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KEY WORDS Abstract Homeostasis and energy and substance metabolism reprogramming shape various tumor
microenvironment to sustain cancer stemness, self-plasticity and treatment resistance. Aiming at them,

Calcium homeostasis

a lipid-based pharmaceutical loaded with CaO, and glucose oxidase (GOx) (LipoCa0O,/GOx, LCG)

0131:02?::;;115111 has been obtained to disrupt calcium homeostasis and interfere with glycometabolism. The loaded

interference: GOx can decompose glucose into H,O, and gluconic acid, thus competing with anaerobic glycolysis
Immunogenic cell death; to hamper lactic acid (LA) secretion. The obtained gluconic acid further deprives CaO, to produce
Oxidative stress; H,0, and release Ca*", disrupting Ca" homeostasis, which synergizes with GOx-mediated glycometa-
Lactic acid; bolism interference to deplete glutathione (GSH) and yield reactive oxygen species (ROS). Systematical
Engineered lipids; experiments reveal that these sequential multifaceted events unlocked by Ca®* homeostasis disruption
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Starvation therapy;
Cancer plasticity

and glycometabolism interference, ROS production and LA inhibition, successfully enhance cancer
immunogenic deaths of breast cancer cells, hamper regulatory T cells (Tregs) infiltration and promote

CD8" T recruitment, which receives a considerably-inhibited outcome against breast cancer progression.
Collectively, this calcium homeostasis disruption glycometabolism interference strategy effectively com-
bines ion interference therapy with starvation therapy to eventually evoke an effective anti-tumor immune
environment, which represents in the field of biomedical research.

© 2025 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

Abnormal homeostasis, energy substance metabolism are two
typical characteristics of malignant tumor'~, which shape various
and complex tumor microenvironment to sustain cancer stemness’,
self-plasticity and treatment resistance and directly decide cancer
progression and evolution’®. In various types of metabolisms,
glucose as the bottommost unit provides energy and substance
supply to sustain the proliferation and growth of tumor cells the
Warburg Effect”'®. Beyond that, glucose metabolism also corre-
lates with the immune system'''?. Typically, lactate originating
from anaerobic glycolysis of glucose can not only stimulate the
proliferation and functional activation of T regulatory cells
(Tregs)'?, but also inhibit immune responses and promote tumor
growth'*'"”. Regarding this, targeted disrupting glycometabolism is
believed to serve as a general route to engineer various starvation
therapy protocols and enhance anti-tumor immune responses.

It has been extensively accepted that there are many comple-
mentary effects that contribute to the complex tumor microenvi-
ronment and tumor heterogeneity that encourage cancer
progression and self-adaptation'~*. Therefore, only interfering in
one avenue (glycometabolism) is usually inadequate to completely
repress cancer’, and multiplexed disruptions are receiving
increasing attention, which hasten the birth of various combined
therapies'®. Ton homeostasis as one component of tumor homeo-
stasis also decides cancer progression and affects immuno-
therapy'’"*°. Based on this rationale, the concept of ion-inference
therapy has been proposed®'*, but the study in this field is still
burgeoning, let alone the combination of ion homeostasis
disruption with other avenue interferences.

In this report, two avenues, calcium ion (Ca2+) homeostasis
disruption and glycometabolism interference, are concurrently taken
into consideration and enabled in one lipid-based pharmaceutical to
induce apoptosis and immunogenic cell death (ICD) of breast cancer
cells and repress their progression. Therein, lipid was used as vehi-
cles to load and encapsulate glucose oxidase (GOx) and calcium
peroxide (Ca0,), obtaining LipoCaO,/GOx (LCG) (Scheme 1). In
the glycometabolism interference, depleting glucose or occluding
glucose supply in tumor cells has been validated to hinder the pro-
gression of tumors™>’. Especially, GOx-mediated glucose con-
sumption represents a significant advancement for tumor starvation
therapy®™*', which provides a solid foundation for glycometabolism
interference using LCG. Moreover, the route, GOx-catalyzed
glucose depletion, competes with anaerobic glucose glycolysis.
This means that lactic acid (LA) production originating from
anaerobic glucose glycolysis was expected to be dampened, and the
function of Tregs in suppressing the immune system would un-
doubtedly be impaired (Scheme 1)*?. Additionally, GOx-catalyzed

glucose into H,O, and gluconic acid, wherein H,O, served as the
reactive oxygen species (ROS) source and GSH scavenger to enrich
ROS available for inducing ICD (Scheme 1),

Ca0, is sensitive to pH and gradually decomposes within the
acidic tumor microenvironment, eventually resulting in the release of
free Ca>" ions and H,0,. Inspired by it, Ca>* overload in this report
was expected to disrupt the inherent Ca>* homeostasis, induce cancer
apoptosis and enhance immune response. More significantly, both
Ca* and H,0, have been identified as potential inducers of ICD in
tumor cells®**°, which thereby brought about immunogenic deaths of
breast cancer. Contributed by the above-multifaceted events, the
direct apoptosis in combination with the enhanced ICD not only led to
the direct eradication of tumor cells, but also initiated a targeted
immune response against breast cancer progression (Scheme 1).
Beyond LA inhibition, ROS originating from glucose and CaO,
decomposition into H,O, is also designed to disfavor Tregs recruit-
ment and oppose the immunosuppressive tumor microenvironment,
according to previous experiences (Scheme 1)°°*. Collectively, both
Ca*" homeostasis disruption and glycometabolism interference that
integrated into such lipid-based pharmaceuticals provide a general
candidate strategy to treat malignant tumor and guide the develop-
ment of clinical translation-orientated pharmaceuticals.

2. Materials and methods

2.1.  Reagents and materials

Cholesterol was purchased from Sigma—Aldrich (USA); dipalmi-
toylphosphatidylcholine  (DPPC), PEG,x conjugated dis-
tearinphosphatidylethanolamine (DSPE-mPEG,,) were purchased
from Meilunbio and Solarbio (China). 1,1’-Dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine perchlorate DiIC18 was purchased
from Abcam (UK). CaCl, and NaOH were purchased from
Aladdin. Dulbecco’s modified Eagle medium (DMEM), Phosphate
buffered solution (PBS), Glucose oxidase (GOx), Trypsin Digestion
solutions, 0.25% were purchased from Solarbio (China). Calcein/PI
Live/Dead Viability/Cytotoxicity Assay Kit and Reactive Oxygen
Species Assay Kit were purchased from Beyotime (China).

2.2. Preparation of CaO, nanoparticle solution

One gram of calcium chloride was dissolved in 10 mL of distilled
water, followed by the addition of 5 mL of ammonia solution
(1 mol/L) and 80 mL of PEG 200 to the stirring mixture. Sub-
sequently, 5 mL of 30% H,0, was added to the mix at a rate of 3
drops per minute. The preparation procedure took place in
continuously stirred open glass beakers at room temperature, with
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Scheme 1

Schematic diagram illustrating LCG synthesis and how the combination of calcium homeostasis and glycometabolism in LCG

pharmaceuticals unlock multifaceted events hamper Tregs infiltration and function, encourage CD8" T recruitment and brought about cancer

immunogenic death to repress breast cancer.

the stirrer velocity kept constant for all experiments. After 6 h of
stirring, a clear and colorless to yellowish solution was obtained.

2.3.  Preparation of nanocomposites

To prepare liposomes, a lipid mixture of DPPC, cholesterol, and
DSPE-mPEG,y, was dissolved in chloroform at a mole ratio of 8:4:1'.
Then, 0.1 mL of CaO, in ethanol (10 mg/mL) was added to the
mixture, followed by the formation of a thin lipid film after rotary
evaporation. Subsequently, 1 mL of GOx aqueous solution (1 mg/
mL) was added to the lipid film and stirred for 30 min. The mixture
was then extruded through a 200 nm polycarbonate filter 20 times to
obtain a uniform lipid suspension. The suspension was centrifuged at
10,000 rpm for 20 min (purchased from China Hunan Xiangyi
Laboratory Instrument Development Co., Hunan, China) and the
unloaded GOx supernatant was discarded. Ultrapure water was
added to the precipitate to form liposomal LCG. LipoGOx (LG) and
lipoCaO, (LC) were prepared using a similar procedure but without
the addition of CaO, or GOX to the lipid membranes.

2.4.  Characterization of the nanoparticles

DLS and Zeta potential were measured using a Zetasizer Nano
7ZS90. TEM images were captured with a JEM 1200EX. XRD
patterns were obtained using a Bruker D8 Advance X-ray powder
diffractometer. XPS results were obtained from an imaging X-ray
photoelectron spectrometer, specifically the 250Xi model.

2.5.  pH-dependent CaO,; release

Confirmation of the pH dependence of CaO, release from LCG
NPs was conducted using PBS solutions with different pH values

(7.4, 6.5, and 5.5). One milliliter of LCG NPs (CaO, = 1 mg/mL)
was added to a dialysis bag with a molecular weight cutoff
(MCWO) of 3500 and immersed in 30 mL of PBS solution in a
50 mL centrifuge tube. All samples were placed in a thermostatic
shaker at 37 °C and 100 rpm/min. At time points of 1, 2, 4, 8, and
12 h, 1 mL of solution was taken out for analysis.

2.6.  Catalytic ability measurement

To assess the catalytic activity of LCG, glucose solutions of
varying concentrations were treated with LCG, LG, or free GOx
(10 pg/mL). The solutions were collected at different time points
to measure H,O, levels and pH.

2.7.  Measurement of GSH content in solution

GSH levels were assessed using a commercially available assay
kit to measure reduced glutathione content. Briefly, 10 pL of the
experimental group (PBS, Liposome, etc.) was mixed with 100 pL
of GSH (1 mmol/L), and 20 pL of the mixture was added to the
assay reagent. The absorbance at 412 nm was then measured using
an enzyme meter.

2.8.  In intracellular H,O, generation

To measure the intracellular H,O, concentration of cells after
different treatments, the experimental groups (PBS, Liposome,
etc.) were co-incubated with the cells for 4 h. Subsequently, the
cells were collected and 200 pL of Hydrogen Peroxide Detection
Lysate was added, followed by sufficient homogenization to break
up and lyse the cells. The supernatant was then centrifuged,
hydrogen peroxide detection reagent was added, and left at room
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temperature for 30 min. The absorbance of the solution at 560 nm
was recorded using an enzyme counter.

2.9.  In intracellular GSH depletion

To determine intracellular GSH levels, cells were cultured in
6-well plates. The cells were co-incubated with the nanoparticles
(GOx = 10 pg/mL) for 4 h. Subsequently, the cells were collected
and disrupted by sonication. The absorbance at 412 nm is
measured finally, following the procedure for using the kit.

2.10. Measurement of LA levels

To measure intracellular levels of LA, cells were seeded in 6-well
plates. The cells were then incubated with the nanomaterials
(GOx = 10 pg/mL) for 4 h. Subsequently, the cells were har-
vested for further analysis.

2.11.  Cellular uptake assay

Cells were inoculated at a density of 1 x 10> per dish in confocal
dishes and cultured for 12 h. LCG-DID (GOx = 10 pg/mL) was
co-incubated with the cells, followed by three washes with PBS
and staining with DAPI. Confocal microscopy was used to acquire
images, and subsequently, the cells were collected by trypsin
digestion and analyzed using flow cytometry.

2.12.  Live/dead cell staining assessment

Live and dead cell assays were utilized to validate the cytotoxicity
of LCG (GOx = 10 pg/mL) on tumor cells. The cells were seeded
into 12-well plates and incubated for 12 h. Subsequently, the cells
were stained with Calcein AM/PI solution for 30 min, followed by
observation and recording under a fluorescence microscope.

2.13.  Cell apoptosis assay

Cells were inoculated into 6-well plates and incubated overnight.
The cells were then co-incubated with different nanomaterials
(GOx = 10 pg/mL). After incubation, the cells were collected and
washed with PBS. Subsequently, detection solution was added to
the cells and they were incubated at room temperature, protected
from light for 20 min. Following this, the cells were placed in an
ice bath and detected by flow cytometry.

2.14.  Intracellular ROS and Ca*" assay

Briefly, cells were inoculated into confocal dishes and incubated
overnight. The cells were then co-incubated with the nano-
materials for 4 h. Subsequently, the cell culture fluid was removed,
and DCFH-DA (10 umol/L) was added and incubated in the
incubator for 20 min. After incubation, the cells were washed
three times with a serum-free medium, and the images were
observed under confocal microscopy. Finally, the cells were
collected with trypsin and used for flow cytometric analysis.
Fluo-4 AM is a cell-permeable Ca>" indicator that reacts with
intracellular esterase to produce non-fluorescent Fluo-4. The
presence of Ca?" imparts strong fluorescence to Fluo-4. To detect
Ca®>" expression within the cells, the cells were co-cultured with
the nanomaterials as described above. At the end of the incuba-
tion, the Fluo-4 staining solution was added and incubated for

30 min, protected from light. Finally, the samples were observed
under a confocal microscope and images were recorded.

2.15.  Detection of immunogenic cell death in vitro

4T1 cells were seeded and incubated at 37 °C for 24 h, followed
by different treatments. The treated cells were collected, fixed
with 4% paraformaldehyde, permeabilized with 0.25% Triton
X-100, blocked with 3% BSA, and then incubated with CRT
antibody overnight at 4 °C. Subsequently, the cells were incubated
with FITC-labeled secondary antibodies at room temperature for
1 h. Finally, the cells were stained with DAPI and representative
fluorescence images were obtained using CLSM confocal
excitation.

In a separate experiment, after collecting and treating the cells
as described above, they were fixed with 4% paraformaldehyde,
permeabilized with 0.25% Triton X-100, blocked with 3% BSA,
and then incubated overnight at 4 °C with anti-heat shock pro-
tein70 (HSP70) antibodies. Following this step, the cells were
incubated with FITC-labeled secondary antibodies at room tem-
perature for 1 h. Finally, the cells were stained with DAPI and
representative fluorescence images were obtained by confocal
excitation of CLSM.

Furthermore, in another set of experiments, the cells were
collected and treated with 4% paraformaldehyde fixation, 0.25%
Triton X-100 permeabilization, and 3% BSA blocking. The cells
were then incubated with anti-HMGB1 antibodies, followed by
staining with Alexa Fluor 555 coupled secondary antibodies and
DAPI staining. The level of HMGB1 was detected using the
CLSM method.

2.16.  Intracellular ATP assay

Cells were inoculated into 6-well plates and cultured overnight.
The original medium was removed, and the medium containing
different materials was added for co-incubation for 4 h. Subse-
quently, the cells were lysed by adding a lysis solution. After lysis,
centrifugation was performed at 4 °C at 12,000x g for 5 min. The
supernatant was then removed and used for subsequent assays.
Twenty microliters of sample or standard were added to the assay
wells or tubes and quickly mixed with a micropipette. After a
minimum interval of 2 s, the relative light units (RLU) values were
determined by chemiluminescence.

2.17.  Western blot assay

4T1 cells were lysed in RIPA lysis buffer containing phenyl
methyl sulfonyl fluoride (PMSF) on ice for 15 min. The lysate was
then centrifuged at 10,000x g for 5 min to obtain the protein su-
pernatant. After quantification of the protein using a BCA protein
assay kit and addition of sample loading buffer, the target proteins
were separated by 12% SDS-PAGE gel and transferred to a pol-
yvinylidene difluoride (PVDF) membrane. Subsequently, the
target proteins were probed with primary antibodies against
GAPDH, CRT, HMGBI1, and FOXP3. Finally, the results were
documented following incubation with the corresponding sec-
ondary antibodies.

2.18.  Imaging and biodistribution study

BALB/c mice were injected with LCG-DID or free DID in the tail
vein. Fluorescence intensity images of each mouse were collected
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at different periods. The hearts, livers, spleens, lungs, and kidneys
of the mice were taken at 6 and 48 h, respectively. Finally, fluo-
rescence intensity images were collected for analysis.

2.19.  In vivo antitumor studies

When the tumor volume of mice reached approximately 180 mm?,
mice carrying 4T1 tumors were randomly divided into five groups
(n = 5) and injected with different nanomaterials. Glucose oxi-
dase (GOx) was administered at a dose of 2 mg/kg on Days 7, 11,
and 15 after tumor inoculation. The size of the tumors and the
body weights of the mice were measured every two days following
the treatments to assess therapeutic efficacy and systemic toxicity,
respectively. On the Day 21 after tumor inoculation, the mice were
euthanized and tumor tissues were collected for comparison,
weighing, and further immunohistochemical analysis.

2.20. Elisa assay

In brief, mouse blood samples were centrifuged for 15 min at
1000 g. The upper serum was collected, and the expression levels
of cytokines IFN-v, IL-6, and TNF-« in the serum were detected
using Elisa.

2.21.  Evaluation of different immune cells

To assess the immune response induced by LCG, mouse tumors
were collected after various treatments and prepared into single-
cell suspensions using a mouse tumor dissociation kit (130-096-
730) the suspensions were then filtered through a 70 pm mesh.
Subsequently, an appropriate amount of FC block was added and
incubated for 10 min at 2—8 °C in the dark. Surface antibodies,
including anti-CD45, anti-CD3, anti-CD4, and anti-CD8 (pur-
chased from Biolegend, USA), were added for co-incubation. Live
and dead cell staining was performed for each group, followed by
fixation and membrane permeabilization before adding anti-
FOXP3. FCM was utilized to measure the quantity of CD8" T
cells as well as the proportion of Treg cells. Additionally, the
maturation rate of DCs in tumor tissues was assessed by flow
cytometry after staining with anti-CD45, anti-CD11B, anti-CD80,
and anti-CD86 (purchased from Biolegend, USA).

2.22.  Statistical analysis

The data are presented as means + standard deviations (SD).
Statistical significance was assessed using Student’s r-test for
comparisons between the experimental and control groups
(*P < 0.05; **P < 0.01; and ***P < 0.001).

3. Results and discussion

3.1.  Synthesis and characterizations of LCG (LipoCaO»/GOx)

Liposomes serve as amphiphilic carriers to simultaneously
encapsulate CaO, and GOx, and the detailed procedures are
shown in Fig. 1A, wherein the other three counterparts, Liposome,
LC and LG, were also obtained. In the current study, PEG200-
stabilized CaO, nanoparticles were firstly synthesized by react-
ing CaCl, with H,O, in an alkaline environment™’. Transmission
electron microscopy (TEM) reveals that CaO, is uniformly
dispersed in anhydrous ethanol solution with around 20 nm in

diameter (Fig. 1B) and high crystallinity (Supporting Information
Fig. S1) since typical diffraction peaks of CaO, at 20 = 30.1°,
35.6°, and 47.3° are observed’’. The obtained liposomes and
LipoCa0O,/GOx (LCG) nanoparticles are also uniformly dispersed
in the PBS (Fig. 1C and Supporting Information Fig. S2).
Dynamic light scattering (DLS) measurements reveal that the
hydrodynamic diameters of LCG and its intermediates (liposomes,
LC, LG) reside between 100 and 200 nm (Fig. 1D), denoting the
success of LCG and its intermediates. Additionally, the zeta po-
tential of LCG and its intermediates is below —40 mV. The
negatively-charged surfaces dictate that LCG can remain stable in
solution (Fig. 1E and Supporting Information Fig. S3). It has been
documented that H,O erosion is accessible to CaO,, resulting in
Ca0, decomposition and failure in inducing Ca®* homeostasis
disruption before they can enter cancer cells*'. Inspiringly, lipo-
somes encapsulation is helpful to shield CaO, against H,O erosion
since high crystalline of CaO, in LCG that experience H,O
treatment for 6 h is retained (Fig. 1F).

Furthermore, the presence of CaO, in LCG was validated through
X-ray photoelectron spectroscopy (XPS), and no alteration in char-
acteristic peaks at 346.39 and 531.31 eV representing Ca>" and O~
unveil the successful encapsulation and stability of CaO, by lipids
(Fig. 1G and Supporting Information Fig. S4). In addition, the
presence of Ca, O, P, N and C elements is observed in the energy
dispersive spectrum (EDS, Fig. 1H). All these results confirm the
successful synthesis and encapsulation of CaO, in LCG. The lipo-
some exhibits an absorption peak at 260 nm, while GOx shows an
absorption peak at 280 nm (Fig. 1I). Subsequently, we explored the
decomposition and Ca>" release from LCG under different pH
values. Under neutral condition, the lipid structure remains intact
and only a small amount of H,O enter the internal cavity of lipo-
somes to react with CaO, and produce Ca”, which also denotes the
lipid shell protection effect and the high LCG stability that is
appropriate for delivery. In contrast, the rapid decomposition and
release of Ca>* from CaO, in LCG is observed in an acidic envi-
ronment, and lower pH favor more CaO, decomposition and Ca*"
release (Fig. 1J), respectively. This phenomenon is attributed to that
low pH value destroy lipid shell and allow more H" ions and H,0O
molecules to touch and decompose CaO,. Such pH-dependent
structure evolution and Ca®>" release manipulated by lipid shell
determine that LCG may maintain high stability during blood cir-
culation and then collapse to release Ca>" and GOx in acidic TME
without premature breakdown for disrupting Ca®>" homeostasis and
interfering glycometabolism.

3.2.  Enzyme activity assay

High GOx catalytic activity is the premise of high starvation
therapy outcome regulating glycometabolism. Herein, we
comprehensively explored the catalytic activity of GOx in free or
encapsulation sates. After incubations with glucose solution
(certain concentration), free GOx, LipoGOx (LG) and LCG
(GOx = 10 pg/mL) result in a decrease in pH value (Fig. 2A and
B) and the increase in H,O, concentration (Fig. 2C and D) in the
mixed solution as the functions of incubation time and glucose
concentration. The variation trends in decreasing pH value and
elevating H>O, concentration are identical in such three samples,
and the catalytic activity of GOx in the three samples is approx-
imately identical. These indicate that GOx in LG and LCG can
effectively catalyze the conversion of glucose into gluconic acid
and H,O,, and lipid shell is disabled to impair the catalytic
capacity of GOx in LG or LCG.
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Construction and characterization of LCG. (A) Schematic diagram of LCG synthesis, scale bar = 50 nm; (B) TEM images of CaO,
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It has been determined that the intracellular concentration of
GSH in tumors is approximately up to 10 mmol/L. which is 10
times higher than extracellular GSH*. High H,O, concentration
expedite GSH depletion®®. The above experiments validate that
GOx in LCG or LG can decompose glucose into gluconic acid and
H,0,, which will deplete GSH. Actually, CaO, in LCG is also
expected to react with H,O and produce H,O, to deplete GSH. To
investigate the GSH depletion by CaO, in LCG, we utilized an
oxidized glutathione (GSSG) test kit (DTNB) as a GSH indicator,
wherein no glucose avoids GOx-mediated H,O, production. The
concentration of GSH is found to be directly proportional to the
absorbance at 412 nm (Supporting Information Fig. S5). It
exhibits a rapid decrease in both the LCG and LipoCaO, (LC)
groups, while there is no significant change in the CaO,-free
groups including Liposome and LG groups (Fig. 2E). As the LCG
concentration climbs, more GSH depletion is accessible (Fig. 2F),
indicating that CaO, in LCG has a significant capacity to produce
H,0, for depleting GSH.

3.3.  Cellular-level evaluations on multifaceted actions in LCG

Afterwards, cellular-level evaluations on how Ca®>" homeostasis
disruption and glycometabolism interference in LCG regulate the
levels of H,O,, ROS, GSH, pH value and Ca®* were carried on.
Prior to cellular-level evaluations, the cellular uptake and intra-
cellular distribution of nanomaterials were investigated, and DID
dye-labeled LCG (namely LCG-DID) was used to dye the
engulfed nanoparticles since DID can emit red fluorescence under
laser excitation at 633 nm. 4T1 cells were incubated with LCG-
DID for 0.5, 1, 2 and 4 h, and subsequently, we evaluated the

engulfment levels of LCG-DID by 4T1 cells using laser confocal
scanning microscopy (LCSM) and flow cytometry (FCM). Results
show the considerably-elevated phagocytosis of LCG-DID by 4T1
cells and longer incubation time harvests more LCG-DID
engulfment (Fig. 3A and B and Supporting Information
Fig. S6), and the entry route is found to follow the lysosome
pathway (Fig. 3A). Similar phenomenon is observed in H22 cells
that are one liver cancer line, where more LCG-DID nanoparticles
are engulfed by H22 cells as the incubation time is prolonged
(Supporting Information Figs. S7 and S8). Importantly, Ca>*
release only occurs within cancer cells, as evidenced by neglect-
able Ca®" difference in the extracellular matrix after incubating
with or without LCG (Fig. 3C). These results provide adequate
and reliable evidence and basis to enable LCG to disrupt Ca>"
homeostasis and interfere glycometabolism, consequently
decomposing glucose into H,O,, depleting GSH to produce ROS,
lowering pH value and releasing Ca>".

Subsequently, we quantified the concentration of H,O, in
breast cancer cells treated with different samples. Contributed by
the H,O-triggered CaO, decomposition and GOx-mediated
glucose decomposition for producing abundant ROS, a rise in
intracellular H,O, concentration is observed (Fig. 3D). This result
indicates that LC, LG and LCG have the capability to generate
abundant H,0,, and LCG gives birth to the most H,O,, which will
lead to significant cytotoxicity and imposing severe oxidative
stress on tumor cells. Additionally, we tracked the level of intra-
cellular GSH in 4T1 cells treated with nanoparticles, and it was
found that LC, LG and LCG have the capability to deplete GSH in
4T1 and H22 cells at the cellular level (Fig. 3E and Supporting
Information Fig. S9). GOx can decompose nutrients (glucose) to
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Figure 2

Multifaceted function tests in LCG including GOx enzymically-catalytic activity, H,O, production and GSH depletion. (A) pH

changes in GOX-, LG- or LCG-involved glucose solution with different glucose concentrations; (B) pH changes in GOX-, LG- or LCG-involved
glucose solution at different periods. (C) Absorbance changes in H,O, production by GOX, LG and LCG in glucose solution at different con-
centrations; and (D) Absorbance changes in H,O, production by GOX, LG and LCG in glucose solution over time. (E) Absorbance changes in
GSH content in solution after co-incubation of different materials with GSH (10 mmol/L); (F) Absorbance changes in GSH content in solution
after co-incubation of different volumes of LCG with GSH (10 mmol/L). Data are expressed as mean &+ SD (n = 3).

nourish tumor tissues, which inevitably competes with anaerobic
glycolysis to consume glucose. It is well known that anaerobic
glycolysis of glucose is responsible for LA production. As a result,
LA production in LCG group, as anticipated, is significantly
dampened (Fig. 3F), because LCG triggers the most glucose
depletion and brings about the largest magnitude of H,O, pro-
duction (Fig. 3D). This result forebodes that LA-mediated
immunosuppression will be removed. Regarding these, it is not
difficult to understand why LCG induces the highest ROS level in
4T1 cells due to the presence of a proportional correlation
between H,O, concentration and ROS level (Fig. 3G). A lower pH
value favors CaO, decomposition and boosts GOx activity to
produce more H,O, and decrease GSH (Fig. 2C—F), which
eventually prefers to trigger more ROS production (Fig. 3G). As a
general method, Ca®" homeostasis disruption and glyco-
metabolism interference enabled by LCG are also extended to act
on other cell lines (H22) by producing abundant ROS (Supporting
Information Fig. S10). The above inspiring results validate the
remarkable cellular-level abilities of LCG including glucose
depletion, H,O, accumulation, GSH decrease, LA attenuation, pH
decline, Ca* release and ROS enrichment (Scheme 1).

3.4.  In vitro anti-tumor test

To investigate the anti-tumor ability of nanomaterials in vitro,
cytotoxicity tests were conducted. Ca*" homeostasis disruption
and glycometabolism interference enable LCG to deplete glucose,
produce H,O, and ROS, attenuate GSH decrease and hamper LA
birth, eventually tremendously killing 4T1 cells (Fig. 4A and B).
Moreover, the killing effect exhibits concentration-dependent and
time-dependent manners (Fig. 4A and B), wherein optimal con-
centration and incubation time can be determined. It is observed
that the killing effect of Liposome liposomes alone on cells is
negligible, indicating good biocompatibility and minimal impact
on cells. To visually assess the therapeutic effect of LCG

nanoparticles in vitro, propidium iodide (PI) was utilized to
distinguish live and dead cells. The red fluorescence indicates that
the number of dead cells is poor in the control and liposome
groups. As a comparison, there is significantly higher number of
dead cells with the strongest red fluorescence in the LCG treated
group (Fig. 4C). Identical results are observed in H22 cells
(Supporting Information Figs. S11 and S12), wherein LCG kill the
most H22 cells as the functions of incubation time and LCG
concentration. Furthermore, the potential of LCG to induce
apoptosis was investigated. The number of LCG-induced
apoptosis is much higher than that in LC- and LG-induced
groups (Fig. 4D). To uncover the apoptosis percentage, co-
staining with PI and annexin V-FITC of 4T1 cells was carried
out after corresponding treatments in different groups, followed by
FCM analysis. Almost all 4T1 cells in LCG group are dead,
reaching 96.3% late apoptosis which is much higher than that in
other groups (Fig. 4E).

Ca®>" homeostasis disruption by LCG was surveyed, and Ca>"
retention and distribution in 4T1 cells were first mapped using
Fluo-4 AM as the indicator. After a 4-h co-incubation with
nanoparticles, the cells were treated with Fluo-4 AM working
solution to load the fluorescent probe. LCSM examination reveals
that treatment with LC and LCG treatments significantly up-
regulate the intracellular Ca®" level in 4T1 cells (Fig. 4F and
G). Considering that glycometabolism interference, ROS pro-
duction and ion homeostasis disruption can induce ICD'""'%**, we
evaluated the effectiveness of LCG in inducing ICD by measuring
typical markers such as adenosine triphosphate (ATP), calreticulin
(CRT), HSP70 and high mobility group protein B1 (HMGBI).
Compared with the control group, there is a dramatic decrease in
intracellular ATP content within the cells after LCG treatment
(Fig. 4H), suggesting energy supply blockade by GOx-mediated
starvation therapy. The exposure of CRT on the surface of tumor
cells is considered to be an "eat me" signal that recruits dendritic
cells (DCs) to phagocytose tumor cells. Immunofluorescence
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analysis and Western blot (WB) examination show no significant
difference in CRT level between Liposome group and Control
group in both 4T1 and H22 cells (Fig. 41, L, O and Supporting
Information Fig. S13), while the CRT level in the LCG-treated
group is significantly higher than that in the control group
(Fig. 41, L, O and Fig. S13). Identical to CRT, LCG treatment
regulates another hallmark of ICD, i.e., HSP70, and brings about
the highest HSP70 expression (Fig. 4], M, O). Further, a notable
reduction in the expression of intracellular HMGB1 means the
efflux of HMGBI1 secreted in nuclei to extracellular media
(ECM)™®, which is also the typical event of ICD (Fig. 4K, N, 0).

3.4.1.  Anti-tumor effect

Before anti-tumor explorations, the entry and retention of LCG in
4T1 orthotopic tumor was investigated, where free DID or LCG-
DID were administered tail vein injection and then time-
dependent fluorescence imaging was carried out to map the dis-
tribution of DID or LGC-DID (Fig. 5A). Free DID fail to accu-
mulate in tumor within 72 h, while LCG progressively enter and
concentrate at the tumor site after 12 h post-injection. More
significantly, the high accumulation can be maintained up to 72 h
since fluorescence signal is still present at 72 h (Fig. 5B). The
mouse heart, liver, spleen, lung, kidney, and tumor tissues were
collected and observed at 6 h and 48 h. Compared to 6 h,

fluorescence is only observed at the tumor site (Fig. 5C) and no
evident fluorescence is observed in other normal tissues. This
phenomenon suggests that LCG can be rapidly degraded in normal
tissues, but can reside in the tumor tissues for an extended period.
This merit is highly preferable for LCG to kill tumor cells
effectively.

Anti-tumor experiments proceeded on the 4T1 mouse model
(Fig. 5D). The change in body weight of mice is an important
indicator for evaluating material biosafety. In the course of LCG
treatment, mice in each group showed a consistent increase in
body weight (Fig. SE and Supporting Information Fig. S14). The
mice in the PBS group exhibit a much higher rate of tumor growth
compared to the other groups. Depending on the calcium
homeostasis disruption- and glycometabolism interference-
unlocked multifaceted actions, the LCG group receives the
considerably-elevated inhibitory rate against tumor growth
(Fig. 5F and Supporting Information Fig. S15). At the end of the
treatment, tumors were extracted, weighed and photographed. The
tumor weight of mice in the LCG group is the lowest (Fig. 5G and
H), further verifying the excellent anti-tumor outcomes using
LCG. To compare the tumor size before and after treatment,
photographs were taken at two time points. It is evident that the
tumors in the LCG group are significantly smaller than those in
the PBS group (Fig. 5I). Furthermore, it is observed that mice in
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no significance, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

the LCG group exhibit a prolonged lifespan compared to those in
other groups (Fig. 5J).

To figure out whether the anti-tumor outcome rely on the cal-
cium homeostasis disruption and glycometabolism interference-
enhanced ICD, the infiltration of T cells in tumors after different
treatments was firstly traced. Our findings reveal a decrease in
Tregs (FOXP3tCD4") infiltration and an increase in CD8* T
infiltration in the LCG treatment group compared to the control
group (Fig. 5K, L and Supporting Information Fig. S16). This
result uncovers that calcium homeostasis disruption and glyco-
metabolism interference induced by LCG indeed enhance ICD to

repress breast cancer through decomposing glucose, producing
H,0, and down-regulating GSH to enrich ROS and inhibiting LA
birth (Fig. 5SM and Supporting Information Fig. S17). Additionally,
the pathological examination was carried out, where H&E staining
of treated tumor tissues showed the lowest cell density and
apoptosis of 4T1 cells in LCG group (Fig. 5N). Further, Ki67 and
TUNEL that associated with proliferation and apoptosis of
cells*®*®, were inspected after their corresponding immunohisto-
chemical staining. As expected, LCG-treated tumors showed the
lowest Ki67 expression and the highest TUNEL expression
compared with other treatment groups (Fig. SN and Supporting
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expression analysis, scale bar = 50 um. Data are expressed as mean = SD (n = 5); *P <0.05 and **P <0.01.

Information Fig. S18). It indicates that the multifaceted actions in
LCG can induce 4T1 apoptosis and hamper their expansion, which
is responsible for the excellent anti-tumor consequences.

In order to investigate the biosafety of the synthesized nano-
materials, we conducted a study involving the removal of the
heart, liver, spleen, lungs and kidneys from mice following various
treatments. Tissue sections were then subjected to HE staining. No
significant pathological changes are observed in the organs across
different treatment groups (Supporting Information Fig. S19).
Additionally, the hemolysis rate remains below 5%, indicating the
excellent preservation of red blood cell integrity (Supporting
Information Fig. S20). These findings demonstrate that our syn-
thesized nanomaterials exhibit good biosafety and do not induce
obvious adverse effects on the major organs of mice.

3.5.  Immune activation analysis

We further investigated the role of LCG in inducing ICD and
enhancing tumor immunity. ICD was assessed through monitoring
the hallmark levels of ICD (CRT, HMGBI1), and coincidently
serum and tumor tissues were collected to evaluate cytokines and

immune cells, respectively. Compared to either control or lipo-
some alone, the CRT content in the LCG group is significantly
increased (Fig. 6A and B), where the content of secreted HMGB1
in tumor tissues shows a similar rise trend since the HMGBI
ejected to ECM are also collected for analysis (Fig. 6A and C).
Additionally, the intratumoral ATP level in the LCG-treated group
is 5 times higher than that in the control or Liposome groups
(Fig. 6D). These results confirm that LCG-treated group can boost
ICD to activate robust immune responses.

The enzyme-linked immunosorbent assay (Elisa) results of
serum in mice reveal the highest expression levels of interferon
(IFN-v) and anti-tumor cytokines (TNF-« and IL-6) in mice
treated with LCG (Fig. 6E—G). These anti-tumor inflammatory
factors are secreted by immune cells, thereby promising a robust
immune response activation. To verify them, FCM was utilized to
assess anti-tumor immune activation following different treatment
methods. Results show that the control group and liposome group
have a minimal impact on DCs maturation, while the LCG group
receives a tremendously-increased maturation level of DCs
(Fig. 6H and I). Subsequently, we examined the proportion of
activated CD8 " cells and Tregs in tumors after various treatments.
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Figure 6

Induces ICD and activates immunity. (A—C) Fluorescence micrographs of 4T1 tumor tissue stained with CRT and HMGBI1 (A), scale

bar = 50 pm, along with the corresponding MFI (B,C); (D) Intratumoral ATP levels in tumor after different treatments (n = 4); (E—G) Secretion
levels of IFN-v (E), TNF-« (F), and IL-6 (G) in mouse serum based on Elisa kits (n = 4); (H,I) Representative FCM patterns (H) and quantitative
analysis (I) of matured DCs (CD80"CD86™) in tumor tissues after various treatments; (J,K) Representative FCM patterns (J) and quantitative
analysis (K) of CD4" and CD8" T cells in tumor tissues following various treatments (n = 3); (L, M) Representative FCM patterns (L) and
quantitative analysis (M) of Tregs ((FOXP3"CD4") in tumor tissues following various treatments (n = 3). Data are expressed as mean =+ SD; *P

<0.05, ¥*P<0.01 and ***P <0.001.

It is found that the LCG treated group exhibits the highest pro-
portion of CD37CD8™T cells (47%), compared to 29% in the
control group and 32% in the liposome group (Fig. 6J and K),
respectively. Additionally, LCG group shows the lowest propor-
tion of Tregs at 1.9% (Fig. 6L and M). These findings further
confirm the powerful ability of LCG to activate anti-tumor
immunity activation. The activated anti-tumor immune collabo-
rated with another ability of LCG, LA inhibition-mediated
immunosuppression attenuation, to magnify aforementioned

anti-tumor outcomes of ion interference therapy and glyco-
metabolism interference strategy in LCG.

4. Conclusions
In summary, we integrated a combined strategy consisting of

calcium homeostasis disruption and glycometabolism interference
into the LCG pharmaceutical loaded with GOx and CaO; so as to
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address the complementary effects-associated tumor plasticity and
resistance. The established LCG successfully decomposed glucose
into H,O,, depleted GSH, competed with anaerobic glycolysis to
hamper LA secretion, release Ca®" and H,0, and gave rise to
abundant ROS, eventually achieving calcium homeostasis
disruption and glycometabolism interference. Such multifaceted
actions unlocked by calcium homeostasis disruption and glyco-
metabolism interference in LCG impaired treatment resistance
and plasticity of malignant breast cancer, enhanced cancer
immunogenic deaths and coincidently opposed Tregs infiltration
and promoted CD8" T recruitment. These contributions induced
the apoptosis of breast cancer and suppressed breast cancer pro-
gression. Our findings provided adequate evidences that LCG was
armed with the abilities to disrupt metabolic processes within the
tumor microenvironment and establish an effective anti-tumor
immune environment, holding high clinical translation potential.
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