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Abstract

Bladder cancer (BLCA), particularly due to the high recurrence and progression rates of non-muscle-invasive bladder
cancer (NMIBC), is a significant global health challenge. Current treatments, such as Bacillus Calmette-Guérin (BCG)
immunotherapy and intravesical chemotherapy, often cause substantial side effects and exhibit limited efficacy, highlighting
the urgent need for novel therapeutic strategies. Single-cell spatial transcriptomic advancements have identified cuproptosis
as a critical pathway in BLCA, presenting a promising target for treatment. In this study, these insights were leveraged to
design Cu-VT nanoparticles (NPs), an innovative composite material that combines the unique properties of copper ions
and the natural flavonoid vitexin, to induce cuproptosis. Cu-VT NPs could effectively induce apoptosis and oxidative stress
in BLCA cells concurrently modulating the immune response within the tumor microenvironment. Comprehensive in vitro
and in vivo experiments demonstrated that Cu-VT NPs significantly inhibited tumor growth and reduced lung metastasis
through cuproptosis induction. This dual-function composite material enhances therapeutic efficacy and minimizes side
effects, showcasing its potential as a revolutionary treatment for BLCA. Our findings highlight the transformative potential
of Cu-VT NPs in the context of BLCA treatment, establishing a new paradigm in the use of composite materials for the
treatment of advanced cancer.
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1 Introduction

Bladder cancer (BLCA) continues to be a major global
health continues. Upon initial diagnosis, around 75% of
cases are of non-muscle-invasive bladder cancer (NMIBC)
[1]. While NMIBC is less likely to invade the muscle layer,
it has high recurrence and progression rates. Standard
treatments for this condition include intravesical immu-
notherapy and chemotherapy [2]. A common immuno-
therapy, Bacillus Calmette-Guérin (BCG), induces a
local immune response to reduce tumor recurrence [3].
However, BCG can lead to adverse effects such as bladder
irritation, urinary tract infections, and systemic reactions,
sometimes leading to treatment discontinuation [4]. Like-
wise, intravesical chemotherapy agents like mitomycin C
are used for the treatment of NMIBC, killing cancer cells
and inhibiting their proliferation [5]. Nonetheless, these
agents come with toxicities, including cystitis, urethral
stricture, and bone marrow suppression, adding signifi-
cant burdens to the treatment. Despite improving NMIBC
prognosis, the limited efficacy and significant side effects
of treatments render BLCA as one of the most expensive
cancers to manage [6]. The emergence of drug resistance
and declining treatment efficacy in many cancers highlight
the urgent need for new strategies with enhanced efficacy
[7, 8], reduced side effects, and lower costs [9-11].

Recent developments in single-cell spatial transcrip-
tomics have offered fresh insights into the inherent molec-
ular mechanisms driving BLCA [12]. This technology
facilitates precise mapping of the spatial distribution and
gene expression profiles of different cell types within the
tumor microenvironment (TME) [13, 14] and allows for
the identification of the significant role of cuproptosis in
BLCA [15]. Research has demonstrated that cuproptosis-
related genes are highly expressed in tumor cells and are
present at significant levels in immune cells, including
macrophages and monocytes. This indicates a crucial role
of cuproptosis in modulating immune responses within
the TME, emphasizing its potential as a therapeutic target
for BLCA [16].

In this context, metal-ligand and metal-polyphenol
networks have attracted attention for their unique advan-
tages in industrial and biomedical applications [17-19],
particularly copper-based metal-polyphenol networks [20].
Copper generates reactive oxygen species (ROS) but also
disrupts cellular redox homeostasis [21], leading to cell
death [22, 23]. Vitexin (Vt), a natural flavonoid polyphe-
nol, exhibits multiple biological activities, such as antioxi-
dant, anti-inflammatory, and anticancer effects [24, 25].
Cu-VT nanoparticles (NPs) can be designed by integrating
copper ions (Cu2*) with VT to leverage the therapeutic
benefits of both components [26].
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Cu-VT NPs were designed and synthesized based on the
data from single-cell spatial transcriptomics, to target the
cuproptosis pathway in BLCA. Cu-VT NPs induce apop-
tosis by depleting glutathione (GSH) and generating ROS,
while also modulating immune responses within the TME,
significantly inhibiting tumor growth. The efficacy of Cu-VT
NPs was evaluated and confirmed through in vitro as well
as in vivo experiments. These nanoparticles could indeed
directly induce cancer cell death and enhance antitumor
immune responses through immunomodulation. This dual
mechanism improves BLCA treatment efficacy as well as
reduces side effects, showcasing their potential as a novel
therapeutic approach for BLCA (Scheme 1). This innovative
research approach offers an effective treatment option that
may be crucial in future BLCA therapies.

2 Materials and methods

2.1 Acquisition and processing of single-cell-RNA
sequencing (scRNA-seq) data

Three scRNA datasets were selected from the Gene Expres-
sion Omnibus (GEO) database: GSE130001, GSE146137,
and GSE186520, each containing two samples of BLCA, for
a total of six samples. Data were analyzed using R software
(version 4.1.3) with the Seurat package. Criteria for quality
control of cells included mitochondrial content of < 10%,
UMI counts between 200 and 20,000, and gene counts of
200 to 6000. Data normalization, selection of highly vari-
able genes (n=2000), and data scaling (regressing out cell
cycle effects with vars.to.regress=c (“S.Score,” “G2M.
Score”)) were conducted, respectively, using the Normal-
izeData, FindVariableFeatures, and ScaleData functions
from Seurat. Batch effect was corrected by employing Har-
mony. Dimensionality reduction techniques (UMAP, TSNE)
and clustering algorithms (Louvain) were applied through
Seurat. Differential gene expression across clusters or cell
types was analyzed with the FindAllMarkers function, with
parameters set to p-value <0.05, 1og2FC > 0.25, and expres-
sion proportion>0.1.

2.2 Cell annotation analysis

Cell annotation was performed employing markers for epi-
thelial cells (“EPCAM,” “KRT18,” “KRT19,” “CDHI1"),
fibroblasts (“DCN,” “THY1,” “COL1A1,” “COL1A2”),
endothelial cells (“PECAM1,” “CLDNS,” “FLT1,”
“RAMP2”), T cells (“CD3D,” “CD3E,” “CD3G,” “TRAC”),
NK cells (“NKG7,” “GNLY,” “NCAM1,” “KLRD1”), B
cells (“CD79A,” “IGHM,” “IGHG3,” “IGHA2”), mye-
loid cells (“LYZ,” “MARCO,” “CD68,” “FCGR3A”), and
mast cells (“KIT,” “MS4A2,” “GATA2”). Based on these
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Scheme 1 Mechanism of action of Cu-VT NPs in bladder cancer
(BLCA) Treatment. Single-cell sequencing results reveal a high cor-
relation between cuproptosis and BLCA, leading to the preparation
of Cu-VT NPs. These nanoparticles were synthesized by combin-
ing vitexin with Cu2* ions at pH 8.5, to form a Cu-VT network. This
network induced cell disruption through apoptosis and cuproptosis,
mediated by caspase-3 activation, glutathione (GSH) depletion, and

annotations, various visualizations, including t-distributed
Stochastic Neighbor Embedding (t-SNE) plots and violin
plots of cell markers, were created.

2.3 Spatial transcriptomics data processing

Spatial transcriptomics data were obtained from the GEO
dataset GSE171351, which comprises four primary tumor
samples. Data were analyzed using SpaceRanger software
for quality control; this was followed by normalization,
selection of highly variable genes, and data scaling using
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ROS generation. Dying tumor cells release damage-associated molec-
ular patterns (DAMPs), promoting the maturation of dendritic cells
(DCs) and triggering an immune response. Tumor-associated mac-
rophages (TAMs) shift from the M2 to the M1 phenotype, enhanc-
ing the rate of CD8" T cell activation and amplifying the immune
response. The overall effect includes lung metastasis inhibition, high-
lighting the therapeutic potential of Cu-VT NPs in BLCA treatment

the SCTtransform algorithm. The Seurat package was
employed for analysis and visualization. The conditional
autoregression-based deconvolution (CARD) and CellTrek
software were employed for deconvolution analysis, pre-
dicting cell types for each spot in the spatial transcrip-
tomics data based on single-cell annotations. Cell types
in the spatial transcriptomics data were visualized using
the SpatialFeaturePlot function in Seurat. The cuproptosis
scores were calculated using the AddModuleScore func-
tion in Seurat.
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2.4 Materials and reagents

Copper(Il) chloride (CuCl2) and Vt were procured from
Aladdin (Shanghai, China). The reagents were purchased,
including sodium hydroxide (NaOH, Macklin, Shanghai,
China), polyethylene glycol (PEG, Sigma-Aldrich, Shang-
hai, China), Dulbecco’s modified Eagle medium (DMEM),
phosphate-buffered saline (PBS), trypsin—EDTA solution,
Cell Counting Kit-8 (CCK-8), and DAPI were obtained
from SparkJade (Shandong, China). Other reagents we pur-
chased included fetal bovine serum (FBS, Wisent, Nanjing,
China), Calcein-AM/PI and Annexin V-fluorescein isothio-
cyanate/propidium iodide (FITC/PI) (Bestbio, Shanghai,
China), 2',7'-dichlorofluorescin diacetate (DCFH-DA), and
5,5-dimethyl-1-pyrroline N-oxide (DMPO) from Biyotime
(Shanghai, China). Antibodies for terminal-deoxynucleoti-
dyl transferase-mediated nick end labeling (TUNEL), FDX1,
dihydrolipoyl transacetylase (DLAT), CD206, Arg-1, CD86,
and induced nitric oxide synthase (iNOS), as well as hydro-
gen peroxide (H,0,), reduced GSH, 3,3',5,5'-tetramethylb-
enzidine (TMB), and 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB) were obtained from Macklin (Shanghai, China).

2.5 Production of Cu-VT NPs

Cu-VT NPs were synthesized by first dissolving CuCl, and
Vtin distilled water at a molar ratio of 1:2. The solutions
were then mixed thoroughly under high-speed stirring. The
pH of the mixture was gradually adjusted to 8.5 by adding
NaOH solution and monitored continuously to avoid over-
shooting. Subsequently, an appropriate amount of PEG was
added to the mixture to stabilize and prevent aggregation of
the nanoparticles. To ensure complete reaction and forma-
tion of Cu-VT NPs, the mixture was stirred at high speed
for an extended period. The resulting nanoparticles were
purified by centrifugation and washed with distilled water
to remove unreacted materials and impurities. Finally, the
purified Cu-VT NPs were stored in distilled water at 4 °C
until further use.

The size and morphology of the Cu-VT NPs were ana-
lyzed through transmission electron microscopy (TEM).
Nanomaterial elemental mapping was performed using
energy-dispersive X-ray spectroscopy (EDS). X-ray photo-
electron spectroscopy (XPS) was employed to analyze the
surface composition and chemical states [27, 28].

2.6 Cell experiment

Cell viability assay MB49 and human umbilical vein
endothelial cells (HUVEC) cells were cultured in appro-
priate media supplemented with 10% FBS and 1% penicil-
lin—streptomycin. The cells were maintained at 37 °C in a
humidified incubator with 5% CO, [29]. Cells were seeded
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in 96-well plates at a density of 5x 10° cells per well. After
24 h, the cells were treated with different concentrations of
Cu-VT NPs (0, 5, 10, 25, 50, 100 ug/mL) for 24 h. Next, cell
viability was measured using the MTT assay. Briefly, after
the treatment period, 20 pL. of MTT solution (5 mg/mL) was
added to each well and incubated for 4 h [30]. The medium
was then removed, and the formazan crystals were dissolved
using 150 uL of DMSO.

Fluorescence microscopy for live/dead cell staining Cells
were stained using PI and Calcein-AM following treatment
with Cu-VT NPs to differentiate live cells from dead cells.
For this, Calcein-AM (2 pM) and PI (5 pg/mL) were added
to the culture medium and incubated for 30 min at 37 °C.
Stained cells were then washed with PBS and visualized
under a fluorescence microscope [31].

Flow cytometry for apoptosis analysis After treatment, the
cells were washed with cold PBS and resuspended at a con-
centration of 1x 10° cells per mL. Subsequently, 5 uL of
annexin V-FITC and 5 pL of PI were added to 100 uL of the
cell suspension and incubated in the dark for 15 min at room
temperature. After staining, 400 uL of 1 X binding buffer was
added to each sample. Within 1 h, the samples were analyzed
by flow cytometry. Data obtained with a BD FACSCalibur
flow cytometer were analyzed using FlowJo software.

Glutathione levels MB49 cells were cultured in standard
conditions and treated with Cu-VT NPs, CuCl2, or vitexin
at specified concentrations for 24 h. Cells were stained with
monochlorobimane, a fluorescent probe that specifically
binds to GSH, and then visualized using a fluorescence
microscope. GSH levels were measured in terms of the fluo-
rescence intensity. Cells were harvested, washed, and stained
with monochlorobimane. The GSH content was quantified
by flow cytometry, and data were analyzed to determine the
fluorescence intensity and the percentage of GSH-positive
cells.

ROS generation In the post-treatment of cells, 2',7'-dichlo-
rodihydrofluorescein diacetate (DCFH-DA) was used as a
fluorescent probe to determine the levels of ROS. Stained
cells were visualized using a fluorescence microscope to
determine ROS levels. Cells were collected, washed, and
stained with DCFH-DA. ROS levels and the percentage of
DCF-positive cells were quantified using flow cytometry
[32].

Western blot analysis MB49 cells were treated with Cu-VT
NPs, CuCl2, and vitexin for 24 h. The cells were lysed in
RIPA buffer containing protease and phosphatase inhibi-
tors. Protein samples were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
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and transferred onto PVDF membranes. The proteins were
transferred onto polyvinylidene fluoride membranes after
SDS-PAGE and blocked with 5% non-fat milk in TBST.
Then, antibodies against dihydrolipoamide S-acetyltrans-
ferase (DLAT), Lipoic Acid Synthetase (LIAS), Ferredoxin
1 (FDX1), and B-Actin were added and incubated overnight
at 4 °C. Membranes were then incubated with horseradish
peroxidase-conjugated secondary antibodies and developed
using enhanced chemiluminescence detection reagents.
Band intensities were quantified using ImagelJ software.

Quantitative real-time-polymerase chain reaction (qQRT-PCR)
analysis Total RNA was extracted from treated MB49 cells
using TRIzol reagent. RNA was reverse-transcribed into
cDNA using a cDNA synthesis kit, and qRT-PCR was per-
formed employing SYBR Green Master Mix on a real-time
PCR system. Primers specific for DLAT, LIAS, FDX1, and
dihydrolipoamide dehydrogenase (DLD) were used. To cal-
culate the relative gene expression, the 2 — AACt method
was used, normalized to GAPDH. The primer sequences
were as follows:

DLAT: Forward: 5'-CGGACTACCTTCCAGCCT
AC-3', Reverse: 5'-AGGACACAGTGCCAGGATAG-3'
LIAS: Forward: 5'-GACACGATGCAGAACATC
GA-3’, Reverse: 5'"-GACTGAGGTGAGGATGAG
GA-3'

FDX1: Forward: 5'-TGTGGTGGAGATGTTCTG
GA-3', Reverse: 5'-CAGTGGTGTTGTGGAAGG
AG-3'

DLD: Forward: 5'-CGTTGTGGAAAGGACTCCTG-3',
Reverse: 5'-GGTGAGGAAGGTTGGTGACT-3’
GAPDH: Forward: 5'-GACATGCCGCCTGGAGAA
AC-3', Reverse: 5'-AGCCCAGGATGCCCTTTAGT-3’

Transwell migration assay 5 x 10* MB49 cells were seeded
in the upper chamber of transwell inserts with serum-free
medium. The lower chamber harbored medium with 10%
FBS as a chemoattractant. To the lower surface of the insert,
4% paraformaldehyde solution was applied, and after 24 h,
the migrated cells were stained using crystal violet. Migrated
cells were visualized using a light microscope, and cell
counts were performed using ImageJ software [33].

Wound healing assay MB49 cells were seeded in 6-well
plates and grown to confluence. A scratch was made on the
cell layer using a pipette tip, and cells were treated with
Cu-VT NPs, CuCl,, and Vt. Wound closure was monitored
at 0 and 24 h. Images of the wound area were acquired using
a phase-contrast microscope and quantified using Imagel
software to calculate the healing rate [34].

2.7 Animal experiment

Animal model and treatment MB49 BLCA cells were
injected subcutaneously into female C57BL/6 nude mice
(4-6 weeks old) to establish the tumor model. Once tumors
reached an average volume of 100 mm3, mice were ran-
domly categorized into four groups: c¢®"™" “*CL " Vitexin
(VT), and Cu-VT NPs. Treatments were administered
through tail vein injection every 3 days for 15 days. Every
2 days, tumor volumes were measured with calipers and cal-
culated using the formula: volume = 1/2 x length X width2.
After the treatment period ended, tumors were excised, pho-
tographed, and weighed. Body weights were recorded every
2 days any potential systemic toxicity of the treatments was
monitored.

Histological and immunohistochemical analysis Excised
tumors were fixed in 10% formalin, embedded in paraffin,
and sectioned. Apoptosis and proliferation in tumor sections
were assessed by staining with antibodies against caspase-3
and Ki67, respectively. To visualize ROS generation, tumor
sections were also stained with DAPI and ROS-sensitive
dyes.

Immunohistochemistry (IHC) The excised tumor sample was
fixed in 10% formalin, embedded in paraffin, and sectioned
(thickness 3—5 pm). The sections were deparaffinized and
rehydrated, and antigen retrieval was performed. Primary
antibodies against TUNEL, FDX1, and DLAT were added,
followed by the addition of appropriate secondary antibod-
ies, and incubated. The sections were visualized using the
DAB substrate and counterstained with hematoxylin. Stained
sections were visualized using a light microscope, and the
levels of expression were quantified using ImagelJ software.

Immunofluorescence (IF) Tumor sections were stained with
primary antibodies against CD206/Arg-1 and CD86/iNOS
and then incubated with fluorescence-conjugated secondary
antibodies. Nuclei were counterstained with DAPI. Sections
were finally imaged using a fluorescence microscope, and
the expression levels were quantified.

Flow cytometry Tumor tissues were macerated and digested
with collagenase to obtain single-cell suspensions. Cells
were stained with antibodies against CD3, CDS8, CD206,
and CD86 conjugated with fluorophore. Stained cells were
examined using a flow cytometer, and data were processed
with FlowJo software to quantify the proportions of CD8* T
cells and tumor-associated macrophage (TAM) subsets (M1
and M2 phenotypes) [35].
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2.8 Biochemical analysis

At the end of the treatment period, blood samples from mice
were collected via cardiac puncture. Serum was isolated and
analyzed for total bilirubin (TBIL), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), blood urea nitro-
gen (BUN), creatinine (CR), and glucose (GLU) content
using an automatic biochemical analyzer. Whole blood
was examined using a hematology analyzer to determine
red blood cell count (RBC), mean corpuscular hemoglobin
(MCH), white blood cell count (WBC), mean corpuscular
hemoglobin concentration (MCHC), mean corpuscular vol-
ume (MCV), and platelet count (PLT). After euthanasia,
major organs, including the lung, heart, liver, kidney, and
spleen, were harvested. These samples were preserved in
10% formalin, then treated, and embedded in paraffin. The
paraffin-encased samples were sliced into 5-um sections and
stained with hematoxylin and eosin (H&E) for histopatho-
logical analysis. Stained sections were examined under a
light microscope, and representative images were acquired
for analysis [35].

3 Results and discussion

3.1 Single-cell spatial transcriptomics reveals
the correlation of cuproptosis in bladder cancer

The single-cell transcriptomics analysis offers compre-
hensive insights into the correlation between cupropto-
sis and BLCA, as illustrated by the datasets GSE130001,
GSE146137, and GSE186520 (Supplementary Fig. 1) [36].
The t-SNE clustering plots (left panels) illustrate the spa-
tial distribution of various cell types within BLCA tissues,
including tumor cells, immune cells, endothelial cells, and
fibroblasts. The heatmaps in the middle present the expres-
sion levels of cuproptosis-related genes across these cell
types. Violin plots (right panels) show the quantitative
expression levels of genes involved in cuproptosis in dif-
ferent cell types, revealing significantly higher expression
in tumor cells relative to other cell types (Kruskal-Wallis
test, P <2.2e —16). The high expression level of cuprop-
tosis-related genes in tumor cells suggests a critical role of
cuproptosis in BLCA pathogenesis. The expression of these
genes in immune cells, including macrophages and mono-
cytes, indicates a potential involvement of cuproptosis in
regulating the immune response within the TME.

Further spatial transcriptomics analysis illustrates the
localization of various cell types within the TME and the
corresponding expression of cuproptosis-related genes
(Supplementary Fig. 2). The left panels show the spatial
distribution of cell types, and the middle panels present the
overlap of cuproptosis gene expression. Violin plots on the
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right present the quantification of these expression levels,
revealing significant differences among different cell types
(Kruskal-Wallis test, P <2.2e — 16). These results further
emphasize the significant role of cuproptosis in tumor cells
and highlight its potential impact on immune cell function
within the TME. The high expression of cuproptosis-associ-
ated genes in both tumor and immune cells highlights their
key roles in tumor biology and immune regulation, provid-
ing valuable insights into the molecular mechanisms under-
pinning BLCA progression.

This section provides an in-depth spatial transcriptom-
ics analysis of BLCA, highlighting a significant correlation
between cuproptosis-related gene expression and tumor cell
pathology. The data, visualized through t-SNE clustering,
heatmaps, and violin plots, reveal a higher expression of
cuproptosis-associated genes in tumor cells compared to
other cell types, emphasizing cuproptosis’s critical role in
BLCA pathogenesis [37]. Additionally, cuproptosis gene
expression in immune cells suggests a regulatory function
within the TME, with CARD software further validating
cell-type distribution and enrichment, particularly of epi-
thelial cells, across slides. These findings elucidate the
molecular underpinnings of BLCA progression and immune
interaction [38].

3.2 Synthesis and characterization of Cu-VT NPs

The Cu-VT NPs were synthesized using a straightforward
metal-polyphenol coordination method. The size and mor-
phology of the Cu-VT NPs were analyzed through trans-
mission electron microscopy (TEM) (Fig. 1A-C). Statis-
tical analysis of the TEM images shows that the average
size of Cu-VT NPs was 2-3 nm (Fig. 1B), indicating a
well-controlled synthesis process with uniform particle
size. For applications in biomedicine, the high monodis-
persity and narrow size distribution of Cu-VT NPs are
crucial. Nanomaterial elemental mapping was performed
using energy-dispersive X-ray spectroscopy (EDS) to
investigate the distribution of carbon (C), nitrogen (N),
oxygen (0O), and copper (Cu). This analysis aimed to evalu-
ate the compositional uniformity and spatial distribution of
these elements within the sample. Figure 1D-E present the
results of EDS mapping, where each element is depicted in
a distinct color, with red indicating carbon, green indicat-
ing nitrogen, blue indicating oxygen, and yellow indicating
copper. The mappings demonstrate a uniform distribution
of C, N, O, and Cu throughout the material, indicating
these elements had a consistent composition. Figure 1F
shows the HAADF-STEM image, highlighting the high-
contrast atomic structure. The brighter regions represent
the heavier element (Cu), while the darker regions rep-
resent the lighter elements (C, N, and O). X-ray photo-
electron spectroscopy (XPS) was employed to analyze the
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Fig. 1 Characterization of Cu-VT NPs. A—C Transmission electron
microscopy images of Cu-VT NPs at different scales. D, E Elemental
mapping of Cu-VT NPs using energy dispersive X-ray spectroscopy,
with each element shown in a different color: carbon (red), nitrogen
(green), oxygen (blue), and copper (yellow). F High-angle annular
Dark Field Scanning Transmission Electron Microscopy (HAADF-
STEM) image of Cu-VT NPs. G An image of nanomaterial suspen-
sions in phosphate-buffered saline, fetal bovine serum, 0.9% NaCl,

surface composition and chemical states of the Cu-VT
nanoparticles. Figure 1G showed that Cu-VT was dis-
persed in DMEM, FBS, 0.9% NaCl, and PBS, and there
was no obvious precipitation or aggregation after 1 day
and 7 days, indicating that Cu-VT had good stability under
various physiological conditions. The thermal map shows
the variation of particle size distribution of Cu-VT in dif-
ferent media. The particle size remained stable after 1 day
and 7 days without significant change whether in DMEM,
FBS, 0.9% NaCl, or PBS, further verifying its excellent
size stability (Fig. 1H). Figure 11 presents the survey spec-
trum, indicating the presence of carbon (C), oxygen (O),
and copper (Cu) in the sample. Figure 1J-K present the
high-resolution XPS spectra for C 1 s, O 1 s, and Cu 2p.
The C 1 s spectrum demonstrates peaks corresponding
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and Dulbecco’s Modified Eagles Medium after 1 week. H Parti-
cle size distribution of the nanomaterial in the four media pre- and
post-1 week of incubation, measured by dynamic light scattering. I
X-ray photoelectron spectroscopy (XPS) survey spectrum of Cu-VT
nanoparticles showing the presence of C, O, and Cu. J-K High-reso-
lution XPS spectra of C 1 s and O 1 s for Cu-VT NPs. L High-resolu-
tion XPS spectrum of Cu 2p for Cu-VT NPs

to various C-containing functional groups, indicating the
presence of graphitic as well as oxidized carbon species.
The O 1 s spectrum shows peaks characteristic of oxygen
species bonded to Cu and C, confirming the formation of
Cu-O and C-O bonds. The Cu 2p spectrum, as shown in
Fig. 1L, presents two main peaks corresponding to Cu 2p
3/2 and Cu 2p 1/2, along with their respective satellite
peaks. These peaks indicate the presence of Cu?* in the
Cu-VT NPs, suggesting that the copper ions within the
nanomaterial had successfully coordinated.

The Cu-VT NPs were synthesized using a metal-poly-
phenol coordination method, resulting in a uniform particle
size of 2-3 nm as shown by TEM analysis. Elemental map-
ping and XPS characterization confirmed the homogeneous
distribution of C, N, O, and Cu, with Cu2 +ions effectively
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coordinated within the nanomaterial. These structural and
compositional features underscore the potential of Cu-VT
NPs for biomedical applications [39].

3.3 The POD enzyme activity of Cu-VT NPs

According to previous reports on the catalytic performance
of Cu-based nanozymes, Cu-VT NPs were hypothesized
to possess GSH depletion activity and POD-like enzyme
activity. Thus, relevant tests were carried out to evaluate
their performance. High levels of GSH within tumor cells
can neutralize excess ROS, thereby reducing cell damage.

Hence, the depletion of GSH within tumor cells can amplify
oxidative stress, leading to apoptosis, a catalytic activity
referred to as glutathione peroxidase (GSH-Px). Thus, the
GSH depletion capability of Cu-VT NPs was examined. As
shown in Fig. 2A, the GSH depletion capability of Cu-VT
NPs increased with the concentration. The peroxidase (POD)
enzyme activity of Cu-based nanozymes is crucial in the
treatment of tumor microenvironments (TMEs). To this end,
the POD enzyme activity of Cu-VT NPs was evaluated. Col-
orimetric assays using TMB and POD were conducted, as
shown in Fig. 2B and C, demonstrating that Cu-VT exhib-
ited significant POD enzyme activity. Furthermore, the POD
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Fig.2 Glutathione (GSH) depletion and POD-like activity of Cu-VT
NPs. A The rate of GSH loss at varying Cu-VT NP concentra-
tions, showing concentration-dependent GSH depletion. B TMB
(3,3',5,5'-tetramethylbenzidine) oxidation by Cu-VT NPs with/with-
out H202, indicating peroxidase (POD)-like activity. C POD oxida-
tion by Cu-VT NPs with/without H202, confirming POD-like activ-
ity. D TMB oxidation at different pH values, with enhanced activity
under acidic conditions. E TMB oxidation at varying Cu-VT NPs
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concentrations, showing concentration-dependent activity. F TMB
oxidation at different H,0, concentrations, showing dependence on
H,0,. G OPD oxidation at different pH values, showing enhanced
activity under acidic conditions. H OPD oxidation at varying Cu-VT
NPs concentrations, showing concentration-dependent activity. I
OPD oxidation at different H,O, concentrations, showing H,O,
dependence
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enzyme activity of Cu-VT increased with decreasing pH,
as illustrated in Fig. 2D and G, indicating enhanced perfor-
mance in the mildly acidic TMEs. Additionally, the POD
enzyme activity increased with the concentration of Cu-VT
NPs, Fig. 2E and H. Moreover, at a constant concentration of
Cu-VT NPs, the absorbance of the characteristic POD peak
increased with the concentration of H,0, (Fig. 2F and I).
These results collectively indicate excellent GSH depletion
capability and POD enzyme activity of Cu-VT NPs, high-
lighting their potential application in TMEs.

The Cu-VT NPs demonstrated both GSH depletion activ-
ity and POD-like enzyme activity, essential for increasing
oxidative stress in tumor microenvironments (TMEs) [40].
Concentration-dependent GSH depletion and enhanced
POD activity, especially under acidic conditions and with
increased H,0,, underscore their therapeutic potential for
modulating TMEs [41].

3.4 Biocompatibility and antitumor efficiency
of the Cu-VT NPs in vitro

The cytotoxicity of Cu-VT NPs was evaluated on MB49
BLCA cells and HUVEC endothelial cells. In MB49 cells,
there was a dose-dependent decrease in cell viability with
increasing concentrations of Cu-VT NPs, demonstrating sig-
nificant cytotoxicity at higher concentrations (Fig. 3A). In
contrast, there was no significant change in the viability of
HUVEC cells over the same concentration range, indicat-
ing a selective toxicity of Cu-VT NPs towards cancer cells
(Fig. 3B). The superior efficacy of Cu-VT NPs over other
treatments was confirmed by further comparison among dif-
ferent treatment groups in MB49 cells (Fig. 3C).

Fluorescence microscopy and quantitative analysis
revealed a substantial increase in dead cells in the Cu-VT
treatment group (Fig. 3D and E). Calcein-AM staining,
which stains viable cells in green, and PI staining, which
stains dead cells in red, showed that the number of red-
stained cells increased notably in the Cu-VT group. This
observation was further supported by quantitative data,
which indicates that Cu-VT NPs effectively induce cell death
in MB49 cells. These findings were further corroborated
by flow cytometry analysis (Fig. 3F). Annexin V-FITC/
PI double staining demonstrated a significant increase in
both early and late apoptotic cells in the Cu-VT treatment
group, and the cells in the late apoptosis stage (Q2) reached
38.7%, markedly higher than in the control, CuCl,, and VT
groups. These results suggest anticancer effects of Cu-VT
NPs primarily through the induction of apoptosis. In sum-
mary, Cu-VT NPs exhibit potent and selective cytotoxicity
against MB49 BLCA cells, primarily through the induction
of apoptosis, while sparing normal HUVEC cells.

The impact of Cu-VT NPs on intracellular GSH lev-
els and ROS generation in MB49 cells was evaluated.

Fluorescence microscopy and flow cytometry revealed a
significant decline in GSH levels in Cu-VT treated cells
compared to that in the control, CuCl,, and VT groups, with
a notable reduction in fluorescence intensity (Fig. 4A-C).
Concurrently, ROS generation increased markedly in Cu-
VT-treated cells, as evidenced by DCFH-DA staining and
flow cytometry (Fig. 4E and F). The Cu-VT treated group
showed intense green fluorescence, suggesting elevated
ROS levels, and flow cytometry confirmed a high percent-
age of DCF-positive cells (81.9%) compared to the number
of cells in the control (1.88%), CuCl, (11.5%), and vitexin
(3.22%) groups. Quantitative analysis further corroborated
these findings, demonstrating a significant increase in DCF
fluorescence intensity in the Cu-VT treated group (Fig. 4D).
These results suggest that Cu-VT NPs induce oxidative
stress through the depletion of GSH and enhancing ROS
production. This oxidative stress likely underlies the cyto-
toxic effects of Cu-VT NPs.

Cu-VT NPs exhibit selective cytotoxicity against MB49
BLCA cells by inducing apoptosis, while sparing normal
HUVEC cells. The nanoparticles significantly reduced intra-
cellular GSH levels and increased ROS generation in MB49
cells, as confirmed by fluorescence microscopy and flow
cytometry, suggesting that oxidative stress plays a central
role in their cytotoxic mechanism. These findings highlight
the potential of Cu-VT NPs for targeted cancer therapy [42].

3.5 Invitro cuproptosis evaluation

The effects of Cu-VT NPs on cuproptosis pathways and
MB49 cell migration were analyzed. Western blotting
revealed that Cu-VT treatment significantly decreased the
levels of DLAT, LIAS, and FDX1 proteins compared to
those in the control, CuCl,, and VT groups, with f-actin as
a loading control (Fig. 5SA). Quantitative assessment of the
band intensities confirmed these findings, showing effective
inhibition of the cuproptosis pathway (Fig. 5B). QRT-PCR
analysis showed a significant downregulation of DLAT,
LIAS, FDX1, and DLD mRNA levels, consistent with the
results of protein analyses (Fig. 5C). The transwell migra-
tion and wound healing assays demonstrated that Cu-VT
NPs markedly inhibited MB49 cell migration (Fig. 5E and
F), as evidenced by a decline in cell migration (Fig. 5D)
and wound closure rates (Fig. 5G), and Cu-VT treated cells
showed a significantly lower cell activity. These findings
suggest that Cu-VT NPs disrupt cellular Cu homeostasis by
downregulating key enzymes and genes of the cuproptosis
pathway and significantly impeding MB49 cell migration,
highlighting their potential as therapeutic agents against
BLCA through the modulation of Cu-induced cell death
mechanisms and inhibition of cancer cell migration.
Cu-VT NPs effectively disrupt the cuproptosis pathway
in MB49 cells by downregulating DLAT, LIAS, FDX1, and
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DLD at both protein and mRNA levels [43]. Additionally,
they inhibit MB49 cell migration, as shown by transwell
and wound healing assays. These findings underscore the
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control, CuCl,, VT, and Cu-VT NPs, shows a higher number of dead
cells (red) in the Cu-VT NPs group compared to live cells (green). E
Quantification of live/dead stained cells. F Flow cytometry analysis
of apoptosis in MB49 cells using Annexin V-FITC/propidium iodide
staining. Data are shown as mean + standard deviation. Statistical sig-
nificance is indicated by ****P <0.0001. Scale bars represent 40 um

therapeutic potential of Cu-VT NPs in targeting BLCA by
modulating cuproptosis-related pathways and restricting
cancer cell motility [44].
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3.6 Transcriptomic analysis of MB49 cells treated
with Cu-VT NPs

A heatmap of differentially expressed genes (DEGs)
between control and Cu-VT-treated MB49 cells is shown
in Fig. 6A, indicating significant changes in gene expres-
sion profiles upon treatment. A volcano plot highlight-
ing upregulated (red) and downregulated (blue) genes is
presented in Fig. 6B; key genes related to the cuproptosis
pathway, such as Atf3 and Mtl, were upregulated; those
associated with cellular stress response, Lias, and Fdx1
were downregulated. Figure 6C presents the Gene Set
Enrichment Analysis results, with the top panel illustrat-
ing enrichment scores for downregulated pathways and the
bottom panel presenting pathways upregulated in Cu-VT
treated cells. The analysis demonstrated significant enrich-
ment in pathways associated with cell differentiation and
immune response regulation, including mononuclear cell
differentiation (GOBP_MONONUCLEAR_CELL_DIF-
FERENTIATION) and response to endogenous stimulus
(GOBP_RESPONSE_TO_ENDOGENOUS_STIMULUS)
in downregulated genes, and chromatin assembly or disas-
sembly (GOBP_CHROMATIN_ASSEMBLY_OR_DIS-
ASSEMBLY) and chromatin remodeling (GOBP_CHRO-
MATIN_REMODELING) in upregulated genes.

The Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analy-
ses for downregulated (Fig. 6D) and upregulated (Fig. 6E)
genes, respectively, were performed. As shown in Fig. 6D,
downregulated genes exhibit significant enrichment in
pathways related to metabolic processes and cellular com-
ponent organization, such as DNA-dependent transcription
repressor activity (GO_DNA_DEPENDENT_TRANSCRIP-
TION_REPRESSOR_ACTIVITY) and transcription coregu-
lator activity (GO_TRANSCRIPTION_COREGULATOR _
ACTIVITY). KEGG pathway analysis further showed key
downregulated pathways that included EGFR tyrosine kinase
inhibitor resistance and ErbB signaling pathway.

The upregulated genes were significantly enriched in
pathways related to immune response and cell death pro-
cesses (Fig. 6E), such as response to oxidative stress (GO_
RESPONSE_TO_OXIDATIVE_STRESS) and growth
factor activity (GO_GROWTH_FACTOR_ACTIVITY).
KEGG pathway analysis revealed key upregulated pathways,
including those involved in systemic lupus erythematosus
and neutrophil extracellular trap formation.

These transcriptomic outcomes revealed the molecular
basis of the effects of Cu-VT NPs in inducing apoptosis and
cuproptosis, disrupting cellular homeostasis, and enhancing
immune response. The marked downregulation of metabolic
pathways and upregulation of immune-related pathways

Fig.6 Transcriptomic analysis of MB49 cells following Cu-VT
NP treatment. A Heatmap displaying differentially expressed genes
(DEGs) between control and Cu-VT treated cells. B Volcano plot pre-
senting upregulated (red) and downregulated (blue) genes. C Gene
Set Enrichment Analysis showcasing downregulated (top) and upreg-

ulated (bottom) pathways. D Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway enrichment analy-
ses for downregulated genes. E GO and KEGG pathway enrichment
analyses for upregulated genes
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align with the proposed mechanism where Cu-VT NPs
induce cell death through caspase-3 activation, GSH deple-
tion, and ROS generation, leading to the subsequent release
of DAMPs and subsequent immune activation. This dual
action, combining direct cytotoxic effects with the stimula-
tion of antitumor immunity, highlights the therapeutic poten-
tial of Cu-VT NPs in BLCA treatment.

3.7 Invivo therapeutic efficacy of Cu-VT NPs

The in vivo efficacy of Cu-VT NPs in a mouse model of
BLCA was evaluated. The experimental design depicted
in Fig. 7A shows that mice were injected via the tail vein
with the different treatments and sacrificed on day 15 for
further analysis. Tumor images (Fig. 7B) and correspond-
ing tumor weights (Fig. 7C) decreased significantly in the
Cu-VT treated group compared to controls, CuCl,, and VT
groups, indicating effective tumor inhibition by Cu-VT NPs.
Changes in body weight over the treatment period were
monitored (Fig. 7D) to assess systemic toxicity. There was
no significant weight loss in any of the treatment groups,
suggesting non-interference of Cu-VT NPs in systemic tox-
icity. Tumor volume progression showed that Cu-VT treat-
ment significantly inhibited tumor growth compared to other
treatments and the control group (Fig. 7E). This is further
supported by individual tumor growth curves (Fig. 7F),
which consistently demonstrated slower tumor growth in
the Cu-VT treated group. Figure 7G presents the quanti-
fied expression of caspase-3 and Ki67, respective markers
of apoptosis and proliferation. The Cu-VT treated group
showed significantly enhanced caspase-3 expression, indica-
tive of enhanced apoptosis, and reduced Ki67 expression,
indicating reduced cell proliferation. Immunohistochemical
staining for caspase-3 and Ki67 visually confirmed these
quantitative results (Fig. 7H), and more apoptotic cells
and fewer proliferating cells were observed in the Cu-VT
treated tumors. Additionally, ROS generation increased in
the Cu-VT treated tumors (Fig. 71). Further, DAPI/ROS
staining exhibited a marked increase in ROS levels in the
Cu-VT group compared to other groups. This finding cor-
roborates the proposed mechanism of action, according to
which Cu-VT NPs induce cytotoxicity through ROS-medi-
ated oxidative stress, causing cell death.

The effect of Cu-VT NPs on apoptosis, cuproptosis, and
immune response modulation in MB49 tumor tissues was
examined. Immunohistochemical staining for TUNEL,
FDX1, and DLAT indicated increased apoptosis and dis-
rupted cuproptosis pathways in the Cu-VT treated group
(Fig. 8A). TUNEL staining revealed DNA fragmentation,
while FDX1 and DLAT are key enzymes involved in the
cuproptosis pathway. The Cu-VT treated group had sig-
nificantly increased TUNEL-positive cells and markedly
decreased FDX1 and DLAT expression. These markers
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were quantified, as shown in Fig. 8B and C, further con-
firming the observed trends. Immunofluorescence staining
for CD206/Arg-1 and CD86/iNOS revealed the repolariza-
tion of TAMs from the M2 to the M1 phenotype, as seen
in Fig. 8D. CD206 and Arg-1 are M2 macrophage mark-
ers, whereas CD86 and iNOS are M1 macrophage mark-
ers. Cu-VT treatment significantly increased the proportion
of M1 macrophages, indicating TAM repolarization. Flow
cytometry confirmed the increase in CD8" T cell activa-
tion and TAM repolarization (Fig. 8E-G). The proportion
of CD3 and CD8 double-positive T cells is presented in
Fig. 8E, the dual staining for CD206 and CD86 is presented
in Fig. 8F, and CD80 expression is presented in Fig. 8G. The
Cu-VT treated group had significantly increased CD8" T
cells and M1 macrophages. Western blot analysis of DLAT,
LIAS, and FDXI1 protein levels further validates the dis-
ruption of the cuproptosis pathway by Cu-VT treatment as
shown in Fig. 8H. DLAT, LIAS, and FDX1 are enzymes
critical to the cuproptosis pathway, and Cu-VT treatment
significantly reduced their expression. The quantification of
protein expression, corroborating the Western blot results
is shown in Fig. 8I. These findings are consistent with the
proposed mechanism which states that Cu-VT NPs induce
apoptosis and cuproptosis through caspase-3 activation,
GSH depletion, and ROS generation. Dying tumor cells
release damage-associated molecular patterns (DAMPs),
promoting the maturation of dendritic cells and activation
of immune response. This leads to TAM repolarization and
enhanced CD8" T cell activation, subsequently amplifying
the antitumor immune response. Specifically, Cu-VT NPs
directly induce cancer cell death as well as enhance antitu-
mor immunity through immunomodulation, demonstrating
significant potential for BLCA therapy.

In a BLCA mouse model, Cu-VT NPs demonstrated
substantial antitumor efficacy by inhibiting tumor growth
without inducing systemic toxicity. The treatment increased
apoptotic markers, such as caspase-3, while reducing pro-
liferation markers like Ki67 [45]. Additionally, Cu-VT NPs
disrupted cuproptosis pathways and promoted immune
modulation by repolarizing TAMs towards the M1 pheno-
type and enhancing CD8" T cell activation. These results
highlight Cu-VT NPs as promising agents for BLCA therapy,
leveraging both direct tumor cell cytotoxicity and immune
response enhancement [46].

3.8 Biosafety of Cu-VT NPs

The biosafety of Cu-VT NPs was assessed through biochem-
ical and histopathological analyses. Biochemical parameters
(Supplementary Fig. 3A) such as TBIL, ALT, AST, BUN,
CR, GLU, RBC, MCH, WBC, MCHC, MCYV, and PLT in the
Cu-VT NPs of the treated group were comparable to those
of control, CuCl2, and VT groups, suggesting no significant
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Fig.7 In vivo efficacy of Cu-VT NPs in the mouse model of blad-
der cancer. A The schematic of the experimental design with tail vein
injection and sacrifice on day 15. B Representative images of tumors
from each treatment group. C Tumor weights across various groups.
D Changes in body weight during the treatment period. E Tumor vol-
ume progression with time. F Tumor growth curves for each group.

toxicity. No noticeable tissue damage in the Cu-VT treated
group was noted upon histopathological examination of
major organs (Supplementary Fig. 3B) including lung, heart,
liver, kidney, and spleen. These findings confirm the excel-
lent biosafety of Cu-VT NPs.

G Quantification of caspase-3 and Ki67 expression. H Immunohis-
tochemical staining of caspase-3 and Ki67 in tumor tissues. I Reac-
tive oxygen species (ROS) production in tumor tissues, demonstrated
by DAPI/ROS staining. Scale bars represent 50 um. Data are shown
as meanz=standard deviation. Statistical significance is marked by
*P<0.05, ¥*P<0.01, ¥**P <0.001, and ****P <0.0001

4 Conclusion
This study demonstrates the significant potential of Cu-VT

nanoparticles (NPs) in the treatment of BLCA, leveraging
insights from single-cell spatial transcriptomics to design
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«Fig. 8 Impact of Cu-VT NPs on apoptosis, cuproptosis, and immune
response in MB49 tumor tissues. A Immunohistochemical stain-
ing for TUNEL, FDX1, and DLAT. B, C Quantification of TUNEL,
FDX1, DLAT, CD206, and CD86 expression. D Immunofluores-
cence staining for CD206/Arg-1 and CD86/iNOS. E-G Flow cytom-
etry analysis of the expression of CD8" T cells, CD206, and CD86.
H Western blot analysis to determine the levels of DLAT, LIAS,
and FDX1 proteins. I Quantitative measurement of protein expres-
sion. Scale bars are set at 50 um. Data are shown as mean + standard
deviation. Statistical significance is denoted by *P <0.05, **P <0.01,
#EP <0.001, ##+*P <0.0001

treatments targeting cuproptosis, a key pathway in cancer
pathogenesis. Cu-VT NPs were found to induce apoptosis
and oxidative stress in cancer cells, concurrently modulating
immune responses within the TME, leading to significantly
inhibited tumor growth and reduction of lung metastasis in a
mouse model. The dual mode of action, through direct can-
cer cell death via GSH depletion and ROS generation, and
enhanced antitumor immunity through enhanced dendritic
cell maturation and CD8" T cell activation, highlights their
therapeutic efficacy. Additionally, the biosafety of Cu-VT
NPs was confirmed, and no significant toxicity was observed
in major organs and biochemical parameters. These findings
suggest that Cu-VT NPs are a novel and effective therapeutic
strategy for BLCA, offering improved treatment outcomes
with reduced side effects, paving the way for future clinical
applications.
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