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Purpose: Current treatment approaches for Prostate cancer (PCa) often come with debilitating side effects and limited therapeutic
outcomes. There is urgent need for an alternative effective and safe treatment for PCa.

Methods: We developed a nanoplatform to target prostate cancer cells based on graphdiyne (GDY) and a copper-based metal-organic
framework (GDY-CuMOF), that carries the chemotherapy drug doxorubicin (DOX) for cancer treatment. Moreover, to provide GDY-
CuMOF@DOX with homotypic targeting capability, we coated the PCa cell membrane (DU145 cell membrane, DCM) onto the
surface of GDY-CuMOF@DOX, thus obtaining a biomimetic nanoplatform (DCM@GDY-CuMOF@DOX). The nanoplatform was
characterized by using transmission electron microscope, atomic force microscope, X-ray diffraction, etc. Drug release behavior,
antitumor effects in vivo and in vitro, and biosafety of the nanoplatform were evaluated.

Results: We found that GDY-CuMOF exhibited a remarkable capability to load DOX mainly through m-conjugation and pore
adsorption, and it responsively released DOX and generated Cu’ in the presence of glutathione (GSH). In vivo experiments
demonstrated that this nanoplatform exhibits remarkable cell-killing efficiency by generating lethal reactive oxygen species (ROS)
and mediating cuproptosis. In addition, DCM@GDY-CuMOF@DOX effectively suppresses tumor growth in vivo without causing any
apparent side effects.

Conclusion: The constructed DCM@GDY-CuMOF@DOX nanoplatform integrates tumor targeting, drug-responsive release and
combination with cuproptosis and chemodynamic therapy, offering insights for further biomedical research on efficient PCa treatment.
Keywords: graphdiyne, biomimetic nanoplatform, cuproptosis, chemotherapy, prostate cancer

Introduction

Prostate cancer (PCa) is caused by one of the most common malignant tumors resulting in high morbidity and mortality
in males." Most patients with PCa are already at an advanced stage of the tumor at the time of diagnosis.” Endocrine
therapy with androgen deprivation is the current standard of care therapy. Although androgen deprivation therapy has
beneficial effects on advanced-stage PCa, this endocrine therapy inevitably promotes the emergence of castration-
resistant prostate cancer (CRPC), which can accelerate the tumor metastasis, render chemotherapy, endocrine therapy,
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or immunotherapy ineffective and ultimately shorten patient survival time.> ® Considering the limitations of the clinical
treatment for PCa, there is urgent need for an alternative effective and safe treatment for PCa.

Copper (Cu) is an essential trace element present in all organisms and plays a crucial role in bioactivity. In biological
systems, Cu is involved in many redox reactions as a cofactor for various enzymes, shifting between two oxidation states
(Cu®" and Cu").” Bioavailable Cu serves as a structural component in many proteins and ligands.® Organisms maintain
the concentration of Cu ions through an inherently sophisticated regulation system ensuring that free Cu ions are usually
less than one atom per cell.” Excessive Cu levels may disrupt homeostatic mechanisms, resulting in severe systemic
toxicity.'” A recent study by Tsvetkov et al has revealed a unique copper-dependent form of nonapoptotic cell death,
which they termed “cuproptosis”.'" Cuproptosis, a novel form of programmed cell death, is characterized by the binding
of excess intracellular copper to lipoylated proteins in tricarboxylic acid (TCA) cycle. This process leads to the
aggregation of lipoylated proteins and loss of iron-sulfur (Fe-S) cluster proteins, ultimately resulting in cell death.
Unlike known cell death pathways, such as apoptosis, necroptosis, pyroptosis, and ferroptosis, cuproptosis depend on the
accumulation of intracellular copper and mitochondrial respiration.'? Given that energy production in aggressive PCa
cells is primarily through the TCA cycle,'® we expected that the programmed cell death induced by cuproptosis, which
interferes with the TCA cycle, may provide some insights for PCa treatment.

Inspired by the unique mechanism of cuproptosis, the rational design of efficacious tumor therapeutic strategies based
on cuproptosis has attracted growing attention. However, the concentration of Cu ions in tumor cells is too low to achieve
this therapeutic strategy.'* Moreover, it may cause severe toxicity through the non-selective accumulation of copper in
normal regions owing to the untargeted property of copper delivery.'” Hence, to avoid excessive generation of free
copper ions in the circulation, it is essential to develop a cuproptosis-based therapy to spatiotemporally confine copper
jons within tumor cells.'® In recent years, a novel two-dimensional (2D) all-carbon material, graphdiyne (GDY), with
a conjugated network of sp>-hybridized carbon atoms from benzene rings and sp-hybridized carbon atoms from acetylene
units was proposed as a target support for anchoring and immobilizing metal molecules.'” 2! Compared with the
traditional sp*-hybridized carbon materials, the 2D morphological structure of GDY possesses numerous macropores,
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high m-conjugation, and an excellent specific surface, making it more suitable for constructing an efficient metallic
molecular delivery system.

Doxorubicin (DOX) is the most commonly used anthracycline for cancer chemotherapy. DOX can generate a large
amount of H,0,, which can be converted into lethal reactive oxygen species (ROS) through a Fenton-like reaction,
involving a valence shift from Cu* to Cu®". This process results in efficient chemodynamic therapy.”>2® Considering that
the toxicity associated with cuproptosis is mainly linked to Cu’, the combination of cuproptosis-based therapy and
enhanced chemodynamic therapy involving DOX is expected to hold potential for PCa treatment. Along these lines, we
tailored the GDY substrate with a copper-based metal-organic framework (GDY-CuMOF), featuring a coordinated
network formed by inorganic copper ions connected to organic 1.4-benzenedicarboxylate (H,BDC) nodes immobilized
onto the GDY surface, and loaded DOX onto the copper-containing nanomaterial (GDY-CuMOF@DOX). Furthermore,
to provide GDY-CuMOF@DOX with homotypic targeting capability, we coated the PCa cell membrane (DU145 cell
membrane, DCM) onto the surface of GDY-CuMOF@DOX, thus obtaining a biomimetic nanoplatform (DCM@GDY-
CuMOF@DOX). Surprisingly, we found that GDY-CuMOF exhibited a remarkable capability to load DOX mainly
through m-conjugation and pore adsorption, and it responsively released DOX and generated Cu" in the presence of
glutathione (GSH). In vivo experiments demonstrated that DCM@GDY-CuMOF@DOX efficiently accumulated in PCa
cells, benefiting from homologous cells camouflage, and inducing a high level of intracellular ROS production. A more
in-depth investigation of the antitumor mechanism of DCM@GDY-CuMOF@DOX revealed that this Cu-containing
nanoplatform killed PCa cells by inducing ROS and mediating cuproptosis. In vivo experiments confirmed the anticancer
efficacy of DCM@GDY-CuMOF@DOX. In summary, DCM@GDY-CuMOF@DOX can serve as a selective, effective,
and safe therapeutic nanomaterial for PCa treatment.

Materials and Methods

Materials

Tetrahydrofuran (THF), anhydrous sodium sulfate (Na,SO,), N,N-Dimethylformamide (DMF), copper nitrate trihydrate
(Cu(NOs),'3H,0), and p-phthalic acid (H,BDC) were procured from Aladdin (Shanghai, China). Tetrabutylammonium
fluoride (TBAF) was purchased from Beijing InnoChem Science and Technology Co., Ltd. Polyvinylpyrrolidone (PVP)
and doxorubicin hydrochloride (DOX) were procured from Shanghai Yuanye Biotechnology Co., Ltd. Roswell Park
Memorial Institute (RPMI) 1640 medium, fetal bovine serum (FBS), penicillin-streptomycin and phosphate-buffered
saline (PBS) were purchased from Gibco (USA). The cell counting Kit-8 (CCK-8) was obtained from Meilunbio (Dalian,
China). The ROS assay kit was procured from Beyotime Biotechnology (Shanghai, China). Unless otherwise stated, all
the solvents and chemicals were purchased commercially and used without further purification.

Synthesis of GDY
GDY was synthesized following a previously published report.”” In brief, the hexakis[(trimethylsilyl) ethynyl]-benzene
monomer (HEB-TMS) and TBAF were combined in THF, and the mixture was stirred at 0 °C for 10 min. The resulting
solution was then diluted with ethyl acetate, and washed with brine and dried over anhydrous Na,SO,. Subsequently, the
solvent was removed under vacuum to yield the deprotected hexaethynylbenzene (HEB) monomer.

The reactants were further diluted with pyridine and slowly introduced to a Cu foil in pyridine solution under
a nitrogen atmosphere at 110 °C for 72 h. Cu foils loaded with GDY were dissolved in hot acetone and hot DMF
followed by sonication for 1 h. The resulting black solid was refluxed overnight at 80 °C in a 2 M sodium hydroxide
solution, 2 M hydrochloric acid solution and another 2 M sodium hydroxide solution, respectively. Subsequently, the
product was washed multiple times with ultrapure water and acetone, and collected via centrifugation, and dried to obtain
pure GDY nanosheets.

Synthesis of GDY-CuMOF

First, 5 mg of GDY nanosheets and 52 mg of Cu(NO3),-3H,0 were dissolved in an aqueous solution. Cu(NO3), was then
loaded onto the surface of the GDY nanosheets under negative vacuum pressure to prepare GDY @Cu. Subsequently,
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6 mg of PVP and GDY@Cu and 17 mg of H,BDC were dissolved in 8 mL of DMF. The solution was stirred at room
temperature for 20 min, transferred to a Teflon-lined stainless-steel autoclave and heated at 120 °C for 8 h to obtain GDY-
CuMOF.

In vitro DOX Loading and Release

DOX and GDY-CuMOF were mixed in PBS (pH 7.4) at various feeding ratios (0.25, 0.5, 1, 2, 4), and stirred overnight at
room temperature shielded from light. Subsequently, the DOX-loaded GDY-CuMOF (GDY-CuMOF@DOX) was
gathered by centrifugation and washed three times with ultrapure water. The DOX loading content and entrapment
efficiency of GDY-CuMOF@DOX were calculated using the following formulas: loading content = (weight of DOX
loaded in GDY-CuMOF@DOX) / (weight of GDY-CuMOF@DOX), entrapment efficiency = (weight of DOX loaded in
GDY-CuMOF@DOX) / (original weight of DOX).

For GSH-triggered DOX release, GDY-CuMOF@DOX was dissolved in PBS with or without GSH (10 mM) at two
different pH levels (5.0 or 7.4) and stirred at 37 °C in the dark. The appropriate amount of supernatant was collected by
centrifuging the solution at different time point. Subsequently, the concentration of DOX released into the supernatant
was determined by using UV-Vis spectrometry (Shimadzu UV2600).

Extraction of DU145 Cell Membrane

DU145 cells were cultured in RPMI 1640 medium with 10% FBS and 1% penicillin-streptomycin. They were incubated
in an incubator containing 5% carbon dioxide (CO,) at 37 °C. The cells were harvested by scraping and centrifugation at
1200 rpm. Subsequently, the cells were washed three times with PBS (pH 7.4, 4 °C) and treated with a membrane
extraction reagent containing 1 mM phenylmethylsulfonyl fluoride (PMSF). This mixture was placed in an ice bath for
15 min and then centrifuged at 3000 rpm for 10 min. DU145 cell membrane (DCM) was collected by centrifuging the
supernatant at 14,000 rpm at 4°C and stored at —80 °C for further use.

Synthesis of DCM@GDY-CuMOF@DOX

The GDY-CuMOF@DOX solution (1 mL, 0.5 mg/mL) was introduced into a DCM solution (1 mL, 0.5 mg/mL), and
ultrasonicated for 15 min to coat of the DCM. The combined solution was subsequently centrifuged at 10,000 rpm for 10
min and washed three times with ultrapure water to eliminate the free membrane. Finally, the resulting DCM@GDY-
CuMOF@DOX was resuspended in PBS.

Characterization of nanomaterials

The morphological structures of GDY, GDY-CuMOF, and DCM@GDY-CuMOF@DOX were obtained using
a transmission electron microscope (TEM, Talos). The phases of GDY, CuMOF, and GDY-CuMOF were analyzed by
X-ray diffraction (XRD, Empyrean). The elemental mapping of GDY-CuMOF was obtained using a high-resolution
TEM (HRTEM, Talos). The surface features and heights of the nanomaterials were recorded using atomic force
microscopy (AFM, Bruker). The elemental compositions and valences of the nanomaterials were determined using
X-ray photoelectron spectroscopy (XPS, ThermoFisher). The size and zeta potentials of GDY, GDY-CuMOF, GDY-
CuMOF@DOX, and DCM@GDY-CuMOF@DOX were confirmed using a Nano Zetasizer instrument (Malvern
Instruments Ltd.). The determination of the structural integrity and elemental copper composition of GDY-CuMOF
after the reaction with GSH involved treating GDY-CuMOF with 10 mM GSH for 1 h. The residue was gathered by
centrifugation and washed several times with ultrapure water. The height of surface features and copper composition of

the residue were determined by AFM and XPS, respectively.
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Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) Protein

Analysis of Nanomaterials

GDY-CuMOF@DOX and DCM@GDY-CuMOF@DOX, and DU145 cell membrane were dissolved in SDS sample
buffer. The samples were heated to 100 °C for 3 minutes. Then, 20 uL of sample was loaded into each well which
contained 10% SDS polyacrylamide gel. Finally, the gel was stained with Coomassie blue.

Cell Culture

DU145 cells and PC3 cells were obtained from the American Type Culture Collection. The cells were cultured in RPMI
1640 medium containing 10% FBS and 1% penicillin-streptomycin at 37 °C under 5% CO,.

CCK-8 Assay

The effect of various nanomaterials on cell viability was evaluated using the CCK-8 assay. DU145 cells or PC3 cells
were seeded in 96-well plate at a density of 1x10° cells/well and cultured for 24 h before the experiment. Subsequently,
they were treated with various nanomaterials for 24 h and 48 h. The CCK-8 assay was carried out following to the
manufacturer’s instructions.

Live Cell Staining

DU145 cells were seeded in 6-well plates at a density of 3x10° cells/well. The cells were treated with PBS, GDY-
CuMOF@DOX (10pug/mL), or DCM@GDY-CuMOF@DOX (20 pg/mL) for 24 h. Following the incubation period, the
cells were washed with PBS, stained with calcein AM (2 pM) for 30 min. The images were obtained using an inverted
fluorescence microscope (Olympus, Japan).

Clonogenic Assay

DU145 cells were seeded in 6-well plate at a density of 3x10° cells/well. The cells were treated with PBS, GDY-
CuMOF@DOX (5 pg/mL), or DCM@GDY-CuMOF@DOX (5 pg/mL) for 24 h. Subsequently, the cells were incubated
for 14 days, with the medium being refreshed every 2 days. Following the incubation period, the DU145 cells were
gently rinsed three times with PBS, fixed with methanol for 20 min, and stained with crystal violet for 20 min. The
numbers of clonogenic cells were determined using an optical microscope (Olympus Optical, Tokyo, Japan).

Wound-Healing Assay

Cell migration was assessed using a wound-healing assay. DU145 cells were seeded into 6-well plates. When the cell
confluence reached approximately 80% on the plates, straight scratches were created using sterile tips. The, the medium
was subsequently replaced with a serum-free medium containing PBS, GDY-CuMOF@DOX (5 pg/mL), or
DCM@GDY-CuMOF@DOX (5 pg/mL) for 24 h. The scratched cultures was observed under a microscope.

Transwell Assay

Transwell assays were conducted to assess cell invasion. DU145 cells were cultured in serum-free medium for 10 h and
placed into upper compartment of a chamber (Corning, USA). In the upper compartment, 200 pL of serum-free medium
containing PBS, 5 pg/mL GDY-CuMOF@DOX, or DCM@GDY-CuMOF@DOX was added, while the lower compart-
ment received complete medium. Subsequently, the cells were cultured in an atmosphere with 5% CO, at 37 °C for 24
h. Following incubation, the cells remaining in the upper compartment were removed, and the remaining cells were
treated with 4% paraformaldehyde, and then crystal violet in sequence. Images were captured using an optical
microscope.

Cellular Uptake
The cellular uptake of nanomaterials was assessed by detecting of DOX fluorescence. DU145 cells were cultured in
confocal dishes. Once the cells had reached a stable state of growth, they were treated with free DOX, GDY-
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CuMOF@DOX, or DCM@GDY-CuMOF@DOX with DOX at a concentration of 10 pg/mL and GDY-CuMOF@DOX
and DCM@GDY-CuMOF@DOX at a concentration of 20 pg/mL for 8 h. Subsequently, the cells were rinsed three times
with PBS, fixed with 4% paraformaldehyde for 1 h, and then rinsed again with PBS. DOX fluorescence was detected
using the LSCM. For flow cytometry, DU145 cells were seeded in 6-well plates at a density of 5x10° cells/well. After 24
h of incubation, they were treated with free DOX, GDY-CuMOF@DOX, or DCM@GDY-CuMOF@DOX (equivalent
DOX concentration of 10 pg/mL) for 8 h. Subsequently, the cells were rinsed three times with PBS and harvested. The
DOX fluorescence in DU145 cells was determined using flow cytometry (Agilent, USA).

Cellular ROS Measurement

ROS generation in the DU145 cells was assessed using dichloro-dihydro-fluorescein diacetate (DCFH-DA) probe.
DU145 cells were seeded in confocal dishes and incubated with PBS, free DOX, GDY-CuMOF@DOX, or
DCM@GDY-CuMOF@DOX (DOX at 10 pg/mL, GDY-CuMOF@DOX and DCM@GDY-CuMOF@DOX at 20 pg/
mL) for 24 h. Subsequently, the cells were washed with three times with PBS. Following this, the cells were treated with
the fluorescent ROS probe DCFH-DA for 30 min at 37 °C. DCFH-DA fluorescence was obtained using a laser scanning
confocal microscope (LSCM; Leica, Germany). In addition, DU145 were seeded in 6-well plates at a density of 3x10°
cells/well and treated with PBS, GDY-CuMOF@DOX (10 pg/mL), or DCM@GDY-CuMOF@DOX (10 pg/mL) for 24
h. The ROS probe in cells was determined using flow cytometry.

Western Blot Assay

DU145 cells were seeded into 6-well plates. When the cell confluence reached approximately 80%, the cells were treated
with PBS, GDY-CuMOF@DOX, or DCM@GDY-CuMOF@DOX at a concentration of 20 ug/mL for 24 h. Total
proteins in the cells were harvested, and the expression levels of apoptosis-related proteins and cuproptosis-related
proteins were assessed by a Western blot assay.

In vivo Antitumor Efficacy of DCM@GDY-CuMOF@DOX

Male BALB/c nude mice were procured from the Guangdong Medical Laboratory Animal Center for the assessment of
in vivo antitumor effects. The animal experiments were performed at Guangzhou Huateng Biomedical Technology Co.,
Ltd. All the animal procedures were approved by the Institutional Animal Care and Use Committee of Guangzhou
Huateng Biomedical Technology Co., Ltd and complied with the guidelines for the ethical review of laboratory animal
welfare People’s Republic of China National Standard GB/T 35892-2018. Approximately 1.0x10° DU145 cells were
injected subcutaneously into BALB/c nude mice to establish a subcutaneous xenograft tumor model. Once the tumor
volume reached 60-100 mm®, all mice were randomly divided into four groups (n = 4), and received intravenous
administrations as follows: 100 pL PBS (as control group); DOX (5 mg/kg, as positive group); GDY-CuMOF@DOX
(5 mg/kg); or DCM@GDY-CuMOF@DOX (5 mg/kg) every 2 days. Different samples were injected on days 0, 3, 6, 9,
and 12, totaling five injections, and the mice were observed for one week after the final injection. Tumor volume, which
was calculated as length x (width)? /2 (mm®), and tumor weight, and mouse body weight were recorded during the
treatment. After the treatment period, all mice were euthanized by cervical dislocation, and tumors, along with major
organs, including the heart, liver, spleen, lungs and kidney, were collected. Inductively coupled plasma mass spectro-
metry (ICP-MS) was conducted to detect the copper content in the tumor tissues and major organs. Hematoxylin and
eosin (H&E) staining and immunohistochemical analysis of tumors was conducted to investigate the therapeutic effects
of the nanoplatform. H&E staining of major organ tissues and analysis of the serum biochemical indicators were
conducted to assess the biosafety of the nanoplatform.

Hemolysis Experiment

The hemolysis effect of DCM@GDY-CuMOF@DOX was evaluated using mice red blood cell suspension as previously
reported.”® Briefly, equal volumes of DCM@GDY-CuMOF@DOX suspensions were added to saline-diluted red blood
cell suspension. The DCM@GDY-CuMOF@DOX concentrations were 50, 100, and 200 pg/mL, respectively. The saline
was used as the negative control group and distilled water was used as the positive control group. The concentration of
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the red blood cell suspension was 2.5% for all samples. All samples were incubated at 37 °C for 1.5 h. Then, the
supernatant was collected and the absorbance of the supernatant at 540 nm was determined (n=5). The hemolysis ratio of
DCM@GDY-CuMOF@DOX was calculated using the following formula: The hemolysis ratio = (the absorbance of the

DCM@GDY-CuMOF@DOX group - The absorbance of the negative group) / (the absorbance of the positive group -
The absorbance of the negative group) x 100%.

Statistical Analysis
Statistical analyses were conducted using GraphPad Prism software. The results were presented as the mean + standard

deviation (SD). Statistical analysis included one-way ANOVA and an independent sample #-test. Statistically significant
differences were defined at P < 0.05.

Results and Discussion
Synthesis and Characterization of DCM@GDY-CuMOF@DOX

Initially, GDY with an average lateral dimension approximately 198 nm, were synthesized as the substrates (Figure 1A).
The AFM image confirmed that the GDY exhibited a typical sheet-like morphological structure with an average height of
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Figure | Characterization of GDY-CuMOF (A) TEM image of GDY. (B) TEM image of GDY-CuMOF. (C) XRD analysis of GDY-CuMOF. (D) Elemental mapping of GDY-
CuMOF. (E) AFM image of GDY-CuMOF. (F) Height of GDY-CuMOF obtained from AFM. (G) XPS spectrum of GDY-CuMOF.
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approximately 3.88 nm (Figure S1 and S2). XPS analysis indicated that carbon was the sole element present in GDY,
with a binding energy of the C 1s orbital measured at 284.1 eV (Figure S3). Furthermore shown in the high-resolution
asymmetric C 1s XPS of GDY displayed four characteristic subpeaks corresponding to C=C (sp?) at 284.4 eV, C=C (sp)
at 284.9 eV, C-O at 286.2 eV, and C=0 at 288.7 eV, respectively (Figure S4). This confirmed the presence of that
carbon—carbon triple bonds within GDY.

Copper was linked to the GDY through cation-m interactions and electrostatic interactions. Subsequently, CuMOF
was incorporated into GDY by the introduction of organic H,BDC ligands, resulting in GDY-CuMOF. A representative
TEM image revealed that GDY-CuMOF maintained the same irregular morphology as GDY (Figure 1B). The XRD
pattern of GDY-CuMOF exhibited several peaks that aligned well with those of CuMOF (Figure 1C), confirming the
presence of CuMOF within the GDY structure. HRTEM-EDS was utilized to further verify the elemental composition of
the GDY-CuMOF. As depicted in Figure 1D, the elemental mapping results validated the composition of GDY-CuMOF
and indicated the uniform distribution of the element Cu and O in the GDY substrate. Additionally, EDS revealed that the
weight percentage of element Cu loaded on the GDY-CuMOF nanomaterials was approximately 28.12%. AFM
confirmed that the growth of CuMOF increased the height of GDY nanosheets from approximately 3.88 nm to
a maximum of about 80 nm (Figures 1E and F), indicating a structural transition from two dimensions for GDY to
three dimensions for GDY-CuMOF. These results strongly support the successful synthesis of GDY-CuMOF.
Furthermore, the elemental composition of Cu immobilized on GDY-CuMOF was analyzed using XPS. As shown in
Figure 1G, the characteristic peaks of Cu 2p3/2 and Cu 2p1/2 with binding energies (BEs) at 932.0 and 952.3 eV were
observed in the Cu XPS spectrum, and the satellite peak at 942.8 eV, positioned between the two characteristic peaks,
was attributed to Cu®" in the paramagnetic chemical state.”*>° This result indicates the presence of Cu with a valence
state of +2 in GDY-CuMOF.

Based on this foundation, GDY-CuMOF was further loaded with DOX (GDY-CuMOF@DOX). The UV—-Vis—NIR
spectra of GDY-CuMOF@DOX was recorded. The primary absorption peak of DOX centred at 480-490 nm, and the
GDY-CuMOF@DOX sample displayed red-shifted characteristic absorption peaks, demonstrating successful loading of
DOX onto the nanomaterials (Figure 2A). Subsequently, we prepared cancer cell membranes from DUI145 cells,
following a previous study”' and coated them onto the surface of GDY-CuMOF@DOX through ultrasonication to obtain
the biomimetic camouflage DCM@GDY-CuMOF@DOX. A TEM image provided visual evidence that GDY-
CuMOF@DOX was enveloped by a layer of membrane, confirming the successfully coating DU145 cell membrane
onto the GDY-CuMOF@DOX surface (Figure 2B). The zeta potentials and particle size distributions of the various
samples were investigated. As depicted in Figure 2C, the negative zeta potential of the GDY substrate was reduced from
—27.8 mV to —6.14 mV after immobilization of CuMOF. The zeta potential of naked GDY-CuMOF@DOX changed from
+17.0 mV to —11.4 mV after coating with DU145 cell membrane, revealing the shielding effect of the positive GDY-
CuMOF@DOX by the more negative outer cancer cell membrane surface. Furthermore, the camouflage with the cell
membrane also resulted in an increase in the average hydrated particle size of GDY-CuMOF@DOX from 244.0 nm to
280.5 nm (Figure 2D). Additionally, we performed sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was conducted to confirm whether the surface proteins of the DU145 cell membrane were retained on the GDY-
CuMOF@DOX. As illustrated in Figure S5, DCM@GDY-CuMOF@DOX exhibited the same protein profile as that of
the DU145 cell membrane, indicating that the retention of cell membrane proteins on GDY-CuMOF@DOX.

In vitro Drug Loading and Release

GDY is considered an ideal delivery vehicle for DOX aromatic anthracyclines because of its unique macroporous
structure and high n-conjugation.>** Therefore, we speculated that GDY-CuMOF is also capable of effectively loading
DOX. Surprisingly, even at a 4:1 feeding ratio of DOX to GDY-CuMOF, we achieved a loading content as high as 77.6%
and 97% entrapment efficiency for DOX, exceeded those previously reported for GDY vehicle with a 38% loading
content (Figures 3A-B).*> The excellent drug-loading capacity of GDY-CuMOF may be attributed to its coordinated
three-dimensional structure, providing a higher surface area and a more porous structure. Unless otherwise stated, we
used a 1:1 feeding ratio of DOX/GDY-CuMOF for subsequent experiments.
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Figure 2 Characterization of DCM@GDY-CuMOF@DOX. (A) UV-Vis-NIR spectrum of DOX, GDY-CuMOF and GDY-CuMOF@DOX. (B) TEM image of DCM@GDY-
CuMOF@DOX. (C) Zeta potentials of GDY, GDY-CuMOF, GDY-CuMOF@DOX, and DCM@GDY-CuMOF@DOX. (D) Size distributions of GDY, GDY-CuMOF, GDY-
CuMOF@DOX, and DCM@GDY-CuMOF@DOX.

GSH is an endogenous antioxidant derived from a unique oxidative stress defense system evolved by tumor cells to
circumvent the damage caused by over-expressed ROS.** Therefore, the intracellular concentration of GSH in tumor cells
(up to 10 mM) is significantly higher than that in normal cells (approximately 2 to 4 times higher). It has been reported that
copper-based organic frameworks disintegrate due to the reduction of copper from the oxidized state (Cu®") to the redox state
(Cu") by GSH.****° Therefore, we speculate that GDY-CuMOF@DOX also could decompose in the presence of GSH, and
eventually release DOX. To confirm the potential of GDY-CuMOF@DOX to release DOX, AFM was performed to
determine the structural integrity of the GDY-CuMOF after GSH treatment. As shown in Figure 3C and D, the average
height of GDY-CuMOF was decreased to approximately 1.5 nm in the presence of GSH, which corresponds to that of GDY
substrates, revealing the disintegration of CuMOF. Subsequently, XPS was performed to determine the valence state of Cu in
GDY-CuMOF after the reaction with GSH. As illustrated in Figure 3E, the binding energies of Cu 2p3/2 and Cu 2p1/2 peaks
shifted slightly from 932.0 eV and 952.3 eV to 931.6 eV and 951.5 eV, respectively. Moreover, the disappearance of the
satellite peak at 942.8 eV revealed that the valence state of copper was reduced from +2 to +1 by GSH. Based on the AFM
and XPS results, the DOX-releasing behavior was investigated at pH 5.0 and 7.4, in the presence or absence of GSH. As
shown in Figure 3F, 58.9% and 66.4% of DOX was released in the presence of GSH after 24 h at pH 5.0, and 7.4,
respectively, whereas only 11.7% to 14.8% were released in the absence of GSH. These results strongly suggest that GDY-
CuMOF@DOX can disintegrate upon GSH-triggering, and correspondingly generate Cu" and release DOX. In this study, the
DOX-releasing behavior of DCM@GDY-CuMOF@DOX was investigated. As illustrated in Figure S6, the DOX release
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Figure 3 (A) Loading content and (B) entrapment efficiency of GDY-CuMOF@DOX at different initial DOX/GDY-CuMOF feeding ratios. (C) AFM image and (D) height of
GDY-CuMOF after GSH treatment. (E) XPS spectrum of GDY-CuMOF after GSH treatment. (F) DOX released from GDY-CuMOF@DOX at pH 5.0, and 7.4, in present of
GSH or not.

efficiencies of DCM@GDY-CuMOF@DOX at pH 5.0, and 7.4, were 57.8% and 61.3%, respectively, in the presence of
GSH, while only 9.1% and 7.7% of that was achieved in the absence of GSH. These results confirm that the cancer cell
membrane modification did not significantly affect the DOX-releasing behavior of GDY-CuMOF@DOX.

Evaluation of in vitro Antitumor Activity

The biocompatibility of GDY as a substrate and the antitumor activity of DCM@GDY-CuMOF@DOX were assessed
using the CCK-8 assay. As shown in Figure S7, DU145 cells maintained more than 70% viability even after being treated
with GDY at 160 pg/mL for 24 h or 48 h. This demonstrates the excellent biocompatibility of GDY as a substrate. In
contrast, after 24h treatment, the viability of DU145 cells decreased significantly with increasing concentrations of free
DOX, GDY-CuMOF@DOX, and DCM@GDY-CuMOF@DOX, ranging from 1.25 pg/mL to 20 pg/mL, indicating the
outstanding antitumor activity of the all three (Figure 4A). Moreover, it can be observed that the antitumour activity of all
three was further enhanced by extending the incubation time (Figure 4B). In general, drug delivery vehicles are taken up
by cells through endocytosis, with a portion of the drug being gradually released within the cell over time, whereas free
drugs can penetrate directly into the cells through passive diffusion. Thus, free DOX generally exhibits a more
pronounced antitumor efficacy in vitro. Additionally, the incomplete release of DOX from DCM@GDY-
CuMOF@DOX contributed to the higher antitumor efficacy of free DOX compared to DCM@GDY-CuMOF@DOX.
Positively charged nanoparticles typically exhibited poor plasma stability, and rapid clearance from blood circulation, and
can induce more severe cytotoxicity than negatively charged variants of similar sizes.>” Therefore, GDY-CuMOF@DOX
without modifications showed a considerably lower antitumor efficiency than DCM@GDY-CuMOF@DOX at all doses.
After DCM@GDY-CuMOF@DOX treatment for 24 h and 48 h, even at low concentrations of 20 pg/mL, 60.5% and
85.7% of the DU145 cells were killed, demonstrating the excellent antitumor activity of DCM@GDY-CuMOF@DOX.
Furthermore, GDY-CuMOF exhibited negligible cytotoxicity. The inhibitory effect of DCM@GDY-CuMOF@DOX on
PC3 cells was also investigated using the CCK-8 assay. After treatment with DCM@GDY-CuMOF@DOX for 24 h and
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48 h, PC3 cells at a concentration of 20 pg/mL maintained 78.9% and 59.6% viability, respectively (Figure S8).
Interestingly, in contrast to DU145 cells, the inhibitory effect of DCM@GDY-CuMOF@DOX on PC3 cells was mainly
enhanced by prolonging the treatment time rather than by increasing the concentration. Such a result may be due to the
different uptake efficiency of the nanoplatforms by the heterologous cells.

Subsequently, live cell staining was performed to evaluate antitumor effect of GDY-CuMOF@DOX and
DCM@GDY-CuMOF@DOX. As shown in Figure 4C, the strong green fluorescence can be clearly observed in the
untreated cells. In contrast, both GDY-CuMOF@DOX- and DCM@GDY-CuMOF@DOX-treated cells showed a clear
decrease in green fluorescence, while the cells treated with DCM@GDY-CuMOF@DOX showed the most significant
decrease in fluorescence, indicating the excellent effect of DCM@GDY-CuMOF@DOX to induce cell death. Next,
a clonogenic assay was conducted to investigate the effects of GDY-CuMOF@DOX and DCM@GDY-CuMOF@DOX
on the replication capacity of DU145 cells. As shown in Figure 4D and Figure S9, it was challenging to detect colonies in
the samples after DCM@GDY-CuMOF@DOX treatment. This indicates that DCM@GDY-CuMOF@DOX was more
effective than GDY-CuMOF@DOX in suppressing the proliferative capacity of PCa cells. Similarly, wound healing
assay and transwell invasion assays further validated that the migratory and invasive ability of DU145 cells were
significantly inhibited by DCM@GDY-CuMOF@DOX (Figures 4E-H). Furthermore, it can be observed that the
inhibitory effect of GDY-CuMOF@DOX was enhanced after the cancer cell membrane modification, which is in good
agreement with the clonogenic assay results.

Because DOX possesses fluorescent properties, it can be serve as a probe for tracking the intracellular localization of
nanomaterials. To gain insights into the enhanced antitumor activity of DCM@GDY-CuMOF@DOX in comparison to
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that of GDY-CuMOF@DOX, the presence of DOX in DU145 cells treated with free DOX, GDY-CuMOF@DOX, or
DCM@GDY-CuMOF@DOX was visualized using a LSCM. As depicted in Figures 41-J, it is evident that the cells
treated with GDY-CuMOF@DOX exhibited a weaker red fluorescence signal compared to free DOX. In contrast,
DCM@GDY-CuMOF@DOX significantly increased the intracellular fluorescence intensity, indicating that the DU145
cell membrane coating promoted the uptake of the nanoplatform by DU145 cells. Moreover, flow cytometry was used to
quantify the DOX fluorescence in DU145 cells after treatment with PBS, Free DOX, GDY-CuMOF@DOX, or
DCM@GDY-CuMOF@DOX. As shown in Figure S10, free DOX-treated cells showed the strongest fluorescence
intensity because DOX can penetrate directly into the cells by passive diffusion. Compared to GDY-CuMOF@DOX
group, DCM@GDY-CuMOF@DOX group showed enhanced fluorescence intensity. This indicates that DCM@GDY-
CuMOF@DOX can be taken up more efficiently by DU145 cells. It has been reported that adhesion molecules (eg
adhesion proteins and integrins) on the surface of cancer cell membranes can confer homologous recognition and homing
properties to nanomaterials.*®* *° This result confirms that the improved antitumor effect of the nanomaterials can be
attributed to the homotypic targeting ability of DCM@GDY-CuMOF@DOX.

Antitumor Mechanism of DCM@GDY-CuMOF@DOX

As expected, DCM@GDY-CuMOF@DOX exhibited superior antitumor activity against DU145 cells. To further
elucidate the specific antitumor mechanism of DCM@GDY-CuMOF@DOX, we measured endocellular ROS levels in
DU145 cells treated with different samples using a ROS probe, DCFH-DA. As shown in Figures 5A-B, an intense green
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Figure 5 Antitumor mechanism of DCM@GDY-CuMOF@DOX. (A) Fluorescence images of DU145 cells treated with free DOX, GDY-CuMOF@DOX, and DCM@GDY-
CuMOF@DOX (equivalent DOX concentration of 10 pg/mL). The green fluorescence indicates intracellular ROS. (B) The average fluorescence intensity quantified from
Figure 5A. The label *** indicates p < 0.001 compared with the control group, and the label # indicates p < 0.05 compared with the GDY-CuMOF@DOX group. (C) The
flow cytometry quantitative analysis of ROS level of DU145 cells after 24 h treatment with PBS, GDY-CuMOF@DOX (20 pg/mL), and DCM@GDY-CuMOF@DOX (20 pg/
mL). (D) The expression level of cleaved PARP, cleaved Caspase-3 protein of DU145 cells treated with GDY-CuMOF@DOX or DCM@GDY-CuMOF@DOX at 20 pg/mL
for 24 h. (E) The expression level of FDXI protein of DU145 cells treated with GDY-CuMOF@DOX or DCM@GDY-CuMOF@DOX at 20 pg/mL for 24 h.
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fluorescence signal was observed in the free DOX group, demonstrating that DOX induced a large amount of ROS
(H,05,) in the cells. It has been reported that DOX is a potent pro-oxidant, which can elevate the H,O, level in tumor
cells. Mechanistically, DOX first undergoes conversion to semiquinone, which in turn reduces oxygen to superoxide and
generates H,0,.*' A slightly weaker green fluorescence signal than that of the free DOX group can be observed in the
cells treated with GDY-CuMOF@DOX. GDY-CuMOF@DOX was shown to disintegrate in the presence of GSH,
resulting in the production of reductive Cu" and the release of DOX. Thus, in our study, when DU145 cells were treated
with GDY-CuMOF@DOX, DOX was first released from GDY-CuMOF@DOX by GSH, triggering an increase in the
concentration of intracellular H,O,, which was subsequently converted to more toxic ROS (-OH) catalyzed by Cu" ions
via a Fenton-like reaction. Notably, the DCM@GDY-CuMOF@DOX group showed a stronger fluorescence signal than
the GDY-CuMOF@DOX group, confirming the higher ROS production efficiency of the DCM@GDY-CuMOF@DOX
group. Moreover, flow cytometry also suggested that DCM@GDY-CuMOF@DOX induced more pronounced ROS
production than GDY-CuMOF@DOX (Figure 5C). These results were attributed to the fact that the coating of cancer cell
membranes promoted the uptake of GDY-CuMOF@DOX by homotypic cells.

Next, the apoptotic pathways triggered by GDY-CuMOF@DOX and/or DCM@GDY-CuMOF@DOX were investi-
gated through Western blotting. As illustrated in Figure 5D, the expression levels of cleaved poly(ADP-ribose) poly-
merase (PARP), and cleaved Caspase-3 protein were increased significantly in DU145 cells after treatment with GDY-
CuMOF@DOX or DCM@GDY-CuMOF@DOX. It has been reported that ROS induces apoptosis by causing oxidative
DNA damage and mitochondrial dysfunction and further activating PARP cleavage and Caspase cascade.*? These results
strongly suggested that apoptosis triggered by GDY-CuMOF@DOX or DCM@GDY-CuMOF@DOX is associated with
excessive ROS generation. Additionally, since cell death induced by cuproptosis involves the destruction of specific
metabolic enzymes in the mitochondria, we also investigated the expression of related protein in DU145 cells. Incubation
with either GDY-CuMOF@DOX or DCM@GDY-CuMOF@DOX remarkably increased the expression of Ferredoxinl
(FDX1) in DU145 cells (Figure SE and Figure S11). FDX1 is reportedly a key regulator of protein lipoylation in the
mitochondria, and is responsible for reducing Cu®" to its more lethal form, Cu”. This result indicates that these copper-
containing nanomaterials also induced cell death through cuproptosis.

In vivo Antitumor Therapy

Encouraged by the results of the in vitro experiments, we proceeded to evaluate the in vivo antitumor activity of
DCM@GDY-CuMOF@DOX in BALB/c nude mice bearing DU145 tumors. The mice were randomly divided into four
groups, each consisting of four mice, and were intravenously injected five times at days 0, 3, 6, 9, and 12 with different
substances: PBS (negative control), DOX (5 mg/kg, positive control), GDY-CuMOF@DOX (5 mg/kg), DCM@GDY-
CuMOF@DOX (5 mg/kg). As depicted in Figure 6A, rapid tumor growth was observed in the mice treated with
intravenous PBS and GDY-CuMOF@DOX. As expected, DCM@GDY-CuMOF@DOX significantly inhibited tumor
growth, with effects comparable to those in the positive control group. The inhibition rate of tumor, determined by tumor
weight, was as high as 47.9% in the DCM@GDY-CuMOF@DOX treatment group and 4.6% in the GDY-
CuMOF@DOX treatment group (Figure 6B). During the treatment period, the mice treated with DCM@GDY-
CuMOF@DOX showed no difference from the control group in terms of body weight and survival rate (Figure 6C
and Figure S12). In contrast, mice treated with free DOX showed a trend toward decreased body weight.

To gain insight into the improved in vivo antitumor effect of DCM@GDY-CuMOF@DOX, we conducted ICP-MS to
detect the Cu content in the tumor tissues and the major organs of the PBS, GDY-CuMOF@DOX and DCM@GDY-
CuMOF@DOX treatment groups. As shown in Figure S13, the tumor tissues of the DCM@GDY-CuMOF@DOX
treatment group exhibited higher Cu content, suggesting that DCM@GDY-CuMOF@DOX can accumulate in the
tumor tissues more efficiently. The mice treated with GDY-CuMOF@DOX showed different degrees of Cu accumulation
in major organs, while those treated with DCM@GDY-CuMOF@DOX showed no difference in Cu content in major
organs compared with the control group, suggesting that the biomimetic camouflage of the nanoplatforms reduced their
accumulation in major organs (Figure S14). Based on the above results, the increased antitumor efficiency of
DCM@GDY-CuMOF@DOX compared with that of GDY-CuMOF@DOX may be attributed to the excellent perfor-
mance of DCM@GDY-CuMOF@DOX in homotypic tumor targeting. Furthermore, we performed the histological
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Figure 6 The antitumor efficacy of DCM@GDY-CuMOF@DOX in vivo. (A) Changes in the relative volume of tumors in the different treatment groups over the treatment
period. (B) Tumor weight in different treatment groups. The label * indicates p < 0.05 compared with the control group, and the label # indicates p < 0.05 compared with the
GDY-CuMOF@DOX group. (C) changes in body weight of mice treated with different samples during the treatment period. The label *** indicate p < 0.001 compared with
the control group. (D) H&E staining and immunohistochemical analysis images (cleaved Caspase-3, PCNA and Ki-67) of tumor tissue from different treatment groups. (E)
immunohistochemical analysis images (FDX1) of tumor tissue from GDY-CuMOF@DOX and DCM@GDY-CuMOF@DOX groups. (F) H&E staining of heart, liver; spleen,
lung and kidney from different treatment groups.
evaluation of the harvested tumor sections to investigate the therapeutic effects of DCM@GDY-CuMOF@DOX using
H&E staining and immunohistochemical analysis (Figure 6D). In the DCM@GDY-CuMOF@DOX treatment group,
obvious apoptosis and extensive necrosis were observed in H&E staining of tumour tissue compared to the control group,
indicating that DCM@GDY-CuMOF@DOX could effectively induce apoptosis and promote necrosis of cancer cells to
suppress tumour growth. Moreover, the immunohistochemical analysis revealed that the expression level of cleaved
Caspase-3 was upregulated in the DCM@GDY-CuMOF@DOX treatment group, further indicating ROS-induced
apoptosis. In comparison, tumors treated with DCM@GDY-CuMOF@DOX exhibited downregulation by PCNA and
Ki-67 levels, indicating the suppression of tumor cell proliferation. Notably, the expression level of FDX1 was
significantly elevated in the DCM@GDY-CuMOF@DOX treatment group, suggesting its involvement of cuproptosis
in the inhibition of tumor cell growth (Figure 6E). These results were consistent with previous findings that DCM@GDY-
CuMOF@DOX kills tumor cells by inducing ROS and mediating cuproptosis.

The biocompatibility of the nanoplatform was also evaluated. As shown in Figure 6F, DCM@GDY-CuMOF@DOX did
not cause significant damage to the major organs, including the heart, liver, spleen, lungs and kidneys. The hemolysis effect of
DCM@GDY-CuMOF@DOX was evaluated by hemolysis experiment (Figure S15). Compared to the water group, only slight
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hemolysis was observed in the DCM@GDY-CuMOF@DOX group, indicating that the nanoplatforms have good blood
compatibility. The serum biochemical indicators in the DCM@GDY-CuMOF@DOX group also showed no significant
differences compared to those in the control group, revealing the good biocompatibility and biosafety of DCM@GDY-
CuMOF@DOX (Figure S16). In contrast, mice treated with free DOX showed marked tubular degeneration and necrosis in
the renal tissue, and abnormalities in serum biochemical indicators such as AST and LDH]1. This suggests that DOX cause
severe systemic toxicity in mice.

Conclusion

In summary, we developed a biomimetic GSH-responsive nanoplatform with the tumor-targeting ability for PCa therapy.
Modification of tumor cell membranes endows the nanoplatform with homotypic targeting capabilities. In the GSH environ-
ment, Cu" and DOX are released from the nanoplatforms, increasing the intensity of the Fenton-like reaction and stimulating
the generation of cytotoxic ROS from endogenous H,O,, resulting in a highly effective chemodynamic therapy. As expected,
DCM@GDY-CuMOF@DOX effectively kills tumor cells and inhibits tumor cell migration and invasion in vitro by inducing
ROS generation and mediating cuproptosis. More importantly, DCM@GDY-CuMOF@DOX inhibits tumor growth in vivo
without causing significant systemic toxicity. Therefore, DCM@GDY-CuMOF@DOX may represent a promising nanoplat-
form for integrating tumor targeting, drug-responsive release, and combination therapy for PCa treatment.
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