P L OYAL SOCIETY
OF CHEMISTRY
Nanoscale -

View Article Online

View Journal

M) Check for updates Neutrophil-lifecycle-inspired nanoplatform for the

treatment of lung cancer bone metastasis
Cite this: DOI: 10.1039/d6nr00094k
Yan Xu,+?® Minyu Li, % Boheng Liu,?® Shilin Li,® Qian Zheng,*® Yanlu Xiong,®®"
Ru Bai,? Yang Liu**® and Yongfu Ma () *°

Difficulty in achieving effective drug concentration in bone metastasis has been a major challenge for
tumor treatment because of the complex physiological environment of bone. Existing bone-targeting
nanoparticles exhibit insufficient active targeting capability which relies on the binding of bisphospho-
nates and calcium. Hence, based on the homing property of aged neutrophils, we construct a C-X-C
motif chemokine receptor 4 (CXCR4) targeting peptide, E5 peptide, modified liposome delivery system
(D_E5-LPs) loaded with doxorubicin (DOX) that enables specific anchorage of nanoparticles to CXCR4™
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aged neutrophils and enhances drug accumulation in bone metastasis. The D_E5-LPs effectively inhibit
tumor growth and reduce systemic toxicity induced by chemotherapeutic drugs in a murine model of
lung adenocarcinoma bone metastasis. Collectively, this study presents an effective strategy for bone-tar-
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1. Introduction

Lung cancer is one of the most frequently diagnosed cancers
and a leading cause of cancer-related mortality worldwide with
an estimated 2 million new lung cancer cases and 1.76 million
lung cancer-related deaths per year." Lung cancer bone meta-
stasis has attracted increasing attention, as distant metastasis
is the primary cause of lung cancer-related deaths and approxi-
mately 30-40% of lung cancer patients develop bone
metastasis.>’ It is strongly associated with poorer prognosis,
increased risks of bone pain, spinal cord compression, and
pathological fractures compared to other metastatic sites.
About 53.4% of patients with bone metastases experience skel-
etal-related events (SREs) and their median survival is limited
to 10 months without active treatment.* Besides unfavorable
clinical outcomes, low blood perfusion of bone marrow,
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geting drug delivery and expands therapeutic strategies for bone-related diseases.

namely blood-bone marrow barrier,” significantly limits drug
delivery, posing a key therapeutic challenge for lung cancer
bone metastasis.

To solve the dilemma, a large number of nanocarriers of
different sizes® and with special modifications such as func-
tional molecules,” peptides® or antibodies’ have been devel-
oped to realize bone targeting drug delivery. Among various
targeting functional molecules, the bisphosphonates (BPs)
were widely used due to their strong ability to chelate with
calcium ions of osseous hydroxyapatite.'”* However, the BP-
functionalized nanoparticles couldn’t specifically target bone
lesion because of non-specific accumulation in random bone
area. Meanwhile, BP-modified nanoparticles encounter chal-
lenges in crossing endothelial and targeting the bone marrow
with low blood perfusion, due to the passive targeting effects
of BPs.

Therefore, it’s crucial to develop an active bone-targeting
strategy for treatment. The recently developed cell-based deliv-
ery strategy seems to offer a promising and feasible
solution.”" It has been observed that C-X-C motif chemo-
kine receptor 4 (CXCR4) expression of neutrophils is progress-
ively upregulated over the lifecycle."* Concurrently, aged neu-
trophils with high CXCR4 spontaneously migrate to bone
marrow with high concentration of C-X-C motif chemokine
ligand 12 (CXCL12) driven by CXCR4/CXCL12 signal pathway
and undergo apoptosis ultimately. Based on these findings,
neutrophil hitchhiking strategy was developed in which aged
neutrophils transport nanoparticles to bone marrow."
Similarly, osteoprogenitor cells have been used to deliver
drugs and have achieved significant therapeutic efficiency.'>*®
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Fig. 1 Schematic diagram of neutrophil hitchhiking liposomes for treatment of lung cancer bone metastasis. D_E5-LPs specifically bind to the
surface of aged neutrophils and deliver drugs to the tumor site via neutrophil homing. Subsequently, liposomes responsively disassemble in acid
TME, enhancing drug uptake of tumor cells. The figure was created with Biorender (https://www.biorender.com).

However, controlling the life cycle of neutrophils in vitro
remains challenging, as neutrophils have a short lifespan with
a halflife of about 19 hours,"* and only aged neutrophils
migrate to the bone marrow. Furthermore, as terminally differ-
entiated cells, neutrophils possess a limited lifespan and lack
proliferative capacity, rendering them incapable of sustained
expansion or passaging in vitro. Consequently, for therapeutic
applications, they must be derived directly from patient
sources.">""®

Hence, the strategy that enables nanomaterials to bind to
aged (CXCR4™) neutrophils in vivo, rather than through
in vitro co-culture, is more conducive to clinical translation.
Modifying nanoparticles with peptides is a promising
approach for targeting delivery.'®*° Studies demonstrated that
peptide-modified nanoparticles could bind to activated neutro-
phils in circulation and deliver drugs.”’ Consequently, we
hypothesized that nanoparticles could bind to aged neutro-
phils by targeting CXCR4. For active targeting, we selected the
E5 peptide, an engineered peptide that targets CXCR4, as a
guiding molecule to recognize aged neutrophils, exhibiting a
concentration-dependent affinity for CXCR4.>*> Although the
E5 peptide is widely used in nanomedicine delivery for active
targeting of nanoparticles,** > its application for neutrophils
targeting has not been reported yet.

Guided by this concept, the E5 peptide may serve as the
basis for active targeting aged neutrophils by nanoparticles.
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-hydrazone-
polyethylene glycol-E5 (DSPE-HYD-PEG,0o-E5) was first syn-
thesized via Michael addition reaction to serve as lipid com-

Nanoscale

ponent of liposomes (E5-LPs) preparation through a typical
thin-film hydration method.?® Upon intravenous injection, E5-
LPs are expected to spontaneously bind aged neutrophils
in vivo. Preferential bone-lesion targeting was demonstrated in
a murine model of lung cancer bone metastasis established
via intratibial injection. By loading antitumor chemotherapeu-
tic drug DOX, the system achieved significant therapeutic
efficacy (Fig. 1). This study developed a drug delivery system
capable of spontaneously binding aged neutrophils in circula-
tion for treatment of tumor bone metastases, revealing a uni-
bone lesion-targeting platform for various bone
diseases.

versal

2. Materials and methods

2.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-hydrazone-

(polyethylene glycol)-maleimide (DSPE-HYD-PEG;o00-MAL)
and 1,2-diacyl-sn-glycero-3-phosphocholine (soybean) (HSPC)
were purchased from Ruixi Biological Technology Co., Ltd
(Xi’an, China). DOX, cholesterol and DOTAP were purchased
from Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). E5 peptide was obtained from GL Biochem Co.,
Ltd (Shanghai, China). DiO and Calcein-AM/PI, Live/Dead Cell
Double Stain Kit was purchased from Solarbio Science &
Technology Co., Ltd (Beijing, China), DiR was obtained
from ShareBio Co., Ltd (Shanghai, China), o-luciferin potass-
ium salt was purchased from YangGuangBio Life Sciences Co.,

This journal is © The Royal Society of Chemistry 2026
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Ltd (Beijing, China), Cell Membrane Red Fluorescent Staining
Kit (Dil) was purchased from Beyotime Co., Ltd (Beijing,
China).

2.2 Cell and animals

Lewis lung carcinoma (LLC) cells and LLC cells stably expres-
sing high level of Luciferase (LLC-LUC) were obtained from
Fenghui Biotechnology Co., Ltd (Hunan, China) and main-
tained in Dulbecco’s Modified Eagle Medium (DMEM)
(Wisent, Canada) supplemented with 10% fetal bovine serum
(FBS) (VivaCell, New Zealand) and 1% penicillin streptomycin
(Wisent, Canada). Primary neutrophils were isolated and cul-
tured in RPMI 1640 (Wisent, Canada) culture medium contain-
ing 10% inactivated FBS and 1% streptomycin-penicillin, as
published previously."® All cells were maintained at 37 °C and
5% CO, in a humidified atmosphere.

Female C57BL/6 mice (6-8 weeks) and SD rats were pur-
chased from the specific pathogen-free (SPF) Biotechnology
Co., Ltd (Beijing, China) and housed under conditions of a
light/dark cycle of 12 h, an ambient temperature of 25 + 2 °C,
and a humidity of 60 + 10%. All the animals were treated
according to the Guide for Care and Use of Laboratory
Animals, and all relevant animal experiments were performed
in compliance with the protocols approved by the institutional
Animal Care and Use Committee (animal license: NCNST21-
202508-0077 and NCNST21-202507-0069) of the National
Center for Nanoscience and Technology, Chinese Academy of
Sciences.

2.3. Single-cell analysis

The single-cell transcriptomic datasets of 3 lung cancer bone
metastasis cases, 12 normal bone tissues, and peripheral
blood from lung cancer patients were sourced from the
BioProject database (accession code PRJNA1129208>’) and the
Gene Expression Omnibus (GEO) database (accession codes
GSE253355 *® and GSE250001 *°). R language software (version
4.4.2, https://www.r-project.org) was used to analyze and visual-
ize the single-cell data. Quality control of raw data were per-
formed using the Seurat package (version 5.3.1). Anchor-based
integration analysis was performed for lung cancer bone meta-
stasis data to eliminate heterogeneity between samples, while
sample integration analysis was conducted by the Harmony
package (version 1.2.4) for the peripheral blood data. Finally,
neutrophil populations were annotated based on canonical
marker genes reported in the original literature and visualized
for validation.

2.4. Clinical correlation analysis and survival prognosis
analysis

The expression patterns and prognostic significance of CXCR4
in lung cancer were evaluated by analyzing The Cancer
Genome Atlas (TCGA) and GEO datasets. Based on the TCGA
cohort, the CXCR4 expression levels in lung adenocarcinoma
(LUAD) and lung squamous cell carcinoma (LUSC) and their
correlation with clinical staging were assessed. Subsequently,
Kaplan-Meier survival analysis was performed on patient

This journal is © The Royal Society of Chemistry 2026
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groups defined by the optimal cutoff of CXCR4 expression.
Furthermore, the association between CXCR4 expression and
overall survival (OS) in non-small cell lung cancer (NSCLC;
GSE14814,>° GSE50081°"), LUAD (TCGA, GSE68465 °%), and
LUSC (TCGA, GSE4573 **) cohorts were evaluated. Additionally,
the one-year post-surgery disease-free survival (DFS) in the
GSE8894** cohort was analyzed with the landmark analysis
conducted to mitigate early-event bias. Finally, multivariate
Cox regression analysis confirmed CXCR4 expression level as
an independent predictor of overall survival.

2.5. Preparation and characterization of DSPE-HYD-PEG-E5

DSPE-HYD-PEG,000-E5 was synthesized as reported pre-
viously.?® Briefly, E5 and DSPE-HYD-PEG000-MAL with a molar
ratio of 1.5:1 were dissolved in PBS, containing 1 mM EDTA.
Then, the solution was stirred at room temperature under
nitrogen protection for 12 h. The excess E5 was removed via
dialysis against deionized water (MWCO = 3500 Da) for 48 h,
followed by lyophilization. The Fourier transform infrared
spectroscopy (FTIR) spectra was measured with Micro FT
Infrared Spectroscopy (Spotlight 200i, PerkinElmer instru-
ments Co., Ltd, USA).

2.6. Synthesis of E5-LP nanoparticles

E5-LPs was prepared by the film dispersion method. Briefly,
HSPC (15 mg), cholesterol (7.5 mg), and DOTAP (5 mg) were
dissolved in ethanol and evaporated to form a dried lipid film
(40 °C, 20 min). Then, the dried lipid film was hydrated with
PBS containing DOX (0.85 mg) and DSPE-HYD-PEGjo-E5
(5 mg). Blank-LPs, DOX-loaded liposomes (D_LPs), DiO/DiR-
labeled LPs (DiO/DiR_LPs) were prepared as described above.
The solution was homogenized for 5 min with an ultrasound
probe (SCIENTZ-IID, Xinzhi Biological Company, China). The
hydrodynamic size, polydispersity index and zeta potential of
D_E5-LPs were determined by dynamic light scattering (DLS,
Zeta sizer Nano ZS, Malvern, UK). The size and morphology
were analyzed by transmission electron microscopy (TEM,
HT7700, Hitachi, Japan). The encapsulation efficiency (EE%)
and drug loading (DL%) were measured by UV-vis spectra
(Lambda 950, PerkinElmer instruments Co., Ltd, USA) and cal-
culated by the following equations:

DL% = Wioaded drug/Wliposome x 100%
EE% = Wioaded drug/Wtotal drug X 100%

where Wigaded drug aNd Wiiposome represent the weight of drug
in the liposome and weight of all added to the liposome. Wiota
drug 1 the weight of drug added to the liposome.

2.7 Drug release of D_E5-LPs in vitro

The release profile of DOX from D_E5-LPs was determined
using the dialysis-bag method. D_E5-LPs were added into a
pre-treated dialysis bag (MWCO 3.5 kDa), the air was gently
expelled, and the bag was sealed. The dialysis bag was then
immersed in 9 mL of PBS (pH 7.4 or pH 6.5) and shaken at
300 rpm at 37 °C. At 1, 2, 4, 8, 16, 24, 48 and 72 h, 300 pL ali-
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quots were withdrawn and immediately replaced with the
same volume of fresh pre-warmed medium. The samples were
analyzed by UV-vis spectra.

2.8 Analysis of binding mode between neutrophils and E5-
LPs

Primary murine immune cells were isolated following the
manufacturer’s instructions and cultured in vitro for 6 h to
induce senescence, as published previously.">*® The cells (1 x
10° mL™") were resuspended in complete 1640 medium, plated
in 39 mm glass-bottom dishes and allowed to adhere for
30 minutes. Then complete medium containing DiO_E5-LPs
was added and further incubated for 2 h. Cells were main-
tained alive and were not fixed or permeabilized. On com-
pletion of the incubation time, cell components were stained
with Dil and Hoechst 33342 and fixed with 4% paraformalde-
hyde in the dark at room temperature, visualizing, and photo-
graphing through Confocal Laser Scanning Microscope
(SLM980 Airyscan2, Carl Zeiss, Germany).

2.9 Analysis of binding abilities of LPs to immune cells

DiO served as a fluorescent marker to analyze the binding abil-
ities of liposomes to neutrophils. Murine primary immune
cells were isolated and neutrophils were cultured in vitro
according to the procedures described above.

For neutrophils, the cells (1 x 10° per well) were seeded in
12-well plates and incubated for 6 h. Then, complete medium
containing DiO-labeled liposomes (DiO_LPs, DiO_E5-LPs and
preincubated DiO_E5-LPs) was added. After incubation of
specific duration, the cells were harvested and stained with PE
anti-mouse Ly-6G/Ly-6C (Gr-1) antibody and PE/Cyanine5 anti-
mouse CD11b antibody (BioLegend, USA) in cell staining
buffer, followed by washing and cells were analyzed by
CytoFLEX. Data were expressed as mean fluorescence intensi-
ties (MFI).

For the different immune cell populations, we referred to
the methods described in previous study.*® Primary mouse
bone marrow immune cells were isolated with 6 h culture
in vitro and seeded into 6-well plates (1 x 10° per well). The
cells were cultured in complete medium containing DiO_E5-
LPs. After incubation for specific duration, the cells were har-
vested and stained with 7-AAD Viability Staining Solution,
APC/Cyanine7 anti-mouse CD45 Antibody, PE/Cyanine7 anti-
mouse/human CD45R/B220 Antibody, and APC anti-mouse
CD3 Antibody (BioLegend, USA). Finally, the samples were ana-
lyzed by CytoFLEX.

2.10 Hemolysis study

Hemolysis studies with different liposomes were carried out
on rat blood sample. Briefly, blood was collected into EDTA
containing tubes from adult rats and centrifuged at 2000 rpm
for 10 min. Then, the obtained pellet was washed thrice with
sterile PBS. Different liposomes were incubated with 5% (v/v)
rat erythrocytes at 37 °C for 1 h. The total lipid concentration
was the same dose for mice in section 2.14. Consequently, the
samples were centrifuged at 2000 rpm for 10 min and the
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released hemoglobin absorbance at 540 nm was measured.
Erythrocytes hemolysis of 100% and 0% after treatment with
Triton X-100 and PBS were taken as controls, respectively.

2.11 Biodistribution

8 weeks C57BL/6 mice were inoculated intratibially with
LLC-Luc cells (1 x 10* in 10 pl). Five days later, the mice were
randomly assigned to two groups, DiR_LPs or DiR_E5-LPs
were injected intravenously to the mice. Fluorescence was
observed by In Vivo imaging System (IVIS) at 1, 2, 4, 8, 12 and
24 h. Afterward, mice were sacrificed and the biodistribution
was analyzed by immunofluorescence staining.

2.12  Cellular uptake of nanoparticles

To evaluate the cellular uptake of different liposomes, flow
cytometry and inverted fluorescence microscopy were applied.

For flow cytometry, LLC cells (1 x 10° per well) were seeded
in 12-well plates and incubated overnight. Then, the cells were
incubated with DiO-labeled liposomes as described above.
Subsequently, the cells were analyzed via flow cytometry at an
exciting wavelength (Ex = 484 nm). Data were expressed as
MFI.

For inverted fluorescence microscopy, A549 cells were
seeded in 12-well plates at a density of 4 x 10> per well and
incubated overnight. Subsequently, complete medium contain-
ing DOX, D_LPs, D_E5-LPs and preincubated D_E5-LPs of
same DOX content were added to the wells and further incu-
bated for 12 h. Then, cells were washed three times with PBS
and stained with 1 pg mL™" Hoechst 33342 for 5 minutes.
Subsequently, cells were washed and observed through
inverted fluorescence microscope (EVOS M5000 Imaging
System, Invitrogen, USA).

2.13  In vitro cytotoxicity

Cytotoxicity in LLC and A549 cells was investigated by calcein-
AM/PI dual staining assay and Cell Counting Kit-8 (CCK-8)
assay.

For CCK-8 assay, 1 x 10* LLC cells and 2.5 x 10*> A549 cells
per well were seeded in 96-well plates and incubated overnight.
Subsequently, complete medium containing DOX, D_LP,
D_E5-LP and preincubated D_E5-LP of same DOX content were
added to the wells and further incubated for 24 h. Then, the
cells were washed three times with PBS and medium was
replaced with complete medium with 10% CCK-8. After
30 min of incubation, the cell viability was measured with a
microplate reader at 450 nm.

For calcein-AM/PI dual staining assay, 2 x 10°> LLC and 1 X
10° A549 cells per well were seeded in 12-well plates and incu-
bated with drug or liposomes as described above for 24 h.
Afterwards, cell staining was completed with Calcein-AM/PI
live/dead cell double staining kit and the cell morphology and
fluorescence were captured with an inverted fluorescence
microscope.

This journal is © The Royal Society of Chemistry 2026
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2.14 In vivo antitumor activity

LLC tumor-bearing female C57BL/6 mice were used to evaluate
antitumor activity. LLC-Luc cells (1 x 10°) were injected into
proximal tibias of mice. After 5 days, the mice were randomly
assigned to four groups (n = 5 biologically independent animal
per group): (1) Saline (2) DOX (3) D_LP (4) D_E5-LP. A different
formulation of liposomes was injected intravenously at a
dosage of 5 mg kg~' DOX every three days for 6 injections. The
body weight of the mice was recorded every two days. At the
end of the experiment, the mice were euthanized and histo-
pathological analysis (H&E) was conducted on the major organ

sections. Blood samples were collected for hematology
analyses.
2.15 Micro-CT

The tibias of mice were observed under micro-CT. Images and
major bone parameters Imalytics
Preclinical software.

were analyzed with

2.16 Statistical analysis

All data were presented as the mean + SD. The statistically sig-
nificant differences were analyzed by the two-tailed Student’s
t-test (two groups) and a one-way analysis of variance (ANOVA)
(multiple groups). The P value was calculated with the help of
Graphpad Prism. Error bars are expressed as mean + SD. *P <
0.05, **P < 0.01, ***P < 0.001 were considered statistically
significant.

3. Results and discussion

3.1. The level of CXCR4 was related to the prognosis of
patients with lung cancer and elevated in neutrophils of
patients with lung cancer metastasis

CXCR4, the specific receptor for the chemokine CXCL12, is
broadly expressed on the surface of diverse tumor cells, and
participates in key biological processes including tumor cell
invasion, migration and regulation of the tumor microenvi-
ronment (TME).*” To identify the potential role of CXCR4 in
lung cancer progression, we performed an analysis of LUAD
samples based on TCGA database. Our results revealed that
CXCR4 expression was negatively correlated with tumor stage in
LUAD, which is significantly higher in pathological stage I than
in stages III and IV. Within the tumor-node-metastasis (TNM)
staging system, CXCR4 expression at T1 was also markedly
higher than at T2 and T4 (Fig. 2a). However, no significant
differences in CXCR4 expression were observed between
different age or sexes, and there was no statistically significant
association with lymph node metastasis (N stage) or distant
metastasis (M stage) (Fig. Sla). Further survival analyses
demonstrated that LUAD patients with high CXCR4 expression
had better OS than those with low expression (P = 0.036, hazard
ratio 0.68, 95% confidence interval 0.47 to 0.97; Fig. 2b). This
finding was further validated using an independent external
cohort from the GEO database (Fig. 2c¢). To minimize con-
founding effects, we conducted multivariate Cox proportional
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hazards regression analysis; after adjusting for key clinico-
pathological variables including age, sex, TNM stage and patho-
logical stage, CXCR4 remained an independent prognostic
factor for LUAD (P = 0.02; Fig. 2d). Collectively, these results
establish CXCR4 as a robust prognostic biomarker in LUAD.

Unlike its prognostic role in LUAD, the prognostic value of
CXCR4 in LUSC exhibited histology subtype-specific patterns.
CXCR4 expression levels were significantly higher in female
patients than in males. However, no significant differences
were observed across pathological stage, TNM stage, or ages
(Fig. S1b and c). Regarding prognosis, survival analysis of the
TCGA cohort did not reveal a significant association between
CXCR4 expression and OS in LUSC (Fig. S1d). In contrast, in
an independent external GEO validation cohort, LUSC patients
with high CXCR4 expression exhibited significantly better OS
than those with low expression (P = 0.03, hazard ratio 0.48,
95% confidence interval 0.26 to 0.93; Fig. 2e).

Despite the heterogeneity within LUSC subtypes, when
CXCR4 was evaluated in a GEO cohort comprising both LUAD
and LUSC patients (i.e., non-small cell lung cancer, NSCLC),
high CXCR4 expression was likewise associated with signifi-
cantly better OS compared with low expression (Fig. Sle and
f). Further analysis in another independent cohort investi-
gating its association with postoperative recurrence showed
that although CXCR4 expression was not significantly associ-
ated with the overall recurrence rate, the high-expression
group had significantly longer DFS (Fig. S1g). Despite inter-
subtype histological differences, CXCR4 retains important
prognostic implications in the overall NSCLC population. In
summary, the above results indicate that CXCR4 plays a critical
role in lung cancer disease trajectory, and low CXCR4
expression is associated with poor prognosis. However, its
application for targeting metastatic tumor cells remains
challenging.

Given their dynamic surface CXCR4 and homing capacity,
neutrophils have attracted our attention. As the most abundant
leukocyte subset in humans, neutrophils exhibit biological
behaviors that are precisely regulated by the CXCR4/CXCL12
signaling axis. CXCR4 expression on neutrophils increases pro-
gressively during maturation and aging, and aged neutrophils
with high CXCR4 levels home to the bone marrow along a
CXCL12 chemotactic gradient. These findings provide a bio-
logical foundation for leveraging CXCR4 targeting to achieve
BM drug delivery. To further investigate the feasibility of neu-
trophil “hitchhiking” strategy, we performed an integrated
analysis of single-cell RNA-sequencing (scRNA-seq) datasets
from 12 normal bone tissue samples and 3 NSCLC bone-meta-
stasis samples. Based on neutrophil markers identified within
the datasets reported previously (Fig. S1h), we annotated neu-
trophil populations after dimensionality reduction using
uniform manifold approximation and projection (UMAP)
(Fig. 2f). We found that the proportion of neutrophils in the
bone-metastasis microenvironment was significantly higher
compared with that in normal bone tissue.

Furthermore, we analyzed a scRNA-seq dataset of neutro-
phils derived from peripheral blood of 6 NSCLC patients and
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Fig. 2 The correlation between CXCR4 expression and prognosis of patients with lung cancer and evaluated CXCR4 expression level of neutrophil
in patients with lung cancer metastasis. (a) Expression level of CXCR4 of different pathological stages and T stages in LUAD. Statistical significance

was calculated by one-way ANOVA analysis of variance. *P < 0.05, **P <

0.01. ***P < 0.001. Overall analysis of CXCR4-high-expressing and -low-

expressing LUAD from TCGA database (b) and GEO database (c). (d) Multivariate Cox regression analysis of CXCR4 expression and key clinicopatho-
logical variables in the TCGA lung adenocarcinoma cohort. (e) Overall analysis of CXCR4-high-expressing and -low-expressing LUSC. (f) (1) The ana-
lysis integrates single-cell RNA sequencing data from 12 normal bone and 3 LUAD bone metastasis specimens. The datasets were integrated to
establish joint embedding and annotation. (2) The proportion of neutrophil in all cell clusters. (g) (1) UMAP visualization of integrated scRNA-seq
profiles of NSCLC and healthy-donor neutrophil populations. (2) The proportion of CXCR4-positive neutrophils across all cell clusters.

7 healthy controls. UMAP visualization following dimensional-
ity reduction revealed that CXCR4 was broadly expressed
among neutrophils. Notably, comparative analysis showed that
the proportion of CXCR4-positive neutrophils in the peripheral
blood of lung cancer patients was higher than that in the
control group (Fig. 2g). Collectively, neutrophil “hitchhiking”
is a promising strategy for the targeted delivery of drugs to
lung cancer bone metastasis.

Nanoscale

3.2. Preparation and characterization of E5-LPs

To achieve the neutrophil “hitchhiking” strategy, the surface
modification and mechanisms of targeting delivery are illus-
trated in Fig. 1. E5 peptide was conjugated to 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-hydrazone-poly (ethylene
glycol)-2000-maleimide (DSPE-HYD-PEG,(,,-MAL) via Michael
addition to endow liposomes with binding capability to aged

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Synthesis and characterization of liposomes. (a) Schematic illustration for the formation process of DSPE-HYD-PEG-ES. (b) FTIR spectra of
DSPE-HYD-PEG-ES5, DSPE-HYD-PEG-Mal, and E5 peptide. (c) Synthesis process of E5-LPs. (d)The optimal mass ratio of HSCP : Cholesterol in formu-

lation under the conditions of DSPE-HYD-PEG;g00-E5 (5.0 mg), DOTAP (5.

0 mg) (n = 3). (e) Hydrodynamic sizes of E5-LPs and D_E5-LPs. (f) Zeta

potential of E5-LPs and D_E5-LPs. (g) TEM images of E5-LPs, D_E5-LPs and D_E5-LPs after incubation at pH 6.5 buffer. Scale bar = 100 nm.

(CXCR4™) neutrophils, (Fig. 3a). Successful synthesis of
DSPE-HYD-PEG,000-E5 was characterized by FTIR spectrum.
FTIR spectrum of DSPE-HYD-PEG,00-E5 as displayed in
(Fig. 3b), a PEG characteristic peak (C-O) at 1106 cm™" was
clearly observed, while the C=C stretching vibration peak at
1739 cm™' was attenuated. Regarding the spectra of E5
peptide, the peaks at around 1542 cm™* and 1658 cm™ indi-
cated amide I (carbonyl C=0 and guanidine C-N stretching
peak) and amide II (C-N stretching peak and N-H bending
peak), respectively. DSPE-HYD-PEG,0-E5 was also confirmed
using "H-Nuclear Magnetic Resonance (NMR), with the charac-
teristic peaks of E5 peptide at 7.25 ppm and from 1.14 ppm to
3.19 ppm, characteristic peaks of PEG at 3.61 ppm and dimin-
ished characteristic peak of MAL at 7.0 ppm (Fig. S2). These
results demonstrated the synthesis  of
DSPE-HYD-PEG,00-E5.

E5 peptide modified liposomes (D_E5-LPs) were con-
structed using a thin film hydration technique (Fig. 3c). To
obtain an optimal E5-LPs, we screened a series of liposomes
with different mass ratio of cholesterol (Fig. 3d). The results
showed that D_E5-LPs with HSPC: cholesterol = 2:1 (mass
ratio) exhibited the smallest particle size and the narrowest
size distribution. The hydrodynamic diameters of E5-LPs and
D_E5-LPs were 100 nm and 132 nm (Fig. 3e), respectively, with

successful

This journal is © The Royal Society of Chemistry 2026

zeta potentials of +17 mV and +21 mV (Fig. 3f). Consistently,
the transmission electron microscopy (TEM) results showed
that, D_E5-LPs were larger than E5-LPs (Fig. 3g), confirming
successful loading of DOX. For D_E5-LPs, the encapsulation
efficiency (EE) and drug loading efficiency (DL) of DOX were
90.9% and 2.3% (mass fraction), respectively.

To verify the acid-responsive properties of D_E5-LPs, we
characterized its DOX release and morphology in weakly acidic
conditions. The cumulative release of D_E5-LPs was 32% (pH
7.4) and 53% (pH 6.5) after 24 h incubation, indicating the
release of DOX was acid-dependent and time-dependent
(Fig. S3b). Notably, TEM image displayed the irregularity of
D_E5-LPs in pH 6.5 buffer (Fig. 3g). We imply that the acidic-
sensitive release behavior was caused by responsive partial
hydrolysis of hydrazone bond and disassembly of PEG.

Collectively, we successfully constructed E5 peptide-functio-
nalized liposomes with effective drug-loading capacity and
acid-responsiveness.

3.3. Targeting ability of E5-LPs in vitro and in vivo

To determine whether E5-LPs binds to neutrophils, DiO-
labeled liposomes were synthesized and were incubated with
murine aged neutrophils. Immunofluorescence imaging
revealed that DiO_E5-LPs localized on neutrophil membrane

Nanoscale


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nr00094k

Open Access Article. Published on 13 May 2026. Downloaded on 6/3/2026 9:10:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Dil/DiO/Hoechst

4h

DiR_LP  DiR_E5-LP DiR_LP

o
=
[T}
I'ul
x
[=]

Nanoscale
(o]
3x105+
2.5x10°
2x105-
DIO_LP
—1.5%105
[
A DIO_E5-LP = 444054
\ Preincubated 5x104]
A DIO_E5-LP
0 104 10° 107 ¢
&®
e
12h
DiR_E5-LP
i ,,? 4%108 *
[72]
c | —
2 3x108-
£ f
[/}
2 2x108
o
b
O 1x1084
o
=2
r 0-

Bone Marrow

Fig. 4 Targeting ability of D_E5-LPs in vivo and in vitro. (a) CLSM images of murine aged neutrophils incubated with DiO_E5-LPs (green). Cells
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(b) Flow cytometric analysis of binding between murine aged neutrophils

and NPs (n = 3 biologically independent experiments). (c) Quantitative analysis of DiO fluorescence was determined (n = 3 biologically independent
experiments). Data are presented as mean + SD. Statistical significance was calculated by one-way ANOVA analysis of variance. *P < 0.05, **P < 0.01,
***P < 0.001. (d) IVIS imaging tumor bearing mice after intravenous injection of DiR_LPs or DiR_E5-LPs. (e) Histograms of DiR signal of both groups
after 8 h of intravenous injection. Statistical significance was determined by unpaired two-tailed t-test. *P < 0.05. (f) Fluorescence images of liver,

spleen, bone marrow and tumor 12 h after intravenously injection of DiR_

surface without being internalized into cytoplasm (Fig. 4a). To
further assess how E5 modification affects LP binding to neu-
trophils, murine neutrophils were incubated with DiO_LPs,
DiO_E5-LPs, or acid-treated DiO_E5-LPs, and then cellular
fluorescence was quantified. Flow cytometric analysis demon-
strated that E5 modification markedly enhanced the binding
capacity of LPs to neutrophils compared with unmodified LPs.
Meanwhile, binding ability of DiO_E5-LPs to aged neutrophils
was markedly reduced after preincubation at pH 6.5, in which
the E5 peptide was detached, confirming that E5-LPs had pH-
sensitive properties (Fig. 4b and c). In addition, the fluo-

Nanoscale

LPs or DiR_E5-LPs. scale bars = 100 pm.

rescence intensity of each group increased as the incubation
time increased, showing a time-dependent change (Fig. S4). To
further investigate the potential off-target effects of E5-LPs, we
examined their binding capacity to distinct immune cell popu-
lations. Previous studies have shown that CXCR4 is widely
expressed on the surface of various immune cells, including
neutrophils, monocytes, and T lymphocytes.’®° Accordingly,
we assessed the binding of DiO_E5-LPs to primary mouse
immune cells by flow cytometry and fluorescence microscopy.
The results showed that nanoparticle-positive cells were pri-
marily neutrophils (Fig. S5¢). 61.38% + 1.21% of neutrophils

This journal is © The Royal Society of Chemistry 2026
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were positive for nanoparticles, whereas the percentages in
monocytes (26.03% + 5.20%) and T cells (29.33% = 2.81%)
were significantly lower (Fig. S5d). These results verified that
E5-LPs presented enhanced and specific in vitro neutrophil-
binding capability and pH-sensitive dissociation property.

The improved neutrophil-binding capability of E5-LPs was
designed to increase the accumulation of nanocarriers at bone
metastatic sites compared with unmodified LPs. Therefore, we
aimed to validate the in vivo biodistribution of the material in
tumor-bearing mice. Prior to these studies, the biosafety of
LPs was first assessed. The hemolysis test was performed and
results showed good biocompatibility with 2-4% hemolysis of
LPs and E5-LPs, 5-9% hemolysis of D_LPs and D_E5-LPs for
their high positive surface charge (Fig. S6). To evaluate in vivo
targeting capability of E5-LPs, a murine lung cancer bone
metastasis model was established via intratibial injection. The
DiR was encapsulated in nanoplatform to track its biodistribu-

[V)
(on

Control

View Article Online

Paper

tion in vivo. Tumor-bearing mice with confirmed tumor for-
mation at day 12 post-inoculation were intravenously adminis-
tered DiR-labeled liposomes. Across all examined time points,
after 4, 8, and 12 hours of intravenous injection, DiR_E5-LPs
consistently exhibited superior accumulation in bone tumor
regions compared with DiR_LPs (Fig. 4d). Notably, at 8 h post-
administration, the fluorescence signal in tumors peaked, and
DiR_E5-LPs exhibited 2.03-fold higher fluorescence in bone
lesions than DiR_LPs (Fig. 4e), indicating efficient targeting.
Furthermore, the targeting specificity of DiR_E5-LPs was veri-
fied by immunofluorescence staining. DiR_E5-LP group exhibi-
ted higher fluorescence intensity in tumor tissue and bone
marrow of tumor-bearing side, but lower intensity in liver and
spleen compared to DiR_LP group (Fig. 4f and Fig. S7).
Collectively, these results demonstrated that E5-LPs exhibited
specific targeting to bone metastasis in mice with reduced off-
target distribution in other organs.
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Fig. 5 Cellular uptake and tumoricidal ability of D_E5-LPs. (a) The representative histograms of flow cytometric analysis of LLC uptake. (b)
Fluorescence microscopy images of A549 uptake (n = 3 biologically independent experiments). Cell viability of LLC (c) /A549 (e) and fluorescence
staining results of live (green) or dead (red) for LLC (d) /A549 (f) with different treatment of liposomes. Scale bar = 200 pm. Data are presented as
mean + SD. Statistical significance was calculated by one-way ANOVA analysis of variance. *P < < 0.05, **P < 0.01, ***P < 0.001. Preincubated D_E5-

LPs: D_E5-LPs were preincubated with PBS (pH = 6.5).
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3.4. Improved in vitro antitumor activity

In our study, targeting-neutrophils E5 peptide was conjugated
to the surface of E5-LPs via pH-sensitive hydrazone bonds,
enabling rapid dissociation from neutrophils in TME and
higher cellular uptake efficiency. Flow cytometry was used to
evaluate in vitro uptake of liposomes by tumor cells. As
expected, cellular accumulation of DiO_E5-LPs and acid-
treated DiO_E5-LPs was significantly increased compared with
unmodified DiO_LPs (Fig. 5a). Besides, tumor cells exhibited
higher uptake of acid-treated DiO_E5-LPs than untreated
DiO_E5-LPs. Notably, the cellular uptake of DiO_E5-LPs was
enhanced by targeting peptide conjugated to the receptor on
the surface, since CXCR4 is expressed on various tumor cells,
4041 purthermore, DiO_E5-LP group
showed higher drug uptake under acidic conditions. Such
enhancement stems from hydrazone bond hydrolysis and PEG
detachment under acidic environments, which weakened the
steric barrier imposed by dense PEG coating and promoted cel-
lular uptake.*>** Additionally, cellular uptake efficiency was
assessed by analyzing DOX signal following incubation using
inverted fluorescence microscope. As shown, A549 cells treated
with free DOX displayed weak red fluorescent signals after

including lung cancer.

View Article Online
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incubation, whereas incubation with D_LPs induced stronger
intracellular red fluorescence intensity. Consistent with the
results of flow cytometry, the brightest intracellular red fluo-
rescence was observed following acid-preincubated D_E5-LP
group (Fig. 5b), further confirming the effectiveness of the
acid-responsive system.

Increased intracellular accumulation of DOX contributes to
inhibition of tumor cell proliferation and promotion of tumor
cell apoptosis. LLC and A549 cell lines, as typical lung cancer
cell lines, were widely used in cytotoxicity assessment,
mechanistic studies, and evaluation of antitumor activity.***>
Therefore, they were selected for experiments to evaluate anti-
tumor activity. The experimental results obtained by CCK-8
assay demonstrated that DOX, D_LPs, D_E5-LPs, and acid-pre-
incubated D_E5-LPs effectively inhibited tumor cell viability
within 24 hours, in which acid-preincubated D_E5-LP group
showed the strongest inhibition, followed by D_E5-LP group
and D_LP group, while free DOX group was the weakest
(Fig. 5¢ and e). Consistent results were obtained using Calcein-
AM/PI double staining assays (Fig. 5d and f). As expected, com-
pared with other groups, the red fluorescence signal of acid-
preincubated D_E5-LP group was enhanced, while the green
fluorescence signal was weakened. Almost half of the cells
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Relative weight changes of mice during treatment. (e) Representative micro-CT images of the femurs and tibias in each group. Scale bar = 2 mm. (f)
Relative BMD of the tibias calculated by the software 3D Slicer (n = 3). The data were presented as mean + SD. Statistical significance was calculated
by one-way ANOVA analysis of variance. *P < 0.05, **P < 0.01, ***P < 0.001.

Nanoscale

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nr00094k

Open Access Atrticle. Published on 13 May 2026. Downloaded on 6/3/2026 9:10:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Nanoscale

were in a dead state (red), suggesting that acid-preincubated
D_E5-LPs had a potent antitumor effect.

In summary, D_E5-LPs, particularly acid-treated D_E5-LPs,
exhibited excellent in vitro antitumor activity, which may be
attributable to the increased intracellular accumulation of
drugs.

3.5. Anti-tumor effect of reduced-toxicity E5-LPs against bone
metastasis

Encouraged by the antitumor and targeting capacity of D_E5-
LPs, we further assessed its therapeutic efficacy in vivo.
Accordingly, we established a lung cancer bone metastasis
model by intratibial injection. The experiment design is
depicted in Fig. 6a. After 3 weeks of treatment, mice in D_E5-
LP group had the smallest tumor size and weight (Fig. 6b and
c). Furthermore, the micro-CT images showed that the tibias
had serious osteolytic lesions in all groups except D_E5-LP
group (Fig. 6e). The osteolytic lesions were related to calcium
loss during tumor progression, and D_E5-LPs prevented bone
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mineral density (BMD) loss (Fig. 6f), demonstrating the best
inhibitory effect on lung cancer bone metastasis.

To evaluate the safety of liposomes in vivo, the white blood
cell count (WBC), red blood cell count (RBC), platelet count
(PLT), and hemoglobin (Hb) of the mice were tested to assess
myelosuppression at the end of the pharmacodynamic experi-
ment. These results demonstrated that the free DOX could sig-
nificantly reduce the number of WBC and PLT, and the D_E5-
LPs showed reduced drug-induced toxicity (Fig. 7a). Besides,
mice of DOX group exhibited a significant reduction in body
weight after treatment, whereas D_E5-LP group showed no
statistically significant difference (Fig. 6d), demonstrating
D_E5-LPs could effectively mitigate drug-induced toxicity.
Furthermore, to assess potential organ toxicity, hematoxylin
and eosin (H&E) staining of main organs, including the heart,
liver, spleen, lung and kidney, was performed. No histological
alteration was observed in normal cells within these organs,
indicating an absence of toxicity in these tissues (Fig. 7b).
Notably, no significant differences were observed in the organ
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Fig. 7 Safety evaluation of D_E5-LPs in vivo. (a) The hematologic parameters (WBC, RBC, Hb and PLT) in the whole blood were determined. The
data were presented as mean + SD. Statistical significance was calculated by one-way ANOVA analysis of variance. (b) Representative histological
images (200x) of the H&E stained heart, liver, spleen, lung and kidney, harvested from the mice. Scale bar = 100pm.
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coefficients among groups, with the exception of the spleen
(Fig. S8a). Tumor-bearing mice in the saline, DOX and D_LP
groups suffered more from splenomegaly than mice in the
D_E5-LP group (Fig. S8b and c).

Collectively, these findings suggest that D_ES5-LP is effective
against lung cancer bone metastasis while reducing the off-
target toxicity associated with DOX.

4. Conclusion

In summary, our study developed acid-responsive liposomes
(E5-LPs) based on neutrophil “hitchhiking” strategy for treat-
ing lung cancer bone metastasis. E5-LPs exhibited excellent
neutrophil-binding capacity both in vitro and in vivo, enabling
delivery of chemotherapeutic drug to bone marrow and
reduced off-target distribution, thereby lessening the side
effects. Furthermore, E5-LPs disassemble in response to acid
TME, enhancing cellular uptake by tumor cells and increasing
therapeutic efficacy. Collectively, our work provides a platform
that delivers drugs to bone metastases and enhances tumor-
site accumulation, offering promising clinical application
prospects.
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