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Background: Breast cancer is one of the most common cancers among women. Tumor cell proliferation is highly dependent on
aerobic glycolysis, so regulating aerobic glycolysis in breast cancer cells is a promising therapeutic strategy. Resveratrol (Res), as a
potential new anti-breast cancer drug, has been shown to regulate the glycolysis of cancer cells and inhibit the metastasis and
recurrence of breast cancer. The nano drug delivery system can regulate the aerobic glycolysis metabolism by targeting the signaling
factors and reaction products of the tumor aerobic glycolysis process to enhance the anti-tumor effect.

Methods: A new albumin-modified layered double hydroxide resveratrol dosage form (BSA@LDHs-Res) was synthesized by
hydrothermal co-precipitation. Characterization was carried out to determine the successful synthesis of the nanocarrier system. The
bioactivity, glycolytic activity and biocompatibility were examined by in vitro cellular assays; in vivo experiments were performed to
further evaluate the anti-tumor effects of the BSA@LDHs-Res dosage form for breast cancer.

Results: In this study, we obtained for the first time a bovine serum albumin-modified BSA@LDHs-Res loaded dosage form, which was able
to enter breast cancer cells SKBR3 and MDA-MB-231 via endocytosis and successfully escaped from lysosomal capture. BSA@LDHs-Res
inhibited the proliferation, migration, and invasion of two types of breast cancer cells, induced apoptosis, and promoted the reduction of
mitochondrial membrane potential and ROS. BSA@LDHs-Res inhibited the expression and viability of the key enzymes of glycolysis,
hexokinase 2 (HK2), pyruvate kinase (PK), and lactate dehydrogenase, resulting in decreased glucose consumption, decreased lactate
accumulation, and decreased intracellular ATP levels. BSA@LDHs-Res was examined in the mouse model with good anti-tumor effects.
Conclusion: BSA@LDHs-Res is an efficient nanoreagent for the treatment of breast cancer. The albumin-modified resveratrol
layered double hydroxide delivery system developed in this study will provide some theoretical references for further research and
clinical application of tumor aerobic glycolysis.
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Introduction

Female breast cancer is the second leading cause of global cancer incidence in 2022, with an estimated 2.3 million new
cases, and it poses a significant threat to women’s health worldwide.' Breast cancer is classified into four sub-types, the
most aggressive of which is human epidermal growth factor receptor 2 (HER2)-positive and more likely to metastases.
This patient population requires costly, targeted therapies.” Triple-negative breast cancers, the most malignant breast
cancer sub-type, accounts for 85% of basal-like breast cancers and is currently treated with radiotherapy.”> Surgery,
radiotherapy, and chemotherapy are the traditional treatments for breast cancer. However, one of the most severe clinical
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issues in breast cancer treatment is the high risk of recurrence and eventual drug resistance. Conventional radiotherapy
regimens are no longer the best option for patients because they reduce long-term survival and are highly resistant to
treatment.* Therefore, we urgently need to develop highly effective and low-toxicity breast cancer therapies, as well as
continue to innovate and investigate new breast cancer treatment strategies.

Aerobic glycolysis is a well-recognized characteristic of cancer cell energy metabolism, known as the Warburg effect.
Even in the pxresence of abundant oxygen, a majority of tumor cells produce substantial amounts of energy through a
high glycolytic metabolism. Thus, inhibiting aerobic glycolysis in breast cancer cells has gradually become a popular
research topic.” Enhanced glycolysis-related enzyme activity can promote tumor development and metastasis, and some
drugs may inhibit the glycolytic pathway, making them potential anti-tumor targets.®

Resveratrol has been found to inhibit glycolysis in breast cancer cells, notably by suppressing the activity of 6-
phosphofructo-1-kinase (PFK-1), a crucial enzyme in the glycolytic pathway. This inhibition reduces the energy supply
of cancer cells, thereby suppressing tumor growth.” In addition to its direct impact on glycolysis, resveratrol also exhibits
anti-proliferative and anti-metastatic effects, which include the inhibition of cell proliferation, reduction in cell vitality,
and the suppression of invasion and metastasis in breast cancer treatment.® These effects are likely related to its
modulation of the glycolytic pathway, suggesting that resveratrol can weaken the proliferation and survival ability of
breast cancer cells, and suppress their growth and metastasis.’'! Furthermore, resveratrol has shown synergistic effects
when used in combination with other chemotherapeutic drugs such as docetaxel, paclitaxel, cisplatin, and doxorubicin,
potentially enhancing their anti-cancer properties against breast cancer cells.'? This synergism may also be related to its
regulation of the glycolytic pathway, offering a promising direction for combination therapies in breast cancer treatment.
However, the poor water solubility, low bioavailability, rapid metabolism, and systemic elimination pf resveratrol limit its
efficacy.'® Therefore, we must optimise its bioavailability to ensure effective and stable action in breast cancer cells.

Nano drug delivery system is a hot research topic in recent years because it can improve the solubility of difficult-to-solve
drugs, enhance the bioavailability of drugs, and have significant advantages in drug delivery. Some studies have shown that
mesoporous silica nanoparticles (MSN-RSV) loaded with resveratrol can effectively inhibit the proliferation, migration and
invasion of gastric cancer cells, and have significant anticancer effects."* It was also shown that resveratrol could be
successfully loaded into solid lipid nanoparticles (Res-SLNs) for breast cancer treatment.'” Layered double hydroxides
(LDHs) are emerging as an exceptional inorganic matrix for biomedical applications, particularly in the realm of drug delivery.
These synthetic cationic clay materials possess a brucite-like structure composed of hydroxide layers, wherein some divalent
cations are replaced by trivalent ions, endowing the material with a positive charge. This charge allows the LDHs to interact
with anions and hydrogen-bonded water molecules within the interlayer spacing, resulting in a versatile composition formula
of represent a divalent cation, a trivalent metal cation, and an anion, respectively. LDHs are generally considered non-toxic and
biocompatible, which is essential for pharmaceutical applications. LDHs can be functionalized with specific ligands to target
resveratrol to particular cells or tissues, increasing the drug’s efficacy and reducing side effects. LDHs can be combined with
other therapeutic agents or imaging agents, offering potential for the development of theranostic systems. A multitude of
researchers, including our research group, have carried out work in the area of utilizing layered double hydroxides to
encapsulate natural drugs, altering their pharmaceutical forms for anti-tumor research in the preliminary stages.'®'®

In the present study, we utilized bovine serum albumin-coated layered double hydroxides (BSA@LDHs) to encapsu-
late resveratrol, thereby overcoming the aforementioned limitations in its application. BSA@LDHs offer a promising
platform for the delivery of resveratrol, resveratrol is sensitive to degradation, but encapsulation in LDH nanomaterials
can protect it from environmental factors, enhancing its stability. BSA@LDHs can provide a controlled release
mechanism for resveratrol, which is crucial for maintaining therapeutic concentrations over time. BSA@LDHs-Res
can efficiently and stably deliver RES to the tumor site, enhancing its effectiveness against the tumor. This formulation
reduces the expression of glucose transporter proteins in tumor cells, thereby cutting off the glucose supply and blocking
the energy supply upstream of glycolysis. Additionally, it inhibits the glycolysis of breast cancer cells by regulating the
activity of key downstream enzymes involved in glycolysis. Furthermore, BSA@LDHs-Res can induce apoptosis in
breast cancer cells to a certain extent, contributing to its anti-breast cancer effects. The results of both in vitro and in vivo
experiments indicate that the BSA@LDHs-Res nanocarrier system holds promising potential for application in breast
cancer treatment.
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Materials and Methods

MgCl,-6H,0 (97%), AlCl3-9H,0 (97%), NaOH (97%), and Resveratrol (>98%) were purchased from Aladdin Reagent
Co. Ltd (Shanghai, China); Bovine serum albumin (BSA) was purchased from Bio sharp Biologicals (Guangzhou,
China); and DMEM (high glucose), DMEM/F12 and fetal bovine serum (FBS) were purchased from Thermo Fisher
Biochemical Products Co., (Beijing, China); DMSO, BCA protein assay, SDS-PAGE and JC-1 mitochondrial membrane
potential assay kits were purchased from Beyotime Biotechnology (Jiangsu, China). GLUT1 (1:800), HK2 (1:10,000)
and PKM2 (1:2000), B-Actin (1:10,000) were purchased from Proteintech (USA); Horseradish peroxidase (HRP)-labeled
goat anti-rabbit antibody (1:6000) was purchased from Affinity Bioscience (Nanjing, China). Annexin V-FITC/PI were
purchased from Best Bio Biologicals (Shanghai, China); glucose kit, lactate kit, lactate dehydrogenase kit were
purchased from Solar Biologicals (Beijing, China) Co. Ltd; ROS detection kit and ATP detection kit were purchased
from Baxter (Nanjing, China) Bioscience Co.

HER2-positive breast cancer cell line SKBR3, triple-negative breast cancer cell line MDA-MB-231 and human normal
breast epithelial cell MCF-10A were purchased from Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences. All cell lines used in the experiments were cultured at 37 °C under 5% CO, constant humidity. SKBR3 cells and
MDA-MB-231 cells were cultured in DMEM culture medium containing 10% FBS. MCF-10A cells were cultured in DMEM/
F12 medium containing 5% horse serum. All media used in the experiments were supplemented with 100 pg/mL streptomy-
cin, 100 pg/mL penicillin, 100 pg/mL furazolidone and 100 pg/mL furacilin. Female BALB/c nude mice (5 weeks old) were
purchased from Changzhou Cavins Laboratory Animal Co. Animal licence No. (SCXK(SU)2021-0013). They were housed
in a SPF animal house at 25°C with relative humidity maintained at 40%-70%. All animal experiments were approved by the
Animal Care and Use Committee of Bengbu Medical College (Ethics No. [2022] No. 147). All animal experiments were
conducted in accordance with the Guide for the Care and Use of Laboratory Animals.

Synthesis of Mg-Al-LDHs, BSA@LDHs and BSA@LDHs-Res Nanoparticles

Calculate the mass of magnesium chloride (MgCl,-6H,0) and aluminum chloride (AlCl;-9H,0) based on the molar ratio of
Mg?* to AI** of 3:1. Prepare 10 mL of a mixed metal salt solution using carbon dioxide-free deionized water. Forty milliliters
of alkali solution was prepared with NaOH. The base solution is added and stirred at low speed for 30 minutes at 37°C under
nitrogen. The initial precipitate was centrifuged in a cryo-centrifuge at 12,000 rpm for 10 minutes to obtain an initial
precipitate that was washed three times with deionized water until the pH was nearly neutral. The precipitate was washed
three times with deionized water (40mL) until the pH was nearly neutral. The suspension was transferred to a PTFE-lined
stainless steel autoclave and heated at 100°C for 16h. After cooling, the mixture was enriched by centrifugation at 7600rpm in
a freezing centrifuge and after reconstitution with purified water, the mixture was freeze-dried and stored for future use.
(Carbon dioxide is removed in advance from the deionized water used in the synthesis process).

The Mg-Al-LDHs suspension was removed from the reactor and the Mg-Al-LDHs suspension was added dropwise to the
BSA stock solution (100mg/mL) in a 3:1 ratio. The mixture was stirred at high speed for 30 min at room temperature to ensure
the adsorption of BSA on the surface of Mg-Al-LDHs. The resulting dispersion was centrifuged at 12,000rpm for 20min to
separate the BSA@LDHs from the unbound BSA. The precipitate was washed twice with deionized water to remove the
unbound BSA to obtain the BSA@LDHs nanocarrier. After re-solubilized with deionized water, it was freeze-dried and stored
for subsequent experiments.

Resveratrol was dissolved in anhydrous ethanol at a calculated ratio and added dropwise to the synthesized
BSA@LDHs and the mixture was stirred in a room temperature water bath for 2 hours under nitrogen atmosphere.
The mixture was collected by centrifugation as described above and lyophilized for subsequent experiments.

Characterization

A drop of diluted Mg-Al-LDHs, BSA@LDHs and BSA@LDHs-Res solution was placed on a carbon coated copper
TEM grid. The transmission electron microscopy (TEM) images were acquired on JEM-1230 TEM (Hitachi, Japan) at an
acceleration voltage of 120 kV. Suspensions of Mg-Al-LDHs powders were prepared by weighing appropriate quantities
of Mg-Al-LDHs powders, and after gradient dilution, the particle size distribution and zeta potential were measured using
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Malvern Instruments Laser Particle Size Analysis (Malvern, UK). The particle size distribution and zeta potential of the
BSA@LDHs and BSA@LDHs-Res samples were determined using the same method. X-ray powder diffraction (XRD)
patterns were measured on a Rigaku Miniflex diffractometer (Bruker, Germany) using Cu Ka radiation (A = 1.54060 A,
40 kV, 40 mA, in steps of 0.0330°) over a recording range of 5° to 80°.

Fourier transform infrared spectroscopy (FT-IR) (Bruker, Germany) was used to determine the structure and chemical
composition of Mg-Al-LDHs, BSA@LDHs and BSA@LDHs-Res nanopreparations. Measurements were performed on a
Bruker Vector 22 FT-IR spectrophotometer in the range of 400-4000 cm™'. The UV spectra in the wavelength range of
200-500 nm were determined by measuring the UV absorption of the nanoparticles with a UV spectrophotometer (UV,
3100, Hitachi, Japan). BSA@LDHs-Res powder was weighed into a centrifuge tube, and 8 mL of PBS (pH 5.5, 6.2, 7.4,
respectively) was added, and the powder was shaken in a shaker at 37 °C and 100 rpm. 1.5 mL of PBS was taken out at
10, 20, 30, 60, 120, 180, 240, and 360 min, and the absorbance of the powder was measured by UV spectrophotometer.
The release rate was calculated by comparing the resveratrol standard curve with the BSA@LDHs-Res loading.

In vitro Cellular Uptake Analysis

Cellular uptake of nanoparticles was tracked using BSA@LDHs-FITC. FITC powder was combined with BSA@LDHs-
Res on a shaker, and MDA-MB-231 and SKBR3 cells were inoculated at a density of 1x10* into laser confocal Petri
dishes, stabilized for 24h and then treated with BSA@LDHs-Res-FITC. The laser confocal dishes were treated with
phosphate buffer at different time points (0, 1, 4, 12, 24, 48, 72h) to remove excess particles. Cells were fixed with 4%
paraformaldehyde. Cell nuclei were stained with DAPI for 10 min and then washed three times with PBS. The results
were observed using a confocal laser scanning microscope (Olympus FV-1200 MPE, Japan).

Lysosomal Escape Experiments

MDA-MB-231 and SKBR3 were localized using BSA@LDHs-Res-FITC. 1x10* cells were inoculated in laser confocal
dishes and cultured in medium at 37°C for 12 hours. The cells were then incubated with BSA@LDHs-Res-FITC for 3
hours, followed by rinsing twice with cold PBS, then staining the cells with Lysotracker-Red to label lysosomes in the
nucleus, and labeling the nucleus with Hoechst 33342, and then observing the results with a laser confocal scanning
microscope.

Acridine orange (AO) staining was used to determine the lysosomal membrane permeability: two kinds of cells were
inoculated into laser confocal culture dishes, and after the cells were wall-adhered and unfolded, SuM BSA@LDHs-Res
dose solution was added, and the liquid in the dishes was discarded after 24 hours of incubation, and AO staining
solution with a final concentration of 10 pg/mL was added in a dark environment, and the cells were left to stand for 15
minutes. Cells were rinsed with PBS, 400pL of 4% paraformaldehyde was added to each dish and fixed for 15 min. Cells
were rinsed with PBS, nuclei were stained with Hoechst 33342, and the green (Em=490 nm, Ex=528 nm) and red
(Em=555 nm, Ex=617 nm) fluorescence channels were visualized under a laser confocal microscope. The results were
observed using a confocal laser scanning microscope (Olympus FV-1200 MPE, Japan).

Cell Proliferation Assay

The effects of different concentrations of BSA@LDHs, Res and BSA@LDHs-Res on the cell viability of SKBR3, MDA-
MB-231 and normal mammary cells MCF-10A were detected by CCK-8 method. SKBR3, MDA-MB-231 and MCF-10A
cells were uniformly inoculated into 96-well plates at a density of 4x10° per well and cultured in 200 uL. DMEM medium
for 24 hours. Then SKBR3 was cultured in fresh medium (200 pL/well) containing Res (10 uM, 20 uM, 50 uM, 100 pM,
200 uM), BSA@LDHs-Res (10 uM, 20 pM, 50 uM, 100p M, 200uM) and BSA@LDHs, respectively. MDA-MB-231
was cultured in fresh medium (200 pL/well) containing Res (20 uM, 40 uM, 80 pM, 100 uM), BSA@LDHs-Res (20 uM,
40 pM, 80 pM, 100 pM) and BSA@LDHs. MCF-10A was cultured in fresh medium (200 pL/well) containing Res (10
uM, 20 uM, 30 uM, 400uM), BSA@LDHs-Res (10 uM, 20 uM, 30 uM, 400 uM), and BSA@LDHs, respectively. OD

values at 450 nm were measured using a multifunctional enzyme marker (Multiskan GO, Thermo, USA).
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Cell Migration and Invasion Assay
SKBR3 and MDA-MB-231 cells were inoculated into six-well plates and cultured until fusion. A single wound tip cut fused
monolayer of cells was generated using a 10pL sterile pipette. Cells were rinsed twice with PBS and then incubated with
DMEM containing 1% FBS. Cells were treated with BSA@LDHs, Res and BSA@LDHs-Res, and images were recorded at
Oh, 24h and 48h, respectively, and the results were observed with an inverted microscope (CKX31, Olympus, Japan).
SKBR3 with MDA-MB-231 cells were seeded at 1x10° into six-well plates, and the cells were treated with
BSA@LDHSs, Res and BSA@LDHs-Res after 24h. After 48h of incubation, cells were digested with trypsin and
suspended in serum-free medium. Cells were counted with the same number of cells in each group. The upper chamber
of the transwell was inoculated with 200uL of cell suspension, and 700puL of complete medium with 10% FBS was added
to the lower chamber of the transwell. 24 hours later, the old medium was aspirated. The transwell was fixed in 4%
paraformaldehyde for 30 minutes and then stained with 0.1% Stain Violet solution for 15 minutes at room temperature. In
the cell invasion assay, it is necessary to spread a layer of matrix gel on the upper chamber of the transwell cell culture
dish in advance, and the rest of the steps are the same as cell migration. The results were observed with an inverted
microscope (CKX31, Olympus, Japan).

Cell Apoptosis

The effect of BSA@LDHs-Res nano preparation on the apoptosis of breast cancer cells SKBR3 and MDA-MB-231 was
detected by membrane-bound protein V-FITC/PI assay. SKBR3 and MDA-MB-231 were inoculated into six-well plates
and cultured for 24 hours per well. The blank group was kept, and the cells of the experimental group were cultured in
medium containing BSA@LDHs, Res and BSA@LDHs-Res in a 5% CO2 constant temperature incubator for 48 h. The
cells of the experimental group were then incubated with 0.25% of BSA@LDHs, Res and BSA@LDHs-Res in a constant
temperature incubator. The cells were then digested with 0.25% trypsin (without EDTA) and collected. After rinsing
twice with pre-cooled PBS, 500uL of binding buffer dilution was added. Then, SuL. of membrane-bound protein V-FITC
and SpuL of PI were added, and the cells were fully incubated for 15 minutes at room temperature in the dark. Within 1 h,
observation and detection were performed using flow cytometry (FACS).

Mitochondrial Membrane Potential Analysis

Mitochondrial membrane potential (MMP) was detected by flow cytometry using JC-1 assay kit. The effect of
BSA@LDHs-Res nano preparation on the mitochondrial membrane potential of SKBR3 and MDA-MB-231 cells was
investigated. SKBR3 and MDA-MB-231 were inoculated into six-well plates and cultured for 24 hours per well. After
resuspending SKBR3 and MDA-MB-231 cells with PBS, the cells of the experimental group were placed in medium
containing BSA@s, Res and BSA@LDHs-Res and cultured for 48 hours in a 5% CO, incubator. The cells were then
digested with 0.25% trypsin and collected. 500uL of cell culture medium and pre-configured JC-1 working solution were
added. Cells were then fully incubated in the dark at 37°C for 20 minutes and resuspended using the configured buffer.
Within 1 hour, cells were observed and detected using flow cytometry (FACS).

Analysis of Reactive Oxygen Species (ROS) Generation

SKBR3 and MDA-MB-231 cells were inoculated in six-well plates, and after 24h, the medium of the experimental group
was changed to a drug solution containing BSA@LDHs, Res and BSA@LDHs-Res. After 48h of incubation, the cells
were digested and centrifuged, and then resuspended with a pre-configured DCFH-DA (ROS probe) solution, and then
incubated at 37°C for 20 min, and the unbound probe was washed with PBS. Detection was performed using flow
cytometry within 1h.

Glucose Consumption and Lactate Measurement
SKBR3 and MDA-MB-231 cells were inoculated into six-well plates at 1x10° and cultured for 24h. After that, the cells
were treated with drug solutions added with BSA@LDHs, Res, and BSA@LDHs-Res, respectively, and the medium was

International Journal of Nanomedicine 2025:20 hetps: 3427



Geng et al

exchanged for FBS-free medium, and the supernatants were collected. Glucose consumption and lactate release were
measured using glucose and lactate kits.

Lactate Dehydrogenase and ATP Measurements

SKBR3 and MDA-MB-231 cells were inoculated at 1x10° into six-well plates and cultured for 24h. After that, the cells
were treated with drug solutions supplemented with BSA@LDHs, Res and BSA@LDHs-Res, respectively. After 48
hours of incubation, the cells were treated with lactate dehydrogenase viability assay kit and ATP assay kit protocols and

assayed using a multifunctional enzyme marker.

Western Blot Assay

SKBR3 and MDA-MB-231 cells in logarithmic growth phase were inoculated into 6-well plates at a density of 4x10° cells/
well and cultured for 24h. After 24h of incubation, 2mL of medium containing the same concentration of BSA@LDHs, Res
and BSA@LDHs-Res were added. After 24h of treatment, cells of each group were collected and protein extracts were
prepared in the ratio of ImLRIPA to 10uL PMSF. Protein content was quantified by BCA protein quantification. Protein
samples were separated by SDS-PAGE gel electrophoresis, transferred to polyvinylidene difluoride (PVDF) membranes,
closed with a sealing solution and incubated with primary and secondary antibodies. Finally, the expression of GLUT1, PKM2
and HK2 proteins in each group was observed on a gel imager (ChemiDoc ™XRS+, Bio-Rad, USA).

Treatment of Tumor-Bearing Mice

A xenograft tumor model was established by subcutaneous injection of 5x10° SKBR3 cells/80pL of saline into the right
abdomen of mice. The tumor model was established one week later when the tumor had grown to a volume of
approximately 60 cubic millimetres. The mice were grouped as follows: control group, BSA@LDHs group, Res group
and BSA@LDHs-Res group. Peritumoral injections of PBS containing BSA@LDHs-Res, Res, BSA@LDH, and PBS (n
= 6) were assigned the appropriate material concentration based on the injection of standard Res at a concentration of 20
mg/kg. The frequency of injections was once every 2 days for 12 consecutive days and body weight and tumor volume

were recorded. Tumor volume was calculated as: tumor volume (mm?) = 0.5 x (length x width x width).

H&E Staining, Immunohistochemistry and TUNEL Staining

At the end of the experiment, tumors, hearts, livers, spleens, lungs and kidneys from each group were collected, and tumor
tissues and major organs were fixed using 4% paraformaldehyde and embedded in paraffin. Apoptosis was measured using the
TUNEL Apoptosis Detection Kit, which was cut into 5 pm-thick sections, and each section was injected with a drop of 50uL
of the assay solution and incubated for 60 minutes at 37°C. The samples were then incubated with PBS and washed with PBS.
Sections were washed with PBS, treated with Triton X-100 for 10 minutes at room temperature, and the nuclei were
counterstained with DAPI before sealing with 5% bovine serum albumin. Tumor tissues and major organs of mice were
deparaffinized in xylene and routinely stained with hematoxylin-Iranian hematoxylin and eosin (H&E) for routine histo-
pathological analysis. IHC was performed using Ki67 antibody immunohistochemistry kit. Immunofluorescence using
GLUT1 and PKM2 antibodies. Tumor tissues were stained using the corresponding antibodies, incubated overnight at 4°C,
washed and incubated with secondary antibody (red fluorescent) for 2 h. Tumor tissues were restained with DAPI, washed and
sealed with glycerol. All images were taken under a microscope (Eclipse C1, Nikon, Japan).

Statistical Analysis

All data are expressed as the mean + standard deviation (SD). The #-test was used to compare differences between two
groups, while one-way ANOVA was employed to analyze differences among three or more groups. Statistical analyses
were conducted using GraphPad Prism 9.0 software. Significance is denoted as *p < 0.05, **p < 0.01, and ***p < 0.001.
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Results

Preparation and Characterization of BSA@LDHs and BSA@LDHs-Res

The results of our study confirm the successful preparation of both BSA@LDHs and BSA@LDHs-Res nanocarrier systems. We
began by preparing Mg-Al-LDHs, BSA@LDHs, and BSA@LDHs-Res using hydrothermal co-precipitation, as illustrated in
Figure 1A. The LDHs carriers were observed to have typical hexagonal lamellar structures with clear contours and dispersion
boundaries, as shown in Figure 1B. The incorporation of resveratrol led to a transition in nanoparticle morphology from a regular
hexagonal shape to a more irregular one, yet the lamellar structure remained discernible. The average particle sizes, measured
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Figure | (A) Schematic of the synthesis routes of Mg-Al-LDHs, BSA@LDHs and BSA@LDHs-Res (B) TEM images of Mg-Al-LDHs, BSA@LDHs, Res and BSA@LDHs-Res
at 100 nm size. (C) Particle size distribution of Mg-Al-LDHs, BSA@LDHs, Res, and BSA@LDHs-Res, with PDI representing polymer dispersion index; Zeta potentials of Mg-
Al-LDHs, BSA@LDHs, Res, and BSA@LDHs-Res; (D) XRD spectra of Mg-Al-LDHs, Res, BSA, BSA@LDHs, BSA@LDHs-Res; (E) FTIR spectra of Mg-Al-LDHs, Res, BSA,
BSA@LDHs, BSA@LDHs-Res; (F) UV spectra of Mg-Al-LDHs, Res, BSA, BSA@LDHs, BSA@LDHs-Res.(G) Drug release curves of BSA@LDHs-Res in phosphate buffers
at pH=6.4 and 7 .4.

using dynamic light scattering (DLS), were found to be 141.6+ 2.4 nm for Mg-Al-LDHs, 158.5+ 3.0 nm for BSA@LDHs, and
221.4 + 1.8 nm for BSA@LDHs-Res, as detailed in Figure 1C.

The zeta potential measurements provided further insights into the surface charge of the nanoparticles. The mean zeta
potentials of Mg-Al-LDHs, BSA@LDHs, and BSA@LDHs-Res were determined to be +42.2+ 1.6 mV, —11.3 £1.0 mV,
and —23.8 = 1.4 mV, respectively. This shift from a positive to a negative zeta potential upon the addition of BSA and Res
is attributed to the interactions between the albumin and the drug, which modulate the potential of the nanocarrier
system. Notably, BSA@LDHs-Res nanoparticles demonstrated enhanced stability with a zeta potential of —23 mV,
indicating a repulsive force between particles that contributes to the overall system stability.

The crystalline structure of the materials was further assessed through diffraction peak analysis presented in
Figure 1D. These peaks confirmed the stability of the crystal structure, and a comparison across the four spectra revealed
that all visible diffraction peaks were consistent with the original Mg-Al-LDHs sample. This consistency suggests that
the addition of resveratrol molecules or BSA proteins did not result in the formation of new crystal phases.

To further investigate the interactions between the components, we examined the FTIR spectra, as shown in
Figure 1E. A shift to the left in the first characteristic peak of BSA@LDHs-Res, attributed to OH bonding, indicates
the formation of interactions between LDHs and BSA, confirming the absorption of BSA by the nanoparticles. The
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presence of characteristic peaks for LDHs, BSA, and Res in both BSA@LDHs and BSA@LDHs-Res, without any new
peaks, suggests that BSA and Res were successfully loaded into LDHs and physically bound.

Finally, the UV-visible spectra in Figure 1F correspond to the maximum absorption wavelengths of LDHs, BSA, and
Res, indicating that BSA and Res were successfully loaded and chemically bound into LDHs. To assess the drug release
profile, we studied the percentage of drug release in both acidic (pH = 6.4, simulating the tumor microenvironment) and
neutral (pH = 7.4, simulating physiological conditions) environments. Over a 24-hour period, only 43.69% of the drug
was released at pH = 7.4, but this percentage increased to 65.24% at pH = 6.4. This increase in drug release at acidic pH
suggests that the tumor microenvironment may play a role in facilitating drug release, which is a desirable characteristic
for targeted cancer therapy (Figure 1G).

Analysis of Drug Loading and Cell Uptake Analysis

We obtained the UV full-wavelength scanning curve of Res and observed its maximum absorption peak at 306 nm. As
shown in Figure 2A, both MDA-MB-231 and SKBR-3 cells began to absorb the aspirated BSA@LDHs-Res nano-loaded
particles within an hour. Over time, the amount of nanodrugs ingested by the cells increased, while the intensity of green
fluorescence decreased, indicating drug depletion. However, after 72 hours, MDA-MB-231 and SKBR-3 cells exhibited
only trace fluorescence, suggesting that BSA@LDHs-Res maintains its effectiveness over an extended period.
Furthermore, we investigated the distribution of BSA@LDHs within MDA-MB-231 and SKBR3 breast cancer cells.

The lysosomal red fluorescent probe Lysotracker Red, known for its ability to pass through cell membranes and stain
lysosomes in living cells, was used to track the fate of BSA@LDHs-Res within MDA-MB-231 and SKBR3 cells.
Figure 2B illustrates that upon the absorption of BSA@LDHs-Res by these cells, there was a noticeable overlap between
the red fluorescence of the lysosomes and the green fluorescence of BSA@LDHs-Res. This co-localization suggests that
while the nanocarrier system is internalized, it may avoid lysosomal capture, which is a common pathway for the
degradation of internalized substances.

Acridine orange (AO), a fluorescent dye that changes color based on its environment, was also employed to assess
lysosomal function. AO emits red fluorescence in lysosomes and green-red fluorescence in the cytoplasm. Figure 2C
shows that control MDA-MB-231 and SKBR3 cells exhibited strong red fluorescence, indicating active lysosomes.
However, cells treated with BSA@LDHs-Res displayed weaker red fluorescence and stronger green fluorescence,
suggesting an increase in lysosomal membrane permeability. This permeability change allows AO to leak from the
lysosomes into the cytoplasm, indicating a disruption in the normal lysosomal function.

These experimental results point to the lysosomal escape mechanism of BSA@LDHs-Res. By evading the lysosomal
pathway, BSA@LDHs-Res reduces the risk of drug clearance by intracellular lysosomes. This evasion strategy not only
increases the drug delivery efficiency but also prolongs the drug’s action duration within the cells. Consequently, the
BSA@LDHs-Res nanocarrier system plays a crucial role in maintaining the efficient and stable function of Res in breast
cancer cells MDA-MB-231 and SKBR3, as supported by the data presented. This system’s ability to bypass lysosomal
degradation is a significant factor in its sustained efficacy against breast cancer cells.

Inhibition of Migration and Invasion by BSA@LDHSs-Res
In our study, we utilized the CCK-8 assay to assess the inhibitory effects of varying concentrations of free Res and
BSA@LDHs-Res on the proliferation of breast cancer cells SKBR3 and MDA-MB-231 over a 48-hour period. Figure 3A
demonstrated that after 48 hours of treatment with different concentrations of Res and BSA@LDHs-Res, there were
significant differences in the inhibition of cell growth in SKBR3 and MDA-MB-231 cells. Specifically, treatment with 20
pmol/L or 35 pmol/L of BSA@LDHs did not induce significant toxicity in these breast cancer cells. However, SKBR3 cells
exhibited dose-dependent cytotoxicity when treated with BSA@LDHs-Res at concentrations ranging from 10 umol/L to
200 umol/L, which was significantly different from the cytotoxicity observed in cells treated with equivalent concentrations
of free Res. As the concentration increased from 10 pmol/L to 100 pmol/L, the cytotoxicity in MDA-MB-231 cells treated
with BSA@LDHs-Res markedly increased compared to those treated with the same concentration of free Res.
Furthermore, we assessed the impact of various concentrations of BSA@LDHs, Res, and BSA@LDHs-Res on
normal mammary epithelial cells MCF-10A and found no significant effects. At low concentrations, we observed
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Figure 2 (A) Confocal images of MDA-MB-231 and SKBR3 cells at different time points of BSA@LDHs-Res (FITC) and nuclei (DAPI), scale bar: 20um; (B) Localisation of
BSA@LDHs-Res (FITC) in MDA-MB-231 and SKBR3 cells after 48 h of drug treatment with BSA@LDHs-Res and labelled with Hoechst 33342 (blue) and Lysotracker-red (red) to
differentiate between nuclei and lysosomes, respectively, scale bar: 20pum; (C) Acridine Orange staining to detect lysosomal membrane permeability, red fluorescence versus green
fluorescence to reflect the size of lysosomal membrane permeability, and labelling of nuclei of both cells with Hoechst 33342 (blue), scale bar: 20um.
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some value-adding effects, indicating that both BSA@LDHs and BSA@LDHs-Res were biologically safe. Consequently,
for subsequent experiments, we selected 20 pmol/L of BSA@LDHs-Res, Res, and BSA@LDHs, along with a blank
control group, for the treatment of SKBR3 cells. Similarly, a concentration of 30 umol/L was chosen for the treatment of
MDA-MB-231 cells. These concentrations were chosen to ensure a comprehensive comparison of the effects of free Res
and the nanocarrier system on breast cancer cell proliferation.

We also employed the wound healing, transwell migration, and invasion assays to assess the impact of BSA@LDHs-
Res on the migration and invasion of SKBR3 and MDA-MB-231 cells. Our findings from the scratch assay, as well as the
transwell migration and invasion assays, revealed that both the Res and BSA@LDHs-Res groups exhibited reduced cell
migration capacity compared to the control group. Notably, the BSA@LDHs-Res group demonstrated a significantly
lower cell migration rate than the Res group alone. As depicted in Figure 3B, the number of cells that migrated and
invaded through the chambers in the transwell assays was significantly lower in the Res and BSA@LDHs-Res groups
than in the control group. Furthermore, the presence of BSA@LDHs-Res significantly impeded the movement and
invasion of SKBR3 and MDA-MB-231 cells more than Res treatment alone. Figure 3C illustrates that while the control
group had superior wound healing compared to both the Res and BSA@LDHs-Res groups, the BSA@LDHs-Res group
showed improved wound healing inhibition in SKBR3 and MDA-MB-231 cells compared to the group treated with Res
alone. These results suggested that BSA@LDHs-Res effectively suppressed the migratory and invasive capabilities of
breast cancer cells.

Glycolysis Level Analysis

Normal cells maintain glucose homeostasis by converting glucose into pyruvate and lactate under hypoxic conditions,
and they enter the tricarboxylic acid (TCA) cycle when oxygen levels are sufficient.'® In contrast, cancer cells undergo
aerobic glycolysis, a process in which they convert glucose to lactate from pyruvate and generate ATP, even in the
presence of oxygen.'® This metabolic pathway leads to an increased uptake of glucose and lactate in tumor cells,
alongside elevated ATP production through glycolysis, which in turn promotes tumor growth.?’ Key glycolytic enzymes
become more active as aerobic glycolysis increases.

Our study demonstrated a significant reduction in lactate accumulation and glucose uptake in MDA-MB-231 and
SKBR3 cells treated with BSA@LDHs-Res, as shown in Figures 4A, andFigures 4B suggesting a disruption in their
internal glycolytic processes. Lactate dehydrogenase, a crucial enzyme in glycolysis, showed a marked decrease in
activity when BSA@LDHs-Res was introduced to MDA-MB-231 and SKBR3 cells, as illustrated in Figure 4C. Post-
treatment, these cells exhibited a loss of glycolytic capacity, leading to a diminished ATP production from glycolysis.
Figure 4D clearly shows the substantial decrease in ATP levels within BSA@LDHs-Res-treated MDA-MB-231 and
SKBR3 cells. This decrease in ATP production is a critical finding, as it indicates that BSA@LDHs-Res treatment
impairs the energy metabolism of breast cancer cells, thereby inhibiting their growth and survival.

Effects of BSA@LDHSs-Res on Apoptosis, Reactive Oxygen Species (ROS) Generation
and Mitochondrial Membrane Potential (MMP)

Mitochondria are pivotal organelles in breast cancer cells, playing a critical role in the apoptotic pathway. Apoptosis is
characterized by a decrease in ATP and mitochondrial membrane potential (MMP), and an increase in reactive oxygen
species (ROS) levels is indicative of mitochondrial dysfunction.'” Our study aimed to investigate how the modulation of
glycolysis by the BSA@LDHs-Res nanocarrier system affected these mitochondrial functions and, consequently,
influenced apoptosis in SKBR3 and MDA-MB-231 cells.

Figure SA demonstrated that treating these cells with Res and BSA@LDHs-Res for 48 hours led to a significant increase in
apoptosis rates, with BSA@LDHs-Res showing a more pronounced effect at concentrations of 20 uM for SKBR3 and 30 uM
for MDA-MB-231 cells. This suggested that the nanocarrier system not only delivered Res effectively but also enhanced its
apoptotic potential. The impact of BSA@LDHs-Res on mitochondrial membrane potential was further detailed in Figure 5B.
After 48 hours of treatment, significant changes in MMP were observed, indicating that BSA@LDHs-Res disrupted the
mitochondrial function in these cells. This disruption in MMP could increase mitochondrial permeability, leading to the
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Figure 4 (A) Glucose uptake level of SKBR3 and MDA-MB-231 cells after 48 hours of drug treatment; (B) Lactate production level of SKBR3 and MDA-MB-231 cells after
48 hours of drug treatment; (C) Lactate dehydrogenase level of SKBR3 and MDA-MB-231 cells after 48 hours of drug treatment; (D) ATP levels in SKBR3 and MDA-MB-23 |
cells after 48 hours of drug treatment; data are expressed as mean + SD (n=3), *P < 0.05, **P < 0.01, ***P < 0.001.

release of pro-apoptotic factors and the initiation of the apoptotic cascade. Figure SC further supported our hypothesis by
showing a significant increase in ROS production in BSA@LDHs-Res-treated cells compared to other groups. This increase in
ROS was particularly noteworthy as it indicated a higher delivery efficiency of Res when complexed with BSA@LDHs-Res,
as opposed to free Res. The relatively low ROS production in cells treated with free Res, especially at low concentrations,
underscored the enhanced efficacy of the nanocarrier system.

In conclusion, the disruption of glycolysis by BSA@LDHs-Res in MDA-MB-231 and SKBR3 cells resulted in a
cascade of events: a significant increase in apoptosis, alterations in mitochondrial membrane potential, and an elevation
in aggregated ROS levels. These findings suggested that the BSA@LDHs-Res nanocarrier system, by modulating
glycolysis and targeting mitochondrial function, effectively induced apoptosis in breast cancer cells. This systematic
approach highlighted the potential of BSA@LDHs-Res as a therapeutic agent capable of perturbing the metabolic
landscape of cancer cells, thereby promoting their demise.

In vitro Anti-Tumor Mechanism of BSA@LDHs-Res

In the glycolytic pathway, there are three pivotal enzymes that govern aerobic glycolysis: hexokinase (HK2), phospho-
fructokinase 1 (PFK1), and pyruvate kinase M2 (PKM2). Each of these enzymes is associated with the progression of
breast cancer.”' After administering the drug treatment, we assessed the expression of these key glycolytic enzymes
(HK2, PKM2) and the glucose transporter protein GLUT! in SKBR3 and MDA-MB-231 cells. Figure 6 illustrates that
when BSA@LDHs-Res was introduced to SKBR3 and MDA-MB-231 cells, the levels of GLUT1 and the glycolytic key
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Figure 6 (A) Protein expression and quantification of GLUT I, HK2, PKM2 in MDA-MB-231 and SKBR3 cells treated with control, BSA@LDHs, Res, and BSA@LDHs-Res;
(B) Schematic diagram of the mechanism of cellular glycolysis regulated by BSA@LDHs-Res. Data are expressed as mean * SD (n=3), *P < 0.05, **P < 0.01, **P < 0.001.

enzymes HK2 and PKM2 were significantly reduced compared to the Res group. As a result, BSA@LDHs-Res
effectively inhibited glycolysis in MDA-MB-231 and SKBR3 breast cancer cells by suppressing GLUT1 and constrain-

ing the activity of key glycolytic enzymes.
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Figure 7 (A) Flow chart of BSA@LDHs-Res in vivo treatment of transplanted tumors; (B) Tumor growth status after treatment in each treatment group; (C) Digital
photographs of tumor dissections in each treatment group; (D) Curves of body weight over time in different nude mice treatment groups; (E) Curves of tumor volume over
time in different treatment groups; (F) Tumor volumes after dissection of mice in each group; (G) Tumor weight of mice in each group after dissection. Data were expressed
as mean # standard deviation (mean * SD) of 6 mice in each group (n=6). ***p < 0.001.
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Therapeutic Effect in vivo

In our investigation, we developed a nude mouse tumor model utilizing SKBR3 breast cancer cells, which served as a foundation
for evaluating the therapeutic effects of different treatments (as illustrated in Figure 7A). The model was methodically divided into
four distinct groups to isolate the effects of various interventions: the PBS group, the BSA@LDHs group, the free Res group, and
the BSA@LDHs-Res group. We chose an injection concentration of 20 mg/kg for Res based on established standards, prepared
the appropriate material concentrations, and administered PBS containing BSA@LDHs-Res, BSA@LDHs, Res, and PBS
peritumorally to each group (n = 6). This peritumoral injection treatment commenced when the tumors reached approximately
80 mm"3, and the mice were subsequently monitored for changes in body weight and tumor volume every two days until the
study’s endpoint on day 12, as shown in Figure 7B. Figure 7D demonstrated that there was no significant variation in body weight
across the different treatment groups, which suggested that the nanomedicine-loaded system we used possessed low toxicity and
was biosafe. This finding was crucial, as it indicated that the treatments did not adversely affect the mice’s overall health. Figure 7E
revealed that the tumor volume in the BSA@LDHs group remained unchanged compared to the PBS group, indicating a lack of
therapeutic effect. In contrast, the free Res group showed some inhibitory effect on tumor growth, but it was the BSA@LDHs-Res
group that exhibited a significantly reduced tumor volume and lighter tumor weight compared to the other groups. This result
pointed to the enhanced efficacy of BSA@LDHs-Res in not only reducing tumor growth but also in shrinking the size of the
tumors, highlighting its potential as an effective anti-tumor agent. The photographs of the tumors, along with the corresponding
tumor volumes and weights, presented in Figure 7C, D, F, and G, visually corroborated the therapeutic benefits of BSA@LDHs-
Res. These visual representations provided a comprehensive view of the tumor’s response to treatment, underscoring the efficacy
of BSA@LDHs-Res in inhibiting tumor growth and progression. The logical progression from the establishment of the tumor
model to the systematic evaluation of treatment effects, and finally to the visualization of tumor response, collectively supported
the conclusion that BSA@LDHs-Res is a promising candidate for the treatment of SKBR3 breast cancer.

To further confirm the therapeutic efficacy of the BSA@LDHs-Res nano-loading system, we conducted a comprehen-
sive histological analysis to assess its anti-tumor effects. The H&E staining results revealed a notable presence of pink-
stained tumor cells in the BSA@LDHs-Res group compared to other treatment groups, indicating that BSA@LDHs-Res
effectively disrupted tumor tissues. In the Ki67 assay, a marker of cellular proliferation, the BSA@LDHs-Res group
exhibited the lowest positive rate of brownish-yellow signals, suggesting that BSA@LDHs-Res significantly inhibited
tumor cell proliferation. The TUNEL assay, used to detect apoptotic cells, demonstrated that the apoptosis rate in mouse
tissues from the BSA@LDHs-Res group was markedly higher than in other treatment groups (as shown in Figure 8A).
Immunofluorescence analysis was performed to assess the expression of GLUT1 and PKM2 in tumor tissues, key players in
tumor metabolism. The results indicated that the expression levels of GLUT1 and PKM2 in the BSA@LDHs-Res treatment
group were significantly lower than those in the free Res treatment group, aligning with our previous cellular level findings
(as depicted in Figure 8B). This further confirmed that BSA@LDHs-Res could suppress the metabolic pathways critical for
tumor growth. Finally, to evaluate the biocompatibility of BSA@LDHs-Res, we performed H&E staining on heart, liver,
spleen, lung, and kidney tissues from nude mice across different treatment groups. Figure 8C illustrates that both
BSA@LDHs and BSA@LDHs-Res did not induce any apparent damage to these organs, indicating that BSA@LDHs-
Res possesses good biocompatibility and has promising potential in cancer therapy. These collective findings from
histological assessments underscore the therapeutic potential of BSA@LDHs-Res as a nano-loading system for cancer
treatment, highlighting its ability to target tumor tissues with minimal off-target effects on normal organs.

Discussion

Breast cancer ranks second in incidence and has become the most common type of cancer among women worldwide.?’
Its metastatic and recurrent nature has led to an increasingly challenging form of treatment for breast cancer, with an
urgent need to develop new safe and efficient oncology therapies. Breast cancer cells differ significantly from normal
breast cells in energy metabolism, and breast cancer cells tend to obtain energy through the glycolytic pathway, which
enhances the glycolytic effect aerobic glycolysis even in the presence of sufficient oxygen. It has been shown that the
enhanced glycolysis in breast cancer cells is mainly due to the enhanced activity of glycolysis-related enzymes and
regulatory factors, and these include pyruvate kinase, hexokinase, phosphofructokinase, lactate dehydrogenase, and
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Figure 8 (A) H&E, ki67, and TUNEL staining results of tumor sections from different treatment groups; (B) GLUT| and PKM2 immunofluorescence results of tumor
sections from different treatment groups; (C) H&E staining images of organs such as heart, liver, spleen, lungs, and kidneys treated with different materials. Scale bar: 50pm.

glucose transporter protein.”'** Through targeted inhibition of key enzymes and regulatory factors, glycolysis in cancer
cells can be blocked, leading to cancer cell death. Therefore regulating aerobic glycolysis in breast cancer cells is a very
promising therapeutic strategy. Breast cancer cells exhibit enhanced glycolysis and altered glucose metabolism.
Resveratrol, a naturally occurring polyphenol, has been extensively studied in clinical trials for its potential
role in cancer treatment.”® Resveratrol is known for its ability to modulate various cellular processes, and one of
its mechanisms of action involves the inhibition of glycolysis in cancer cells. Studies have shown that resveratrol
can effectively inhibit the growth of non-small cell lung cancer (NSCLC) cells, and high concentrations of
resveratrol can regulate the protein kinase B (Akt) signaling pathway, leading to the downregulation of hexokinase
2 (HK2) expression, thereby slowing the rate of glycolysis resveratrol can suppress the activity of 6-phospho-
fructo-1-kinase (PFK), a key regulatory enzyme in the glycolytic pathway.”* However, resveratrol has poor
solubility and bioavailability. To address the stability and solubility issues of resveratrol, resveratrol nanoparticles
have emerged as a promising therapeutic strategy in the treatment of various cancers. Jia et al have developed pH
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and redox-responsive micellar complexes that co-deliver PD-L1 siRNA and resveratrol, effectively balancing the
glycolytic and oxidative phosphorylation pathways in tumor cells and reversing the immunosuppressive tumor
microenvironment. The co-delivery of PD-L1 siRNA and resveratrol via these micelles enhances the antitumor
activity of immune cells within the tumor microenvironment, thereby boosting the effectiveness of PD-LI
immunotherapy.>> Additionally, gold nanomaterials prepared with resveratrol and polydopamine have been studied
for their cancer treatment applications, particularly their impact on tumor glycolysis.”® These nanoscale gold
particles loaded with resveratrol (Res-GNPs) exhibit enhanced antitumor activity compared to free resveratrol.
Collectively, these findings demonstrate the potential of resveratrol-loaded nanomaterials in inhibiting tumor
glycolysis, offering novel perspectives and approaches for cancer therapeutics.

BSA-modified LDHs loaded with drugs have become a nanomaterial with great potential in enhancing drug
delivery efficiency and therapeutic outcomes, especially showing significant prospects in the field of cancer
treatment.?’ Firstly, these nanoparticles demonstrate good dispersibility in environments similar to those within
the body due to surface BSA modification. Secondly, LDHs can respond to changes in the microenvironment, such
as slight acidity, achieving controlled drug release and exhibiting environmental responsiveness. The biodegrad-
ability of LDHs ensures no significant toxic side effects when applied reasonably and can degrade and be expelled
in a timely manner after functioning, reducing the risk of long-term accumulation.”® Recent studies have used
bovine serum albumin-coated layered double hydroxides (BSA-LDHs) to encapsulate resveratrol. In the supra-
molecular complex formed with LDH, resveratrol will be placed in the interlayer region of LDHs, stabilized by
intermolecular interactions. The study evaluated the anticancer ability of the nanoformulation in a human lung
cancer cell line (A549), showing higher activity than free drug alone.'” However, this study did not explore
whether the albumin-modified layered double hydroxides exhibit better pharmacological effects than the single
drug in animal experiments, nor did it investigate whether this drug formulation exerts antitumor effects by
inhibiting the glycolysis pathway.

In this study, an albumin-modified layered double hydroxide piggybacked resveratrol nanocarrier system was
successfully prepared. Breast cancer cells internalized BSA@LDHs-Res by endocytosis, which increased the
permeability of the lysosomal membrane and evaded lysosomal trapping. After entering the cells, BSA@LDHs-
Res first inhibited the expression of GLUTI, reduced the glucose entering the cells, and blocked the supply of
energy upstream of glycolysis. At the same time, BSA@LDHs-Res inhibited the expression and activity of the
key enzymes of glycolysis, HK2, PKM2 and LDH, resulting in decreased glucose consumption, decreased lactate
accumulation and decreased intracellular ATP levels. BSA@LDHs-Res inhibited the proliferation of breast cancer
cells, SKBR3 and MDA-MB-231, more efficiently and stably by regulating aerobic glycolysis, migration and
invasion. In addition, it induced changes in mitochondrial membrane potential, promoted ROS generation, and
facilitated apoptosis. In the evaluation of the in vivo mouse model, the nanoformulation of resveratrol modified
with bovine serum albumin-layered double hydroxides (BSA-LDHs) also showed good antitumor effects.
Compared to the groups treated with BSA-LDHs alone and resveratrol alone, it significantly inhibited tumor
growth, with no obvious changes in body weight and no significant toxicity to the heart, liver, spleen, lungs, and
kidneys of the mice, indicating good drug safety. More importantly, the levels of GLUT1 and PKM2 in the
tumors of mice treated with the BSA-LDHs-Res nanoformulation were lower than in other treatment groups,
reflecting that the resveratrol nanoformulation modified with bovine serum albumin-layered double hydroxides
has superior energy consumption capabilities compared to other formulations. (Scheme 1). In this article,
although we utilized resveratrol encapsulated in albumin-modified layered double hydroxides to inhibit the
growth of breast cancer by suppressing glycolysis pathways, there are still some issues worth further explore.
For example, while LDHs are generally biocompatible, the long-term effects and potential toxicity of these
materials in vivo need thorough investigation. There is a risk that the body could develop an immune response to
the LDHs, which could limit its therapeutic application. In summary, although BSA-LDHs nanomaterials have
shown potential in the delivery of resveratrol, there are still many scientific questions that need to be addressed
through further research. These studies will help to enhance the effectiveness and safety of BSA-LDHs
nanomaterials in cancer treatment.
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Scheme | Schematic representation of the BSA@LDHs-Res nanodelivery system for the treatment of breast cancer.

Conclusion

In this study, we constructed a new albumin-modified BSA@LDHs-Res drug-carrying dosage form, and BSA@LDHs-
Res was able to accurately control the drug release due to the pH sensitivity of the lamellae, reduce the expression of
GLUT]1, cut off the supply of glucose, and block the supply of energy upstream of glycolysis. By inhibiting the activity
and expression of key enzymes of glycolysis to regulate the glycolysis of breast cancer cells, the anti-breast cancer effect
can be achieved. The albumin-modified resveratrol layered double hydroxide delivery system developed in this study will
provide certain theoretical references for further research and clinical application of tumor aerobic glycolysis.
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