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Abstract

The combination of chemotherapy and immunotherapy represents a promising approach
that leverages their complementary benefits. However, the side effects resulting from
off-target effects and the low efficiency of immune activation remain a significant concern.
Herein, we developed a zinc-doped calcium phosphate (ZCP) nanocarrier for the delivery
of the chemotherapeutic drug doxorubicin (DOX). By further encapsulating whole proteins
from 4T1 breast cancer cells, we constructed a novel nanodrug delivery system named
ZCPDM. This system enables specific targeting of tumor cells and undergoes intracellular
degradation to release DOX, Zn?*, and Ca2*. As a chemotherapeutic agent, DOX induces
apoptosis while significantly elevating intracellular reactive oxygen species (ROS), thereby
enhancing cytotoxicity. This leads to DNA damage and the release of chromosomal frag-
ments. These DNA fragments, together with Zn2*, activate the cGAS-STING signaling
pathway and trigger pyroptosis, which promotes more efficient recognition and clearance
of tumor cells by the immune system. Through these dual mechanisms, ZCPDM effectively
combines chemotherapy and immunotherapy. The anti-tumor efficacy and underlying
mechanisms were validated at the cellular level. Furthermore, studies in tumor-bearing
mice demonstrated its robust anti-tumor performance and ability to suppress tumor recur-
rence, along with good biosafety. This targeted drug delivery system achieves safe and
synergistic chemo-immunotherapy through homologous targeting-mediated pyroptosis
and activation of the cGAS-STING pathway, offering a novel and promising strategy for
cancer treatment.
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1. Introduction

Cancer remains one of the leading causes of death worldwide [1]. Conventional
clinical treatments include surgery, chemotherapy, and radiotherapy [2]. Among these,
chemotherapy employs cytotoxic drugs to inhibit tumor progression and prolong patient
survival [3]. However, the clinical utility of chemotherapy is limited by several drawbacks,
such as poor solubility and stability of chemotherapeutic agents, severe side effects, and
low bioavailability [4,5]. These limitations contribute to off-target effects, tumor drug resis-
tance, and immediate or long-term severe toxicities [6]. As a result, chemotherapy alone
often leads to suboptimal clinical outcomes [7]. The combination of chemotherapy and
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immunotherapy represents a highly promising approach in oncology [8-11]. It leverages
chemotherapeutic agents to enhance tumor immunogenicity, while immunotherapy effec-
tively eliminates residual tumor cells, resulting in a synergistic anti-tumor effect [12-14].
However, immunogenic cell death (ICD)-based therapy is largely limited by low tumor
immunogenicity and the immunosuppressive tumor microenvironment (ITM) [15].

In recent years, nanotechnology-based drug delivery systems have opened up new
possibilities for the precise implementation of such combination strategies [16-18]. The
nanoscale size of nanocarriers facilitates penetration across biological barriers and helps
evade renal and hepatic clearance, thereby improving drug delivery efficiency and enabling
controlled release [19]. In addition, nanocarriers promotes the accumulation of drugs at
tumor sites, reduces off-target effects, and minimizes systemic toxicity, ultimately leading
to superior therapeutic outcomes [20-22]. Nanomedicine platforms can be engineered
for the co-delivery of immunomodulators, effectively converting immunologically “cold”
tumors into responsive “hot” ones [23-25]. Such strategies can provoke robust and durable
anti-tumor immune responses, demonstrating great potential in suppressing metastasis
and preventing recurrence.

Metal ions play diverse and crucial roles in living organisms, particularly in immune
functions [26]. They help maintain the normal functional state of the immune system by
regulating immune cell activities, participating in inflammatory responses, and contribut-
ing to antioxidant defense [27-32]. Zinc is the second most abundant transition metal in
the human body. As a signaling ion, free Zn?" can modulate both innate and adaptive
immune responses of immune cells, thereby influencing their functionality [33-40]. Zn?*
can induce tumor cell pyroptosis through both the Caspase-1/GSDMD-dependent canon-
ical pathway and the Caspase-3/GSDME-dependent alternative pathway [41,42]. Zn?*
can directly enhance cGAS enzymatic activity and facilitate cGAMP synthesis, thereby
efficiently priming and amplifying cGAS-STING signaling activation [43]. Meanwhile,
excessive Zn?" induces mitochondrial damage and intracellular ROS accumulation, which
promotes the release of mitochondrial DNA into the cytosol; such leaked mitochondrial
DNA acts as a key endogenous agonist to trigger and sustain cGAS-STING innate immune
response [44]. Physiologically, the exonuclease TREX1 functions to degrade cytoplasmic
DNA and maintain immune homeostasis, which restricts spontaneous cGAS-STING path-
way activation [45]. Elevated Zn?* interferes with this homeostatic mechanism, further
promoting cytosolic DNA accumulation and potentiating cGAS-STING-mediated immune
activation. Therefore, Zn-based nanomaterials are capable of stimulating ROS produc-
tion in cancer cells, inducing immunogenic cell death (ICD), and ultimately enhancing
anti-tumor immunity.

In recent years, cell membrane coating nanotechnology has increasingly emerged
as a novel strategy for targeting specific cells and pathological tissues [46-48]. Owing
to their abundant membrane receptors, favorable immune compatibility, and prolonged
circulation time, cell membranes outperform many artificially synthesized surfaces [49,50].
This top-down biomimetic approach utilizes cell membrane-derived vesicles to camouflage
nanoparticles (NPs) as natural materials, thereby endowing them with some inherent prop-
erties of their progenitor cells. For instance, when introduced into the systemic circulation,
the coated membrane can reduce NP-bio interactions typically triggered by conventional
synthetic surfaces [51]. Red blood cell membrane-coated NPs exhibit extended blood
circulation time [46,52], platelet membrane-wrapped nanomaterials demonstrate selective
adhesion to damaged blood vessels [53], and leukocyte membrane-coated silica micropar-
ticles possess the ability to traverse endothelial barriers [54]. Additionally, cancer cell
membrane-camouflaged nanomaterials, which exhibit immune evasion and self-recognition
capabilities, are becoming a promising targeting strategy in cancer therapeutics [55].
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Doxorubicin (DOX) is a potent clinical chemotherapeutic drug, but its clinical appli-
cation is greatly limited by severe systemic and cardiac toxicity [56]. Nanocarrier-based
delivery strategies have been proven effective to optimize DOX efficacy and reduce ad-
verse effects [57]. Calcium phosphate (CaPs), the main component of bones, is known
for its high biocompatibility and biodegradability, dissociating into Ca?* and PO43~ ions
in acidic environments [58,59]. Herein, we designed and constructed a novel nanodrug
delivery system (ZCPDM, Scheme 1a) by doping Zn?* into a CaPs nanocarrier to form a
Zn%*-doped CaPs carrier (ZCP), which was subsequently loaded with DOX. The surface
of the carrier was further modified with homologous whole cancer cell membrane (CCM)
to enable tumor cell-specific recognition and active uptake. Upon entering tumor cells,
the CaPs degrades in response to the tumor-specific acidic microenvironment, releasing
both DOX and Zn?* (Scheme 1b). This process not only inhibits tumor cell proliferation
but also induces intracellular ROS accumulation, leading to mitochondrial DNA (mtDNA)
damage. The damaged mtDNA is sensed by cGAS, which in turn activates the downstream
STING pathway and promotes immune responses. Furthermore, mitochondrial injury
triggers the upregulation of inflammatory factors and activates the caspase-1/GSDMD
signaling pathway, resulting in pyroptosis. This form of cell death releases additional
mtDNA, creating a positive feedback loop that synergistically enhances STING pathway
activity and amplifies antitumor immunity. The ZCPDM delivery system acts through
multiple cooperative pathways to enhance tumor immunotherapy efficacy, significantly
inhibiting tumor proliferation, recurrence, and metastasis. This work provides a new
strategic approach for cancer treatment.
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Scheme 1. (a) Schematic representation of the synthetic strategy of ZCPDM drug delivery system.
(b) Schematic diagram of ZCPDM inducing pyroptosis and amplifying cGAS-STING signaling for
anticancer therapy.

2. Materials and Methods
2.1. Synthesis of the ZCPDM Drug Delivery System

To synthesize uniform nanospheres with favorable morphology, different molar ra-
tios of CaCl, to ZnCl; (1:9, 3:7, 5:5, 7:3, 9:1) were screened. Based on scanning electron
microscopy (SEM) observations of their morphological characteristics, a CaCl, to ZnCl,
ratio of 5:5 was ultimately selected as it yielded nanospheres with the best morphology and
most uniform size. The specific synthesis steps are as follows:

Synthesis of ZCP: 72 mg of polyacrylic acid (PAA) was dissolved in 8.2 mL of deionized
water under magnetic stirring. After complete dissolution, 1 mL of NaOH (1 M) was
added. Subsequently, 40 mL of anhydrous ethanol was added, turning the solution milky
white. While stirring continued, 0.25 mL of CaCl; (1 M) and 0.25 mL of ZnCl, (1 M) were
added and allowed to react thoroughly. Subsequently, 0.3 mL of a 1 M phosphate buffer
(NapHPO4/NaH;POy, 1:1 molar ratio) was introduced, and the mixture was stirred at
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room temperature for 20 min. The reaction was carried out hydrothermally at 180 °C for
24 h. After the reaction, the product was centrifuged at 11,000 rpm for 10 min. The
supernatant was discarded, and the washing/centrifugation step was repeated three times.
The collected precipitate was freeze-dried to obtain ZCP NPs.

Synthesis of ZCPD: 1 mg of DOX was dissolved in 1 mL of deionized water to prepare
a 1 mg/mL solution. 2 mg of ZCP NPs were added to the DOX solution and magnetically
stirred for 24 h. The mixture was then centrifuged at 11,000 rpm for 10 min. The supernatant
was discarded, and the collected precipitate constituted the ZCPD sample.

Preparation of CCM: 4T1 cells were resuscitated and cultured until reaching
80-90% confluence. After washing with PBS, the cells were trypsinized, collected by cen-
trifugation, and resuspended. Cell lysis was performed on ice using probe sonication
(100 W, 60 cycles, with 3 s of sonication and 7 s of pause per cycle). The lysate was cen-
trifuged at 4 °C and 1000 rpm for 10 min, and the supernatant was collected as the CCM.

Synthesis of ZCPDM: 1 mg of ZCPD was dispersed in 1 mL of CCM in PBS. The
mixture was sonicated in an ice-water bath for 30 min and then centrifuged at 4 °C to
collect the product, yielding the ZCPDM drug delivery system.

2.2. Determination of DOX Drug Loading Capacity and Encapsulation Efficiency in ZCPD

To evaluate the DOX loading capacity of ZCP, the supernatant was collected after
centrifugation (11,000 rpm, 5 min) post-DOX loading. The UV absorption peak of DOX
in the supernatant was measured using a UV spectrophotometer to confirm successful
encapsulation. A standard curve was established by measuring the absorbance of a series
of DOX standard solutions with gradient concentrations. The drug loading capacity (DLC)
and encapsulation efficiency (EE) were calculated using the following formulas:

DLC (%) = (Mass of DOX fed — Mass of DOX in supernatant)/Mass of ZCP x 100%

EE (%) = (Mass of DOX fed — Mass of DOX in supernatant)/Mass of DOX fed x 100%

Given the inherent limitations of UV spectrophotometry for DOX quantification, includ-
ing sensitivity and matrix interference, the presented values should be considered estimates.

2.3. Determination of CCM Encapsulation Efficiency in ZCPDM

SDS-PAGE gel electrophoresis and the Bradford protein assay were used to assess
CCM encapsulation in ZCPDM. Samples of ZCP, ZCPD, ZCPDM, and CCM were lysed
with protein lysis buffer for 30 min, mixed with SDS loading buffer, and heated in a boiling
water bath for 5 min. The samples were then loaded onto a 10% SDS-PAGE gel. After
electrophoresis, the gel was stained with Coomassie Blue and destained to visualize protein
bands. Protein concentration was quantitatively determined using a Bradford assay kit.

2.4. Cell Culture

The 4T1 breast cancer cells is from Pricella Life Science & Technology Co., Ltd.
(Wuhan, China). 4T1 cells were cultured in high-glucose DMEM medium supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C in a 5% CO; incu-
bator. For cell resuscitation, frozen cells were quickly thawed, centrifuged, resuspended,
and seeded. Passaging was performed when cells reached 80-90% confluence. Cells were
trypsinized, centrifuged, resuspended, and subcultured into new flasks. For cryopreserva-
tion, cells were suspended in freezing medium (DMSO:FBS = 1:9), cooled gradually, and
stored in liquid nitrogen.
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2.5. Cellular Uptake

Prepared materials were co-stirred with Cy5-COOH dye for 24 h and then collected by
centrifugation. 4T1 cells (1 x 10%) were seeded into confocal dishes. Dye-labeled materials
were added to the dishes and incubated with the cells for 3 h and 6 h. After incubation,
cells were washed with PBS, fixed, permeabilized with Triton X-100, stained with DAPI for
nuclei, mounted, and observed under confocal laser scanning microscopy (CLSM). For flow
cytometry analysis, 4T1 cells were seeded in 6-well plates at a density of 2 x 10° cells/well
and treated with 100 pg/mL of ZCPD or ZCPDM for 3 h and 6 h. After treatment, cells
were trypsinized, collected, transferred to flow cytometry tubes, and analyzed using a
Novo Express flow cytometer (version 2.2.0). Data were recorded and processed.

2.6. Mitochondrial Membrane Potential Assay

Changes in mitochondrial membrane potential were detected using a JC-1 assay kit.
4T1 cells were seeded in 6-well plates at a density of 1 x 10° cells/well and incubated for
24 h. Cells were then treated with fresh medium (control), ZCP, ZCPD, or ZCPDM for 24 h.
After treatment, the culture medium was removed, cells were washed with PBS, and 1 mL
of fresh culture medium was added. 1 mL of JC-1 staining working solution was added,
mixed thoroughly, and cells were incubated at 37 °C in the dark for 20 min. After washing,
the red/green fluorescence intensity ratio was observed under a fluorescence microscope.

2.7. Intracellular ROS Detection

After co-incubating cells with materials for 12 h, DCFH-DA working solution (10 uM)
was added and incubated for 30 min. Cells were washed with PBS, and green fluorescence
was observed under a fluorescence microscope. For quantitative analysis, cells treated
identically were trypsinized, collected, and intracellular ROS levels were measured by
flow cytometry.

2.8. Validation of Tumor Cell Killing Ability

4T1 cells were seeded at a low density and allowed to grow to 80% confluence before
material treatment. Cells were treated with different concentrations of materials (0, 12.5,
25, 50, 100, 200 pg/mL) for 24 h. CCK-8 working solution was then added, incubated
for 1 h, and absorbance at 450 nm was measured to calculate cell viability. For live/dead
staining, cells incubated with materials for 12 h were double-stained with FDA and PI, and
observed under a fluorescence microscope (live cells: green; dead cells: red). Cell apoptosis
levels were detected using an Annexin V-FITC Apoptosis Detection Kit (Beyotime, C1062,
Shanghai, China) and analyzed by flow cytometry.

2.9. Cell Proliferation Activity Assay

After cell seeding, different treatment groups (PBS, ZCP, ZCPD, ZCPDM, all at a
material concentration of 100 ug/mL) were added and cultured for 7-14 days. Culture was
terminated when single clones contained >50 cells and were visible to the naked eye. The
medium was removed, and cells were washed with PBS three times. Cells were fixed with
paraformaldehyde and washed. Crystal violet staining solution was added to cover the cell
surface, followed by staining at room temperature for 20-30 min. Plates were then rinsed
repeatedly with PBS until the background was clear, air-dried, and imaged for colony
counting. For CFSE-based proliferation assay, cells were labeled with CFSE, incubated for
24 h, collected by centrifugation, resuspended, and analyzed by flow cytometry.

2.10. Immunoactivation-Related Experiments

Cell morphology was observed by microscopy. Western Blot was used to detect
Caspase-1 and GSDMD protein expression. Cell culture supernatants were collected,
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and LDH activity was measured according to the kit instructions. Immunofluorescence
was used to observe the subcellular localization of HMGB1 and CRT. ATP levels in the
supernatant were measured using an ATP detection kit. DNA damage was assessed via
the comet assay and TUNEL staining. Pathway-related protein expression was detected by
Western Blot. Levels of TNF-«, IL-6, and IFN-f in cell culture supernatants were measured
by ELISA.

2.11. Animal Model Establishment

Female BALB/c mice aged 6-8 weeks were used. 4T1 cells (9 x 10° cells in 100 pL PBS)
were subcutaneously injected into the left lower inguinal region of the mice. Treatment
began when the tumor volume reached approximately 50 mm?. Specifically, 6-8 week-
old female BALB/c mice (purchased from Chongging Ensiweier Biotechnology Co., Ltd.,
Chongging, China) weighing 18-20 g were used for tumor model construction. Abdominal
hair was removed with an electric shaver. A suspension of 9 x 10° 4T1 cells in 100 pL
PBS was injected subcutaneously into the left lower inguinal region. Tumor growth was
monitored. Treatment commenced when the tumor volume reached about 50 mm?.

Mice were divided into 5 groups (n = 5 per group): PBS, ZCP, DOX, ZCPD, and
ZCPDM. Treatment was administered via tail vein injection every 2 days for two weeks.
Tumor volume and body weight were recorded every two days.

2.12. Evaluation of In Vivo Antitumor Efficacy

Seven days after tumor model establishment, when tumor volume reached 50 mm?3,
antitumor therapy was initiated in tumor-bearing BALB/c mice. Tumor-bearing mice were
randomly divided into 5 groups (n = 5 per group) and received intravenous injections of:
200 pL PBS, 400 puL ZCP (2 mg/mL), 400 uL DOX (0.6 mg/mL), 400 uL. ZCPD (2 mg/mL),
or 400 uL. ZCPDM (2 mg/mL). Injections were administered every two days for a total of
14 days. Mouse body weight and tumor volume were recorded during treatment. Tumor
volume was calculated as: V_tumor = L x W2/2 (L: length, W: width). After treatment,
mice were euthanized and dissected to collect solid tumors and other organs. Tumor tissues
were placed in 4% paraformaldehyde for further sectioning and analysis.

2.13. Histological Analysis

Tumors and organs were fixed, paraffin-embedded, sectioned, and subjected to H&E
staining, TUNEL staining, and immunohistochemical staining for HMGB1 and CRT. Stained
sections were observed and photographed under an optical microscope.

2.14. Evaluation of Systemic Antitumor Immune Capacity

Lung tissues were perfused with India ink. A 15% India ink solution was injected into
the lungs via the trachea to fill the entire lobes. The lungs were then washed with PBS and
fixed overnight in Fekete’s solution. After fixation, lung metastatic nodules (white) against
normal tissue (black) were observed.

2.15. Biosafety Evaluation

Hemolysis Assay: Red blood cells were co-incubated with materials for 1 h, cen-
trifuged, and the absorbance of the supernatant at 540 nm was measured to calculate the
hemolysis rate. Notably, DOX has inherent red color and characteristic absorption near
540 nm. To eliminate background interference from the material itself, equally concentrated
material solutions were used to subtract background absorbance. The slight red super-
natant observed in high-concentration groups was derived from released DOX rather than
hemoglobin, confirming the negligible hemolysis rate.
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Blood Indices and Tissue Sections: Blood was collected from treated mice for routine
blood tests and biochemical analysis. The heart, liver, spleen, lungs, and kidneys were
collected for H&E staining and pathological observation. Serum was collected to detect
ALT, AST, CRE, and BUN levels to assess liver and kidney function.

2.16. Statistical Analysis

All quantitative data were presented as mean + standard deviation (SD). Multi-
ple group comparisons were performed using one-way ANOVA followed by Tukey’s
post hoc test. Statistical significance was defined as * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001. “ns” indicates not significant (p > 0.05).

3. Results
3.1. Synthesis and Characterization of ZCPDM

ZCP NPs were prepared via a hydrothermal reaction in a water-anhydrous ethanol
system using PAA as a template. As shown in Figure S1, scanning electron microscopy
(SEM) images of ZCP synthesized at varying CaCl,:ZnCl, molar ratios reveal distinct
morphological trends: spherical particles form when the ratio is below 5:5; at exactly
5:5, the ZCP NPs exhibit the smallest and most uniform size distribution (Figure 1a);
and flocculent aggregates emerge when the ratio exceeds 5:5. Unified scale bars have
been marked in all SEM images for intuitive and semi-quantitative comparison. Based
on the calibrated scale bar, the 5:5 molar ratio group presents the most regular spherical
morphology, narrowest particle size distribution and optimal monodispersity compared
with other proportion groups. Given the optimal particle size and uniformity achieved at
the 5:5, all subsequent characterization and validation experiments were conducted using
ZCP NPs prepared at this molar ratio. The X-ray diffraction (XRD) pattern of ZCP NPs
(Figure S2) showed no sharp crystalline diffraction peaks but rather a broad amorphous
diffraction halo, indicating typical amorphous structural characteristics. Transmission
electron microscopy (TEM, Figure 1b,c) images showed that both ZCP and ZCPDM NPs
displayed a typical spherical morphology with good monodispersity and uniform size
(Figure S3). The elemental mapping further confirmed the uniform distribution of O, P,
Zn, and Ca elements within ZCP NPs, while C, N, O, P, Zn, and Ca elements were evenly
distributed in ZCPDM NPs. The X-ray photoelectron spectroscopy (XPS) spectra clearly
showed characteristic peaks of C 1s, O 1s, Zn 2p, and Ca 2p (Figure 1d). The DOX loading
content in ZCPDM was quantified by UV-Vis spectroscopy (Figure S4) using a validated
calibration curve, yielding a value of 30.4%. The DOX loading content in ZCPDM was
quantified by UV-Vis spectroscopy (Figure S4) using a validated calibration curve, yielding
a value of 30.4%.

To further confirm the successful coating of 4T1 whole cell protein (CCM) on the
surface of the nanosystem, SDS-PAGE gel electrophoresis was performed for qualita-
tive analysis of the protein composition. As shown in Figure le, the ZCPDM group
displayed distinct bands at the corresponding protein molecular weight positions, while
no protein bands were observed in the ZCPD group without CCM coating, indicating
successful coating of 4T1-derived proteins onto ZCPD to form the ZCPDM nanosystem.
Quantitative analysis of CCM encapsulation efficiency via the Bradford method showed
that the encapsulation efficiency of CCM in ZCPDM was approximately 20%. The FTIR
spectrum of ZCPDM NPs displayed characteristic peaks of anthraquinone ring skeleton
vibration (1450-1500 cm ') and stretching vibration of conjugated double bonds on the
anthraquinone ring (1600-1650 cm '), confirming successful loading of DOX onto ZCP
(Figure 1f). Zeta potential measurements showed that the initial ZCP NPs had a surface
potential of —39.8 mV, indicating high negative charge and good dispersion stability. Due
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to the positive charge of DOX molecules, after loading onto ZCP, the Zeta potential in-
creased to —16.6 mV, confirming successful electrostatic adsorption of DOX onto ZCP. After
coating with CCM, the Zeta potential decreased again to —23.7 mV (Figure 1g), further
verifying effective CCM coating, which endowed the NPs with biomimetic camouflage

properties and stability. The above results collectively confirm the successful construction
of ZCPDM NPs.
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Figure 1. (a) SEM image of ZCP NPs. TEM image and elemental mapping of (b) ZCP and (c) ZCPDM
NPs. (d) XPS spectrum analysis of ZCP NPs. (e) SDS-PAGE gel electrophoresis of ZCPDM, ZCPD
and CCM. (f) FTIR spectra and (g) zeta potential analysis of ZCP, ZCPD and ZCPDM.

3.2. ZCPDM Induces 411 Cell Death and Inhibits Proliferation

The tumor cell whole protein coating on the surface of ZCPD not only protects the
drug during delivery but also enhances the targeting capability of the nano-delivery carrier
toward cancer cells. First, by loading the nanomaterial with the Cy5 fluorescent dye, CLSM
imaging and flow cytometry results showed that the red fluorescence signal intensity in
the ZCPDM group was significantly higher than that in the ZCPD group (Figure S5). This
confirms that CCM coating promotes cellular uptake of the material, and the difference
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between the 3 h and 6 h treatment groups indicates a positive correlation between the
amount of material internalized and incubation time.

Mitochondria are not only the primary sites for intracellular Zn?* accumulation and
utilization but also a major source of reactive oxygen species (ROS). Zn?* entering mi-
tochondria can induce mitochondrial DNA breaks, leading to elevated ROS levels and
oxidative stress, thereby impairing mitochondrial function. To assess the impact of the
ZCP series nano-drug delivery system on tumor cell mitochondrial function, the mitochon-
drial membrane potential of 4T1 cells treated with different materials was measured. JC-1
forms aggregates emitting red fluorescence under high membrane potential, while it exists
as monomers emitting green fluorescence under low membrane potential. The results
showed significantly enhanced green fluorescence and a marked decrease in the red/green
fluorescence ratio in cells treated with ZCPD and ZCPDM, indicating a substantial drop
in mitochondrial membrane potential (Figure 2a). This demonstrates that Zn?* released
from the NPs disrupts mitochondrial homeostasis, causing membrane depolarization, and
further confirms the damaging effect of this drug delivery system on tumor cell mitochon-
drial function. Additionally, Zn?* can induce rapid accumulation of endogenous ROS by
inhibiting the mitochondrial electron transport chain. Therefore, the DCFH-DA fluorescent
probe was used for ROS fluorescence imaging of 4T1 cells treated with different materials.
DCFH-DA itself is non-fluorescent and can cross the cell membrane into the cytoplasm,
where it is hydrolyzed by intracellular esterases to DCFH. In the presence of ROS, non-
fluorescent DCFH is oxidized to fluorescent DCF. As shown in Figure 2b, cells treated
with ZCPD and ZCPDM exhibited stronger green fluorescence, consistent with the flow
cytometry results (Figure 2c). Thus, ZCPDM generates more ROS and exerts the strongest
damaging effect on 4T1 cells, indicating significant therapeutic potential against tumors.

Next, the inhibitory and cytotoxic effects of the drug delivery system on 4T1 cells were
evaluated. Cell viability was measured using a CCK-8 assay kit. As shown in Figure 2d,
ZCPDM significantly inhibited 4T1 cell growth. Cell viability decreased progressively with
increasing nanomaterial concentration. At a concentration of 100 pg/mL, the inhibitory ef-
fect of ZCPDM was markedly stronger than that of ZCPD, reducing cell viability to 33.23%.
At 200 pg/mL, cell viability dropped to only 5.7%. To verify the involvement of specific
pathways, rescue experiments were performed with the pyroptosis inhibitor MCC950 and
the STING pathway inhibitor H-151 (Figure S6). Both inhibitors significantly restored cell
viability, confirming that ZCPDM-induced cytotoxicity specifically relies on pyroptosis and
STING pathway activation. These results indicate that this drug delivery system has signif-
icant proliferative inhibitory and cytotoxic effects on 4T1 cells. Furthermore, live/dead cell
staining results (Figure 2e) showed a clear increase in dead cells after 6 h of treatment with
ZCPDM, confirming its superior cytotoxic effect on 4T1 cells. Apoptosis analysis by flow
cytometry revealed an apoptosis rate of 93.87% in the ZCPDM group, far exceeding the
13.9% in the PBS group (Figure 2f), demonstrating that the ZCPDM nano-delivery carrier
effectively promotes tumor cell apoptosis with significant therapeutic efficacy.

Subsequently, a colony formation assay was conducted to evaluate the effect of
the nano-delivery system on the proliferative capacity of 4T1 tumor cells. As shown
in Figure 2g, the control (PBS) group formed a large number of colonies, while the ZCPDM
treatment group showed a significant reduction in colony numbers, which was notably
lower than other treatment groups such as ZCPD, ZCP, and DOX. This indicates that the
nano-delivery system significantly inhibits the proliferative capacity of 4T1 tumor cells. To
further verify the inhibitory effect of the ZCPDM nanoplatform on tumor cell proliferation,
based on the colony formation assay, the CFDA SE cell proliferation tracking kit was used
in combination with flow cytometry to quantitatively analyze the proliferation level of 4T1
cells. As shown in Figure 2h, the fluorescence intensity distribution peak of the ZCPDM
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intensity, indicating reduced cell division and significantly inhibited proliferative capacity.
Compared to other treatment groups such as ZCPD and DOX, ZCPDM demonstrated a
more pronounced effect in suppressing proliferation.
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Figure 2. (a) Mitochondrial membrane potential of 4T1 cell after treatment with different materials.
(b) ROS fluorescence images of 4T1 cell after treatment with different materials. (c) Flow cytometry
analysis of intracellular ROS. (d) Cell viability of 4T1 cells after treatment with different concen-
trations of DOX, ZCP, ZCPD and ZCPDM for 24 h. (e) Live/dead cell levels after treatment with
different materials. (f) Flow cytometry analysis of 4T1 cell apoptosis level after treatment with PBS,
ZCP, ZCPD and ZCPDM for 24 h. (g) Cloning formation experiment for different material groups.
(h) Flow cytometry analysis for the inhibition of proliferation of 4T1 cells after treatment with

different nanomaterials.
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3.3. The Antitumor Mechanism of ZCPDM

When cells undergo pyroptosis, they typically exhibit swelling and enlargement. Be-
fore membrane rupture, numerous bubble-like protrusions, known as pyroptotic bodies,
appear on the cell surface, followed by the formation of pores that compromise membrane
integrity. This leads to the release of intracellular contents into the extracellular environ-
ment, thereby inducing an inflammatory response. As shown in Figure 3a, cells treated with
ZCPDM displayed distinct protrusions. To further verify whether the ZCPDM nanosystem
can induce pyroptosis in 4T1 tumor cells, the expression levels of key pyroptosis-related
proteins—Cleaved Caspase-1, GSDMD, and its cleavage product GSDMD-N—were de-
tected by Western blot. As shown in Figure 3b, the expression of Cleaved Caspase-1
(Cle-caspase-1) was up-regulated in the ZCPDM-treated group, indicating its conversion
from the proenzyme form into the active state. Meanwhile, total GSDMD expression
slightly decreased, while the cleavage product GSDMD-N was significantly up-regulated.
These results suggest that activation of Cle-caspase-1 induces GSDMD cleavage, exposing
its N-terminal fragment, which forms pores in the cell membrane and triggers pyroptosis.
LDH release assay results showed that the ZCPDM group released the highest amount of
LDH (Figure 3c), indicating the most severe membrane damage and cellular injury.

During non-apoptotic cell death such as pyroptosis, cells often undergo immunogenic
cell death (ICD), releasing or exposing a series of damage-associated molecular patterns
(DAMPs), including calreticulin (CRT), high mobility group box 1 (HMGB1), and extracel-
lular ATP. These DAMPs can be recognized by immune cells such as dendritic cells, thereby
initiating an anti-tumor immune response. To assess whether the ZCPDM nanosystem
can induce ICD, three classic DAMPs—CRT exposure, HMGBI translocation, and ATP
release—were detected via immunofluorescence staining (Figures 3d—f and S7). Results
showed that ATP concentration released from the ZCPDM group significantly increased
from 39 pM to 95 uM, further confirming the induction of ICD. The CRT signal intensity
was notably enhanced in the ZCPDM group, indicating effective CRT translocation and
ICD activation. In addition, compared with the PBS control, HMGB1 in ZCPDM-treated
cells clearly translocated from the nucleus to the cytoplasm, suggesting nuclear leakage,
which is a characteristic feature of ICD.

Next, intracellular DNA damage was assessed using the comet assay to evaluate the
extent of DNA strand breaks. As shown in Figure 3g, cells treated with PBS showed no
comet-like tails, whereas the ZCPD and ZCPDM groups displayed increased DNA fragmen-
tation with long comet tails under electrophoresis, demonstrating that ZCPDM induced
more severe DNA damage. Furthermore, TUNEL staining combined with flow cytometry
showed increased mean fluorescence intensity in the ZCPD and ZCPDM groups (Figure 3h),
indicating serious intracellular DNA damage. Elevated levels of DNA fragments can ac-
tivate the cGAS-STING pathway. To confirm that the ZCPDM nanotherapeutic platform
effectively induces activation of the cGAS-STING pathway, phosphorylation levels of key
proteins in this pathway were examined by Western blot. As shown in Figure 3i, compared
with other groups, the ZCPDM-treated group exhibited higher phosphorylation levels of
TBK1, IRF3, and STING, confirming effective activation of the cGAS-STING immune path-
way. Activation of this pathway induces secretion of IFN-f3 and proinflammatory cytokines,
thereby initiating adaptive immunity and enhancing cancer immunotherapy. The secretion
level of the chemokine IFN-f3 was measured by ELISA (Figure 3j), which showed that
the ZCPD group significantly increased IFN-f3 expression, further demonstrating effective
activation of the cGAS-STING pathway. The expression levels of other anti-tumor related
cytokines, such as IL-6 and TNF-«, were also evaluated. Results indicated that the ZCPDM
group exhibited a stronger effect in promoting the secretion of anti-tumor factors compared
to other treatment groups.
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Figure 3. (a) Pyroptosis topography of different material groups. (b) Western blot analysis of
Pyroptosis-related proteins. (c) LDH levels of 4T1 cells after treatment with PBS, ZCP, ZCPD, and
ZCPDM for 24 h. (d) Quantitative analysis of ATP levels. Inmunofluorescence staining images of
(e) CRT and (f) HMGBI. (g) Comet assay for the assessment of DNA damage. (h) Flow cytometry anal-
ysis of TUNEL staining. (i) Western blot analysis of phosphorylation level cGAS-STING-associated
proteins. ELISA results for antitumor cytokines (j) IFN-{3, (k) IL-6 and (1) TNF-«.
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3.4. Antitumor Efficiency in Mice Bearing 4T1 Tumors Treated with ZCPDM

Next, a mouse tumor model of 4T1 cell-derived breast cancer was established to
evaluate the in vivo antitumor efficacy of the materials (Figure 4a). PBS, ZCP, ZCPD, and
ZCPDM were administered intravenously via tail vein injection into tumor-bearing mice,
and changes in body weight and tumor volume were monitored. During the treatment pe-
riod, mouse body weight showed no significant changes (Figure S8), while clear differences
in tumor volume and weight were observed among the groups (Figures 4b,c and S9). In
the control group, tumors grew rapidly over the 21-day treatment period, indicating that
PBS had little inhibitory effect. In contrast, the ZCPD treatment group achieved a tumor
inhibition rate of 82.8%, demonstrating effective suppression of tumor growth. Tumor
growth was photographed during the treatment (Figure 4d), and after treatment com-
pletion, tumors were excised, photographed, and weighed (Figure 4e). The results were
consistent with the plotted tumor growth curves, confirming that the ZCPDM treatment
group effectively inhibited solid tumor growth. These findings indicate that the synergistic
effect of DOX loading and CCM coating significantly enhances tumor suppression, which
is closely associated with the ZCPDM-mediated chemo-immunotherapy and the targeting
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Figure 4. (a) Schematics depicting the therapeutic schedule in subcutaneous 4T1 cancer with in-
travenous injection of PBS, ZCP, ZCPD, and ZCPDM. (b) Curve of changes in the volume of solid
tumors in mice. (c) Tumor tissue weight upon dissection. (d) Images of solid tumor growth in mice
at different time points. (e) Photographic record of dissected tumor tissues. (f) H&E and TUNEL
staining of mouse tumor tissues after treatment with different materials. (g) CRT and HMGB1staining
of mouse tumor tissues after treatment with different materials. (h) India ink staining results of a
single lung lobe in a mouse with implanted tumor model.
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To further verify the antitumor activity of the ZCPDM nanosystem within tumor
tissues, TUNEL staining and H&E staining were performed on 4T1 tumor sections to assess
its effects on cell apoptosis and tissue structure. As shown in Figure 4f, tumor tissues in
the ZCPDM group showed significantly enhanced green fluorescence, with a markedly
increased proportion of apoptotic cells compared to control groups such as ZCPD, DOX,
and PBS, indicating a significant pro-apoptotic effect of ZCPDM at the tissue level. H&E
staining results revealed that the ZCPDM treatment group exhibited significantly reduced
tumor cell density and typical apoptotic features such as cytoplasmic vacuolation, corrobo-
rating the TUNEL findings. Furthermore, immunofluorescence staining of tumor sections
showed the most prominent red CRT signal in the ZCPDM group (Figure 4g), indicating
substantial exposure of calreticulin on the tumor cell membrane. Concurrently, immunobhis-
tochemical staining showed a gradual decrease in HMGB1 signal within the nucleus. To
further systematically investigate the regulatory effect of ZCPDM on the tumor immune
microenvironment, we supplemented Immunofluorescence staining of typical immune
markers, including CD4, CD8, CD86, and CD206 (Figures S10 and S11). The staining results
demonstrated that ZCPDM treatment effectively promoted the infiltration of CD4" and
CD8" tumor-infiltrating T cells, upregulated the M1-type macrophage marker CD86, and
downregulated the M2-type macrophage marker CD206. These phenotypic changes in
immune cells effectively remodeled the immunosuppressive tumor microenvironment and
boosted systemic anti-tumor immune responses. These tissue-level results further confirm
that ZCPDM can effectively induce immunogenic cell death (ICD) in vivo.

Tumor metastasis is a critical marker of disease progression. Since the lungs are a
common site of metastasis, examining pulmonary metastasis can accurately reflect the
extent of tumor dissemination in mice. Lung metastatic nodules were observed after India
ink staining (Figure 4h). The control group showed obvious lung metastasis, with visible
white nodules on both the frontal and dorsal surfaces. In contrast, the ZCPDM treatment
group exhibited the fewest metastatic nodules. Quantitative statistical analysis revealed
significant differences between groups, indicating that after activating immune pathways,
the ZCPDM treatment effectively inhibited the metastasis of cancer cells to the lungs. These
results further support the combined chemo-immunotherapeutic potential of ZCPDM in
antitumor therapy.

Finally, the biocompatibility of the ZCPD nanotherapeutic carrier was investigated
via a hemolysis assay. As shown in Figure S12, the average hemolysis rate in the H,O-
positive control group was nearly 100%, while the rates in the material groups were all
below 5%, indicating that the materials did not cause erythrocyte rupture and possessed
good biocompatibility. Subsequently, mice were intravenously injected with a therapeutic
dose of ZCPDM, and blood samples were collected at different time points to assess liver
function, kidney function, and routine blood parameters. The results showed that multiple
hematological indices, as well as liver and kidney function, in the ZCPDM-treated group
remained within normal physiological ranges without significant abnormal fluctuations
(Figures 513 and S514). Analysis of H&E-stained images of the heart, liver, spleen, lungs,
and kidneys (Figure S15) showed that lung tissue changes in the PBS group originated from
spontaneous 4T1 tumor metastasis rather than toxic damage, while only mild cytoplasmic
vacuolation was sporadically observed in the liver of ZCPDM group without obvious
inflammatory infiltration or necrosis. No treatment-related pathological abnormalities in
cellular or tissue morphology in mice treated with either PBS or ZCPDM, indicating that the
ZCPDM nanotherapeutic platform did not cause obvious toxic side effects in major organs.
The above results demonstrate that, at effective doses over a 14-day continuous treatment
period, the ZCPDM nanosystem induced no significant hematological toxicity or adverse
effects on liver and kidney function in mice, exhibiting favorable biocompatibility and
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in vivo application safety. Meanwhile, tumor tissues were harvested for ICP quantification
of zinc content to compare the delivery of free Zn?* and nanoparticle-loaded Zn?*, as
well as the targeting effect of the CCM-0 coating. Relevant data are presented in Figure
S16, verifying that ZCPDM enables efficient Zn?* enrichment in tumors and the coating
modification optimizes in vivo targeting.

4. Discussion and Conclusions

Despite the favorable therapeutic efficacy and biocompatibility validated in this work,
several limitations remain to be addressed. First, although Zn?*-induced mitochondrial
damage and subsequent cGAS-STING pathway activation has been verified, the precise
upstream molecular regulatory mechanisms underlying this immune modulation require
further in-depth investigation. Second, the in vivo biosafety assessment of ZCPDM was
conducted within a 14-day experimental cycle, which is insufficient to elucidate its long-
term biodistribution, metabolic profile, and chronic toxicological risks. Future research
will focus on exploring the detailed regulatory mechanism of Zn?*-mediated anti-tumor
immune activation and performing long-term in vivo biosafety evaluation, aiming to
provide more systematic and solid evidence for the clinical translational application of
ZCPDM nanoplatforms.

In summary, this study successfully constructed a zinc-doped calcium phosphate-
based nano-delivery system, ZCPDM, for the co-delivery of the chemotherapeutic drug
doxorubicin (DOX) and homologous tumor cell membrane proteins. This system enables
tumor-targeted drug delivery and degrades in the acidic tumor microenvironment, releas-
ing DOX, Zn?*, and Ca?*. DOX directly induces apoptosis and elevates reactive oxygen
species levels, while 7Zn2* further exacerbates mitochondrial damage and DNA fragmenta-
tion. The released DNA fragments, together with Zn?*, activate the cGAS-STING immune
pathway and simultaneously trigger pyroptosis, thereby promoting immunogenic cell
death and the release of associated damage-associated molecular patterns, which enhances
the anti-tumor immune response. In vitro experiments confirmed the system’s effectiveness
at inducing DNA damage, activating the cGAS-STING pathway, and initiating pyroptosis.
In a 4T1 tumor-bearing mouse model, ZCPDM demonstrated significant tumor inhibition,
reduced lung metastasis, suppressed tumor recurrence, and exhibited low systemic toxi-
city alongside favorable biosafety. Notably, the obvious pulmonary pathological lesions
observed in the PBS group further validated the successful establishment of the 4T1 high-
metastasis tumor model, which further highlights the superior anti-metastatic capability
of ZCPDM. Future work will focus on further exploring the molecular regulatory mech-
anism of ZCPDM against tumor metastasis, so as to lay a solid experimental foundation
for the clinical translation of such biomimetic nanoplatforms. In conclusion, through a
chemotherapy—-immunotherapy synergistic mechanism, ZCPDM provides a promising
strategy for achieving safe and efficient combined tumor therapy.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/jfb17060308 /s1. Figure S1. SEM images of CaCl2 and ZnCI2
at different composite ratios, Scale bar: 200 nm.; Figure S2. XRD pattern of nanoparticles;
Figure S3. (a) UV absorption peak of DOX supernatant after drug loading and (b) standard curve of
DOX. Figure S4. The hydration particle size of ZCP, ZCPD, and ZCPDM. Figure S5. (a) CLSM images
of ZCPD and ZCPDM after co-incubation with 4T1 cells for 3 h, 6 h; cell nuclei (blue), nanocarriers
loaded with Cy5 dye (red); Scale bar: 100 pm. (b) Flow cytometry analysis of ZCPD and ZCPDM
uptake by 4T1 after 3 h and 6 h of co-incubation with 4T1 cells. Figure S6. Cell viability after 24 h
treatment with 50 pg/mL ZCPDM and different rescue reagents (25 uM H-151, 100 pM MCC950).
Figure S7. Flow cytometry analysis of CRT levels of 4T1 cells after treatment with PBS, ZCP, ZCPD,
and ZCPDM. Figure S8. Curve of changes in body weight of mice during treatment. Figure S9. Trends
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in tumor volume changes among different groups of mice. Figure S10. Immunofluorescence images
of CD4+ and CD8+ in tumor tissue. Scale bar: 50 pm. Figure S11. Immunofluorescence images of
CD206+ and CD86+ in tumor tissue. Scale bar: 50 um. Figure S12. In vitro hemolysis experiments
with different nanotherapeutic carriers. Figure S13. The main blood routine indexes of mice after
treatment were leukocytes. (a) Red blood cells (RBCs), (b) white blood cells (WBCs), (c) basophils
(BASs), (d) monocytes (MONSs), (e) mean corpuscular hemoglobin mass (MCH), (f) lymphocytes
(LYMs), (g) neutrophil percentage (NEU), (h) hemoglobin concentration (HGB), and (i) mean platelet
volume (MCV). Figure S14. The main liver function and kidney function indexes of mice in different
groups after treatment: (a) urea (UREA); (b) creatinine (CREA); (c) Albumin (ALB); (d) alkaline
phosphatase (ALP); (e) Alanine amino acid transferase (ALT); (f) Aspartate amino acid transferase
(AST). Figure S15. H&E staining of major organs; scale bar: 100 um. Figure S16. Tumor tissue Zn?*
content at 9 h post-injection in mice treated with free Zn>*, uncoated ZCPD and CCM-coated ZCPDM.
Table S1. The PDI values of different materials.
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zCpP zinc-doped calcium phosphate

CaPs Calcium phosphate

NCaPs Nano-calcium phosphate particles
CCM cancer cell membrane

DAMPs  damage-associated molecular patterns

DOX doxorubicin

ROS reactive oxygen species

ICD immunogenic cell death

CRT calreticulin

HMGB1 high mobility group box 1

PAA polyacrylic acid

CLSM confocal laser scanning microscopy
SEM scanning electron microscopy
XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy
TEM Transmission electron microscopy

https://doi.org/10.3390/jfb17060308


https://doi.org/10.3390/jfb17060308

J. Funct. Biomater. 2026, 17, 308 17 of 19

References

1.  Jokhadze, N.; Das, A.; Dizon, D.S. Global cancer statistics: A healthy population relies on population health. CA Cancer |. Clin.
2024, 74, 224-226. [CrossRef] [PubMed]

2. Tang, Z.Y,; Sun, Y.N.; Yi, Q.H.; Ding, Q.; Ding, Y.; Huang, ].F. CeO, nanozyme-embedded thermal-deformative polymer for
site-specific chemotherapy via HIF-1-P-gp/lipolysis axis reversal. Asian J. Pharm. Sci. 2025, 20, 101023. [CrossRef] [PubMed]

3. Tilsed, C.M,; Fisher, S.A.; Nowak, A.K,; Lake, R.A.; Lesterhuis, W.J. Cancer chemotherapy: Insights into cellular and tumor
microenvironmental mechanisms of action. Front. Oncol. 2022, 12,960317. [CrossRef] [PubMed]

4. Letai, A.; de The, H. Conventional chemotherapy: Millions of cures, unresolved therapeutic index. Nat. Rev. Cancer 2025,
25,209-218. [PubMed]

5. Mitchell, E.; Pham, M.H.; Clay, A.; Sanghvi, R.; Williams, N.; Pietsch, S.; Hsu, J.I.; @bro, N.F; Jung, H.; Vedi, A.; et al. The
long-term effects of chemotherapy on normal blood cells. Nat. Genet. 2025, 57, 1684-1694. [CrossRef] [PubMed]

6. Kuderer, N.M.; Desai, A.; Lustberg, M.B.; Lyman, G.H. Mitigating acute chemotherapy-associated adverse events in patients with
cancer. Nat. Rev. Clin. Oncol. 2022, 19, 681-697. [CrossRef] [PubMed]

7. Goswami, S.; Pauken, K.E.; Wang, L.; Sharma, P. Next-generation combination approaches for immune checkpoint therapy. Nat.
Immunol. 2024, 25, 2186-2199. [CrossRef] [PubMed]

8. Liu, B.; Zhou, H,; Tan, L.; Siu, K.T.H.; Guan, X.-Y. Exploring treatment options in cancer: Tumor treatment strategies. Signal
Transduct. Target. Ther. 2024, 9, 175. [CrossRef] [PubMed]

9. Liu, C.; Yang, M.; Zhang, D.; Chen, M.; Zhu, D. Clinical cancer immunotherapy: Current progress and prospects. Front. Immunol.
2022, 13, 961805. [CrossRef] [PubMed]

10. Li, H,; Han, S.; Dong, C.; Liu, Z. Advancements in conventional cancer therapy combined with immunotherapy. Oncol. Transl.
Med. 2025, 11, 17-28.

11. Wahida, A.; Conrad, M. Decoding ferroptosis for cancer therapy. Nat. Rev. Cancer 2025, 25, 910-924. [CrossRef] [PubMed]

12. Huang, J.; Yang, B.; Peng, Y.; Huang, J.; Wong, S.H.D.; Bian, L.; Zhu, K,; Shuai, X.; Han, S. Nanomedicine-Boosting Tumor
Immunogenicity for Enhanced Immunotherapy. Adv. Funct. Mater. 2021, 31, 2011171. [CrossRef]

13. Jiang, M.; Zeng, ].; Zhao, L.; Zhang, M.; Ma, |.; Guan, X.; Zhang, W. Chemotherapeutic drug-induced immunogenic cell death for
nanomedicine-based cancer chemo—-immunotherapy. Nanoscale 2021, 13, 17218-17235. [CrossRef] [PubMed]

14.  Shi, X.; Shu, L.; Wang, M.; Yao, J.; Yao, Q.; Bian, S.; Chen, X.; Wan, J.; Zhang, F.; Zheng, S.; et al. Triple-Combination Immunogenic
Nanovesicles Reshape the Tumor Microenvironment to Potentiate Chemo-Immunotherapy in Preclinical Cancer Models. Adv. Sci.
2023, 10, 2204890. [CrossRef] [PubMed]

15.  Gao, J.; Wang, W.-Q.; Pei, Q.; Lord, M.S.; Yu, H.-J. Engineering nanomedicines through boosting immunogenic cell death for
improved cancer immunotherapy. Acta Pharmacol. Sin. 2020, 41, 986-994. [CrossRef] [PubMed]

16. Asadipour, E.; Asgari, M.; Mousavi, P; Piri-Gharaghie, T.; Ghajari, G.; Mirzaie, A. Nano-Biotechnology and Challenges of Drug
Delivery System in Cancer Treatment Pathway: Review Article. Chem. Biodivers. 2023, 20, €202201072. [CrossRef] [PubMed]

17. Manzari, M.T,; Shamay, Y.; Kiguchi, H.; Rosen, N.; Scaltriti, M.; Heller, D.A. Targeted drug delivery strategies for precision
medicines. Nat. Rev. Mater. 2021, 6, 351-370. [CrossRef] [PubMed]

18.  Mitchell, M.].; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for
drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101-124. [CrossRef]

19. Waheed, S; Li, Z.; Zhang, F,; Chiarini, A.; Armato, U.; Wu, J. Engineering nano-drug biointerface to overcome biological barriers
toward precision drug delivery. . Nanobiotechnol. 2022, 20, 395. [CrossRef] [PubMed]

20. Chavda, V.P; Patel, A.B.; Mistry, K.]J.; Suthar, S.F; Wu, Z.-X,; Chen, Z.-S.; Hou, K. Nano-Drug Delivery Systems Entrapping
Natural Bioactive Compounds for Cancer: Recent Progress and Future Challenges. Front. Oncol. 2022, 12, 867655. [CrossRef]
[PubMed]

21. Mao, L; Yin, M.E,; Ji, C.E; Ma, Q.X; Xia, D.L.; Yang, L. Targeted delivery of T-cell agonists for enhancing immunotherapy. J. Drug
Deliv. Sci. Technol. 2023, 89, 105074. [CrossRef]

22.  Zhao, X.; Chen, W.; Wu, J; Shen, Y.; Xu, B.; Chen, Z.; Sun, Y. Application of Biomimetic Cell Membrane-Coated Nanocarriers in
Cardiovascular Diseases. Int. J. Nanomed. 2025, 20, 8249-8289. [CrossRef] [PubMed]

23. Jiang, C.-T.; Chen, K.-G.; Liu, A.; Huang, H.; Fan, Y.-N.; Zhao, D.-K.; Ye, Q.-N.; Zhang, H.-B.; Xu, C.-F; Shen, S.; et al.
Immunomodulating nano-adaptors potentiate antibody-based cancer immunotherapy. Nat. Commun. 2021, 12, 1359. [CrossRef]
[PubMed]

24. Rahmat, ].N,; Liu, J.; Chen, T,; Li, Z.; Zhang, Y. Engineered biological nanoparticles as nanotherapeutics for tumor immunomodu-
lation. Chem. Soc. Rev. 2024, 53, 5862-5903. [CrossRef] [PubMed]

25. Zhang, L.; Zhu, C.; Zhao, ].; Scimeca, L.; Dong, M.; Liu, R;; Jia, Y.; Xu, Z.P. Recent Advances in Nanomodulators for Augmenting

Cancer Immunotherapy in Cold Tumors: Insights from Drug Delivery to Drug-Free Strategies. Adv. Funct. Mater. 2024,
34, 2311914. [CrossRef]

https:/ /doi.org/10.3390/jfb17060308


https://doi.org/10.3322/caac.21838
https://www.ncbi.nlm.nih.gov/pubmed/38572764
https://doi.org/10.1016/j.ajps.2025.101023
https://www.ncbi.nlm.nih.gov/pubmed/40503053
https://doi.org/10.3389/fonc.2022.960317
https://www.ncbi.nlm.nih.gov/pubmed/35965519
https://www.ncbi.nlm.nih.gov/pubmed/39681637
https://doi.org/10.1038/s41588-025-02234-x
https://www.ncbi.nlm.nih.gov/pubmed/40596443
https://doi.org/10.1038/s41571-022-00685-3
https://www.ncbi.nlm.nih.gov/pubmed/36221000
https://doi.org/10.1038/s41590-024-02015-4
https://www.ncbi.nlm.nih.gov/pubmed/39587347
https://doi.org/10.1038/s41392-024-01856-7
https://www.ncbi.nlm.nih.gov/pubmed/39013849
https://doi.org/10.3389/fimmu.2022.961805
https://www.ncbi.nlm.nih.gov/pubmed/36304470
https://doi.org/10.1038/s41568-025-00864-1
https://www.ncbi.nlm.nih.gov/pubmed/41073537
https://doi.org/10.1002/adfm.202011171
https://doi.org/10.1039/d1nr05512g
https://www.ncbi.nlm.nih.gov/pubmed/34643196
https://doi.org/10.1002/advs.202204890
https://www.ncbi.nlm.nih.gov/pubmed/37017572
https://doi.org/10.1038/s41401-020-0400-z
https://www.ncbi.nlm.nih.gov/pubmed/32317755
https://doi.org/10.1002/cbdv.202201072
https://www.ncbi.nlm.nih.gov/pubmed/36857487
https://doi.org/10.1038/s41578-020-00269-6
https://www.ncbi.nlm.nih.gov/pubmed/34950512
https://doi.org/10.1080/1539445x.2021.1926282
https://doi.org/10.1186/s12951-022-01605-4
https://www.ncbi.nlm.nih.gov/pubmed/36045386
https://doi.org/10.3389/fonc.2022.867655
https://www.ncbi.nlm.nih.gov/pubmed/35425710
https://doi.org/10.1016/j.jddst.2023.105074
https://doi.org/10.2147/ijn.s531558
https://www.ncbi.nlm.nih.gov/pubmed/40589723
https://doi.org/10.1038/s41467-021-21497-6
https://www.ncbi.nlm.nih.gov/pubmed/33649336
https://doi.org/10.1039/d3cs00602f
https://www.ncbi.nlm.nih.gov/pubmed/38716589
https://doi.org/10.1002/adfm.202311914
https://doi.org/10.3390/jfb17060308

J. Funct. Biomater. 2026, 17, 308 18 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Sun, X.; Zhou, X,; Shi, X.; Abed, O.A.; An, X.; Lei, Y.L.; Moon, ].]. Strategies for the development of metalloimmunotherapies. Nat.
Biomed. Eng. 2024, 8, 1073-1091. [CrossRef] [PubMed]

Rafieerad, A.; Saleth, L.R.; Khanahmadi, S.; Amiri, A.; Alagarsamy, K.N.; Dhingra, S. Periodic Table of Immunomodulatory
Elements and Derived Two-Dimensional Biomaterials. Adv. Sci. 2025, 12, 2406324. [CrossRef] [PubMed]

Wang, T; Bai, ].; Lu, M.; Huang, C.; Geng, D.; Chen, G.; Wang, L.; Qj, J.; Cui, W.; Deng, L. Engineering immunomodulatory and
osteoinductive implant surfaces via mussel adhesion-mediated ion coordination and molecular clicking. Nat. Commun. 2022,
13, 160. [CrossRef] [PubMed]

Barik, P.; Mondal, S. Inmunomodulatory effects of metal nanoparticles: Current trends and future prospects. Nanoscale 2025,
17,10433-10461. [CrossRef] [PubMed]

Lee, V.J.; Janisse, S.E.; Heffern, M.C. Plant-derived chelators and ionophores as potential therapeutics for metabolic diseases.
Chem. Soc. Rev. 2023, 52, 3927-3945. [CrossRef] [PubMed]

Wang, M; Lan, S.; Zhang, W,; Jin, Q.; Du, H.; Sun, X,; He, L.; Meng, X,; Su, L.; Liu, G. Anti-Cancer Potency of Copper-Doped
Carbon Quantum Dots Against Breast Cancer Progression. Int. |. Nanomed. 2024, 19, 1985-2004. [CrossRef] [PubMed]

Li, Y.; Wang, Y; Zhao, L.; Stenzel, M.H.; Jiang, Y. Metal ion interference therapy: Metal-based nanomaterial-mediated mechanisms
and strategies to boost intracellular “ion overload” for cancer treatment. Mater. Horiz. 2024, 11, 4275-4310. [CrossRef] [PubMed]
Rizwan, M.; Cheng, K.; Gang, Y.; Hou, Y.; Wang, C. Immunomodulatory Effects of Vitamin D and Zinc on Viral Infection. Biol.
Trace Elem. Res. 2025, 203, 1-17. [PubMed]

Zhang, B.; Wan, H.; Liu, X;; Yu, T,; Yang, Y.; Dai, Y.; Han, Y,; Xu, K;; Yang, L.; Wang, Y.; et al. Engineering Immunomodulatory
Stents Using Zinc Ion-Lysozyme Nanoparticle Platform for Vascular Remodeling. ACS Nano 2023, 17, 23498-23511. [CrossRef]
[PubMed]

Xu, M; Xu, C.; Qiu, Y,; Feng, Y.; Shi, Q.; Liu, Y.; Deng, H.; Ma, X.; Lin, N.; Shi, Q.; et al. Zinc-based radioenhancers to activate
tumor radioimmunotherapy by PD-L1 and cGAS-STING pathway. J. Nanobiotechnol. 2024, 22, 782. [CrossRef] [PubMed]

Cen, D.; Ge, Q.; Xie, C.; Zheng, Q.; Guo, J.; Zhang, Y.; Wang, Y.; Li, X.; Gu, Z.; Cai, X. ZnS@BSA Nanoclusters Potentiate Efficacy
of Cancer Immunotherapy. Adv. Mater. 2021, 33, 2104037. [CrossRef] [PubMed]

Wang, J.; Qu, C.; Shao, X,; Song, G.; Sun, J.; Shi, D.; Jia, R.; An, H.; Wang, H. Carrier-free nanoprodrug for p53-mutated tumor
therapy via concurrent delivery of zinc-manganese dual ions and ROS. Bioact. Mater. 2023, 20, 404—417. [CrossRef] [PubMed]
Xu, L.; Peng, M.; Gao, T.; Wang, D.; Lian, X.; Sun, H.; Shi, ].; Wang, Y.; Wang, P. Nanoenabled Intracellular Metal Ion Homeostasis
Regulation for Tumor Therapy. Adv. Sci. 2024, 11, 2306203.

Jiang, H.; Guo, Y.; Wei, C.; Hu, P; Shi, J. Nanocatalytic Innate Immunity Activation by Mitochondrial DNA Oxidative Damage for
Tumor-Specific Therapy. Adv. Mater. 2021, 33, 2008065. [CrossRef] [PubMed]

Marchi, S.; Guilbaud, E.; Tait, SW.G.; Yamazaki, T.; Galluzzi, L. Mitochondrial control of inflammation. Nat. Rev. Immunol. 2023,
23,159-173. [PubMed]

Chen, H.; Ding, B.; Tan, J.; Meng, Q.; Li, J.; Zhang, W.; Zheng, P; Liu, B.; Ma, P.A.; Lin, ]. Silver Molybdate Nanoparticles for
Enhanced Tumor Immunotherapy through Pyroptosis Conversion and Ferroptosis Induction. Angew. Chem. Int. Ed. 2025,
64, €202501530. [CrossRef] [PubMed]

Li, Y,; Zhu, Z.; Hua, S.; Wan, Y.; Chen, Q.; Gao, G.; Zhang, H.; Duan, W.; Zheng, W.; Guo, Y,; et al. Metal-Based Nanoparticles
Promote the Activation of cGAS/STING Pathway for Enhanced Cancer Immunotherapy. Nano Today 2024, 58, 102445. [CrossRef]
Wang, L.; Zhu, S.; Ding, Z.; Hong, ].; Zheng, L.; Sun, J.; Tang, Y.; Chen, X.; Yong, X.; Hu, M; et al. Cell-Type Specific Activation of
the cGAS/STING Pathway in Tumor Immunotherapy: Mechanisms and Therapeutic Implications. J. Transl. Med. 2026, 24, 43.
[CrossRef] [PubMed]

Lim, J.; Rodriguez, R.; Williams, K,; Silva, J.; Gutierrez, A.G.; Tyler, P.; Baharom, F; Sun, T,; Lin, E.; Martin, S.; et al. The
Exonuclease TREXI Constitutes an Innate Immune Checkpoint Limiting cGAS/STING-Mediated Antitumor Immunity. Cancer
Immunol. Res. 2024, 12, 663-672. [CrossRef] [PubMed]

Jiang, M.; Qi, L.; Li, L.; Li, Y. The caspase-3/GSDME signal pathway as a switch between apoptosis and pyroptosis in cancer. Cell
Death Discov. 2020, 6, 112. [CrossRef] [PubMed]

Fang, R.H.; Gao, W.; Zhang, L. Targeting drugs to tumours using cell membrane-coated nanoparticles. Nat. Rev. Clin. Oncol. 2023,
20, 33-48. [CrossRef] [PubMed]

Fang, R.H.; Kroll, A.V.; Gao, W.; Zhang, L. Cell Membrane Coating Nanotechnology. Adv. Mater. 2018, 30, 1706759. [CrossRef]
[PubMed]

Wang, Y.; Zhang, P.; Wei, Y.; Shen, K.; Xiao, L.; Miron, R.J.; Zhang, Y. Cell-Membrane-Display Nanotechnology. Adv. Healthc.
Mater. 2021, 10, 2001014.

Dong, X.; Wu, W.; Pan, P.; Zhang, X.-Z. Engineered Living Materials for Advanced Diseases Therapy. Adv. Mater. 2025,
37,2304963.

Liu, X.-Y;; Ma, J.-Y.; Yuan, X.-Z. Nano-Archaea Interfaces: From Single-Cell Mechanobiology to Functional Biohybrid Systems.
Acc. Chem. Res. 2025, 58, 3614-3625. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/jfb17060308


https://doi.org/10.1038/s41551-024-01221-7
https://www.ncbi.nlm.nih.gov/pubmed/38914800
https://doi.org/10.1002/advs.202406324
https://www.ncbi.nlm.nih.gov/pubmed/39754328
https://doi.org/10.1038/s41467-021-27816-1
https://www.ncbi.nlm.nih.gov/pubmed/35013289
https://doi.org/10.1039/d5nr01030f
https://www.ncbi.nlm.nih.gov/pubmed/40202489
https://doi.org/10.1039/d3cs00167a
https://www.ncbi.nlm.nih.gov/pubmed/37203389
https://doi.org/10.2147/ijn.s449887
https://www.ncbi.nlm.nih.gov/pubmed/38435754
https://doi.org/10.1039/d4mh00470a
https://www.ncbi.nlm.nih.gov/pubmed/39007354
https://www.ncbi.nlm.nih.gov/pubmed/38451442
https://doi.org/10.1021/acsnano.3c06103
https://www.ncbi.nlm.nih.gov/pubmed/37971533
https://doi.org/10.1186/s12951-024-02999-z
https://www.ncbi.nlm.nih.gov/pubmed/39702231
https://doi.org/10.1002/adma.202104037
https://www.ncbi.nlm.nih.gov/pubmed/34622500
https://doi.org/10.1016/j.bioactmat.2022.06.005
https://www.ncbi.nlm.nih.gov/pubmed/35784636
https://doi.org/10.1002/adma.202008065
https://www.ncbi.nlm.nih.gov/pubmed/33797131
https://www.ncbi.nlm.nih.gov/pubmed/35879417
https://doi.org/10.1002/anie.202501530
https://www.ncbi.nlm.nih.gov/pubmed/39961790
https://doi.org/10.1016/j.nantod.2024.102445
https://doi.org/10.1186/s12967-025-07645-2
https://www.ncbi.nlm.nih.gov/pubmed/41501823
https://doi.org/10.1158/2326-6066.cir-23-1078
https://www.ncbi.nlm.nih.gov/pubmed/38489753
https://doi.org/10.1038/s41420-020-00349-0
https://www.ncbi.nlm.nih.gov/pubmed/33133646
https://doi.org/10.1002/smll.202305659
https://www.ncbi.nlm.nih.gov/pubmed/37884477
https://doi.org/10.1002/adma.201706759
https://www.ncbi.nlm.nih.gov/pubmed/29582476
https://doi.org/10.1021/acs.accounts.5c00648
https://www.ncbi.nlm.nih.gov/pubmed/41347716
https://doi.org/10.3390/jfb17060308

J. Funct. Biomater. 2026, 17, 308 19 of 19

51.

52.

53.

54.

55.

56.

57.

58.

59.

Liu, Z.; Wang, F;; Liu, X; Sang, Y.; Zhang, L.; Ren, J.; Qu, X. Cell membrane-camouflaged liposomes for tumor cell-selective
glycans engineering and imaging in vivo. Proc. Natl. Acad. Sci. USA 2021, 118, €2022769118. [CrossRef] [PubMed]

Liu, L.; Bai, X.; Martikainen, M.-V.; Kérlund, A.; Roponen, M.; Xu, W.; Hu, G,; Tasciotti, E.; Lehto, V.-P. Cell membrane coating
integrity affects the internalization mechanism of biomimetic nanoparticles. Nat. Commun. 2021, 12, 5726. [CrossRef] [PubMed]
Li, B.; Chu, T.; Wei, ].; Zhang, Y.; Qi, F; Lu, Z,; Gao, C.; Zhang, T Jiang, E.; Xu, J.; et al. Platelet-Membrane-Coated Nanoparticles
Enable Vascular Disrupting Agent Combining Anti-Angiogenic Drug for Improved Tumor Vessel Impairment. Nano Lett. 2021,
21, 2588-2595. [CrossRef] [PubMed]

Zhang, T,; Liu, H.; Li, L.; Guo, Z; Song, J.; Yang, X.; Wan, G.; Li, R.; Wang, Y. Leukocyte/platelet hybrid membrane-camouflaged
dendritic large pore mesoporous silica nanoparticles co-loaded with photo/chemotherapeutic agents for triple negative breast
cancer combination treatment. Bioact. Mater. 2021, 6, 3865-3878. [CrossRef] [PubMed]

Yu, W,; Xu, H.; Sun, Z,; Du, Y,; Sun, S.; Abudureyimu, M.; Zhang, M.; Tao, J.; Ge, ].; Ren, J.; et al. TBC1D15 deficiency protects
against doxorubicin cardiotoxicity via inhibiting DNA-PKcs cytosolic retention and DNA damage. Acta Pharm. Sin. B 2023,
13, 4823-4839. [CrossRef] [PubMed]

Zhu, L.; Lin, M. The Synthesis of Nano-Doxorubicin and its Anticancer Effect. Anti Cancer Agents Med. Chem. 2021, 21, 2466-2477.
[CrossRef] [PubMed]

Liu, Z.; Zhang, L.; Cui, T.; Ma, M,; Ren, J.; Qu, X. A Nature-Inspired Metal-Organic Framework Discriminator for Differential
Diagnosis of Cancer Cell Subtypes. Angew. Chem. Int. Ed. 2021, 60, 15436-15444. [CrossRef] [PubMed]

Tan, S.; Luo, X.; Wang, Y.; Chen, S.; Jiang, T.; Yang, X.; Peng, X.; Zhang, X.; Zhang, S.; Zhang, C.; et al. Biomimetic non-collagenous
proteins-calcium phosphate complex with superior osteogenesis via regulating macrophage IL-27 secretion. Biomaterials 2025,
315, 122917. [CrossRef] [PubMed]

Zhang, Y,; Li, J.; Soleimani, M.; Giacomini, F; Friedrich, H.; Truckenmiiller, R.; Habibovic, P. Biodegradable Elastic Sponge from
Nanofibrous Biphasic Calcium Phosphate Ceramic as an Advanced Material for Regenerative Medicine. Adv. Funct. Mater. 2021,
31,2102911. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/jfb17060308


https://doi.org/10.1073/pnas.2022769118
https://www.ncbi.nlm.nih.gov/pubmed/34301864
https://doi.org/10.1038/s41467-021-26052-x
https://www.ncbi.nlm.nih.gov/pubmed/34593813
https://doi.org/10.1021/acs.nanolett.1c00168
https://www.ncbi.nlm.nih.gov/pubmed/33650872
https://doi.org/10.1016/j.bioactmat.2021.04.004
https://www.ncbi.nlm.nih.gov/pubmed/33937590
https://doi.org/10.1016/j.apsb.2023.09.008
https://www.ncbi.nlm.nih.gov/pubmed/38045047
https://doi.org/10.2174/1871520621666201229115612
https://www.ncbi.nlm.nih.gov/pubmed/33372884
https://doi.org/10.1002/anie.202102286
https://www.ncbi.nlm.nih.gov/pubmed/33960090
https://doi.org/10.1016/j.biomaterials.2024.122917
https://www.ncbi.nlm.nih.gov/pubmed/39490058
https://doi.org/10.1002/adfm.202102911
https://doi.org/10.3390/jfb17060308

	Introduction 
	Materials and Methods 
	Synthesis of the ZCPDM Drug Delivery System 
	Determination of DOX Drug Loading Capacity and Encapsulation Efficiency in ZCPD 
	Determination of CCM Encapsulation Efficiency in ZCPDM 
	Cell Culture 
	Cellular Uptake 
	Mitochondrial Membrane Potential Assay 
	Intracellular ROS Detection 
	Validation of Tumor Cell Killing Ability 
	Cell Proliferation Activity Assay 
	Immunoactivation-Related Experiments 
	Animal Model Establishment 
	Evaluation of In Vivo Antitumor Efficacy 
	Histological Analysis 
	Evaluation of Systemic Antitumor Immune Capacity 
	Biosafety Evaluation 
	Statistical Analysis 

	Results 
	Synthesis and Characterization of ZCPDM 
	ZCPDM Induces 4T1 Cell Death and Inhibits Proliferation 
	The Antitumor Mechanism of ZCPDM 
	Antitumor Efficiency in Mice Bearing 4T1 Tumors Treated with ZCPDM 

	Discussion and Conclusions 
	References

