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ARTICLE INFO ABSTRACT

Keywords: Anchoring-conjugation strategy, characterized by benign hydrophobic membrane anchoring and swift covalent
Trident anchoring lipid drug-coupling, has been extensively practiced to attach therapeutic agents to cell surfaces in cell-based combi-
Neutrophils

nation therapies. However, this approach faces significant challenges in phagocytic cells due to their enhanced
membrane fluidity, which destabilizes the hydrophobic interactions and causes premature payload dissociation
from cells, ultimately impairing drug delivery. This research proposes a biomimetic trident anchoring lipid
featuring three hydrophobic tail chains to amplify hydrophobic interactions with the phagocyte membrane. The
trident anchoring lipid thus results in robust membrane anchoring and accordingly extends drug retention on the
neutrophil surface without compromising cell viability or physiological functions both in vitro and in vivo.
Leveraging the inflammatory tendency of neutrophils toward the tumor vasculature, the strengthened drug
conjugation facilitates effective drug delivery and site-specific release to the tumor vasculature in breast cancer
models, demonstrating potent anti-angiogenic and anti-tumor efficacy. This innovative trident anchoring lipid
establishes a versatile and stable drug-conjugation method for bolstering the therapeutic outcomes of neutrophil-
based and potentially other cell-based combination therapies.

Hydrophobic anchoring
Strengthened stability
Cell-based combination therapy

1. Introduction

Cell therapy serves as an emerging modality with high treatment
potential in many currently intractable diseases, such as cancers, auto-
immune disorders and neurodegenerative conditions [1-4]. To improve
therapeutic efficacy, combination strategies involving multiple drugs
have been developed in conjunction with cells, which range from direct
disease treatment agents [5] to cell-boosting agents such as enhancing
cellular activity [6], amplifying cellular tumor-killing capacity [7] or
facilitating site-specific cell infiltration [8]. To address the challenge of
inconsistent pharmacokinetics between cells and co-administered drugs
to achieve the goal of efficiently collaborative treatment, living cells like
neutrophils (NEs) [9], macrophage [10] et al., have been manufactured
to serve as drug-delivery vehicles to achieve optimal combined effect.
The common loading strategy encompasses drug-encapsulation within
cells and drug-attachment on cell membrane [11]. Compared to the
former, drug attachment on cell membrane is more widely employed
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owing to the broader applicability across both phagocytic and non-
phagocytic cell types [12,13]. Moreover, it also enables spatially
controlled and stimulus-responsive drug release [14]. These merits
endow the strategy of drug attachment on cell membrane with superi-
ority in forming cell-drug conjugates for future clinical application [15].

Diverse strategies have been applied on drug attachment on cell
surface, mainly involving covalent binding, non-covalent attachment
and gene engineering [16-18]. Of which, non-covalent drug attachment
characterized by gentleness and high efficiency has been widely applied
in the construction of cell-drug conjugates, such as receptor-ligand in-
teractions [19], electrostatic adsorption [20], and anchoring-
conjugation strategy [21]. Our group has developed an anchoring-
conjugation strategy to anchor the liposomal avasimibe (a cholesterol
esterase inhibitor) onto T cells, significantly enhancing local anti-tumor
potency [21]. The anchoring-conjugation strategy utilizes favorable
hydrophobic interactions between membrane-anchoring lipids and cell
membranes [22], followed by stable covalent conjugation with
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therapeutic agents, thereby achieving receptor-independent universal
drug attachment. This methodology preserves membrane protein
integrity while maintaining cellular functionality, demonstrating broad
applicability across diverse cell types. However, the attachment stability
of combined drugs on phagocytes remains challenge. Specifically, the
higher membrane fluidity of phagocytes which is essential for their
physiological functions like pseudopod formation and phagosome
internalization [23], tends to destabilize the membrane-anchoring lipids

(a) GPl-anchored
decapacitation factors receptors
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as well as its conjugated drugs, leading to premature payload dissocia-
tion before reaching target sites. Consequently, enhancing the retention
stability of therapeutic agents on cell membranes is critical for
advancing the clinical efficacy of cell-based therapy based on this
anchoring-conjugation strategy.

Inspired by the sperm-related glycophosphatidylinositol (GPI)-
anchored decapacitation factor receptors that exhibit prolonged mem-
brane retention due to their unique three-tailed lipid [24,25], we herein
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Fig. 1. Schematic illustration of NE-drug conjugates constructed by trident lipid-mediated anchoring-conjugation strategy for tumor suppression. (a) The design of
biomimetic trident membrane-anchoring lipid via simulating sperm-related glycophosphatidylinositol (GPI)-anchored decapacitation factors receptors, which exhibit
prolonged membrane retention on cell surface through their unique three-tailed lipid. (b) NE-Alpelisib liposome conjugates constructed by trident lipid-mediated
anchoring-conjugation strategy. (c-d) Based on the inherent tumor-targeting and active adhesion of NEs on tumor vessels, NE-Alpelisib liposome conjugates with
strengthened liposome-conjugation stability enabled spatial-temporal control over drug release through MMP9-mediated enzymatic cleavage, resulting in increased
localized drug accumulation, thus leading to improved tumor vascular normalization as well as potentiated antitumor efficacy.
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developed a series of biomimetic three-tailed membrane-anchoring
lipids with adjustable hydrophilic linker lengths to reinforce the hy-
drophobic interactions between cells and anchored drugs, thus
enhancing the drug-retained stability on cell surface (Fig. 1). Through
systematic molecular dynamics simulations coupled with experimental
validation, we identified an optimized trident lipid exhibiting superior
membrane-anchoring stability for NEs, one of the typical phagocytes,
and established a robust anchoring-conjugation method that effectively
coupled liposomes onto NEs cell membranes with no influence on NEs
physiological functions. Employing this trident anchoring strategy, we
further constructed a matrix metalloproteinase-9 (MMP9)-responsive
NE-Alpelisib liposome conjugate. This conjugate enabled the targeted
release of Alpelisib at activated tumor vasculature, thereby effectively
suppressing angiogenesis and improving therapeutic outcomes in breast
cancer models (Fig. 1). Collectively, we established a robust NEs-based
drug delivery system using a biomimetic trident anchoring strategy,
improving the stability of drug attachment on cell surface. This strategy
meanwhile offers broad application for other phagocytic cells-based
combination therapies.

2. Materials and methods
2.1. Reagents and materials

L-Glutamic Acid was obtained from Solarbio Science & Technology
Co., Ltd. (Beijing, China). p-Toluenesulfonic acid monohydrate, N, N-
dimethylpyridin-4-amine (DMAP) and cholesterol were purchased from
Aladdin Biochemical Technology Co.,Ltd. (Shanghai, China). Stearyl
Alcohol, Stearic Acid, Boc-D-Lys-OH, Fmoc-Lys (Boc)-OH and piperidine
were purchased from Bide Pharmatech Co., Ltd. (Shanghai, China).
NHS-PEG-N3 (MW = 2000, 3400, 5000 Da), DSPE-PEG2000-N3 and
mPEG2000-N3 were purchased from Yare Biotechnology Co., Ltd.
(Shanghai, China). DSPE-PEG2000-N3-FITC, DSPE-PEG3400-N3-FITC
and DBCO-Chol were self-synthesized by our lab. DBCO-NHS was pur-
chased from MedChemexpress LLC (USA). Fluorescein isothiocyanate
(FITC) and N,N-diisopropylethylamine (DIPEA) were obtained from
Energy Chemical (Shanghai, China). 1-hydroxybenzotriazole (HOBt)
and 1-Ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydrochloride
(EDCI) were purchased from GL Biochem Ltd. (Shanghai, China), Trie-
thylamine (EtsN) and Trifluoroacetic acid (TFA) were purchased from
Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Toluene
was purchased from Nanjing Chemical Reagent Co., Ltd. (Nanjing,
China). Alpelisib (APLS) was purchased from MedChemexpress LLC
(USA). PLGLAG was purchased from TGpeptide Biotechnology Co., Ltd.
(Nanjing, China). All commercially sourced materials and reagents were
used without further purification unless otherwise specified.

Soybean Lecithin was purchased from AVT Pharmaceutical Tech Co.,
Ltd. (Shanghai, China). Blood Cell Lysis Buffer, trypan blue, Hoechst
33342, lactate dehydrogenase test kit, reactive oxygen species test kit
and TNFa were purchased from Beyotime Biotechnology Co., Ltd.
(Shanghai, China). Percoll was purchased from GE Healthcare Co., Ltd.
(Chicago, IL, USA). Annexin V-PE/7ADD Apoptosis Detection Kit was
purchased from Vazyme Biotechnology Co., Ltd. (Nanjing, China). DiR
was purchased from KeyGen Biotech (Nanjing, China). Rhodamine-
DHPE and Alexa Fluor™ 488 CD162 (PSGL-1) Monoclonal Antibody
were purchased from Thermo Fisher Scientific (USA). PE anti-mouse
CD182 (CXCR2) Antibody, FITC anti-mouse CD11b Antibody, APC
anti-mouse CD62L Antibody, Alexa Fluor 594 anti-CD31 antibody and
FITC anti-mouse CD106 were purchased from Biolegend (San Diego, CA,
USA). N-Formyl-Met-Leu-Phe (fMLP) was purchased from Sigma-
Aldrich® (MA, USA). Membrane fluidity test kit was purchased from
Abcam (Cambridge, UK). Phorbol 12-myristate 13-acetate (PMA) was
purchased from MedChemExpress (USA). FITC-phalloidin was pur-
chased from ABclonal (Wuhan, China). Matrix metalloproteinase 9
(MMP9) was purchased from Absin Bioscience Inc. (Shanghai, China).
Mouse MMP9 ELISA Kit was purchased from Elabscience Biotechnology
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Co., Ltd. (Wuhan, China). CFDA-SE Cell Proliferation and Tracking
Detection Kit was purchased from Beyotime (Shanghai, China). BD
Matrigel was purchased from BD Biosciences (USA). D-Luciferin Potas-
sium Salt was purchased from Yeasen Biotechnology Co., Ltd. (Shanghai,
China). Lycopersicon esculentum (Tomato) Lectin (LEL, TL) DyLight 649
was purchased from Thermo Fisher Scientific (USA).

2.2. Cell lines and animals

NEs were isolated from mouse bone marrow according to our pre-
vious reported methods [8]. HUVEC cell lines were cultured in DMEM
medium containing 10% FBS. 4T1 and 4T1-luciferase tumor cells were
cultured in RPMI 1640 medium containing 10% FBS. SVEC4-10 were
purchased from Pricella Biotechnology Co., Ltd. (Wuhan, China) and
cultured in DMEM medium containing 10% FBS. All cells were cultured
in medium containing 1% penicillin-streptomycin in a humidified
incubator at 37 °C with 5% CO».

BALB/c mice (females, 6-8 weeks, 18-20 g) were purchased from the
Zhejiang academy of medical sciences. All animals were pathogen free
and allowed access to food and water freely. All procedures were
approved by the Animal Ethics Committee of China Pharmaceutical
University and were conducted in compliance with the Guide for Care
and Use of Laboratory Animals.

2.3. Instrument for compound analysis

The detailed synthesis process was provided in the supporting in-
formation. All 'H NMR and '3C NMR spectra were recorded on Bruke
AVANCE III HD 300 MHz and 600 MHz spectrometers and the spectra
were processed and analyzed using MestReNova software. HRMS was
recorded on Agilent Technologies 6200 series TOF/6500 series Q-TOF.
The FTIR spectra were recorded by Bruker Tensor 27. The MALDI-TOF-
MS analysis was performed on a Bruker UltrafleXtreme MALDI-TOF/
TOF mass spectrometer operated in reflector mode. The instrument
was equipped with a 355 nm Nd:YAG laser and positive ion TOF
detection, using an accelerating voltage of 20 kV. The laser focus voltage
was set to 8.02 kV, and the pulsed ion extraction time was optimized to
170 ns. Data acquisition and analysis were controlled by FlexControl 3.4
and FlexAnalysis 3.4 software, respectively. The matrix solution was
prepared by dissolving 2,5-dihydroxybenzoic acid (DHB) in chloroform
(15 mg/mL). External calibration was performed using a standard so-
lution prior to each experiment.

2.4. Optimizing the membrane anchoring of TSA-PEG-Ns-FITC

To evaluate the effect of TSA-PEG-N3-FITC concentration on
membrane-anchoring, the fresh isolated NEs (2 x 106) were incubated
with TSA-PEG-N3-FITC (PEG MW = 2000, 3400, 5000 Da) under a series
of concentrations for 10 min in the specific RPMI 1640 medium con-
taining 15% PEG400 (v/v). The optimal anchoring concentration was
determined according to better cell viability (>80%) and minimum
uptake by confocal microscope (LSM 800, Carl Zeiss Inc.) and flow
cytometry (Attune NXT, Thermo Fisher Scientific).

2.5. Cell viability

The NEs viability after anchoring or liposome conjugation were
evaluated by the Annexin V-PE/7ADD apoptosis detection kit in flow
cytometry (Attune NXT, Thermo Fisher Scientific).

2.6. Measurement of critical micelle concentration

The critical micelle concentration (CMC) of anchoring molecules was
detected by pyrene fluorescence assay. Specifically, 100 pL of pyrene
acetone solution (25 pg/mL) was aliquoted into 5 mL centrifuge tubes
and allowed to evaporate overnight at room temperature. Subsequently,
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the aqueous solutions containing TSA-PEG-N3 (MW = 2000, 3400, 5000
Da) or DSPE-PEG2000-N3 were added to the pyrene-coated tubes. The
mixtures were incubated at 60 °C for 1 h with gentle agitation, followed
by 2 h ultrasonication and 12 h equilibration in darkness. The emission
spectrum of pyrene was detected by fluorescence spectrophotometer
(Cary Eclipse, Agilent) with the excitation wavelength at 372 nm. The
I1/13 intensity ratio of pyrene's first (374 nm) and third (386 nm)
emission peaks exhibited concentration-dependent changes. The CMC
corresponded to the median value of the abrupt change in the I11/13
curve with concentration.

2.7. Measurement of water contact angle

The static water contact angle (WCA) of TSA-PEG and DSPE-PEG was
evaluated on spin-coated thin films. Briefly, each lipid-PEG conjugate
was dissolved in chloroform at a concentration of 1 mg/mL, then spin-
coated onto a clean polished silicon wafer to form a uniform thin film.
The films were subsequently placed under vacuum for 2 h to ensure
removal of organic solvent. WCA measurements were performed at a
standard contact angle goniometer using ultrapure water. The profile of
the water droplet was captured immediately after deposition, and the
contact angle was determined from the captured image using the Young-
Laplace fitting method.

2.8. Quantification of fluorescence distribution on cell membrane and
cytoplasm

The trypan blue (TB) solution was used for quantifying the distri-
bution of anchoring molecules on NEs membrane and cytoplasm. The
proportion on membrane and in cytoplasm was respectively calculated
by the following Egs. (1)-(2):

Ratio on membrane (%) = (MFIpefore — MFlageer) /MFIpefore X 100% (1)

Ratio in cytoplasm (%) = MFI,ger / MFTpefore X 100% 2

Here MFlpefore and MFLge, represented the mean fluorescence in-
tensity (MFI) of NEs (10,000 events) by flow cytometry (Attune NXT,
Thermo Fisher Scientific) before and after TB quenching.

The anchoring amount on membrane was obtained from the differ-
ence in fluorescence intensity between the initial total anchoring mol-
ecules and incubation supernatant after membrane anchoring, which
were respectively measured at excitation and emission wavelengths of
495 nm and 520 nm by microplate reader (BioTek, Agilent). The fluo-
rescence intensity was converted into the amount (mol) of anchoring
molecules through the standard curve of fluorescence intensity-
concentration (mol/L). The anchoring amount on NEs was calculated
by the following Eq. (3):

Anchoring amount = (m; — my) x Ratio on membrane (%) 3)

Here m; and mg respectively represents the quantity (mol) of the
initial anchoring molecules and the incubation supernatant.

2.9. Molecular dynamics simulation

The GROMACS 2022.1 simulation software package [26] was
employed for the simulations. For the initial configuration of the
simulation system, the lipid membrane is preassembled into a 20 x 20
nm? layer including more than 400 POPC/CHOL/DPSM molecules by
the CHARMM-GUI Martini maker tool and positioned at the center of the
simulation box. Three-dimensional periodic boundary conditions were
used for the simulation box. The system is solvated by standard Martini
water and symmetric NaCl solution at the concentration of ¢ = 150 mM
to model physiological conditions. Energy minimization was performed
using the steepest descent algorithm without any constraints, followed
by conical NVT and NPT equilibration simulations for 10 ns at a
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temperature of 310 K for each group using the velocity rescale tem-
perature coupling scheme.

To compute the binding free energy between an anchoring-molecule
and the membrane bilayer, the Steered Langevin Dynamics (SLD)
simulation was employed to compute the potential of mean force (PMF)
of the lipid with the “pull code” as implemented in the GROMACS
software package. The anchoring-molecule was initially placed away
from the membrane surface. In each run, an external harmonic potential
was launched to the molecule, which moved with a constant pulling
velocity v, in order to steer the molecule toward the membrane. The
reaction coordinate r was selected as the distance between the terminal
bead of a given anchoring-molecule in its hydrophobic tail and the
center of mass (COM) of the membrane along the z axis, where z pointed
out the direction perpendicular to the membrane surface. To ensure
adequate sampling, the pull rate was chosen small as v, =

0.001 nm ns~! and a harmonic force constant of K = 2500 kJ mol~2 was
used.

2.10. Quartz crystal microbalance with dissipation (QCM-D) analysis

The interfacial interactions of anchoring molecules with a model
lipid bilayer and their insertion stability were quantitatively evaluated
by QCM-D (Q-Sense Explorer, Biolin Scientific, Sweden). A supported
lipid bilayer (SLB) was formed on silica-coated quartz sensor crystals.
After stabilizing the baseline with PBS buffer at a flow rate of 40 uL/min,
an SLB composed of DOPC, SM and chol (1: 1: 1, molar ratio) was formed
via the vesicle fusion method. The chamber was then rinsed extensively
with PBS to remove any unfused vesicles. Following SLB stabilization, a
solution of anchoring molecules (1 pM in PBS) was injected at 40 pL/min.
The adsorption process was monitored until the frequency shift (Af)
reached a plateau, and subsequently preformed PBS rinsing for at least
30 min to remove weakly associated molecules. The entire adsorption-
rinsing cycle was simultaneously tracked by recording the changes in
resonance frequency (Af) and energy dissipation (AD) of the quartz
crystal.

2.11. Liposomal APLS conjugation on anchored NEs

The MMP9-responsive Alpelisib (APLS) liposomes was prepared by
50 mg SPC, 8 mg Chol, 8 mg DBCO-PLGLAG-SA; and 2.2 mg APLS. For
fluorescence label, Rhodamine B-DHPE (2.5 mg/mL in methanol, 100
pL) was added. All components were dissolved in 1 mL ethanol, and
slowly dripped at 1 mL/min into 3 mL ultrapure water preheated to 60
°C, followed by stirring at 900 rpm/min for 2 h to evaporate the organic
solvent. Then the solution was sonicated (30% power) for 15 min in ice
bath and filtered through a 0.45 pm microporous filter membrane to
obtain APLS liposomes. The zeta-potential and particle size were
detected by NanoBrook Omni (Brookhaven) and Transmission electron
microscope.

Anchored NEs (2 x 10°) incubated with diluted APLS liposomes in
RPMI 1640 medium for 30 mins at 37 °C. The recovered Lipo/
APLS@NEs were detected by the confocal microscope (LSM 800, Carl
Zeiss) and flow cytometry (Thermo Attune NXT). To quantify the APLS
loading amount, Lipo/APLS@NEs were resuspended in 100 pL of RIPA
lysis buffer for 30 mins to achieve complete cell lysis. Subsequently, 900
pL of methanol was added to extract drug for 30 min. The mixture was
then vortexed vigorously for 3 min and centrifuged at 12,000 rpm for 10
min. The resulting supernatant was collected and subjected to HPLC
analysis to determine the drug content.

2.12. Stability of lipid anchoring or liposomal APLS conjugation on NEs
in different physiological conditions

Anchored NEs or liposomes (labeled by rhodamine B) conjugated
NEs were respectively settled in RPMI 1640 medium with 10% FBS or
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10 nM fMLP for 8 h. The released anchoring molecules or drugs in
recovered supernatant was quantified by microplate reader and HPLC.
The remained anchoring molecules or drugs on NEs were detected by
flow cytometry and HPLC. The fluorescence was converted to the molar
amount on membrane by trypan blue quenching as mentioned above.
The distribution of anchoring molecules during the transvascular
migration was evaluated in the transwell chamber (polycarbonate
membrane: 3 pm pore size, 12 mm diameter and 1.12 cm? membrane
surface area, Corning). The blood vessel model was established with
HUVEC cell monolayer in transwell. HUVEC (1 x 10° cells) were seeded
into the upper chamber of transwell, and cultured for 4-7 days until the
transepithelial electrical resistance (TEER) above 300 Q-cm? measured
by Millicell-ERS voltohmmeter (Millipore Corporation, Millicell® ERS-
2, MA, USA). Anchored NEs (1 x 10° cells) were added into the upper
chamber, and RPMI 1640 containing 10% FBS (v/v) with 10 nM fMLP
were added in the lower chamber. After 8 h of incubation, recovering the
cells in the lower chamber and the HUVEC monolayer to detect the
fluorescence intensity using microplate reader (BioTek, Agilent).

2.13. Parallel-plate flow chamber assay

The stability of the membrane-anchoring or liposome-conjugation on
NEs under the shear stress from blood flow were evaluated using
parallel-plate flow chamber (Glycotech). According to the gasket size of
the parallel plate flow chamber (0.25 cm wide, 0.01 in thick), the
membrane-anchored or liposome-conjugated NEs (2 x 10° cells, 50 pL)
were seeded in the same size area on 3.5 cm dish (Corning) pre-coated
by poly-i-lysine solution (0.1 mg/mL) to keep complete adhesion.
Under the vacuum condition, the flow rate set at 0.42, 1.2, 2.1 mL/min
could generate the corresponding shear force of 2, 6 and 10 dyn/cm? for
the adherent NEs. After continued flowing for 5 min, the flowed buffer
was recovered. The released anchoring molecules or drugs was detected
after buffer freeze-drying. The retained amount on NEs were determined
by subtracting the released.

2.14. Basic physiological functions of NEs

The membrane-anchored and liposome-conjugated NEs were
immediately tested after preparation. Blank NEs without any treatment
were used as control. The cell membrane permeability and fluidity of
NEs were detected respectively by LDH test kit and membrane fluidity
test kit. The expression of critical membrane markers CD11b, CXCR2,
CD62L and PSGL-1 were detected by flow cytometry. The chemotaxis
capacity of NEs were investigated using transwell chamber. NEs (1 x 10°
cells) were added into the upper chamber, and RPMI 1640 containing
10% FBS (v/v) with 10 nM fMLP were in the lower chamber. The
number of NEs in the lower chamber through chemotaxis (after 3 h of
incubation) was photographed randomly and counted by Image J. The
chemotaxis index was calculated from the following Eq. (4):

Chemotaxis index = (N — Neontrol) /Neontrol (C)]

N was the counted numbers of liposome-conjugated NEs in the lower
chamber in the presence of fMLP, and N¢ontro] Was the number of blank
NEs in the lower chamber without fMLP.

Blank NEs and liposome-conjugated NEs were seeded on confocal
dish pre-coated by poly-L-lysine solution (0.1 mg/mL). The NEs were
stimulation by 100 nM fMLP for 15 min to make cells polarized and fixed
by 4% PFA for 10 min. After rinsing, the cell cytoskeletal F-actin protein
was labeled by the FITC-phalloidin (1:100) with 0.1% Triton X-100 for
30 min in room temperature. The cell polarization was observed by the
confocal microscope (LSM 800, Carl Zeis s Inc.)

2.15. Glycolysis stress test

Blank NEs and liposome-conjugated NEs were resuspended in XF
assay media at a concentration of 5 x 10°/mL onto a XF96 cell plate pre-
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coated with poly-L-pysine (0.1 mg/mL). Before test, the medium was
removed from the cell plate and the cells were washed three times with
Seahorse XF base medium with 3 mM L-glutamine and incubated for 45
min at 37 °C. Afterwards glycolysis stress test was performed in the
Seahorse XFe96 analyzer (Agilent) according to the protocol provided
by the manufacturer. The extracellular acidification rate (ECAR) of NEs
was measured in real-time by subsequently injection of 10 mM glucose,
2 pM oligomycin and 50 mM 2-deoxyglucose. Measurements were done
in at least 12 replicates per plate.

2.16. Biodistribution and specific APLS release of Lipo/APLS@NEs

The APLS liposomes were settled respectively in the 1640 medium
containing 10% FBS with 20 nM MMP9 or not. The particle size was
detected by NanoBrook Omni (Brookhaven) and the morphology change
was observed by TEM. The APLS release was quantified by HPLC (LC-
2010AHT, Shimadzu) as mentioned above. Lipo/APLS@NEs were also
set in RPMI 1640 medium containing 10% FBS with 20 nM MMP?9 or not.
The released and retained APLS on NEs was quantified by HPLC.

4 T1 tumor cells were inoculated in situ on BALB/c mice, and tumor-
bearing mice were divided into three groups (n = 3 mice per group).
Different reagent or formulations including DiR (1 mg/kg), DiR-labeled
NEs (2 x 107) and DiR-labeled Lipo/APLS@NEs (2 x 107) were
respectively intravenously administrated. At various time points post-
injection (2, 6, 12, 24, 48 h), tumors and organs were excised for fluo-
rescence imaging analysis for the NEs biodistribution using IVIS Spec-
trum system (PerkinElmer).

Furthermore, for investigating the APLS distribution in vivo, Lipo/
APLS (80 pg of APLS each mouse) and Lipo/APLS@NEs (2 x 107,
equivalent to 80 pg of APLS) were respectively intravenously adminis-
trated (n = 3 mice per group). At the same time points post-injection,
tumors and organs were harvested and weighed. Tissue samples were
processed by dispersion homogenization in saline and subjected to
protein precipitation with methanol. After centrifugation at 12000 rpm
for 10 mins, supernatants were collected for HPLC analysis of APLS
concentration.

The in vivo drug release in the tumor blood vessel was evaluated. The
responsive Lipo/APLS@NEs and non-responsive Lipo-APLS@NEs (2 x
107) were infused into tumor-bearing mice intravenously, for which
Lipo-APLS were labeled by Rho B and NEs were labeled by AF488 anti-
mouse Ly6G. The tumor tissues were collected in different time after
injection and prepared into frozen sections. The tumor vessels were
labeled by Tomato Lectin DyLight 649 and observed the real-time dis-
tribution of NEs and APLS liposomes by the confocal microscope (LSM,
Carl Zeiss).

2.17. Invitro anti-angiogenesis effect of Lipo/APLS@NEs

The proliferation inhibition of blood vessel endothelial cells was
evaluated by pre-stimulating SVEC4-10 cells with 50 ng/mL TNFa« in
DMEM medium containing 10% FBS for 4 h. The activated SVEC4-10
cells were confirmed via the expression of VCAM-1 and the release of
MMPO9. Then activated SVEC4-10 cells were labeled with 1 mL CFDA-SE
for 10 mins. After PBS washing, SVEC4-10 cells (5 x 10*) were added in
the lower chamber of the transwell chamber (24 wells, 0.4 pm), then
different formulations were added on the upper chamber: 1) DMEM
complete medium; 2) 5 x 10%/mL NEs; 3) 2 pg/mL APLS; 4) 5 x 10°/mL
Lipo/APLS@NEs; 5) 20 nM MMP9; 6) 20 nM MMP9 and 5 x 10°/mL
NES; 7) 20 nM MMP9 and 2 pg/ mL APLS; 8) 20 nM MMP9 and 5 x 10°/
mL Lipo/APLS@NEs. After incubation for 48 h, the SVEC4-10 cells were
recovered from the lower chamber and detected from the flow cytom-
etry (Thermo Attune NXT).

The invasion inhibition was evaluated by seeding activated
SVEC4-10 cells in 24-wells plate and a uniformity scratch was made to
the cell monolayer. Transwell chamber was also used here and same
formulations mentioned above were respectively added to the upper
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chamber. The scratches at the same position in the lower chamber were
observed and photographed by microscope at 0 h and 12 h. The scratch
recovery rate for evluating the invasion of endothelial cells was calcu-
lated with the formula (5):

Scratch recovery rate = (Aiitial — Afinat) /Ainitial (6]

Where Ajpitial and Agina) respectively meant the initial and final
scratch area as measured by Image J.

To evaluate the effect of Lipo/APLS@NEs on the tube formation
ability, a 24-well plate was coated with 200 pL of Matrigel at 37 °C for
30 min to allow complete gel polymerization. Activated SVEC4-10 cells
(1.25 x 10° cells/mL, 200 pL) in DMEM medium with 10% FBS were
carefully added onto the solidified Matrigel, avoiding contact with the
gel surface to prevent scratches or damage. Afterwards, transwell
chamber were used here and same formulations mentioned above were
respectively added to the upper chamber for incubation of 6 h. Tube
formation was observed and imaged. The tube length and branching
points were measured using Image J.

2.18. Therapeutic efficacy and biosafety evaluation of NEs-APLS
liposome conjugates for triple-negative breast cancer

4T1 or 4 T1-luc tumor cells (1 x 10° cells) were inoculated in situ on
BALB/c mice, and tumor-bearing mice were randomized into six groups
on day 7 post-inoculation (n = 5 mice per group). Different formulations
were administered intravenously on days 7, 11, 15, and 19 post-
inoculation: 1) Saline; 2) NEs (2 x 107 cells); 3) Lipo/APLS (4 mg/
kg) + NEs (2 x 107 cells); 4) Lipo-APLS@NEs (2 x 107 cells); 5) Lipo/
APLS@NEs (2 x 107 cells). Free APLS (20 mg/kg) was administered by
daily gavage from days 7-21 after tumor inoculation. Tumor growth was
monitored via bioluminescence imaging (AniView, Biolight Biotech-
nology Co., Ltd). Tumor volume was measured by vernier caliper and
calculated with the formula (6):

V= (LxW?)/2 ®)

where L meant the longest axis and W meant the shortest axis of tumor.
Mice were euthanized on day 21 for tumor excision and weighing.
Tumor angiogenesis was quantified via CD31* microvessel density
measurements in Alexa Fluor 594-immunostained tumor sections. Based
on the dosing regimen above, the survival status of mice was recorded
daily from the day of tumor inoculation (n = 5 mice per group). Mice
were euthanized if tumor volume exceeded 1500 mm?.

The biosafety evaluation was conducted based on the dosing regimen
above (n = 3 mice per group). Body weights of mice in each group were
meticulously recorded on days 7, 9, 11, 13, 15, 17, 19, and 21 post-
tumor inoculation. These measurements were used to construct body
weight-time curves, enabling a detailed comparison of body weight
changes across different experimental groups. On day 21 post-
inoculation, the organs of mice were harvested including heart, liver,
spleen, lung, and kidney tissues. Organ-to-body weight ratios were
calculated to evaluate potential organ-specific effects. The harvested
organs were processed for paraffin embedding, sectioned, and stained
with hematoxylin and eosin (H&E) for histopathological examination,
allowing for the assessment of any structural alterations or damage.
Additionally, blood samples were collected from the mice via retro-
orbital puncture for the isolation of serum on day 21 post-inoculation.
Levels of hepatic markers aspartate transaminase (AST) and alanine
aminotransferase (ALT), as well as renal markers urea nitrogen (BUN)
and creatinine (CRE), were quantified in the serum samples using
standard biochemical assays.

2.19. The effect of drug-conjugation stability on anti-tumor therapy in
vivo

To further evaluate the anti-tumor efficacy influenced by the
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stability of liposome conjugation, NEs-liposome conjugates were pre-
pared respectively by TSA-PEG3400-N3 or DSPE-PEG2000-N3
anchoring. Lipo/APLS@NEs mediated by TSA-PEG3400-N3 or DSPE-
PEG2000-N3 anchoring respectively (equivalent to 80 pg APLS per
mouse) were intravenously injected into tumor-bearing BALB/c mice. At
2, 6, 12, 24 and 48 h post-injection (n = 3 mice per group), collected
tumor tissues were processed as mentioned above. The supernatant was
collected for HPLC analysis of APLS concentration.

The varying stabilities of liposome conjugations were anticipated to
result in distinct anti-tumor efficacies. Saline, Lipo/APLS@NEs (TSA-
PEG3400-N3 anchoring) and Lipo/APLS@NEs (DSPE-PEG2000-N3
anchoring) (equivalent to 80 pg of APLS each mouse) were administered
intravenously on days 7, 11, 15, and 19 post-tumor inoculation (n = 5
mice per group). The tumor growth, tumor volume and tumor weight
were measured as described above. The tumor prolification was also
evaluated by Ki67 immunohistochemical staining of tumor sections after
mice were euthanized on day 21. Tumor angiogenesis was quantified via
CD31* microvessel density measurements in Alexa Fluor 594-immuno-
stained tumor sections. Based on the dosing regimen above, the sur-
vival status of mice was recorded daily from the day of tumor
inoculation (n = 5 mice per group) and mice were euthanized if tumor
volume exceeded 1500 mm>.

2.20. Statistics

Statistical analysis was performed using the GraphPad Prism 8.0
software. All graphical data were presented as mean + SD in at least
triplicate. Statistical significance was determined using two-tailed un-
paired Student's t-test, One-way ANOVA and Two-way ANOVA, in which
P < 0.05 were considered statistically significance. A log-rank (Mantel-
Cox) test was used to analyze the statistical significance in the survival
analysis.

3. Results

3.1. Design and synthesis of bioinspired trident membrane-anchoring
lipids to potentiate the hydrophobic interaction with NEs membrane

As reported, the natural phospholipid conjugated to polyethylene
glycol (PEG), such as DSPE-PEG, has been widely applied in cell mem-
brane anchoring including NEs [8,21]. In our previous research, NEs
were preloaded with nanodrugs to partially saturate the phagocytosis
before DSPE-PEG2000 anchoring, thus reducing the cellular uptake and
increasing the anchoring efficiency. To evaluate the feasibility of direct
anchoring on NEs, the FITC-labeled DSPE-PEG2000-N3 (DSPE-
PEG2000-N3-FITC) was applied as the fluorescent anchors, which
showed satisfying anchoring effect on NEs. Notably, we found DSPE-
PEG2000-N3-FITC gradually shed from the NEs membrane with
approximately 52% remaining membrane-anchored after 8 h (Support-
ing Information Fig. S1), consistent with the previously reported mem-
brane kinetics of drug-preloaded NEs [8]. We speculated that this
detachment mainly stemmed from insufficient interaction strength be-
tween the double-tailed lipid and the cell membrane [27], which
crucially existed as a universal issue for hydrophobic interaction-based
cell membrane anchoring [28,29].

To address this limitation, we designed a novel trident membrane
anchor, TSA-PEG, inspired by the stable membrane association of sperm-
related GPI-anchored decapacitation factor receptor, which features
three hydrophobic tails [24,25]. TSA-PEG incorporates three octadecyl
chains and a variable-length PEG linker, extending from the conven-
tional double-tailed DSPE-PEG structure (Fig. 2A). To theoretically
predict the anchoring stability of TSA-PEG versus DSPE-PEG, molecular
dynamics (MD) simulation was performed based on coarse-grained
models on a model NE membrane which contained three recognized
components of phosphatidylcholine (POPC), sphingomyelin (SM) and
cholesterol (Chol) [30] (Fig. 2A and B). The pulling simulation
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calculated the potential of mean force profile V(r) of the anchors in
relation to the center of mass (COM) distance r between the lipid and the
membrane center. The key distances corresponding to V(r) = 0, maximal
V(r), and minimal V(r) indicated a three-phase membrane insertion
process for the anchoring lipids: (i) unanchored state, (ii) initial
anchoring, and (iii) anchoring completion (Fig. 2C). At the anchoring
process, we observed a notable feature of TSA lipid that a sudden in-
crease in V(r) just above O (Fig. 2D (b)), marking the onset of anchoring.
This energy barrier represented the energy penalty associated with
initiating lipid anchoring. Specifically, we observed significant stretch-
ing of the lipid as it contacted the membrane, which rapidly elongated
the lipid tail to reach the membrane's hydrophobic layer. This mecha-
nism offset the energy penalty for lipid insertion and considerably
reduced the energy barrier for initiating the anchoring process. More-
over, despite TSA-PEG held a much larger lipid tail comprised of three
chains than DSPE-PEG with two chains, the height of the energy barrier
V(r) was also small, measuring 1.77 kgT for TSA-PEG (Fig. 2D (b)),
suggesting the easy insertion of TSA lipid. After anchoring completion,
the membrane-lipid binding free energy AG was determined as the
minimum of V(r), yielding values of —16.4 kgT for TSA-PEG and — 15.6
kgT for DSPE-PEG (Fig. 2D (a)). Since energy minimization corre-
sponded to greater system stability, this demonstrated that TSA-PEG
anchoring conferred greater stability compared to DSPE-PEG at the
same PEG linker length. Moreover, the time required for the lipid to
transition from a bound to an unbound state was approximately 2.2
times longer for TSA-PEG than DSPE-PEG in the context of Kramers'
theory, further indicating that lipid TSA-PEG demonstrated more
delayed shedding and improved stability. In addition, the binding en-
ergy between the anchoring molecules and cell membrane directly re-
flected the binding strength. The sharp decrease in Epj signified the
establishment of hydrophobic interaction with cell membrane. The
lower energy minimum of TSA-PEG indicated stronger binding strength
with membrane over DSPE-PEG (Fig. 2E), which accounted for the
greater anchoring stability of TSA-PEG.

Subsequently, azide-functionalized TSA-PEG2000 (TSA-PEG2000-
N3) was synthesized for anchoring-conjugation (Supporting Information
Scheme S1). All intermediates and the final product were characterized
by Bii NMR, 3¢ NMR, mass spectrometry (MS), and fourier transform
infrared spectroscopy (FTIR) (Supporting Information Fig. S2-S10). Its
FITC-labeled derivative (TSA-PEG2000-N3-FITC) was applied for
convenient observation. Experimentally, the membrane-binding stabil-
ity of TSA-PEG2000-N3-FITC was significantly superior to that of DSPE-
PEG2000-N3-FITC, as evidenced by its slower release kinetics and higher
retention rate. Over 8 h, TSA-PEG2000-N3-FITC demonstrated a 1.3-fold
higher membrane retention rate (70% vs. 54% at 8 h; Fig. 2F). Consis-
tently, the shedding of DSPE-PEG2000-N3-FITC was 1.5-fold greater
than that of TSA-PEG2000-N3-FITC (Fig. 2G). We attributed the
strengthened membrane-binding of TSA-PEG primarily to the increased
hydrophobicity of TSA anchor, which was then verified by pyrene-based
CMC measurement and water contact angle measurement. Specifically,
we detected a substantially lower CMC for TSA-PEG2000-N3 (1.48 pM)
than for DSPE-PEG2000-Nj3 (8.85 pM) in water, and a 20-degree increase
for the TSA anchor over the DSPE anchor in water contact angle, which
overall confirmed the higher hydrophobicity of TSA-PEG2000-N3
(Fig. 2H, I, Supporting Information Table S1), implying the potentiated
interaction with the cell membrane of NEs. Then we directly evaluated
the interfacial interaction of different anchors with lipid bilayer mem-
brane using Quartz Crystal Microbalance with Dissipation (QCM-D)
(Fig. 2J, Supporting Information Fig. S17A), which revealed strong
adsorption of both TSA-PEG2000-N3 and DSPE-PEG2000-N3 onto the
supported lipid bilayer, as reflected by substantial negative frequency
shifts (Af) and concurrent positive dissipation shifts (AD). Upon rinsing,
the increased Af for both systems indicated mass removal, while the AD
remained largely unchanged at a positive value (Fig. 2K and Supporting
Information Fig. S17B). This suggested that rinsing selectively removed
weakly associated molecules, leading to a rigid coupled structure, thus
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supporting the formation of stable lipid insertion into the bilayer. In
contrast, mPEG2000-N3 (lacking a lipid moiety) exhibited rapid
adsorption and synchronized reversal of both Af and AD to baseline
upon rinsing (Supporting Information Fig. S17C), indicating a pure
surface adsorption without stable lipid integration. Notably, after
rinsing, the Af of TSA-PEG2000-N3 remained significantly lower than
DSPE-PEG2000-N3 (Fig. 2L), suggesting a greater amount of TSA-
PEG2000-N3 was stably incorporated into the membrane following the
removal of weakly adsorbed part. We therefore attributed the superior
retention of TSA-PEG2000-N3 was consistent with its higher hydro-
phobicity, which facilitated more stable integration into the lipid
membrane.

Collectively, these results demonstrated that augmenting the hy-
drophobicity of the anchor, exemplified by increasing the number of
hydrophobic tails from two to three, was a viable strategy to strengthen
membrane binding and minimize anchors detachment.

The adsorption and insertion of different anchors on a lipid bilayer
membrane were evaluated by QCM-D (J), as represented by the changes
in frequency (K). The Af values was obtained by initial measurements (t
= 0 min) and final measurements after buffer rinse (L). Data are mean +
SD (n = 3 replicate experiments). **P < 0.01 and ***P < 0.001 by Two-
way ANOVA in (F, G) and Student's t-test in (L).

3.2. Influence of hydrophilic group of trident membrane-anchoring lipid
on the anchoring efficiency and stability of NEs

As reported, anchoring molecules with different PEG molecular
weight has showed different anchoring behavior [27]. Since the impact
of lipid structures on anchoring stability of lipid-PEG was evaluated, we
next aimed to investigate how the hydrophilic group, such as the PEG
molecular weight (2000, 3400, 5000 Da), affected membrane insertion.
To this end, we further synthesized azide-functionalized TSA-PEG3400-
N3 and TSA-PEG5000-N3 with different molecular weight of PEG linker
(Supporting Information Scheme S1) and characterized them using 'H
NMR, !%C NMR, MALDI-TOF-MS and FTIR (Supporting Information
Fig. S11-S16). FITC-modified analogues TSA-PEG3400-N3-FITC and
TSA-PEG5000-N3-FITC were used for quantitative anchoring analysis.

Notably, we found that the PEG linker of anchoring lipid exerted dual
effects in the anchoring process. On the one hand, increasing PEG mo-
lecular weight enhanced the hydrophilicity of anchor lipids as well as
the steric hindrance to hinder the insertion of the hydrophobic moiety
into membrane. We demonstrated that the CMCs of anchoring lipids
raised as the increase of PEG molecular weight measured via pyrene
fluorescence assays (Fig. 3A and Supporting Information Table S2).
Consistent with this, anchoring lipids with lower PEG molecular weights
exhibited stronger membrane association at equal concentrations with
higher fluorescence intensity (Fig. 3B, Supporting Information
Fig. S18A), indicating that reduced hydrophilicity of anchor lipid pro-
moted the interaction with membrane. On the other hand, higher-
molecular-weight PEG linker inhibited the cellular endocytosis, in line
with the previous reports [31,32]. A trypan blue quenching assay was
used to differentiate membrane-anchored from internalized fractions of
NEs. The results showed that anchor lipids with higher PEG molecular
weights significantly reduced cellular uptake (Fig. 3C). Although TSA-
PEG2000 displayed efficient membrane insertion, its weaker resis-
tance to cellular uptake versus the higher-molecular-weight analogs
(PEG3400 and PEG5000) led to a significant internalization by NEs,
thereby reducing its membrane retention (Fig. 3D). Especially, TSA-
PEG3400-N3 demonstrated the strongest membrane anchoring, reaching
2.04 nmol/10° cells even after multiple washes (Fig. 3D, Supporting
Information Fig. S18B).

We next investigated anchoring stability by incubating the anchored
cells in culture medium for 8 h and monitoring membrane retention over
time. The internalized fraction was quantitatively subtracted to accu-
rately determine the amount of membrane-anchored molecules. The
results showed that TSA-PEG3400 displayed superior membrane-
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Fig. 3. Influence of hydrophilic group of trident membrane-anchoring lipid on the anchoring efficiency and stability of NEs. (A) The CMC of TSA-PEG-N3 (MW =
2000, 3400, 5000 Da) with different molecular weight of PEG. (B) The fluorescence intensity on NEs after incubation with different concentrations of TSA-PEG-N3-
FITC. (C—D) The distribution ratio and amount of TSA-PEG-N3 on NE membrane and in the cytoplasm. (E-F) The amount of anchoring molecules retained on
membrane (E) and released to the culture supernatant with time (F), and the corresponding fluorescence distribution on cell membrane as observed by confocal
microscope (G). Scale bar is 10 pm. (H-J) The effect of shearing force from different blood flow velocity on the stability of TSA-PEG3400-N5-FITC on NEs (1 x 10°) by
parallel-plate flow chamber (H). The flowing direction is indicated by the orange arrows in (H). The two-tailed lipid DSPE-PEG2000-N3-FITC was used as control. The
retained amount of anchoring molecules on membrane per 10° NEs (I) and the released amount after shearing force (J). (K-L) The retained amount of anchoring
molecules on membrane per 10° NEs (K) and the quantified release in external medium (L) after NEs stimulated by 10 nM bacterial peptide N-formyl-Met-Leu-Phe
(fMLP). Data are mean + SD (n = 3). The statistical analysis was performed by Two-way ANOVA in (I-L). *P < 0.05, **P < 0.01, ***P < 0.001.

binding stability compared to both TSA-PEG2000 and TSA-PEGS5000,
with reduced detachment and higher membrane retention (Fig. 3E-G).
We attributed this to its optimal balance between membrane insertion
capacity and resistance to cellular uptake. To precisely delineate the
contribution of the trident lipid structure to anchoring stability, we also
compared TSA-PEG3400 with DSPE-PEG3400 sharing the same PEG

linker length. The markedly enhanced stability of TSA-PEG3400 versus
DSPE-PEG3400 confirmed the decisive role of trident structure in pro-
moting stable insertion (Supporting Information Fig. S19). Notably,
within the DSPE-based series, DSPE-PEG2000 outperformed DSPE-
PEG3400 in membrane retention, suggesting a more favorable trade-
off between insertion capability and resistance to phagocytic
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internalization (Supporting Information Fig. S19). Therefore, we adop-
ted DSPE-PEG2000 as the benchmark for subsequent evaluations of TSA-
PEG3400, ensuring a direct comparison with our earlier research
framework [8]. Notably, TSA-PEG3400 demonstrated a 1.5-fold higher
membrane retention after 8 h compared to DSPE-PEG2000 (Supporting
Information Fig. S19), further confirming the superior stability.

Since the anchoring stability of TSA-PEG3400 would undergo
various physiological challenges, the conditions including blood shear
stress, trans-endothelial migration, and inflammatory stimulation were
performed to further demonstrate the advantages of TSA-PEG3400 in
anchoring stability. As NEs adhered to the endothelium, shear stress can
promote the shedding of membrane-anchored lipids. Using a parallel-
plate flow chamber to simulate this force (Fig. 3H), TSA-PEG3400-N3-
FITC exhibited significantly less shedding and greater retention than
DSPE-PEG2000-N3-FITC (Fig. 31, J), demonstrating superior resistance
to blood shear stress. Moreover, during NEs migrating across the
endothelial cell layer, endothelial cells can internalize a portion of the
NE-anchored lipids. Using a transwell chamber, TSA-PEG3400-N3-FITC
showed significant higher retention and lower internalization by endo-
thelial cells, indicating its superior stability during transmigration
(Supporting Information Fig. S20). In addition, under inflammatory
stimulation, known to boost the release of membrane anchors, TSA-
PEG3400-N3-FITC displayed markedly less shedding than DSPE-
PEG2000-Ns-FITC, likely attributable to its stronger membrane binding
(Fig. 3K, L).

Collectively, we identified the optimal TSA-PEG3400-N3 holding the
superior anchoring stability on NE surface due to the improved hydro-
phobic interaction and the suitable PEG linker, which implied its strong
potential in potentiating the stability of drug conjugation.

3.3. Establishment of responsive NE-liposome conjugates via trident lipid-
mediated anchoring-conjugation strategy

Building upon the optimized TSA-PEG3400-N3 anchoring lipid, we
next investigated its capability for stable drug conjugation to NEs.
Neutrophils exhibit strong natural tropism toward inflamed tumor
vasculature and are rapidly recruited to sites of vascular inflammation,
which renders them highly efficient for acute, site-specific drug delivery
to tumor vessels, with clear advantages in targeting speed and specificity
over other immune cells [33]. Accordingly, we applied neutrophils to
achieve precise vascular-targeted delivery of anti-angiogenic agents.

Triple-negative breast cancer (TNBC) remains deficient in effective
targeted anti-angiogenic therapies, while the PI3K/AKT/mTOR
pathway is aberrantly activated in over 60% of TNBCs and critically
drives pathological angiogenesis and tumor progression [34,35]. Among
PI3K isoforms, PI3Ka (encoded by PIK3CA) is the most frequently
mutated and directly mediates aberrant vascular formation, represent-
ing a rational anti-angiogenic target [36]. Notably, APLS, a selective
PI3Ka inhibitor, is clinically approved for PIK3CA-Related Overgrowth
Spectrum (PROS) disorders that involve pathological vascular malfor-
mations [37]. On this basis, we selected Alpelisib (APLS) as our model
anti-angiogenic drug to suppress tumor neovascularization and induce
tumor regression. To enable both convenient loading and tumor site-
responsive release, APLS was encapsulated in liposomes that also
incorporated an MMP9-cleavable lipid (DBCO-PLGLAG-SA,, Supporting
Information Fig. S21). This lipid breakage by upregulated MMP9 from
activated vascular endothelial cells in the tumor microenvironment
could trigger the subsequent release of the encapsulated drug. The
resulting liposomal APLS (Lipo/APLS) exhibited a uniform spherical
morphology with an average diameter of ~120 nm and a zeta potential
of —10 mV. Moreover, Lipo/APLS demonstrated stable drug-loading
under different external conditions (Supporting Information Fig. S22A-
C). Subsequently, Lipo/APLS was conjugated onto NEs pre-anchored
with TSA-PEG3400-N3, yielding the NE-liposome conjugates (Lipo/
APLS@NEs). The construction process was sequentially optimized by
varying APLS concentration and incubation time. We found increased
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APLS concentration or longer incubation resulted in greater conjugation
of rhodamine B-labeled Lipo/APLS and higher APLS loading per 10° NEs
(Supporting Information Fig. S22D-H). Notably, the Lipo/APLS conju-
gation reach a plateau at an APLS concentration of 100 pg/mL and an
incubation time of 30 min, in which Lipo/APLS demonstrated maximum
conjugation effect while preserving NEs viability (Supporting Informa-
tion Fig. S22F). Under this condition, we observed strong fluorescence
colocalization between TSA-PEG3400-N3-FITC and Rho B-liposomes,
while unanchored NEs only displayed weak non-specific adsorption,
further confirming successful anchoring-conjugation on cell surface
(Fig. 4A, B). The drug-loading quantification suggested about 4 pg APLS
carried on NEs (1 x 10%) (Supporting Information Fig. S23A), and this
anchoring-conjugation method could maintain a stable drug loading
(>3.2 pg/ 10° NEs) on NEs for at least 8 h in culture medium (Fig. 4C).

To precisely delineate the contribution of TSA-PEG3400-Nj
anchoring to drug-conjugation stability, the two-tailed DSPE-PEG2000-
N3 anchoring herein was applied to conjugate liposomes as a contrast.
Both anchoring-conjugation strategies showed no significant differences
in drug-loading capacity (Supporting Information Fig. $23). Given that
the system Lipo/APLS@NEs need to specifically deliver drugs to the
tumor blood vessels, we thus primarily evaluated the drug-conjugation
stability under the situation of blood flow shear and inflammation
stimulation. As the shear force increased, TSA-PEG3400-N3-mediated
drug conjugation demonstrated higher retention compared to that
mediated by DSPE-PEG2000-N3 (Fig. 4D), indicating the more stable
drug conjugation by TSA-PEG3400-N3 enable withstand the impact of
shear force. Furthermore, under strong inflammatory stimulation, the
enhanced membrane binding of TSA-PEG3400-N3 ensured a sustained
drug release mode, with approximately 53% of drugs, equivalent to
about 2.2 pg APLS retained on cells after 8 h (Fig. 4E). These data
exhibited the superior drug-conjugation stability mediated by TSA-
PEG3400-N3 than DSPE-PEG2000-Nj3, indicating enhanced hydrophobic
interaction between anchors and cell membrane directly led to
improved stability of its drug conjugate.

Having confirmed the enhanced drug-binding stability mediated by
TSA-PEG3400-N3 anchoring, we next evaluated its potential impact on
NE biological functions. Despite almost unaffected cell vitality after
Lipo/APLS conjugation compared to blank NEs during in vitro culture of
8 h (Fig. 4F), the cell membrane state such as membrane integrity and
fluidity might potentially be compromised by membrane anchoring and
drug conjugation [38], thereby interfering with membrane-dependent
physiological activities. We found that at TSA-PEG3400 anchoring
levels below 2.9 nmol per 10° NEs, neither membrane permeability
(assessed by LDH release) nor membrane lipid fluidity showed signifi-
cant changes within 8 h (Supporting Information Fig. S24). However,
excessive anchoring (4.4 nmol per 10° NEs) increased membrane
permeability, as evidenced by elevated LDH release at 8 h (Supporting
Information Fig. S24A). Therefore, Lipo/APLS conjugation was operated
based on 2.4 nmol TSA-PEG3400-N3 anchoring on per 10° NEs, on
which condition Lipo/APLS conjugation did not further perturb NE
membrane permeability or fluidity (Fig. 4G, H). We next addressed
whether conjugated liposomes sterically blocked membrane protein
recognition or disrupted cell polarization, thus hindering cell migration.
Reassuringly, the surface expression levels of key membrane proteins
including CD11b, CXCR2, PSGL-1 and CD62L indicated unaltered after
liposome conjugation (Fig. 41, J). The cell polarization capacity essential
for migration, which was assessed via fMLP-stimulated cytoskeletal
protein (F-actin) redistribution, also demonstrated insignificant change
(Fig. 4K). Since membrane proteins mediated the NEs response to in-
flammatory cytokines, and cell polarization ensured the amoeboid
migration [39], the chemotaxis migration of NEs post-conjugation
showed negligibly alteration according to the chemotactic index
(Fig. 4L). Furthermore, given mature NEs rely predominantly on
glycolysis due to minimal mitochondria [40], the metabolic function
was also evaluated through glycolysis stress tests (using Seahorse
Analyzer), which showed nearly identical extracellular acidification rate
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Fig. 4. Establishment of responsive NE-liposome conjugates via trident lipid-mediated anchoring-conjugation strategy. By default , Lipo/APLS@NEs represented the
conjugates constructed by TSA-PEG3400-Ns-anchoring. (A-B) The fluorescence co-localization between Rho B-labeled liposomes and TSA-PEG3400-N3-FITC
anchoring on NEs, indicating successful conjugation of liposomes on NE membrane. The fluorescence intensity in (B) was measured along the white line in (A). Scale
bar, 5 pm. (C) The drug-loading stability of Lipo/APLS@NE:s in culture medium containing 10% FBS (n = 3). Lipo/APLS@NEs (DSPE) were the control conjugates
constructed by DSPE-PEG2000-N3-anchoring for comparison of drug-conjugation stability. (D-E) The drug-loading stability of Lipo/APLS@NEs under the shearing
force of blood flow (D) and inflammation stimulation (E). (F) The influence of Lipo/APLS conjugation on cell viability. (G-H) The effect of Lipo/APLS conjugation on
cell membrane functions including membrane permeability (G) and membrane lipid fluidity (H). (I-M) The cell migration functions including the expression of key
membrane proteins (I-J), cell polarization (K) and chemotactic migration (L) under the recruitment of fMLP. Scale bar, 5 pm. (M) The glycolysis stress test on
Seahorse quantified by ECAR. Data in (M) are mean + SD (n = 12). Data shown in (L) are mean + SD (n = 5). Data shown in (C-J) are mean + SD (n = 3). The
s‘tatistical analysis was performed by Two-way ANOVA in (D—H, L) and Student's t-test in (J). **P < 0.01 and ***P < 0.001. ns meant not significant.

(ECAR) profiles between conjugated and blank NEs after sequential
substrate injections, confirming unaltered glycolytic function (Fig. 4M).
Taken together, TSA-PEG3400-N3-mediated liposomal APLS attachment
exerted no significant impact on NE physiological functions, suggesting
the therapeutic application potentials.

In summary, we successfully established a NEs-drug conjugate Lipo/
APLS@NEs using TSA-PEG3400-N3-mediated anchor-conjugation
strategy, which achieved significantly enhanced drug-conjugation sta-
bility for cell-based drug delivery compared to previous anchors.

3.4. In vitro anti-angiogenic efficacy of Lipo/APLS@NEs via MMP9-
responsive drug release

The stimuli-responsive capability of the NEs-drug conjugate Lipo/
APLS@NEs was systematically evaluated. Firstly we evaluated the
change of Lipo/APLS after MMP9 treatment, which indicated a slight
size reduction and no distinct morphological change, accompanied by a
limited increase in drug leakage (Supporting Information Fig. $25). This
suggested that MMP9-mediated cleavage of the responsive peptide
induced size decrease without substantially compromising liposomal
integrity, thereby resulting in minimal drug leakage. Next the responsive
release profile of Lipo/APLS@NEs was quantified by measuring APLS in
the culture supernatant. Approximately 80% cumulative release
occurred within 8 h under MMP9 conditions, whereas less than 20% was
released in its absence (Fig. 5A), clearly demonstrating the MMP9-
responsive drug release capability of Lipo/APLS@NEs.

Before exploring the MMP9-responsive release behavior of Lipo/
APLS@NE:s in vivo, we first explored the tumor-targeting ability of Lipo/
APLS@DIR-labeled NEs in 4 T1 breast tumor-bearing mice. By an in vivo
imaging system (IVIS), we observed that Lipo/APLS@NEs effectively
accumulated at tumor site probably due to the NE tendency to activated
tumor vessels, which showed no significant difference in tumor-
targeting efficiency with blank NEs (Fig. 5B, Supporting Information
Fig. S26A). Moreover, liposome conjugation had no effect on the bio-
distribution of NEs (Supporting Information Fig. S26B, C), suggesting
the unchanged physiological function of NEs. Furthermore, the APLS
concentration in typical organs and tumors was detected by HPLC to
further confirm the tumor targeting ability. The results showed that
Lipo/APLS@NE:s significantly reduced the non-specific distribution of
APLS in normal organs such as the liver, spleen, and lung (Supporting
Information Fig. S26D), while increasing APLS accumulation in tumors
to 1.6-folds of free APLS liposomes (Fig. 5C). The enhanced tumor
accumulation could be attributed to the inherent tendency of NEs to
migrate toward tumor vasculature.

For better understanding the specific release of APLS liposomes from
Lipo/APLS@NEs at tumor vascular, we observed the tumor tissue
cryosections at different post-injection time points. Meanwhile, the non-
responsive Lipo-APLS@NEs was prepared using liposomes incorporated
with DBCO-SA, without MMP9-cleavable part as a control. Lipo/
APLS@NEs exhibited time-dependent adhesion on tumor vasculature
endothelium, and the colocalization of APLS liposomes and NEs grad-
ually separated around tumor vasculature. Conversely, non-responsive
Lipo-APLS@NEs revealed co-localization of APLS liposomes with
adherent NEs in vessel wall (Fig. 5D, E). These data confirmed the
specific release of Lipo/APLS from NE-liposome conjugates at tumor
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vascular, which would be beneficial to the improved efficacy of loaded
drugs.

Based on the site-specific drug release, the anti-angiogenesis potency
of Lipo-APLS@NEs in vitro was evaluated. We firstly established an
activated vascular endothelial cell model by TNFa stimulation, which
showed an evidently increased expression of adhesion molecules VCAM-
1 and elevated release of MMP9 (Supporting Information Fig. S27).
Leveraging this model, we found the secreted MMP9 triggered rapid
APLS release, leading to significant suppression of endothelial cell pro-
liferation and migration, an efficacy matching that of free APLS (Fig. 5F-
I). While in the absence of MMP9, Lipo/APLS@NEs generated a slight
inhibition on the migration of vascular endothelial cells comparable to
controls, as the drug failed to be released promptly (Fig. 5G-I). Notably,
Lipo/APLS@NEs without MMP9 stimulation still generated markedly
inhibition on the proliferation, which was mainly due to the drug
leakage from the apoptotic NEs during the 48-h observation period.
However, the inhibitory effect on proliferation was still weaker than that
triggered by MMP9 owing to the delayed drug release (Fig. 5F). Based on
these, Lipo/APLS@NEs could lead to effective inhibition for vascular
network formation after MMP9 treatment (Fig. 5J-M). These results
comprehensively validated the MMP9-responsive drug release capa-
bility of Lipo/APLS@NEs, which led to potent anti-angiogenic efficacy
in vitro.

3.5. Improved therapeutic efficacy of MMP9-responsive NE-liposome
conjugates

To evaluate the in vivo treatment efficacy of NE-liposome conju-
gates, an orthotopic breast cancer mouse model was performed.
Following the predefined treatment regimen, the MMP9-responsive
Lipo/APLS@NEs and other formulations was respectively adminis-
tered intravenously or by daily gavage (Fig. 6A). The results showed that
the responsive Lipo/APLS@NE significantly suppressed the tumor
growth compared to other groups, as monitored via bioluminescence
imaging (IVIS Spectrum) and tumor volume (Fig. 6B-D) along with a
marked reduction in tumor weight (Fig. 6E). The enhanced performance
could be attributed to the MMP9-responsive release at tumor vascular,
which promoted local drug bioavailability. This was further confirmed
by the superior inhibition on tumor angiogenesis achieved by MMP9-
responsive Lipo/APLS@NEs than the non-cleavable Lipo-APLS@NE
(Fig. 6F, G). By disrupting the supply of oxygen and nutrients, this
enhanced anti-angiogenic effect effectively induced tumor starvation.
Based on that, the mice treated with Lipo/APLS@NEs exhibited a 1.2-
fold prolongation in survival relative to those receiving the non-
responsive counterpart (Fig. 6H), which was probably benefited from
the suppression of vascularization contributing to the impaired tumor
growth. These collective findings indicated that the enhanced tumor
targeting of NEs and rapidly release of APLS liposomes at tumor vascular
endothelium contributed to a pronounced antitumor effect.

In addition to the enhanced antitumor performance, Lipo/
APLS@NE:s also exhibited a favorable biosafety profile. Throughout the
study, no significant signs of systemic toxicity of Lipo/APLS@NEs were
observed compared with other group, as indicated by stable body
weight, normal liver and kidney function markers (AST, ALT, CRE,
BUN), balanced organ-to-body weight ratios, and the absence of
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Fig. 5. In vitro anti-angiogenic efficacy of Lipo/APLS@NEs via MMP9-responsive drug release. (A) The boosted APLS release of Lipo/APLS@NEs stimulated by 20
nM MMP9 (n = 3). (B) The in vivo biodistribution of Lipo/APLS@NE:s in tumors at different time after i.v. administration (n = 3 mice per group). The blank NEs and
free DIR dye were set as control. (C) The APLS accumulation in tumors were quantified by HPLC (n = 3 mice per group). (D-E) The responsive drug release of Lipo/
APLS@NE:s inside tumor vessels over time, from initial NEs (green) adhesion followed by MMP9-responsive liposome (red) release within tumor vessels (magenta)
after i.v. administration. Here Lipo-APLS@NEs indicated NE-liposome conjugates without MMP9-sensitive peptide. Scale bar, 50 pm. (F) In vitro anti-proliferation
efficacy of Lipo/APLS@NEs on SVEC4-10 cells. The blank endothelial cells SVEC4-10 treated by blank NEs or free APLS were as controls. (G-I) The in vitro inhibition
effect on invasion rate of SVEC4-10 cells. Scale bar, 20 pm. The scratch recovery rate for evaluating the migration of SVEC4-10 cells was calculated with the initial
and final scratch area as measured by Image J. (J-K) The in vitro inhibition on neovascularization of SVEC4-10 cells. Scale bar, 20 pm. The branch numbers (L) and
total length (M) of the neovascularization were analyzed from random three fields by image J. All data were mean + SD (n = 3). The statistical analysis was
performed by Two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns, not significant. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

pathological injury in major organs (Supporting Information Fig. S28).
These results implied the potential of Lipo/APLS@NEs for clinical
translation.

Collectively, Lipo/APLS@NEs, featuring strengthened drug-
conjugation stability and enzyme-triggered release, demonstrated su-
perior antitumor efficacy via potent suppression of tumor growth and
angiogenesis, alongside a favorable safety profile, underscoring signifi-
cant clinical translational potential.

3.6. The in vivo advantages of trident anchor-conjugation strategy
compared to double-tailed anchor-conjugation strategy

For deep understanding the contribution of trident anchor-
conjugation strategy to therapeutic outcomes, we systematically evalu-
ated the responsive NE-liposome conjugates anchored by TSA-PEG3400-
N3 or DSPE-PEG2000-N3 in orthotopic breast cancer models (Fig. 7A).
TSA-PEG-N3-mediated Lipo/APLS@NEs (TSA) exhibited significantly
higher APLS accumulation in tumors, approximately 1.3-fold greater
than Lipo/APLS@NEs (DSPE) at the 24-h time point (Fig. 7B). This
indicated the strengthened anchoring could deliver more drugs to tumor
sites based on the active targeting of NEs and the MMP9-responsive drug
release mechanism, thereby supporting superior therapeutic effects.
This was further verified by in vivo tumor suppression effect. According
to the predefined treatment regimen (Fig. 7C), Lipo/APLS@NEs by TSA-
PEG anchoring resulted in significantly potentiated suppression of
tumor growth, as evidenced by weakened bioluminescence imaging
(IVIS Spectrum) and delayed tumor growth kinetics (Fig. 7D-F). More-
over, we found the increased APLS accumulation in tumor vessels via
Lipo/APLS@NESs (TSA) could translate to enhanced inhibition on tumor
angiogenesis (Fig. 7G, H), which in turn reduced the supply of oxygen
and nutrients, thereby leading to suppressive tumor cell proliferation
(Ki67 immunohistochemistry) and lessened tumor weight compared to
Lipo/APLS@NEs (DSPE) (Fig. 71, J). Accordingly, Lipo/APLS@NEs
(TSA) achieved a prolonged survival with a 1.2-fold extension compared
to Lipo/APLS@NEs (DSPE) (Fig. 7K). These findings collectively
underscored the critical role of stable drug conjugation mediated by
TSA-PEG-N3 in maximizing therapeutic efficacy.

4. Discussion

Current strategies for non-covalent attachment of therapeutic agents
to cell surfaces most commonly rely on receptor-ligand interactions.
This method, while specific, lacks generalizability as it necessitates
bespoke design for each cell type based on its unique receptor expression
profile [41]. Another strategy, electrostatic adsorption often suffers
from instability as the attached payloads can be readily displaced by
competing ions or serum proteins. In contrast, the anchoring-
conjugation strategy circumvents these constraints through a modular
architecture comprising a hydrophobic membrane anchor, a hydrophilic
linker, and a terminal reactive group. The modular design allows
tailored adaptation to different cells and payloads, providing a universal
framework for diverse cell-drug conjugates.

Capitalizing on this versatility, our group has used the classical two-
tailed phospholipid anchor (DSPE-PEG) to engineer drug-carrying T
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cells and NEs. As for the phagocytic NEs, earlier work involved pre-
loading NEs with nanodrugs to partially saturate phagocytosis before
surface drug conjugation, thus increasing the conjugation efficiency [8].
To further improve clinical feasibility, this study investigated direct
drug anchoring onto the NE surface without prior saturation of endo-
cytosis. This presented two main challenges: active endocytic activity
that internalizes surface cargo, and high membrane fluidity—essential
for phagocyte function—that promotes premature payload release, a
general obstacle in cell-based drug delivery. To address these issues, we
developed a biomimetic trident membrane-anchoring lipid, TSA-
PEG3400-N3, inspired by the stable membrane association of sperm-
related GPI-anchored proteins. The triple-tail design strengthened hy-
drophobic interactions with the NEs membrane, improving drug reten-
tion without compromising cell viability or function. For minimizing
cellular uptake while maximizing surface attachment efficiency, we
systematically optimized the PEG linker length and conjugation condi-
tion. The resulting TSA-PEG3400-N3 anchor showed superior stability
under physiological conditions, outperforming the conventional two-
tailed DSPE-PEG anchor.

Furthermore, the modularity of this strategy allows integration of
stimulus-responsive linkers for controlled drug release, catering to spe-
cific therapeutic needs. In this work, we incorporated a matrix
metalloproteinase-9 (MMP9)-cleavable linker between the anchor and
the liposomal drug (Alpelisib) payload. Since MMP9 is overexpressed in
tumor vasculature [42], this design ensured drug retention during sys-
temic circulation but triggered rapid, site-specific release upon NE
adhesion to activated tumor endothelium. The delivered PI3Ka inhibi-
tor, Alpelisib, then potently inhibited angiogenesis, cutting off the tumor
nutrient supply. This synergy between NE-mediated targeted delivery
and microenvironment-triggered precise release resulted in enhanced
intra-tumoral drug accumulation, potent anti-angiogenic effects, and
significant tumor suppression. Critically, the improved drug-
conjugation stability mediated by TSA-PEG3400-N3, compared to pre-
viously used DSPE-PEG, directly translated to greater drug delivery and
stronger antitumor efficacy, validating that enhancing hydrophobic
interaction strength was a viable strategy to boost therapeutic outcomes.
Further, improved drug-conjugation stability by TSA-PEG3400-N3 can
allow similar efficacy with lower doses or less frequent administration,
improving patient compliance and safety by minimizing off-target
exposure.

Despite the marked improvement, this study only attenuated but did
not abolish the internalization of surface-conjugated drugs by NEs, a
design that intentionally preserved the NEs' essential native migratory
and phagocytic functions. Although the adoptively transferred NEs from
healthy donor mice have been shown to lack inherent immunosup-
pressive properties, the phenotypic fate and functional dynamics of
these NEs within the complex tumor immune microenvironment remain
to be elucidated. Future studies will focus on elucidating the in vivo
polarization status and fate of these NEs post-transfer to comprehen-
sively validate their immune safety profile. Furthermore, our trident
anchoring lipid-mediated strategy could be extended with multi-stimuli-
responsive linkers and adapted to other phagocytic or non-phagocytic
cells, broadening its applicability in cell-based combination therapies.
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Fig. 6. Improved therapeutic efficacy of MMP9-responsive NE-liposome conjugates in vivo. (A) Schematic illustration of the experimental timeline for anti-tumor
efficacy studies in orthotopic tumor-bearing mice. Saline, blank NEs (NEs, 2 x 107 cells), the combination of liposome Lipo/APLS (APLS 4 mg/kg) and NEs (2 x
107 cells), the non-responsive Lipo-APLS@NEs (2 x 107 cells) and the MMP9-responsive Lipo/APLS@NEs (2 x 107 cells) were administered intravenously on days 7,
11, 15, and 19 post-inoculation. Free APLS (20 mg/kg) was administered by daily gavage from Day 7 to Day 21 after tumor inoculation. (B—C) The 4 T1 breast tumor
growth monitored through bioluminescence in IVIS Spectrum and (D) the tumor growth kinetics after different preparation treatment (n = 5 mice per group). (E) The
tumor weight recorded after treatment completed (n = 5 mice per group). (F-G) The in vivo anti-angiogenesis effect after different treatment as showed by
immunohistochemical frozen tumor sections (G). Scale bar, 100 pm. The quantitative fluorescence intensity of tumor vessels from random three frozen tissue sections
of 4 T1 tumor-bearing mice after different treatment (F). (H) Tumor-bearing mice survival after different treatment (n = 5 mice per group). All Data were mean + SD.
The statistical analysis was performed by Two-way ANOVA in (C), Owo-way ANOVA in (E, F) and Log-rank (Mantel-Cox) test in (H). *P < 0.05, **P < 0.01, ***P <
0.001 and ****P < 0.0001. ns, not significant.
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Fig. 7. The in vivo advantages of trident anchor-conjugation strategy compared to double-tailed anchor-conjugation strategy. (A) Construction of MMP9-responsive
Lipo/APLS@NEs mediated by TSA-PEG3400-N3 anchoring or DSPE-PEG2000-N3 anchoring. (B) The obtained Lipo/APLS@NEs(TSA) and Lipo/APLS@NEs(DSPE)
were respectively intravenously administered into orthotopic tumor-bearing mice (2 x 107 cells, equivalent to 80 ug of APLS each mouse). The APLS accumulation
within tumors quantified via HPLC (n = 3 mice per group). (C) Schematic illustration of the anti-tumor efficacy studies from different anchoring-conjugation strategy
in orthotopic tumor-bearing mice. The MMP9-responsive Lipo/APLS@NEs(TSA) and Lipo/APLS@NEs(DSPE) (2 x 107 cells) were administered intravenously on days
7,11, 15, and 19 post-inoculation. (D-E) The tumor growth monitored through bioluminescence in IVIS Spectrum and the corresponding total radiant efficiency with
time (n = 5 mice per group). (F) The tumor growth kinetic after different treatment (n = 5 mice per group). (G-H) The in vivo anti-angiogenesis effect after different
treatment as showed by immunohistochemical frozen tumor sections (G). Scale bar, 50 pm. The quantitative fluorescence intensity of tumor vessels was analyzed
from three random frozen tissue sections of each group by Image J (H). (I) The tumor proliferation assessed by Ki67 immunohistochemical staining. Scale bar, 100
pm. (J) The tumor weight measured after different treatment (n = 5 mice per group). (K) The mice survival after different treatment (n = 5 mice per group). Data
were mean + SD. The statistical analysis was performed by Two-way repeated measures ANOVA in (B, E), One-way ANOVA in (H, J) and Log-rank (Mantel-Cox) test
i‘n (K). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. ns, not significant.
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