under
induction with 1 mM IPTG for 6 h. The culture supernatant
was collected and filtered through a 0.45 pm vacuum filter.
The filtrate was concentrated using Amicon centrifugal filters
with a molecular-weight cutoff of 100 kDa (Millipore, USA),
and OMV-HAase was subsequently isolated by ultracentrifu-
gation at 200,000 g at 4 °C for 3 h. The protein concentration
of CCM*© and OMVs-HAase was determined using the BCA
assay.

4.3. Preparation and Characterization of FM. The
mixture of CCM*® and OMV-HAase was prepared at a 1:1
ratio and subjected to ultrasonication in cold water for 10 min.
Subsequently, the mixture was extruded 20 times to form FM.
The protein components of FM were analyzed by 12% SDS-
PAGE. The particle size and zeta potential of FM were
measured using a Malvern Zetasizer (Nano Z$90, UK). The
morphology of FM and its individual components was
visualized by TEM (Hitachi Model H-7700 microscope,

Japan).
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4.4. In Vitro Internalization, Immune Escape, and
Tumoral Penetration Behavior of FM. The cellular uptake
efficiency of FM was evaluated in 4T1, Pan02, LO2, and
Hepal-6 cells using qualitative and quantitative methods.
Confocal laser scanning microscopy (CLSM) (Carl Zeiss
LSM700, Germany) and flow cytometry (FCM) (BD
FACSCelesta, USA) were employed for the analyses. To
visualize the components of FM, CCMKO and OMV-HAase
were labeled with DiO and Dil, respectively. Cells were treated
with DiO- and Dil-labeled FM for 4 h. Following incubation,
the cells were stained with nuclear dye (DAPI, 10 yg/mL) for
CLSM imaging. For FCM analysis, cells were incubated with
FM, digested, and resuspended in PBS for detection. To
elucidate the internalization mechanism of FM in 4T1 cells,
three endocytosis inhibitors were used: chlorpromazine (CPZ,
8.5 pig/mL), genistein (GST, S0 pg/mL), and amiloride (AMI,
133 pg/mL). Cells were preincubated with each inhibitor for 1
h before being treated with FM for an additional 4 h. Cells
were then collected for FCM analysis to assess the impact of
these inhibitors on FM uptake. The immune escape capability
of FM was investigated by using Raw264.7 macrophage cells.
These cells were treated with Dil-labeled CCMX°, OMV-
HAase, and FM for 4 h, respectively. After treatment,
Raw264.7 cells were fixed, stained with DAPI, and imaged
using CLSM. Additionally, intracellular fluorescence intensity
was quantified using FCM. The ability of FM to penetrate
tumor spheroids was assessed using a 3D cell spheroid model.
4T1 cells were seeded into a 96-well 3D cell spheroid culture
plate (Primesurface) at a density of 1 X 10* cells per well and
cultured until uniform tumor spheres were formed. Tumor
spheres were incubation with Dil-labeled CCM®°, oMV,
OMV-HAase, and FM for 4 h, and then tumor spheres were
carefully taken out for CLSM detection.

4.5, In Vitro Internalization, Migration, and Release
Behavior of FM by NEs. NEs were isolated from the femur
and humerus of CS7BL/6 mice using a Percoll gradient
centrifugation method. Specifically, the resulting bone marrow
eluates were collected, filtered through a 70 pm strainer, and
resuspended in PBS. Red blood cells were lysed, and the cell
suspension was layered onto a Percoll density gradient (55%,
65%, and 75%). The mixture was then centrifuged at 3000 rpm
for 30 min at 25 °C. NEs were collected from the interface
between the 65% and 75% Percoll layers. The purity of the
isolated NEs was assessed by FCM, and their morphology was
confirmed using Wright-Giemsa staining. To investigate the
internalization mechanism of FM by NEs, the following
treatments were applied: OMV-HAase, FM, OMV-HAase
+anti-TLR4 (100 pg/mL), Dil-FM+anti-TLR4 (100 yg/mL).
NEs were incubated with these treatments for 2 h, respectively.
After incubation, cells were observed using CLSM. To
investigate the migratory capacity, 4T1 cells were seeded
into the lower chamber of a 24-well transwell plate (3 ym pore
size, Corning Incorporated) for 12 h. Subsequently, NEs and
NEs loaded with FM were added to the upper chamber,
respectively. After incubation for 1, 2 h, cells that migrated to
the lower membrane surface were fixed, stained with 0.1%
crystal violet, and observed under an optical microscope. To
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Figure 7. Antitumor and immune activation effect in orthotopic mouse models of PADC. (A) Schematic illustration of the typical
characteristics in orthotopic PADC. (B) Fluorescence imaging of isolated tissues and (C) its statistical analysis. (D) Dosing cycle schematic.
(E) Curve of body weight changes during treatment. (F) In vivo bioluminescence images and (G) relative statistical analysis of

650

https://doi.org/10.1021/acsnano.5c14644

ACS Nano 2026, 20, 636—656


https://pubs.acs.org/doi/10.1021/acsnano.5c14644?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c14644?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c14644?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c14644?fig=fig7&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c14644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Figure 7. continued

bioluminescence intensity. (H) Survival curve of mice calculated by the Kaplan—Meier estimate. (I) H&E, TUNEL, Sirius red staining of
tumor extracted from various groups (scale bar: 50 um). Quantitative analysis of (J) mature DC proportion, (K) CD8* T-cell proportion,
(L) Treg-cell proportion, and (M) macrophage phenotype (cf. Figure $37).

study the release behavior of FM from NEs, NEs loaded with
FM were treated with Phorbol 12-myristate 13-acetate (PMA,
100 ng/mL) for 2, 4, and 6 h. Cells were then fixed and
permeabilized with 0.3% Triton X-100 for 25 min. After
blocking with 5% BSA for 30 min, cells were incubated with
the CitH3 antibody overnight, followed by a fluorescent
secondary antibody for 60 min. Finally, the cells were imaged
by using CLSM.

4.6. In Vivo Uptake of FM by NEs and Biodistribution
of FM. To evaluate the uptake of OMV-HAase, CCMX®, and
FM by NEs, 4T1 tumor-bearing mice were intravenously
injected with 3 mg/kg DiD-labeled OMV-HAase, CCMX®, and
FM, respectively. Additionally, part of the mice was
administrated with TAK-242 to inhibit TLR4. Blood and
tumor samples were collected 4 and 24 h postinjection. The
collected cell suspensions were stained with PE-conjugated
anti-Ly6G antibody to specifically identify NEs, and the uptake
efficiency was analyzed by FCM. To monitor the biodis-
tribution of CCMX®, OMV-HAase, and FM, 4T1 tumor-
bearing mice were injected with CCM®®, OMV-HAase, and
FM (3 mg/kg). In vivo fluorescence imaging was performed
using a small animal in vivo imaging system (Tanon ABLXS,
China) at 2, 5, 8, 24, 36, and 48 h postadministration. At 48 h,
the mice were sacrificed, and major organs (heart, liver, spleen,
lung, kidney) and tumors were isolated and imaged for
fluorescence. To assess the stability and integrity of NE-
delivered FM, mice were euthanized 24 h after tail vein
injection of Dil-labeled-FM@FITC. Tumors were excised,
embedded as frozen sections, and analyzed via confocal
microscopy.

4.7. In Vitro Antitumor and Immune Activation
Investigation. 4T1 cells were treated with PBS, CCMK®,
OMV-HAase, FM, and FM@Pt for 24 h, respectively. Then,
the medium was replaced with 500 uL of Calcein AM/PI
working solution, and cells were incubated at 37 °C for 30 min.
Subsequently, cells were washed and observed using a cell
imaging microplate detection system (Biotek, CytationS, USA)
to assess cell viability and cytotoxicity. Additionally, treated
cells were harvested for further analysis of intracellular levels of
apoptosis-related proteins, including Bcl2, caspase3, and
caspase9. In apoptosis investigation, pretreated cells were
resuspended in S00 uL of staining solution (with S uL of
Annexin V-FITC and S uL of PI) for 20 min. The cell
apoptosis rate was then detected by FCM. In immune study,
pretreated cells were labeled with anti-CRT antibody and anti-
HMGBI1 antibody, followed by incubation with fluorescent
secondary antibodies for CLSM detection. The intracellular
ATP content was measured through the ATP Assay Kit
(Beyotime, Shanghai, China). Subsequently, bone marrow-
derived dendritic cells (BMDCs) were extracted from mouse
tibial bone marrow. Pretreated cells were then coincubated
with the BMDCs for 24 h using a Transwell system. BMDCs
were harvested and stained with anti-CD80 and anti-CD86 for
FCM analysis to assess immune activation. To investigate
macrophage polarization, Raw264.7 cells were pretreated with
10 ng/mL IL-4 to induce M2 macrophages. Treated cells were
seeded in the upper chamber of a Transwell plate, while M2
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macrophages were placed in the lower chamber for 24 h
coincubation. The morphology of the macrophages was
observed under a microscope, the cells were collected for
anti-CD80 and anti-CD206 staining, and the phenotype of
macrophages was detected by FCM.

4.8. In Vivo Antitumor Therapeutic Effect on TNBC
Mouse Models. All animal experiments were conducted in
strict compliance with the requirements of the Institutional
Animal Care and Use Committee of China Pharmaceutical
University (Approval number: 2024-11-113). Female BALB/c
mice (5—6 weeks, 18—22 g) received orthotopic implantation
of 4T1 cells into the fourth mammary fat pad. The tumor (200
mm?*)-bearing mice were randomized into S groups receiving
tail vein injections of: saline, CCM*°@Pt, OMV@Pt, OMV-
HAase@Pt, or FM@Pt on days 7—15 (once every 2 days).
Tumor volume and body weight were monitored bi-daily until
day 21, when tumors/major organs were harvested for ex vivo
imaging and weighed. Additionally, tumor tissues were
sectioned for H&E, immunofluorescence (TUNEL), and
immunohistochemistry (K;-67). Major organs were also
harvested and sectioned for H&E staining to evaluate the
biosafety. To further assess the long-term therapeutic impact
and survival benefits, the experimental period was extended to
50 days. During this extended period, the survival rate of mice
in each group was meticulously recorded.

4.9. In Vivo Immune Activation. The frequency of
administration was consistent with that of the previously
described protocol. On day 18, mice were sacrificed, and LN,
spleen, and tumor tissues were extracted and processed
through a series of steps: digestion (0.05 mg/mL collagenase),
homogenate, filtration through 70 ym cell strainers, washing,
and centrifugation (500g, S min). The resulting cell
suspensions were incubated with specific antibody mixtures
(DCs detection: anti-CD11c APC, anti-CD80 FITC, and anti-
CD86 PE; macrophages: anti-CD45 V450, anti-F4/80 APC,
anti-CD80 PE, anti-CD206 PE-CY7; CDS8'T cells: anti-CD45
V450, anti-CD3 FITC, anti-CD8 APC—CY7; Treg cells: anti-
CD4S V450, anti-CD3 FITC, anti-CD4 PE, anti-CD2S APC,
and anti-FOXP3 PerCP-CY5.5). Notably, FOXP3 is a nuclear
protein, and CD206 is an intracellular protein. Hence, cells
were subjected to a membrane permeabilization treatment
before antibody labeling. After staining, cells were washed and
suspended for FCM analysis. Additionally, tumor tissues were
collected for CD8 IF staining. Serum and tumor tissue samples
were collected for the detection of specific cytokines by ELISA
kits, including TNF-a, IL-6, and IFN-y.

4.10. In Vivo Antitumor Therapeutic Effect in PADC
Mouse Models. Male C57BL/6 mice (6—8 weeks, 18—22 g)
were orthotopically injected with Panc02 cells into the
pancreatic tail. The tumor-bearing mice were randomized
into five treatment groups and administered via tail vein
injection with normal saline, CCM*°@Gem, OMV@Gem,
OMV-HAase@Gem, or FM@Gem on days 7, 10, 13, 16, 19,
and 22 post-tumor inoculation. Mouse body weight was
monitored every 3 days, while tumor volume was assessed
every 9 days using the small animal imaging system. On day 30,
mice were sacrificed, and tumors were harvested for imaging,
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Figure 8. Persistent antitumor immunity in distal tumor models. (A) Schematic of distal tumor model construction. (B) Photographs of
distal tumor at end point. (C) Curve of tumor volume. (D) Tumor weight after the mice were euthanized. (E) Survival curve. (F) Curve of
body weight changes during treatment. (G) Serum biochemistry (ALT, AST, ALB, CREA, UREA). (H) Flow cytometric analysis of CD4*
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Figure 8. continued

Tcm and Tem percentages, and (I) its statistical results. (J) Flow cytometric analysis of CD8* Tcm and Tem percentages, and (K) its
statistical results. (L) Flow cytometric analysis of GrB*CD8" T-cell percentages and its statistical results. (M) Flow cytometric analysis of
IFN-y*CD8" T-cell percentages and its statistical results. (N) CD8 immunohistochemical staining. The serum level of (O) TNF-a, (P) IL-6,
and (Q) IFN-y measured by ELISA (scale bar: 200 gm). (I: saline group; II: Pt group; IIl: FM group; IV: FMP*"*@Pt group, V: FM@Pt

group).
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Figure 9. Metastasis suppression in 4T1 lung metastasis models. (A) In vivo fluorescence imaging of DiR distribution. (B) Statistical analysis
of fluorescence intensity in major tissues. (C) Ex vivo fluorescence and bioluminescence overlays of metastatic lungs. (D) Schematic of lung
metastasis suppression assay. (E) In vivo bioluminescence images. (F) Ex vivo bioluminescence images of excised lungs. (G) Lung
photographs. (H) Statistical bioluminescence intensity analysis from in vivo imaging. (I) Survival curve. (J) H&E staining of lung tissues.
(K) Higher-magnification H&E images and Ki67 staining (scale bar: 200 gm).

measurement, and weighing. Tumor tissues were sectioned for In the survival study, the experimental period was extended to
H&E, Sirius Red, and immunofluorescence (TUNEL) staining. 50 days, with survival recording for each group.
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4.11. In Vivo Persistent Antitumor Immunity in Distal
Tumor Models. Female BALB/c mice bearing 4T1 tumors
(left breast, 40 mm®) were randomized into five groups and
intravenously administered normal saline, free Pt, FM,
FM*™* @Pt, or FM@Pt on days —15, —13, —11, =9, and
—7.0On day 0, 4T1 cells (5 X 10°/mouse) were subcutaneously
inoculated into the right side. Tumor volume was tracked.
Efficacy cohort analyses included tumor weight, volume,
immunohistochemistry staining (CD8'T cells), and serum
biochemistry for safety assessment. For persistent immunity
evaluation, the resulting cell suspensions were incubated with
specific antibody mixtures (memory T cells: anti-CD4S V450,
anti-CD3 R780, anti-CD8 APC-Cy7, anti-CD4 PE, anti-CD44
FITC, anti-CD62L APC; IEN-y*/GrB*CD8'T: anti-CD$8 PE,
anti-IFN-y FITC, and anti-GrB PE-CY7). Serum samples were
collected for the detection of specific cytokines by ELISA Kkits,
including TNF-q, IL-6, and IL-1p.

4.12. In Vivo Metastasis Suppression in 4T1 Lung
Metastasis Models. 4T1-luc cells were trypsinized, centri-
fuged, and resuspended in PBS to form single-cell suspensions
(1 X 107 cells/mL). Following tail vein disinfection, 100 L of
the suspension was intravenously injected into BALB/c mice
to establish a lung metastasis model. Successful model
confirmation occurred S days postinjection. Mice were
randomized into five groups and intravenously treated with
saline, free Pt, FM, FM lank@Pt, or FM@Pt on days 0, 2, 4, 6,
and 8. Tumor burden was monitored every 5 days. On day 14,
mice were sacrificed for lung imaging, H&E, and immunohis-
tochemistry staining (Ki67). Long-term efficacy was evaluated
through 30 day survival tracking.

4.13. Statistical Analysis. All results were presented as the
mean =+ SD statistical analysis from at least three independent
experiments. A two-tailed t-test was performed, and ***¥p <
0.001, **p < 0.01 and *p < 0.05 were considered statistically
significant.
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