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accumulation of mitochondrial ROS and lethal lipid peroxides (LPO). These factors finally trigger the
ferroptosis of tumor cells, an immunogenic cell death mode, which remodels the suppressive tumor im-
mune microenvironment and synergizes with immunotherapy. Therefore, by switching paclitaxel-induced
apoptosis to mevalonate metabolism-triggered ferroptosis, BC-LNPs@PTX provides new insight into the
development of cytotoxic drugs and highlights the potential of metabolism regulation in cancer therapy.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Conventional chemotherapy based on cytotoxic drugs is the most
common and widely accepted therapeutic strategy for patients
with advanced carcinoma'. These cytotoxic drugs kill cancer cells
by disrupting essential cellular processes associated with cell
proliferation and anabolic metabolism, including inducing DNA
fragmentation, inhibiting cytoskeleton activity, and blocking ATP
synthesis®. Because of their broad validity against multiple car-
cinomas, most cytotoxic drugs are incorporated in the first-line
treatment regimen®*, and some have been used in clinics for
over 30 years. Nevertheless, many patients frequently suffer from
the side effects of cytotoxic drugs due to their low selectivity and
non-specificity in tumor therapy’. Additionally, their long-term
administration may lead to drug resistance, which attenuates the
therapeutic effects’. Following the incremental application of
monoclonal antibodies and molecularly targeted drugs, the
development of new cytotoxic drugs is confronted with serious
challenges in recent years’. Therefore, it is becoming a key issue
to inspire new potential to remodel the value of this classical
therapeutic strategy.

Previous studies have reported that several cytotoxic drugs kill
cancer cells via a special mechanism termed immunogenic cell
death (ICD)®, instead of the classical apoptosis mechanism. ICD is
a programmed cell death mode, in which dying cancer cells
release high levels of damage-associated molecular patterns
(DAMPs) after exposure to cytotoxic drugs’. These endogenous
DAMPs are recognized by antigen-presenting cells (APCs) to
induce an enhanced innate immune response. The activated APCs
promote T cell-mediated adaptive immunity, especially by acti-
vating cytotoxic T lymphocytes, which can directly recognize and
kill cancer cells by releasing perforin and granzyme'’. Because of
the synergism between ICD and immunity, combinatorial therapy
involving cytotoxic drugs and immune checkpoint blockers such
as anti-programmed cell death protein 1 (PD-1), anti-programmed
death ligand 1 (PD-L1), and anti-CTLA4 antibodies, has been
approved by FDA for clinical use to improve the prognosis of
patients''. Briefly, the ICD effect markedly expands the scope of
cytotoxic drugs for cancer therapy'”. However, it should be noted,
apoptosis is still the primary mechanism that most cytotoxic drugs
including doxorubicin and paclitaxel cause cancer cell death'®.
Compared with the necrotic cell death mode, in which the cell
membrane is broken and numerous DAMPs are released,
apoptosis has weak immunogenicity because the cellular compo-
nents are retained in the form of apoptotic bodies during the cell
death process. Apoptotic bodies are recognized and phagocytosed
by macrophages without inducing an inflammatory response'”.
Therefore, to enhance the efficacy of cytotoxic drugs, converting
drug-induced cell death to ICD is an effective strategy to increase

the anti-tumor synergism between chemotherapy and immuno-
therapy. Reportedly, the immunogenicity of tumors after treatment
with cytotoxic drugs is markedly increased via the introduction of
multiple functional delivery materials, like inorganic polymers',
or of different biomedical technologies, such as irradiation'® and
ultrasound'’. These strategies enhance the sensitivity of cancer
cells to cytotoxic drugs by primarily inducing necrotic cancer cell
death, resulting in the release of DAMPs as immune agonists,
which improves the efficacy of cytotoxic drugs'®.

Ferroptosis is a process of programmed cell death that in-
creases cellular immunogenicity'®. Mechanically, ferroptosis is
derived from the restricted elimination and excessive accumula-
tion of lethal lipid peroxides (LPO), which impair the membrane
structure and cause the release of endogenous DAMPs?’. Three
vital regulatory mechanisms”', including the synthesis and per-
oxidation of polyunsaturated fatty acid (PUFA)-containing
polyunsaturated-fatty-acid-containing  phospholipids  (PUFA-
PLS)ZZ, iron metabolism>’, and mitochondrial metabolism>*, have
been demonstrated to control LPO homeostasis. The disruption of
any regulatory pathway may lead to ferroptosis. Multiple regula-
tory factors of these pathways have been verified to sensitize
cancer cells to immunotherapy. For instance, in combination with
a GPX4 inhibitor, the sensitivity of cancer cells and xenograft
tumors to the chemotherapeutic agent gemcitabine was increased
by inducing ferroptosis, and elastin-loaded nanoreactors induced
ferroptosis by impacting the GPX4/GSH pathway, thereby
improving the treatment of triple-negative breast cancer”’. How-
ever, notably, most ferroptosis-based synergistic delivery strate-
gies are devoted to disrupting the production of PUFA-PLs by
disturbing the activity of relevant metabolic enzymes or directly
changing the iron metabolism using Fenton’s reaction®'. The ca-
pacity and function of mitochondrial metabolism to synergize with
cytotoxic drugs via the regulation of ferroptosis have not been
elucidated.

Ubiquinone, also known as coenzyme Q (CoQ), is a vital
regulator of ferroptosis, which is based on mitochondrial meta-
bolism. It controls electron transfer from the respiratory chain
complex I or II to complex III in the mitochondria, enabling the
production of ATP?°. Ubiquinone (CoQ) is interconverted with its
reduced form ubiquinol (CoQH,;). CoQ-CoQH, equilibrium reg-
ulates and maintains redox homeostasis in the mitochondria®’.
However, once the homeostasis is disrupted, CoQ causes the
generation of reactive oxygen species (ROS) in mitochondria and
facilitates the ROS-induced accumulation of LPO, leading to
ferroptosis®®. Therefore, disturbing the CoQ-CoQH, equilibrium
is key for mitochondrial metabolism-based ferroptosis. Moreover,
CoQ is closely regulated by the mevalonate metabolism pathway,
where CoQ is catalyzed to conjugate with a geranylgeranyl moiety
by geranylgeranyltransferase, using geranylgeranyl diphosphate
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(GGPP) as the substrate™. Because only geranylgeranyl CoQ can
accurately anchor in the mitochondrial membrane to control
electron transfer, mevalonate metabolism becomes a vital up-
stream signal for the maintenance of CoQ-CoQH, equilibrium and
ferroptosis. Mevalonate metabolism is fueled by acetyl-CoA,
NADPH, and ATP to synthesize cholesterol and prenylated pro-
teins®’. Since multiple carcinomas exhibit enhanced lipid meta-
bolism, blocking the mevalonate pathway using statins suppresses
tumor proliferation®’. Nevertheless, the role of the mevalonate
pathway in regulating mitochondrial metabolism-based ferroptosis
is unclear. Moreover, it is unclear whether the inhibition of the
mevalonate pathway sensitizes cancer cells to the immune system
and combines with cytotoxic drugs to enhance the synergistic
efficacy of chemotherapy and immunotherapy.

In the present study, we selected alendronate, an inhibitor of
farnesyl diphosphate synthase (FDPS) in the mevalonate
pathway, to block the synthesis of farnesyl diphosphate (FPP)
and GGPP, to restrain the prenylation of CoQ and induce the
subsequent turbulence of redox homeostasis in mitochondria. A
classical cytotoxic drug paclitaxel was combined with the
metabolic regulator alendronate in this study. To achieve co-
delivery of both paclitaxel and alendronate to target tumor tissue,
we designed and fabricated paclitaxel-loaded bisphosphonate
coordination lipid nanogranules (BC-LNPs@PTX) (Fig. 1). BC-
LNPs@PTX had a “core—shell” structure, where alendronate
coordinated with calcium ions to constitute the solid core, and a
lipid layer containing paclitaxel was coated to form the shell.
Moreover, we characterized the nanogranules and investigated
their intracellular behavior and cytotoxic effects. In particular,
the synergistic cytotoxicity exerted by the nanoparticulated
alendronate in BC-LNPs@PTX was evaluated. Proteomics,
metabolomics, and mitochondrial metabolism analyses were
performed to explore the cell death mechanism induced by BC-
LNPs@PTX. Additionally, the effect of BC-LNPs@PTX on the
migration and invasion of cancer cells was investigated. Finally,
multiple tumor-bearing mouse models were constructed to verify
the in vivo efficacy of BC-LNPs@PTX against tumor prolifera-
tion and metastasis and to assess the sensitivity of BC-
LNPs@PTX to immunotherapy.

2. Materials and methods

2.1.  Preparation and characterization of BC-LNPs@PTX

BC-LNPs were prepared using the reverse microemulsion
method®>**. We added (drop-wise) 0.1 mL of aqueous 0.5 mol/L
calcium chloride salt (CaCl,) solution to 8 mL of oil phase
mixture composed of 0.6 mol/L Triton X-100/1.5 mol/L 1-hexanol
in cyclohexane and stirred the mixture at 25 °C for 30 min at
600 rpm. Next, we prepared a microemulsion using 0.1 mL of
0.05 mol/L alendronate sodium salt solution as described above
and added 0.32 mL of dioleoyl-sn-glycero-3-phosphate sodium
salt (DOPA, 20 mmol/L in CHCI;) to the prepared microemulsion.
Subsequently, the bisphosphonate microemulsion was added to the
CaCl, microemulsion at a flow rate of 0.2 mL/min. The obtained
microemulsion mixture was continuously stirred for 30 min at
600 rpm, 32 mL of ethanol was added, and centrifuged at
10,000 rpm for 10 min to obtain the DOPA-doped core of the BC-
LNPs. Finally, after washing once with ethanol and twice with

50% (v/v) ethanol/chloroform, the precipitate was re-dispersed in
200 pL of chloroform.

Lipid-coated nanogranules were synthesized via the filming
hydration method. We dissolved 1.6 mg of DOPC and 2.0 mg of
DSPE-PEG2000 with DOPA-doped cores in chloroform. The
solvent was removed by rotary evaporation, and the film was
subsequently hydrated in phosphate-buffered saline (PBS) solu-
tion (maintained at 60 °C) by vortexing. For BC-LNPs@PTX,
0.9 ng of paclitaxel was dissolved in the chloroform before
filming.

The hydrodynamic diameter of the BC-LNPs in water was
evaluated by dynamic light scattering (DLS) analysis using a
Malvern Zetasizer Nano ZS (Malvern, UK). Transmission electron
microscopy (TEM) (JEOL, Japan) was performed to observe the
morphology of the BC-LNPs. The crystalline structure of the
nanogranules was confirmed using X-Ray Powder Diffraction
(XRD) on a MiniFlex diffractometer (Rigaku, Japan). Further-
more, to elucidate the distribution of elements in non-DOPA-
coated cores we performed energy-dispersive X-ray spectroscopy
(EDX) with high-resolution transmission electron microscopy
(HRTEM) (JEOL, Japan) using an EDX detector system.

2.2.  Apoptosis assay and cell cycle analysis

For apoptosis assay, 4T1 cells were seeded in 6-well plates
(3 x 10° cells/well) and incubated overnight at 37 °C. After
incubation with comparable concentrations of free paclitaxel,
BC-LNPs, and BC-LNPs@PTX for 12 h, the cells from each
group were digested using trypsin without EDTA and centrifuged
at 170 x g for 3 min. Untreated cells were used as controls. Next,
anti-annexin-V-FITC and propidium iodide were added to the
samples, and the samples were incubated for 20 min in the dark.
The cells were immediately analyzed using a flow cytometer
(FCM, BD, USA).

For cell cycle analysis, 4T1 cells were seeded in 6-well plates
(3 x 10° cells/well) and incubated overnight at 37 °C. They were
divided into groups treated with comparable concentrations of free
paclitaxel, BC-LNPs, or BC-LNPs @PTX. After 12 h, the medium
was removed, and the cells were digested using trypsin and har-
vested by centrifugation at 170x g for 3 min. The harvested cells
were fixed in 70% ethanol at 4 °C for 12 h. After staining with
propidium iodide, the samples were analyzed using FCM.

2.3.  Proteomics-based evaluation of antitumor efficacy of BC-
LNPs@PTX

The potential mechanism of BC-LNPs was determined using
proteomics by splitting proteins into experimental cells. Proteins
were isolated using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, then digested and the obtained peptides were
analyzed using liquid chromatography with tandem mass spec-
trometry (LC-MS/MS). Briefly, the peptides were first loaded on
a C18 precolumn (Thermo Fisher Scientific, USA) and then
separated using nano-LC-MS/MS. LTQ Orbitrap Velos Pro or Q-
Exactive HF (Thermo Fisher Scientific, USA) was used for mass
spectrometric analysis; a data-dependent CID model or HCD
model was used for the acquisition of MS/MS data; the Perseus
software was used to analyze raw data; and MS/MS data were
searched against the Proteome Discoverer, Universal Protein
Database, and PANTHER databases.
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Schematic diagram of BC-LNPs@PTX switching apoptosis to ferroptosis to achieve synergism of chemo- and immune-therapies of

tumors. In brief, in this study, the classical cytotoxic drug paclitaxel was combined with the metabolic regulator alendronate by fabricating
paclitaxel-loaded bisphosphonate coordination lipid nanogranules (BC-LNPs@PTX) to achieve the co-delivery of both paclitaxel and alendronate
targeting to the tumor tissue. BC-LNPs@PTX had a “core—shell” structure, where alendronate coordinated with calcium ions to constitute the
solid core, and a lipid layer containing paclitaxel was coated to form the shell. Differing from the paclitaxel-induced apoptosis, the involvement of
nanoparticulated alendronate changed the mitochondrial morphology and metabolism, disturbed the redox homeostasis, and caused the accu-
mulation of mitochondrial ROS and lethal lipid peroxides (LPO). These factors finally triggered the ferroptosis of tumor cells. As a process of
immunogenic cell death (ICD), the ferroptosis caused by BC-LNPs@PTX remodeled the suppressive tumor immune microenvironment and

effectively synergized with the immunotherapy.

2.4.  Untargeted metabolomics for the identification of metabolic
regulatory mechanisms of BC-LNPs@PTX

The changes in the biological metabolic activities in the 4T1 cells
during the treatment process were analyzed using the untargeted
metabolomics approach. After immersion in liquid nitrogen, the
4T1 cellular samples were ground adequately, followed by
UPLC-MS/MS analysis. The extracted metabolites were loaded
on a C18 column (Waters, USA) and separated using UPLC
(Waters, USA), and high-resolution MSE mass spectrometry was
performed on a Vion IMS QTof (Waters, USA). The spectrometry
data were imported into the Progenesis QI 2.3 software and

searched against the METLIN database (a metabolite and chem-
ical entity database), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and Human Metabolome Database (HMDB).

2.5.  Regulation of mitochondrial function by BC-LNPs

The intracellular energy metabolic characteristics were deter-
mined using mitochondria-related analysis. 4T1 cells were seeded
in 12-well plates (1 x 10> cells/well) and incubated overnight at
37 °C. After individually incubating 4T1 cells with comparable
concentrations of free paclitaxel, BC-LNPs and BC-LNPs@PTX
for 18 h, the cells were treated with 2-(N-(7-nitrobenz-2-oxa-
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1,3-diazol-4-yl) amino)-2-deoxyglucose (2-NBDG), NBD-labeled
cholesterol (NBD-Chol), or 4,4-difluoro-5,7-dimethyl-4-bora-
3a,4a-diaza-s-indacene-3-hexadecanoic acid (BODIPY C16) to
detect glucose, cholesterol, and fatty acid related cellular uptake.
Intracellular ROS and LPO levels were evaluated using a 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA)-based ROS
assay kit and BODIPY C11, respectively. The fluorescence signals
from 2',7’-dichlorofluorescein (DCF), induced by the presence of
ROS and BODIPY Cl11 and promoted by the accumulation of
LPO, were quantified using FCM. ROS specifically generated by
mitochondria were isolated via blockage of the NADPH pathway
by apocynin. LPO production was suppressed by GGPP, a
downstream metabolite of the mevalonate pathway, and mito-
chondrial morphology was observed using a confocal laser scan-
ning microscope (Leica, Germany) after JC-1 staining.
Mitochondrial membrane homeostasis is characterized by its
membrane potential (A% ), which is reflected by JC-1 staining,
the production of JC-1 monomer indicating the loss of membrane
potential.

2.6. Migration and invasion assay of tumor cells

4TI cells (3 x 10* cells/well) were seeded in 100 pL. of complete
medium in the apical chamber of a 24-well 8-pum transwell pol-
ycarbonate membrane with or without extracellular matrix (ECM)
for 12 h for adherence, and 600 pL of complete medium was
added to the basolateral chamber. Then, the apical chamber was
replaced with a blank medium with or without BC-LNPs/BC-
LNPs@PTX, and the basolateral side was replaced with a blank/
complete medium for another 12 h. Apical and basolateral
chambers with the blank medium were set as a negative control,
and nutrition gradient without drugs was set as a positive control,
respectively. The nutrition gradient was supplied to other groups
containing different formulations, with or without GGPP. Residual
cells on the upper side of the membrane were stained with crystal
violet and quantified using an XDS-1B inverted biological mi-
croscope (COIC, China). The relative migration rate was calcu-
lated as Eq. (1):

leg of female BALB/c mice. Five days post-inoculation, the
mice were randomly divided into five groups. Subsequently,
saline, Taxol, PC-LNPs, BC-LNPs, or BC-LNPs@PTX were
administered to the tumor model mice of each group via tail
vein injection once every other day (five times in total). The
administered dose of alendronate and paclitaxel was 13.5 and
10 mg/kg, respectively. The tumor volume and body weight of
each group were recorded every alternate day. Tumor volume
was calculated using Eq. (2):

V=12 xa x b* 2)

where a and b represent the length and width of the tumor,
respectively, which was measured using a digital caliper.

On the day after the last injection, whole blood samples from
each group were collected and diluted for hematology analysis;
the red blood cell (RBC), white blood cell (WBC), platelet,
granulocyte (GR), and lymphocyte (LY) counts were evaluated
using a HITACHI7020 automatic biochemical analyzer (HITA-
CHI, Japan).

The 4T1 orthotopic tumor model was established by inocula-
tion of 3 x 10° 4T1 cells into the fat pad of the fourth pair of
mammary glands on the right side of female BALB/c mice. The
other procedures were consistent with the subcutaneous tumor
model.

For the determination of tumor-infiltrating T lymphocytes, the
4T1 tumor model was established by subcutaneous inoculation of
3 x 10° 4T1 cells in the alar of BALB/c mice. When the tumor
volumes reached about 200 mm? (Day 0), the mice were randomly
divided into four groups. Saline, Taxol, BC-LNPs, and BC-
LNPs@PTX were respectively given to the tumor model mice
every other day via tail vein injections, 4 times in total. On Day 7,
the mice were sacrificed, and serum, spleens, and tumors were
collected and digested at 37 °C for 40 min in the presence of
collagenase, hyaluronidase, and DNase. After filtration through a
70 pum screen, immune cells were isolated with leukocyte sepa-
ration solution, then counted and diluted to 1 X 107/mL. The
samples were stained with the anti-mouse CD3 APC, anti-mouse

Relative migration (%) = Number of cells in the experimental group/Number of cells in the negative control group x 100 (1)

High-content analysis was also performed using 4T1 cells.
Briefly, we seeded 4T1 cells (5 x 10*/well) in a 96-well plate and
incubated the plate for 12 h for adherence. Next, comparable
concentrations of free paclitaxel, BC-LNPs, and BC-LNPs@PTX,
or complete medium were added to the cells, and the cells were
incubated for 12 h. We captured images every 20 min for 12 h
using an Operetta High-Content Analysis System (PerkinElmer,
USA) equipped with a 20 x objective and a bright-field & digital
phase contrast (DPC) dual channel. Then, cell trajectory tracking
and movement parameters (square displacement, track straight-
ness, speed, and distance) were performed and calculated,
respectively, using Software Harmony 3.5.1.

2.7.  Analysis of anti-tumor efficacy of BC-LNPs@PTX in vivo

The 4T1 subcutaneous tumor model was established by sub-
cutaneous inoculation of 3 x 10° 4T1 cells into the right hind

CD4 PE/Cy7, anti-mouse CD8« AF488, and anti-mouse CD25 PE
to detect CD4 T, CD8 T, and Treg cells. To detect the activation of
DCs in tumor-draining lymph nodes (TDLNs), TDLNs from each
group of mice were collected and prepared to single-cell suspen-
sions. The samples were stained with anti-mouse CD11c PE/Cy7,
anti-mouse CDS80 PE, and anti-mouse CD86 FITC to detect the
maturation of DCs.

To evaluate the synergistic effect of immunotherapy with PD-
L1 antibodies, a 4T1 tumor model was established subcutane-
ously, as described previously. The mice were randomly divided
into six groups: saline, Taxol, BC-LNPs, BC-LNPs@PTX, BC-
LNPs@PTX + anti-PD-L1 («PD-L1), and aPD-L1. aPD-L1
(100 pg) was intraperitoneally injected on Days 6, 10, and 14.
Other preparations were administered through the tail vein every
other day, starting on Day 5 (a total of six injections). The body
weight and tumor volumes of the mice were measured on alternate
days, and growth curves of the tumor volumes were drawn. On
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Day 17, the mice were sacrificed, and their tumors and lungs were
isolated. The tumors were weighed and photographed, and the
lung metastases were observed and counted.

2.8.  Analysis of anti-metastasis efficacy of BC-LNPs@PTX
in vivo

Firstly, we constructed a lung metastasis model from chronic
subcutaneous 4T1 tumors The 4T1 tumor model was established,
and the administration regimen as described previously. BALB/c
mice were divided and treated as described in the previous
section. On Day 21, the mice were sacrificed, and the major
organs, including the heart, liver, spleen, kidney, and lung, were
harvested from each group. The organs were fixed using a 4%
paraformaldehyde solution, followed by hematoxylin and eosin
(H&E) staining to observe the pathology of major tissue sections
to evaluate the safety of the BC-LNPs. Whole blood samples
(1 mL) were collected from each mouse and centrifuged at
8000 rpm for 15 min to obtain serum. Liver and renal functions
of the experimental animals were evaluated by measuring the
levels of aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), and uric acid (UA) in the
serum samples. Moreover, the lung tissue samples from each
group were stained using Bouin’s fluid to detect metastatic
nodules and examined.

In addition, we established a short-term lung metastasis by
tail vein injection of 4T1 cells using female BALB/c mice. To
determine the metastatic locus, 4T1 cells stably transfected with
luciferase (4T1-luc cells) were used. Animals were randomly
divided into five groups and injected with 1 x 10% 4T1-luc cells
via the tail vein to induce lung metastasis. At 12 h post-
inoculation, saline, Taxol, PC-LNPs, BC-LNPs, or BC-
LNPs@PTX were administered to the mice of each group once
every other day (five times) via tail vein injections. On Day 13,
the mice were intraperitoneally injected D-luciferin potassium
salt solution. Bioluminescence signals were recorded 15 min
post-injection using an IVIS (Perkin—Elmer, USA).

To study the induction of immune memory in vivo, the 4T1
tumor model and administration strategy were the same as
described in the determination of tumor-infiltrating T lympho-
cytes. Spleens were cut, ground, and sieved to prepare single-cell
suspensions. After centrifugation, 1 mL red blood cell lysate was
added and lysed for 5 min on ice to shatter red blood cells. After
washing twice, count and dilute to 1 x 10’/mL. The samples were
stained with the anti-mouse CD3 APC, anti-mouse CD4 PE/Cy7,
anti-mouse CD8« AF488, and anti-mouse CD25 PE to detect CD4
T, CD8 T, and Treg cells. To verify the induction of pro-
inflammatory cytokines, we examined the secretion of TNF-«
and IL-18 in the serum of different treatment groups. The sera
collected in the above experiments were assayed using TNF-« and
IL-18 ELISA kits according to the instructions.

2.9.  Statistical analysis

All the experiments were repeated at least three times, and all
values were expressed as mean + SEM (standard error of the
mean), unless otherwise indicated. Statistical analysis was per-
formed with the two-tailed Student’s #-test. In all cases, P-value
<0.05 was considered as the statistically significant difference
between the two groups (“P < 0.05, **P < 0.01, ***P < 0.001,
FxEEP < 0.0001).

3. Results and discussion

3.1. BC-LNPs@PTX enter tumor cells through the endocytosis
pathway and deconstruct inside the cells in a pH-dependent
manner

To increase the targeted delivery of both alendronate and pacli-
taxel to the tumor, we prepared BC-LNPs and loaded them with
paclitaxel (BC-LNPs@PTX). BC-LNPs@PTX was composed of a
solid core based on the coordination of alendronate with calcium
ions and a lipid layer containing paclitaxel (Fig. 2A). DLS anal-
ysis (Fig. 2B) revealed that the average diameter of the naked
bisphosphonate coordination core was 53.65 nm. Lipid coating
and paclitaxel loading moderately increased the hydrodynamic
diameter to 79.78 and 108.44 nm, respectively; TEM imaging
(Fig. 2C) revealed the same particle size characteristics. More-
over, EDX revealed that calcium and phosphorus were homoge-
neously distributed throughout the structure of the nanogranules.
This demonstrates the coordinated interaction between alendro-
nate and calcium ions. XRD analysis further revealed that calcium
alendronate coordination was present in the nanogranules in an
amorphous form (Supporting Information Fig. S1). The zeta po-
tential of BC-LNPs was —31.3 £ 1.04 mV, with a negative charge
feature. According to two different drug extraction methods
(Supporting Information Fig. S2 and Table S1), the drug loading
efficiencies of BC-LNPs@PTX for alendronate and paclitaxel
were determined as 40.24 £ 0.72% and 52.09 £ 0.02%, respec-
tively. Interestingly, the loading of paclitaxel slightly increased the
surface charge, which might be attributed to the altered lipid
distribution owing to the embedding of paclitaxel in the lipid layer
(Supporting Information Fig. S3). The mineral salt structure of the
core of nanogranules is usually susceptible to acidic environments.
As shown in Fig. 2D, the BC-LNPs@PTX were gradually
deconstructed into smaller particles when the pH of the medium
was reduced to 5.0. Particle counting using DLS technology also
elucidated that the acidic environment led to the deconstruction of
the nanogranules and significantly increased the number of
nanogranules (Supporting Information Fig. S4). Likewise, more
drugs were released from nanogranules with the deconstruction in
an acidic environment (Supporting Information Fig. S5). It guar-
anteed the loaded drugs could effectively release into the cyto-
plasm and take effect once the nanogranules were delivered to
tumor tissue and endocytosed by cancer cells.

Next, the cellular uptake behavior of BC-LNPs was investi-
gated using the breast carcinoma cell line 4T1. FCM elucidated
that more BC-LNPs were internalized by 4T1 cells with the in-
crease in nanogranule concentration and incubation time (Fig. 2E
and F). The internalization mechanism was investigated using the
pharmacological inhibition strategy, which revealed that BC-LNPs
were endocytosed by 4T1 cells through both the clathrin-mediated
and caveolae-dependent pathways (Fig. 2G). As shown in Fig. 2H,
the endocytosed BC-LNPs were taken into the early endosomes
near the cell membrane (red border) and delivered to the late
endosomes located in the perinuclear region (blue border).
To elucidate the dynamics of vesicular transportation of nano-
granules, the solid core and lipid layer of BC-LNPs were labeled
with the fluorescent probes Ce6 and NBD-PE, respectively. The
fluorescence signal of the lipid layer increased with time, sug-
gesting that more BC-LNPs were endocytosed and located in ly-
sosomes (Fig. 2I, K and Supporting Information Fig. S6A). In
contrast, the fluorescence intensity of the core of BC-LNPs in
lysosomes was reduced over time (Fig. 2J, L and Supporting
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Figure 2 BC-LNPs@PTX enters tumor cells through the endocytosis pathway and deconstructs in cells in a pH-sensitive way. (A) Schematic

diagram of the preparation process of BC-LNPs. (B) The particle size distributions of the core, BC-LNPs, and BC-LNPs@PTX were measured
by DLS. (C) The representative TEM and EDS images of the core, BC-LNPs and BC-LNPs@PTX. Red color represented the calcium
element and green color represented the phosphorus element. Bar: 50 nm. (D) Representative TEM images of BC-LNPs@PTX in buffer mediums
with different pH values. Bar: 50 nm. (E) Concentration-dependent uptake of BC-LNPs detected by flow cytometry (FCM) after the incubation of
12 h, n = 3. MFI: mean fluorescence intensity. (F) Time-dependent uptake of BC-LNPs detected by FCM after the nanogranule incubation of
200 pg/mL, n = 3. (G) Cellular uptake difference of BC-LNPs at a concentration of 200 pg/mL after the treatment with different endocytosis
inhibitors for 24 h, n = 4. (H) Representative TEM images of intracellular distribution of BC-LNPs (200 pg/mL) after the incubation of 12 h. Bar:
500 nm. (I, J) Representative CLSM images of BC-LNPs colocalized with lysosomes incubated for different time points at a concentration of
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Figure 3 BC-LNPs@PTX induces tumor cell death through the synergy of alendronate with paclitaxel. (A, B) The cell viability of 4T1 cells

after the incubation of free paclitaxel (A) and alendronate (B) with different concentrations. n = 5. (C) The cell viability of 4T1 cells after the
incubation with free ALN + PTX (the ratio of ALN and PTX were consistent with those in the formulation), PC-LNPs, BC-LNPs, and BC-
LNPs@PTX based on different concentrations of nanoparticulated alendronate, compared with PC-LNPs group at the same molar concentra-
tion. n = 5. (D) Combination index measurement of paclitaxel and nanoparticulated alendronate in BC-LNPs@PTX after the incubation of 24 h
with different dose fractions (E, F) Apoptosis detection of 4T1 cells induced by PTX, BC-LNPs, and BC-LNPs@PTX was analyzed by flow
cytometry (FCM) after the incubation of 12 h n = 3. (G, H) Cell cycle alteration of 4T1 cells induced by PTX, BC-LNPs, and BC-LNPs@PTX
analyzed by FCM after the incubation of 12 h n = 3. (I, J) Western blotting images (I) and the corresponding quantification (J) of cleaved-caspase
3 in 4T1 cells induced by PTX, BC-LNPs, and BC-LNPs@PTX after the incubation of 12 h n = 2. All statistical data are presented as a
mean + SEM. The comparison was performed with the control group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Information Fig. S6B). These differential dynamics demonstrated
the pH sensitivity of BC-LNPs, wherein the solid core based on
coordinate interaction was dissolved and released in the acidic

tandem phosphonate groups, PC-LNPs exhibited the same struc-
tural features as BC-LNPs. Additionally, PC-LNPs and BC-LNPs
had the same cellular uptake behavior (Supporting Information

environment of lysosomes. Therefore, these findings indicated that
both alendronate and paclitaxel could be released upon internali-
zation of BC-LNPs@PTX by tumor cells into lysosomes.

3.2.  BC-LNPs@PTX induces tumor cell death through synergy
between alendronate and paclitaxel

The combined effect of alendronate and paclitaxel in BC-
LNPs@PTX was evaluated using a cellular toxicity test, we
used pyrophosphate coordination lipid nanogranules (PC-LNPs)
as control. Pyrophosphate is not a substrate for farnesyl pyro-
phosphate synthetase (FPPS); therefore, it does not affect the
mevalonate pathway. Because pyrophosphate can also interact
with calcium ions through coordinate interactions via the two

Fig. S7). Cytotoxicity analysis revealed that BC-LNPs@PTX
exhibited the most significant tumor-killing effect (Fig. 3A—C,
Supporting Information Fig. S8). BC-LNPs without paclitaxel
loading could also effectively induce cell death compared
with that of the PC-LNPs. Notably, alendronate in BC-
LNPs@PTX displayed a greater synergistic effect with pacli-
taxel at <50 pg/mL. The combination index analysis between
alendronate and paclitaxel in BC-LNPs@PTX elucidated the
same results (Fig. 3D). These findings demonstrate that BC-
LNPs@PTX induced tumor cell death through the synergy be-
tween alendronate with paclitaxel.

Next, we investigated cell death after BC-LNPs@PTX treat-
ment. To avoid the excessive cytotoxic effect caused due to long-
term incubation (>24 h), 4T1 cells were incubated with

200 pg/mL. Bar: 25 pm. BC-LNPs were labeled by NBD-PE (green) in (I) and Ce6 (red) in (J), respectively. (K, L) Fluorescence intensity ratios
of BC-LNPs labeled with NBD-PE (K) and Ce6 (L) in lysosomes and cytoplasm, n = 5. All statistical data are presented as a mean = SEM. The
comparison was performed with the control group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 4 BC-LNPs@PTX alters the mitochondrial function and the redox homeostasis in tumor cells. (A) The number of up-regulated (left)

and down-regulated (right) proteins induced by different treatments compared to the negative control detected by the label-free quantification
(LFQ) based on the LC-MS/MS technology. (B, C) UpSet diagrams based on the Venn analysis of up-regulated (B) and down-regulated (C)
proteins after different treatments (D, E) GO analysis of up-regulated (D) and down-regulated (E) proteins caused by BC-LNPs@PTX compared
with negative control. (F) Cellular uptake of glucose analog 2-NBDG by 4T1 cells after different treatments of 18 h was detected by FCM. n = 3.
(G) Cellular uptake of cholesterol by 4T1 cells after different treatments of 18 h was detected by FCM. n = 3 (H, I) Cellular uptake of fatty acid
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nanogranules for 12 h in these characterization experiments.
Annexin V-PI staining assay revealed that the characteristics of
BC-LNPs@PTX were similar to those of the paclitaxel group, in
which more apoptosis was induced than that in the control group
(Fig. 3E and F). BC-LNPs without paclitaxel loading exhibited
slightly increased apoptosis and necrosis of tumor cells during the
12-h incubation period. Moreover, the cell cycle assay revealed an
obvious effect of BC-LNPs. As shown in Fig. 3G and H, BC-
LNPs@PTX significantly changed the classical cell cycle model
induced by paclitaxel. The proportion of cells that remained in the
G2/M phase after incubation with BC-LNPs@PTX was reduced
compared with that in the paclitaxel group. Moreover, a higher
number of cells remained in the S phase due to the introduction of
alendronate after BC-LNPs@PTX treatment. Western blotting
revealed that the cleavage of caspase-3, the key initiator of
apoptosis, was also attenuated in the BC-LNPs@PTX group
compared to that in the paclitaxel group (Fig. 31 and J). These
findings indicate that alendronate, as the structural constituent of
the solid core of BC-LNPs, synergizes with paclitaxel to kill
tumor cells through a mechanism other than apoptosis.

3.3.  BC-LNPs@PTX alters mitochondrial function and redox
homeostasis in tumor cells

To elucidate the underlying mechanism of the cytotoxicity
exhibited by BC-LNPs@PTX, we investigated protein expression
and metabolite production in 4T1 cells after incubation with
nanogranules using proteomics and metabolomics. Both the BC-
LNPs and free paclitaxel group were used as controls. First, the
variation in protein expression caused by BC-LNPs@PTX was
detected using label-free quantification (LFQ) based on the LC-
MS/MS technology. Correlation analysis among replicates
revealed that the coefficients were >0.75, demonstrating the
feasibility of the detection method (Supporting Information
Fig. S9). All obtained data were compared with that of the
negative control to determine changes in protein expression. As
shown in Fig. 4A, treatment with BC-LNPs@PTX, BC-LNPs, and
free paclitaxel changed the protein expression profile of 4T1 cells;
BC-LNPs@PTX treatment upregulated 471 proteins and down-
regulated 175 proteins. Similarly, 330 and 220 proteins were
upregulated by BC-LNP and free paclitaxel treatments, respec-
tively. Moreover, Venn diagram analysis revealed that fewer pro-
teins overlapped between the BC-LNPs@PTX and free paclitaxel
groups (Fig. 4B and C). In contrast, more proteins, including 89
upregulated and 64 downregulated proteins, overlapped between
the BC-LNPs@PTX and BC-LNPs groups. This indicated that
nanoparticulated alendronate markedly altered cellular responses
to paclitaxel treatment. According to the functional annotation
clustering based on the database for annotation, visualization, and
integrated discovery (DAVID) bioinformatics resource (Fig. 4D
and E, Supporting Information Fig. S10), BC-LNPs@PTX treat-
ment significantly downregulated the expression of proteins
associated with microtubules and actin, which were categorized as
spindle microtubules (GO:0005876), actin filament binding

(GO:0051015), and myosin II complex (GO:0016460) (red ar-
rows, Fig. 4D). These results reflect the function of paclitaxel in
BC-LNPs@PTX treatment. Additionally, BC-LNPs@PTX
reduced the expression of proteins involved in the modification
with diphosphate and geranylgeranyl owing to the inhibition of the
mevalonate pathway by alendronate (blue arrows, Fig. 4D). These
proteins affected the dolichyl-diphospholigosaccharide protein
glycosyltransferase activity (G0O:0004579), vesicle organization
(GO:0016050), and endocytosis (GO:0006897). Notably, mito-
chondrial function was also prominently altered by BC-
LNPs@PTX treatment (green arrows, Fig. 4E). Proteins related
to the mitochondrial respiratory chain complex I (GO:0005747),
electron carrier activity (GO:0009055), and protein import into the
mitochondrial matrix (GO:0030150) were upregulated in response
to the cytotoxic effects of BC-LNPs@PTX. These findings sug-
gest that BC-LNPs@PTX regulate cellular function through the
individual effects of paclitaxel and alendronate and other regula-
tory mechanisms, such as the mitochondria-related pathways.

We hypothesized that since mitochondria are key organelles
involved in cellular metabolism’m, the disruption of mitochon-
drial function by BC-LNPs@PTX could change the entire pro-
cess of cellular metabolism. To test this hypothesis, we first
investigated the effect of BC-LNPs@PTX on glycometabolism
and lipid metabolism. Using 2-NBDG, a probe for glucose up-
take (Fig. 4F), we observed that BC-LNPs@PTX signifi-
cantly enhanced the incorporation of glucose. Similarly, using
NBD-Chol and BODIPY-C16, as lipophilic probes that sepa-
rately act as the indicators of cholesterol and lipid uptake,
respectively, we observed that cholesterol and lipid uptake
increased after incubation with BC-LNPs@PTX (Fig. 4G—I).
Therefore, proteomics analysis and these findings suggest that
the tumor cells converted their metabolism to a pattern that was
more dependent on exogenous glucose and lipids due to the
impairment of mitochondrial functions, including the Krebs
cycle. The increased requirement of glucose and lipids could be
because of glycolysis and fatty acid oxidation (FAO) to
compensate for the reduction in ATP levels caused by impaired
mitochondrial function. Moreover, glucose and lipids might be
used in the pentose phosphate pathway (PPP) to maintain redox
homeostasis by reducing NADPH levels.

To test this hypothesis, we investigated the metabolites pro-
duced by 4T1 cells after BC-LNPs@PTX treatment, using the
untargeted metabolomics method. All metabolites were quantified
and compared with those of the negative control group (Supporting
Information Fig. S11). Venn diagram analysis (Fig. 4)) elucidated
that different metabolites were induced by BC-LNPs@PTX, BC-
LNPs, and free paclitaxel. Notably, the alteration in metabolism
caused by free paclitaxel exhibited minimum similarity with that
of the BC-LNPs@PTX and BC-LNPs groups. This result was
consistent with the proteomics data of the three groups as per Venn
diagram analysis (Fig. 4B), elucidating the significant effect of
nanoparticulated alendronate on BC-LNPs@PTX. Principal
component analysis (PCA) revealed that BC-LNPs@PTX caused
the most significant change in metabotypes compared with that by

analog BODIPY C16 by 4T1 cells after different treatments of 18 h detected by FCM. n = 4. (J) Venn diagram of the variation of metabolites in
4T1 cells after the treatment with PTX, BC-LNPs, and BC-LNPs@PTX of 24 h. (K) Principal component analysis (PCA) of metabolites detected
in PTX, BC-LNPs, and BC-LNPs@PTX groups by comparing with control. n = 5. (L, M) KEGG analysis of the up-regulated (L) and down-
regulated (M) metabolites in 4T1 cells after the treatment of BC-LNPs@PTX for 24 h by comparing with negative control. All statistical data
are presented as a mean = SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 5 BC-LNPs@PTX switches the paclitaxel-induced apoptosis to the mevalonate metabolism-mediated ferroptosis. (A) The detection of
total reactive oxygen species in 4T1 cells after different treatments by measuring the MFI of DCF using FCM. n = 3. (B) The detection of
mitochondrial reactive oxygen species in 4T1 cells after different treatments plus NADPH-oxidase inhibitor (Apocynin) by measuring MFI of
DCF using FCM. n = 3 (C, D) CLSM images (C) and the corresponding quantification (D) of mitochondrial membrane potential in 4T1 cells
after different treatments based on the JC-1 staining assay. At least 15 cells were selected randomly from each group for the quantification and
statistical analysis. Bar: 25 pm. (E) CLSM images of mitochondrial morphology after different treatments based on the Mtio-tracker staining. Bar:
25 um. (F, G) The detection of lipid peroxidation levels of 4T1 cells after different treatments for 18 h by measuring MFI of BODIPY C11 using
FCM. n = 4. (H) Mechanism diagram of bisphosphonates promoting LPO production through the inhibition of the mevalonate metabolism
pathway. (I) ATP release detection of 4T1 cells after different treatments by measuring the intracellular ATP content. n = 6. (J, K) CLSM images
(J) and the corresponding quantification (K) of HMGBI1 release from the nuclear of 4T1 cells after different treatments. At least 50 cells in CLSM
images were selected as the sample for the quantification. Bar: 20 um. (L) Quantitative analysis of calreticulin release from 4T1 cells after
different treatments. At least 30 cells in CLSM images were selected as the sample for the quantification. All statistical data are presented as a
mean £+ SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

the BC-LNPs and free paclitaxel (Fig. 4K). This demonstrates the BC-LNPs@PTX on different metabolic pathways. As illustrated
synergistic effect of paclitaxel and alendronate in BC-LNPs @PTX. in Fig. 4L and M, BC-LNPs@PTX significantly enhanced the
Next, metabolite set enrichment analysis based on different metabolism pathways associated with retinol, beta-alanine, and
annotated features was performed to explore the effect of the PPP. These pathways are closely related to lipid metabolism
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Figure 6 BC-LNPs@PTX restrains the migration and invasion of tumor cells by blocking the mevalonate metabolism pathway. (A) The

migration detection of 4T1 cells by culturing cells in the upper chamber of the transwell plate and incubating with different nanogranules for 12 h.
The upper and bottom chambers were added with different culture mediums. n = 3. Bar: 200 pm. (B) The invasion detection of 4T1 cells by
culturing cells in the upper chamber of the transwell plate and incubating with different nanogranules for 12 h. The porous membrane was coated
with Matrigel beforehand, and the upper and bottom chambers were added with different culture mediums. n = 3. Bar: 200 um. (C) Repre-
sentative microscopic images of transwell migration of 4T1 cells after different treatments. The migratory cells were labeled with Hoechst for cell
counting. GGPP was used to restore the blocking of the mevalonate (MVA) pathway by alendronate. Bar: 200 um. (D) The detection of the
relative migration ratio of 4T1 cells after different treatments by comparing with the negative control group. n = 3. (E) The microscopic images
on the real-time migration of 4T1 cells after different treatments based on the high content analysis. Bar: 100 um. (F) The tracking trajectories of
the real-time migration of 4T1 cells after different treatments based on the high content analysis. (G, H) Movement parameter detections of the
real-time migration of 4T1 cells. Track straightness (G) and square displacement (H) were detected by the high content analysis technology after
different treatments. At least 5 cells were selected randomly from each group for the quantification and statistic analysis. All statistical data are
presented as a mean = SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < (0.0001.

regulation. Retinol regulates lipid metabolism by activating the
transcriptional networks controlled by retinoic acid receptors
(RARs) and retinoid X receptors (RXRs)*>. Beta-alanine is the
precursor of pantothenic acid, and the latter is the core component

of CoA and acyl carrier protein (ACP)*°. Additionally, upregulated
PPP facilitates the production of reduced NADPH, which syner-
gizes with CoA and ACP to regulate the synthesis and degradation
of fatty acids’’. Therefore, BC-LNPs@PTX treatment altered the
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Figure 7
(A) Schematic diagram of BC-LNPs@PTX administration

administered intravenously five times on alternate days. n =

BC-LNPs@PTX inhibits tumor growth in vivo and remodels the tumor immune microenvironment to synergize with immunotherapy.

in the treatment of subcutaneous 4T1 tumors. Different nanogranules and drugs were
8. (B, C) Growth curves of subcutaneous 4T1 tumors after the different treatments.

(D, E) The anatomical imaging of tumors and tumor weight detection at day 17 after the different treatments. (F—I) The detections of tumor-
infiltrating lymphocytes in subcutaneous 4T1 tumors after the above treatment strategy were analyzed by flow cytometry (FCM).
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regulation of lipid metabolism by increasing the incorporation of
exogenous lipids (Fig. 4G—I). Notably, these regulated metabolic
pathways are also related to redox homeostasis. Retinol has anti-
oxidant properties, and PPP increases the redox equivalent in cells.
Moreover, p-arginine and cysteine metabolism were induced by
BC-LNPs@PTX; they function antagonistically in ROS produc-
tion’®2°. These results indicated that tumor cells upregulated a
series of pathways to maintain redox homeostasis after BC-
LNPs@PTX treatment, impairing mitochondrial function.
Furthermore, the disrupted mitochondrial function was verified by
the alteration of metabolic pathways (Fig. 4L and M), in which
cytochrome P450, nicotinate, and ubiquinone were the key mito-
chondrial metabolites that were affected by incubation with BC-
LNPs@PTX. Therefore, these findings indicate that BC-
LNPs@PTX alters mitochondrial function and redox homeostasis
in tumor cells through the synergism between paclitaxel and
alendronate.

3.4. BC-LNPs@PTX switches paclitaxel-induced apoptosis to
mevalonate metabolism-mediated ferroptosis

Mitochondria are pivotal organelles that are involved in the
regulation of cell death’® **; therefore, we comprehensively
investigated the variation in mitochondrial function after BC-
LNPs@PTX treatment to elucidate their cell death regulatory
mechanism. Based on the proteomics and metabolomics data, we
investigated intracellular ROS levels using DCFH-DA as the
fluorescent probe. As shown in Fig. 5A, both BC-LNPs@PTX and
BC-LNPs significantly induced ROS production in cells. In
contrast, free paclitaxel exhibited little effect on the ROS levels.
The excessive ROS is usually generated from the impaired mito-
chondria and from the endomembrane system where the redox
homeostasis based on NADPH oxidation-reduction enzymes is
disrupted. By adding extra NADPH into the medium to eliminate
ROS that derived from the disordered NADPH oxidation-
reduction balance, it was illustrated that BC-LNPs@PTX
retained the ability to induce the production of ROS (Fig. 5B).
These results suggest that the synergism between paclitaxel and
alendronate in BC-LNPs@PTX markedly increased mitochondrial
ROS levels.

To test the direct disruption of mitochondrial function induced
by BC-LNPs@PTX, we determined the mitochondrial membrane
potential (A¥ ) using the JC-1 staining assay. BC-LNPs@PTX
and BC-LNP treatments prominently enhanced the fluorescence
signal of the JC-1 monomer, which acts as an indicator of a
decrease in A¥ ,, (Fig. 5C and D). Free paclitaxel also moderately
reduced A¥,,. Notably, the decline in AY¥, further affected
mitochondrial morphology. According to the CLSM images
(Fig. 5E), the elliptical and dispersive morphology of the mito-
chondria in the control group was converted to the rod-like and
cross-linked form after BC-LNPs@PTX and BC-LNP treatments.
These results demonstrated that BC-LNPs@PTX directly

disturbed the function and morphology of the mitochondria,
inducing mitochondrial ROS production.

The excessive production of ROS induces the accumulation of
lethal LPOs, which is a unique characteristic of ferroptosis®>. To
investigate whether BC-LNPs@PTX caused ferroptosis of tumor
cells by inducing excessive mitochondrial ROS production, we
examined intracellular LPO levels using BODIPY-C11 as the lipid
peroxide probe. As shown in Fig. 5F and G, BC-LNPs@PTX
treatment led to significant LPO accumulation. Individual treat-
ment with BC-LNPs and free paclitaxel also moderately increased
the LPO content in cells. Moreover, GGPP, a key intermediate
metabolite downstream of the bisphosphonate-targeted route in
the mevalonate pathway®’ (Fig. 5H), partially suppressed the
facilitation of LPO production by BC-LNPs@PTX. This suggests
that the accumulation of LPO caused by BC-LNPs@PTX was
mainly derived from the inhibition of mevalonate metabolism by
alendronate.

In dying cells undergoing ferroptosis, LPO accumulation re-
sults in the rupture of the cell membrane and leakage of intra-
cellular contents, like the process of immunogenic cell death
(ICD)**. The released substances, including ATP, calreticulin
protein (CRT), and high mobility group box 1 (HMGB1), can
boost the immune response to anti-tumor therapy owing to their
high immunogenicity®. In the present study, analysis of intra-
cellular ATP levels revealed that BC-LNPs@PTX treatment
caused ATP leakage (Fig. 5I). Additionally, BC-LNPs@PTX
induced the release of HMGBI1 from the nucleus and caused
CRT accumulation in the cytoplasm (Fig. 5J-L, Supporting In-
formation Fig. S12). Therefore, these findings elucidated that BC-
LNPs@PTX caused ferroptosis of tumor cells more significantly
by disrupting the mitochondria and inducing the accumulation of
mitochondrial ROS and LPO than the apoptosis induced by
paclitaxel.

3.5. BC-LNPs@PTX restrains the migration and invasion of
tumor cells by blocking the mevalonate pathway

Mevalonate metabolism is not the only anabolic pathway that
ends with cholesterol. The intermediate metabolites GGPP and
farnesyl pyrophosphate (FPP) are widely involved in the post-
translational modification of small GTPases, including RHO,
RAS, and RAB family proteins, to support the anchoring of
proteins in the membrane®®. These membrane-localized small
GTPases regulate vesicular transportation, membrane fusion,
and cell migration through substrate conversion between GTP
and GDP?’. To explore whether BC-LNPs@PTX and BC-LNPs
could suppress the migration and invasion of tumor cells, we
constructed a cellular metastasis model using a transwell culture
plate. Transwell membranes with and without ECM-coating
were used to evaluate invasion and migration, respectively. As
shown in Fig. 6A and B, 4T1 cells were inoculated in the
upper chamber. The cells that moved across the pores to the back

Representative scatter plots (F) and percentages of CD8'T cells (G) in different experimental groups were measured by FCM. Meanwhile, the
ratio of CD8™T cells to CD4™ T cells (H) and the ratio of CD8"T cells to Treg cells (I) were detected. n = 5. (J) Schematic diagram of BC-
LNPs@PTX combined with «PD-L1 in the treatment of subcutaneous 4T1 tumors. Different nanogranules and drugs were administered intra-
venously six times on alternate days. aPD-L1 antibody was administered by intraperitoneal injection every 4 days, three times in total. (K, L)
Tumor growth and tumor volume detection of 4T1 tumors after the different treatments. (M) Photographs of tumors on Day 17 after the different
treatments. (N) Tumor weight detection at day 17 after the different treatments. Saline and BC-LNPs@PTX+aPD-L1: n = 8§, other groups:
n = 7. All statistical data are presented as a mean = SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 8 BC-LNPs@PTX inhibits the tumor BC-LNPs@PTX suppresses the tumor metastasis in vivo by inhibiting the mevalonate metabolism

pathway. (A) Schematic diagram of BC-LNPs@PTX administration in the treatment of spontaneous lung metastasis from subcutaneous 4T1
tumors. (B, C) Photographs (B) and the corresponding quantification (C) of metastatic nodules in the lung after different treatments. n = 6. The
red circles represented the metastatic nodules in the lung. (D) H&E staining images of lung metastatic nodules after different treatments.
Magnification: 200x. (E—G) The detections of splenic lymphocytes after the above treatment strategy were analyzed by flow cytometry (FCM).
Representative scatter plots (E), percentages of CDS8™T cells (F) and CD4" T cells (G) in different experimental groups were measured by FCM.
n = 5. (H, I) Serum proinflammatory cytokine detections of TNF-« (H) and IL-16 (I) in different experimental groups measured by ELISA. (J)
Schematic diagram of BC-LNPs@PTX administration in the treatment of induced lung metastasis by intravenous injection of 4T1-luc cells,
n = 6. (K, L) IVIS images (K) and the corresponding fluorescence intensity detection (L) of tumor-bearing mice after different treatments. (M, N)
IVIS images (M) and the corresponding fluorescence intensity detection (N) of the lungs after sacrifice and dissection after the different treat-
ments. All statistical data are presented as a mean = SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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of the transwell membrane were stained and quantified.
Compared to the control group, BC-LNPs significantly reduced
the migration and invasion of cells. Cell counting analysis
also demonstrated the same results (Fig. 6C and D). Moreover,
GGPP supplementation during BC-LNPs@PTX and BC-LNP
treatments restored the migration capacity of the tumor cells.
This suggests that BC-LNPs inhibited the migration and
invasion of tumor cells by suppressing the mevalonate pathway.
In addition, cell migration dynamics analysis (Fig. 6E,
Supporting Information Movies S1—S6) revealed that BC-
LNPs@PTX, BC-LNPs, and free paclitaxel treatments limited
cellular motion and decreased the movement range of cells
(Fig. 6F). The quantification of multiple pavement parameters,
including displacement, track straightness speed, and accumu-
lated distance, demonstrated their inhibitory efficacy (Fig. 6G
and H, Supporting Information Fig. S13). Notably, the GGPP
addition recovered the cellular motion to some extent. There-
fore, these findings confirmed the ability of BC-LNPs@PTX to
inhibit cell migration and invasion by limiting the motion range
and speed of cells in a mevalonate metabolism-dependent
manner.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.apsb.2023.08.029

3.6. BC-LNPs@PTX inhibits tumor growth in vivo and remodels
the tumor immune microenvironment to synergize with
immunotherapy

Next, we investigated the efficacy of BC-LNPs@PTX in vivo
using a 4T1 tumor-bearing mouse model. Tumor-targeting
ability was first evaluated using the in vivo living imaging sys-
tem (IVIS). We used the fluorescent lipid probe DIR, as an
in vivo indicator, for this experiment, which revealed that BC-
LNPs were quickly delivered to the tumor tissue after 1 h of
intravenous injection and were accumulated in high concentra-
tions in the tumor for up to 72 h (Supporting Information
Fig. S14). The analyses of pharmacokinetics and biodistribution
further showed that BC-LNPs@PTX treatment caused greater
peak concentration (Cp,.x) but faster elimination compared to
Taxol (Supporting Information Figs. S15 and S16). These find-
ings suggested more drugs in BC-LNPs@PTX could be rapidly
delivered to the tumor in the early phase after administration and
be stranded to take a long-time effect. After that, the in vivo anti-
tumor efficacy of BC-LNPs@PTX was investigated according to
the protocol presented in Fig. 7A. PC-LNPs and the classical
paclitaxel preparation Taxol were used as controls. As shown in
Fig. 7B and C, BC-LNPs@PTX exhibited the highest efficacy
after five administrations. BC-LNPs and Taxol exerted moderate
therapeutic effects. The anatomical imaging in Fig. 7D and E
further demonstrated the most significant tumor suppression
effect after BC-LNPs@PTX treatment, as evidenced by the
smallest tumors and lightest tumor weight, which also had no
negative effect on the body weight and hematological indices of
mice (Supporting Information Fig. S17). Next, to further confirm
the in vivo therapeutical effect of BC-LNPs@PTX, we con-
structed the orthotopic breast cancer model by directly injecting
4T1 breast cancer cells into the fat pad of the fourth pair of
mammary glands on the right side of mice (Supporting Infor-
mation Fig. S18). The proliferation of orthotopic breast tumors
was directly observed and measured by vernier caliper. Notably,

BC-LNPs@PTX also exhibited the highest efficacy. These
findings showed high consistency with the results from the
subcutaneous tumor-bearing model, highlighting the synergism
between PTX and alendronate in vivo cancer therapy and
exhibiting the significance of nanoparticle construction.

To determine the synergistic mechanism, we explored the tumor
immune microenvironment after treatment. The lymphatic subset
analysis based on FCM elucidated that BC-LNPs@PTX signifi-
cantly induced an increase in CD8" T lymphocytes and a reduction
in immunosuppressive Treg cells in tumors compared to that in the
BC-LNPs and Taxol groups (Fig. 7F and G, Supporting Information
Fig. S19). Correspondingly, BC-LNPs@PTX treatment signifi-
cantly increased the ratios of CD8%/CD4" T cells and CD8*/Treg
cells (Fig. 7H and I). In addition, we examined the activation of DCs
in tumor-draining lymph nodes (TDLNs) and showed that BC-
LNPs@PTX induced the maximum degree of DCs maturation,
while BC-LNPs and Taxol had comparable effects (Supporting
Information Fig. S20). This suggests that BC-LNPs@PTX remod-
eled the tumor immune microenvironment by enhancing the cyto-
toxic immune response and attenuating suppressive immunity™°.
Notably, nanoparticulated alendronate was more responsible for
this remodeling capacity because BC-LNPs, but not Taxol,
exhibited an immunopotentiation effect to some extent’”. This
indicated that mevalonate metabolism-mediated ferroptosis mainly
triggered the enhancement of the immune response.

Previous studies have reported that ferroptosis, because of its
immunopotentiation effect, has great synergistic potential with
immunotherapy®’. To test the synergistic effect of ferroptosis and
BC-LNPs@PTX, we first investigated the effect of BC-
LNPs@PTX on the expression of immunosuppressive receptor
PD-L1 in cancer cells. Strikingly, BC-LNPs@PTX treatment
significantly increased the expression of PD-L1 in 4T1 cells
(Supporting Information Fig. S21). It meant the cancer cells
treated by BC-LNPs@PTX might be more sensitive to the therapy
based on immune checkpoint blocker «PD-L1. To test that, the
in vivo effect of BC-LNPs@PTX combined with aPD-L1 was
investigated according to the protocol in Fig. 7J. A single treat-
ment with «PD-L1 exhibited a weak effect owing to the sup-
pressive immune microenvironment in 4T1 tumors. However, the
combination of BC-LNPs@PTX and «PD-L1 markedly enhanced
therapeutic efficacy, especially when compared to that of BC-
LNPs@PTX alone (Fig. 7K-N), indicating the sensitization ef-
fect of BC-LNPs@PTX on the aPD-L1 therapy. These findings
suggest that BC-LNPs@PTX effectively synergizes with immu-
notherapy by inducing ferroptosis in cancer cells and remodeling
the tumor immune microenvironment.

3.7.  BC-LNPs@PTX suppresses tumor metastasis in vivo by
inhibiting the mevalonate pathway

The inhibitory effect of BC-LNPs@PTX on tumor metastasis was
investigated by constructing spontaneous and induced metastasis
models. According to the methodology presented in Fig. 8A, the
mice were subcutaneously inoculated with 4T1 cells and fed to
induce spontaneous pulmonary metastasis. The mice were sacri-
ficed after six doses of administration, and the lungs were
extracted to detect metastatic lesions. Photographs of the lungs
after the different treatments revealed that pulmonary metastasis
was markedly suppressed by BC-LNPs@PTX (Fig. 8B). Quanti-
fication based on metastasis nodule counting revealed that BC-
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LNPs@PTX had the greatest inhibitory efficacy (Fig. 8C).
Notably, BC-LNPs also significantly inhibited pulmonary metas-
tasis, whereas Taxol exhibited no inhibitory effect. The histolog-
ical analysis revealed that BC-LNPs@PTX treatment effectively
restored the morphology of the pulmonary alveoli, demonstrating
the highest efficacy (Fig. 8D).

Next, to explore the underlying mechanism, we investigated
the systemic immune response after different treatments. We
observed that BC-LNPs@PTX significantly increased CD8" and
CD4% T lymphocytes in the spleen (Fig. SE—G). The ratios of
CDS"/CD4" T cells and CD8"/Treg cells were also significantly
increased by BC-LNPs@PTX treatment (Supporting Information
Fig. S22). Additionally, both BC-LNPs@PTX and BC-LNPs
markedly increased serum TNF-« and IL-18 concentration, but
Taxol treatment exhibited the same effects as that of the control
(Fig. 8H and I). Meanwhile, enhanced immunity had no effect on
body weight, organ structure, and multiple hematological indices,
indicating the safety of the treatment (Supporting Information
Figs. S23 and S24).

Finally, we developed a short-term induced metastasis model
by intravenously injecting 4T1-luc cells in the mice to promote
tumor metastasis to the lungs (Fig. 8J). The results revealed that
fewer cancer cells colonized the lungs after BC-LNPs@PTX
treatment (Fig. 8K and L). Amplified images of the lungs after
sacrifice and dissection further confirmed the inhibitory efficacy of
BC-LNPs@PTX and BC-LNPs (Fig. 8M and N). Histological
analysis confirmed these results (Supporting Information
Fig. S25). Moreover, BC-LNPs@PTX were safe after the therapy
of the induced metastasis model (Supporting Information Figs.
S26 and S27). Therefore, these findings suggest that BC-
LNPs@PTX suppressed tumor metastasis in vivo by enhancing
the systemic immune response. Moreover, it demonstrates that the
systematic immunopotentiation effect was primarily derived from
the inhibition of the mevalonate pathway.

4. Conclusions

In the present study, we designed and fabricated BC-LNPs@PTX
to achieve co-delivery of alendronate and paclitaxel to target tumor
tissue. BC-LNPs@PTX contained a “core—shell” structure, where
alendronate coordinated with calcium ions to form the solid core,
and a lipid layer containing paclitaxel was coated to form the shell.
This structural feature guaranteed that alendronate could be
effectively delivered to the tumor and released in the acidic
endosomal environment, avoiding the natural tropism of
bisphosphonate drugs to the bone. Alendronate significantly
enhanced the tumor-killing effect of paclitaxel and altered its
cytotoxic mechanism (Fig. 1), thus exhibiting synergy. In contrast
to paclitaxel-induced apoptosis, nanoparticulated alendronate
changed the morphology and function of mitochondria, induced
metabolism based on exogenous glucose and lipids, and disturbed
redox homeostasis in tumor cells. Therefore, BC-LNPs@PTX
induced the production of excessive amounts of ROS in the mito-
chondria, leading to the accumulation of lethal LPO and triggering
ferroptosis characterized by the leakage of intracellular substances.
Moreover, since the inhibition of the mevalonate pathway by
alendronate blocked the posttranslational modification of small
GTPases related to cell migration, BC-LNPs@PTX prominently
suppressed tumor metastasis by limiting the motion range and
speed of cancer cells and enhancing the systematic immunopo-
tentiation effect. Thus, the co-delivery of alendronate and pacli-
taxel markedly enhanced the anti-tumor synergism of

chemotherapy and immunotherapy by switching paclitaxel-
induced apoptosis to mevalonate metabolism-mediated ferropto-
sis. This highlights the potential of tumor metabolism regulation in
cancer therapy and provides new insights for the development of
cytotoxic drugs in combination with metabolic regulators.
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