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Abstract 

As one of the most malignant tumors, metastatic melanoma essentially requires the regulation of the lysosomal cation channel, 
transient receptor potential mucolipin channel 1 (TRPML1), which is also involved in the participation of various ions, especially 
zinc ions. This perfectly aligns with the advanced therapeutic approach based on nanomaterials, because nanomaterials can 
easily integrate multiple metal elements to disrupt the internal homeostasis of various ions, eventually inhibiting the cell growth of 
metastatic melanoma. Hence, based on our previously proposed metalloptosis strategy, herein, zinc gallate-based nanoclusters 
(ZGOCs) containing both zinc and gallium were developed, capable of inducing metalloptosis. Responded to a weak-acid tumor 
microenvironment, ZGOCs could effectively release gallium ions that triggered ferroptosis through depleting glutathione and 
increasing lipid peroxidation levels. Moreover, the released zinc ions co-treated with ML-SA5, a TRPML-specific agonist, further 
promoted lysozincrosis. In addition, ZGOCs exhibited rechargeable afterglow luminescence, which facilitated in vivo clearer di-
agnostic images with high contrast for more accurate detection of tumor boundaries. Collectively, ZGOCs in combination with 
ML-SA5 significantly suppressed tumor growth with favorable biosafety, providing a promising metalloptosis-based strategy for 
the treatment of metastatic melanoma.
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1. Introduction
Compared to primary melanoma, metastatic melanoma often 
calls for more efficient and precise treatment due to the higher 
mortality rates and more severe suffering. Therefore, identifying 
appropriate targets is particularly important for the precise treat-
ment of metastatic melanoma[1]. Dependent on the pathological 
features of metastatic melanoma, the abnormality of lysosomes 
is crucial to promote the development of metastatic melanoma, 
which is also regulated by the lysosomal cation channel, tran-
sient receptor potential mucolipin channel 1 (TRPML1)[2]. TRP-
ML1 is a kind of permeable cation channel involved in various 
metal ions, such as calcium ions (Ca2+), ferrous ions (Fe2+), and 
zinc ions (Zn2+)[3]. Expectedly, disrupting the homeostasis of 
these metal ions is one of the effective strategies for suppressing 
metastatic melanoma. For example, TRPML1-specific synthetic 
agonists trigger lysosomal Zn2+ release, leading to rapid meta-
static melanoma cell death, while curcumin targets Ca2+ signaling 
pathways, enhancing endoplasmic reticulum stress and killing 
melanoma cells[4–6]. However, the ion homeostasis disruption 

effects induced by these small molecule drugs are relatively lim-
ited, and they often face significant challenges in clinical applica-
tions, such as short circulation times, poor targeting specificity, 
and limited functional versatility, which restrict their overall ef-
ficacy[7]. These limitations highlight the need for more advanced 
therapeutic approaches to improve treatment outcomes. Nano-
materials (NMs) possess unique physicochemical properties that 
allow for the integration of targeted delivery, controlled release, 
and multimodal therapeutic functionalities, potentially enhanc-
ing the synergistic effects of traditional therapies[8–10]. Hence, 
NMs-mediated advanced treatments can effectively overcome 
the above-mentioned limitations by incorporating multiple met-
al elements into a single carrier, aligning with the principles of 
the metalloptosis strategy[11].

Metalloptosis is our newly-proposed concept that describes 
programmed cell death (PCD) induced by metal ions, includ-
ing well-established forms such as ferroptosis, cuproptosis, and 
calcium overload, which are closely linked to the levels of iron 
(Fe), copper (Cu), and calcium (Ca) ions in cells[11]. Additionally, 
other metal ions, such as zinc (Zn), manganese (Mn), and sodi-
um (Na), can also trigger PCD through more general signaling 
pathways, and these processes are collectively categorized under 
metalloptosis[11]. Metalloptosis presents several advantages, in-
cluding high specificity, reduced resistance, and diverse mecha-
nisms of action, which have generated increasing interest in its 
potential application in cancer therapy[12,13]. Several design prin-
ciples are essential for the development of NMs in this emerging 
field[11]. These include rational metal selection based on valence-
dependent redox activity and cytotoxicity, and incorporation 
of controlled-release mechanisms responsive to tumor-specific 
characteristics such as pH, reactive oxygen species (ROS), and 
glutathione (GSH)[14]. For example, by engineering iron-based 
nanoparticles (NPs) into smart nanocapsules, they could be pro-
grammed to respond to acidic or hyperthermic stimuli, thereby 
enabling precise activation of the ferroptosis pathway[15]. How-
ever, previously reported NMs that induce metalloptosis still 
have some inevitable limitations. For instance, ferroptosis, a 
form of lipid peroxidation (LPO)-dependent, iron-driven PCD, 
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exhibits high specificity for cancer cells with aberrant iron me-
tabolism or compromised antioxidant defenses[16,17]. However, 
the effectiveness of ferroptosis-inducing NMs may be hindered 
by their short shelf life, as they tend to aggregate, which can 
reduce their stability and performance[18]. To address this issue 
and ensure consistent therapeutic efficacy, it is crucial to syn-
thesize NMs with stable particle sizes, uniform morphology, 
and good biocompatibility, thereby maximizing their potential 
to induce ferroptosis effectively. Moreover, the release of lyso-
somal Zn ions can trigger a nonapoptotic cell death pathway 
in melanoma cells, referred to as “lysozincrosis”[4]. In metastatic 
melanoma cells, the expression of TRPML1 is significantly up-
regulated. Treatment of these cells with TRPML1-specific syn-
thetic agonists (ML-SAs, such as ML-SA5) can rapidly induce 
lysosome-dependent, Zn2+-mediated necrotic cell death, accom-
panied by mitochondrial dysfunction and adenosine triphos-
phate (ATP) depletion[4]. While lysozincrosis shows promising 
effects against metastatic melanoma cells, further investigation 
into its mechanisms and interactions with other forms of metal-
loptosis is crucial for enhancing its therapeutic potential.

Herein, we synthesized a kind of zinc gallate-based NPs 
containing both gallium (Ga) ions and zinc ions to enhance 
metalloptosis for metastatic melanoma therapy. By introduc-
ing trace amounts of Cr³⁺, the resulting ZnGa₂O₄:Cr (simpli-
fied as ZGO) NPs also exhibited a persistent near-infrared (λ 
= 650–750 nm) afterglow emission, which is advantageous for 
high-sensitivity tumor imaging without background fluores-
cence interference[19]. Furthermore, by assembling individual 
ZGO NPs into well-defined clusters (ZGOCs), we obtained 
nanostructures with uniform morphology, optimized size, and 
favorable surface charge, thereby promoting prolonged blood 
circulation and enhanced tumor accumulation[20]. In addition, 
such clustering also improved the persistent luminescence (PL) 
of ZGOCs to a certain extent, further strengthening their po-
tential for more precise imaging-guided cancer therapy with a 
high signal-to-noise ratio. After being engulfed by melanoma 

cells, ZGOCs were effectively degraded and released gallium 
ions and zinc ions, which induced ferroptosis and promoted ly-
sozincrosis, respectively. Specifically, ZGOCs administration re-
sulted in obvious GSH depletion and LPO increment, triggering 
ferroptosis. Besides, the co-treatment of ZGOCs and ML-SA5, 
a TRPML-specific agonist, significantly reduced cellular ATP 
levels, subsequently enhancing zinc ions-mediated lysozincrosis. 
In summary, we presented an enhanced metalloptosis strategy 
of synergistical ferroptosis and lysozincrosis based on ZGOCs, 
holding promise for the efficient treatment of melanoma in the 
future (Figure 1).

2. Experimental

2.1 Materials and reagents

All purchased information of materials and reagents were as 
follows: Zn(NO3)2·6H2O (XILONG Scientific Company); 
Ga(NO3)3·xH2O and Sodium dodecylsulfate (J&K Chemicals); 
Cr(NO3)3·9H2O (Aladdin); ML-SA5 (Target Molecule Corp.); 
NaOH (Energy Chemical); Absolute ethanol and Cyclohexane 
(Beijing Tong Guang Fine Chemical Company); Oleic acid (OA, 
Alfa Aesar); 5-FAM (Xi'an Ruixi Biological Technology Com-
pany); Deferoxamine (DFO) mesylate (Abcam); Chloroquine 
(CQ), Z-VAD-fmk and Necrostatin-1 (HARVEYBIO); Lipid 
peroxide colorimetric assay kit (Elabscience Biotechnology Co., 
Ltd.); Calcein-AM/PI double stain kit and Reduced glutathi-
one content assay kit (Beijing Solarbio Science & Technology 
Co., Ltd.); ATP content assay kit (Shanghai Acmec Biochemical 
Technology Co., Ltd.); N,N,N,N-Tetrakis(2-pyridylmethyl)- 
ethylenediamine (Shanghai Macklin Biochemical Technology 
Co., Ltd.); DAPI and ROS assay kit (Beyotime); Cell counting 
kit-8 (CCK-8) (LABLEAD); Dulbecco' s modified Eagle medium 
(DMEM), PBS and trypsin-EDTA (Shanghai XP Biomed Ltd.); 
fetal bovine serum (FBS) and penicillin-streptomycin (Invitro-
gen). The following primary antibodies were purchased from 

Figure 1.  Schematic illustration of ZGOCs-induced metalloptosis for melanoma therapy. (A) Preparation of ZGOCs. (B) Proposed mechanism of ZGOCs in com-
bination with ML-SA5 in melanoma cells, enabling synergistic metalloptosis induction and afterglow-based imaging applications. ZGOCs, zinc gallate-based 
nanoclusters.
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HUABIO: Beta Actin (1:5000, EM21002), glutathione peroxi-
dase 4 (GPX4) (1:1000, ET1706-45).

2.2 Methods

2.2.1 Preparation of ZGO NPs and ZGOCs

ZGO NPs were synthesized as follows. Typically, 0.297 g 
of Zn(NO3)2·6H2O, 0.511 g of Ga(NO3)3·xH2O, and 
1.6 mg of Cr(NO3)3·9H2O were dissolved in a mixture formed 
by 0.6 g of NaOH, 6 mL of OA, 8 mL of deionized water, and 
18 mL of ethanol under vigorous stirring. The mixture was then 
transferred to a 50 mL teflon-lined autoclave and heated at 210 
°C for 16 h. After cooling to room temperature, the resulting 
ZGO NPs were precipitated, isolated by centrifugation, washed 
alternately with ethanol and cyclohexane for 3 cycles, and final-
ly redispersed in cyclohexane for further synthesis.

ZGOCs were synthesized with some modifications by fol-
lowing a previous protocol[21]. Sodium dodecylsulfate (28 mg) 
was first dissolved in 10 mL of deionized water. Then, 10 mg of 
ZGO NPs in 1 mL of cyclohexane was added to the solution. 
The mixture was emulsified using ultrasonic treatment, and the 
cyclohexane was evaporated by heating at 70 °C with vigorous 
stirring for 4 hours, assembling the ZGO NPs into ZGOCs. Af-
ter cooling to room temperature, the products were collected, 
purified by repeated centrifugation, and redispersed. The final 
products were stored in water or PBS for future use.

2.2.2 Characterization of ZGO NPs and ZGOCs

The morphology and element mapping of the ZGO NPs and 
ZGOCs were examined using transmission electron microsco-
py (TEM, FEI Tecnai T20, HT-7700, 200 kV). X-ray diffraction 
(XRD) patterns were obtained with a Rigaku DMAX-2400 dif-
fractometer using Cu Kα radiation (λ = 0.15405 nm). The hydro-
dynamic sizes of ZGOCs were measured with a dynamic light 
scattering analyzer (Zetasizer Nano ZS-90, Malvern, England). 
Fourier transform infrared (FT-IR) spectra were collected by a 
Bruker Frontier spectrometer (VERTEX 70v). PL observation of 
ZGO NPs and ZGOCs was measured using an In Vivo Imaging 
System (IVIS Luminn XRMS, Series III).

2.2.3 Degradation behavior analysis

ZGOCs were dispersed in PBS solutions with pH levels of 7.4, 
6.5, and 5.4, then placed in a 37 °C shaker at 150 rpm for 8 h. 
Afterward, 50 μL of the solution was placed on a copper grid 
for TEM analysis.

2.2.4 Cell culture and cell viability study

NIH3T3 and B16F10 cell lines were obtained from the Cancer 
Institute and Hospital of the Chinese Academy of Medical Sci-
ences. NIH3T3 and B16F10 cell lines were cultured in DMEM 
medium containing 10% FBS and 1% penicillin-streptomycin in 
a humidified environment at 37 °C with 5% CO2.

For the cell viability study, cells were incubated with varying 
concentrations of ZGOCs or ML-SA5 in DMEM at 37 °C and 
5% CO2 for 24 h. Cell viability was then assessed using the 
CCK-8 assay. Additionally, the protective effect of different cell 
death inhibitors on ZGOCs-treated B16F10 cells was evaluated 
by incubating the cells with different inhibitors for 24 h, fol-
lowed by cell viability measurement using the CCK-8 assay.

2.2.5 In vitro ferroptosis assay

To evaluate the ability of ZGOCs to induce ferroptosis, B16F10 
cells were incubated and treated with either PBS (control) or 
ZGOCs. The cells were then collected to measure GSH and LPO 

levels using commercial kits. ROS levels were assessed with a 
ROS assay kit, and fluorescence images were captured using flu-
orescence microscopy.

2.2.6 Animal experiments

Female C57BL/6J mice (8 weeks old) were purchased from Bei-
jing Vital River Laboratory Animal Technology Co., Ltd. All an-
imal experiments were conducted following guidelines approved 
by the Institutional Animal Care and Use Committee of Peking 
University, with an assigned approval number: MSE-HouYL-1.

2.2.7 In vivo tumor treatment effect evaluation

Subcutaneous melanoma-bearing C57BL/6J mice were random-
ly divided into 4 groups: (1) control (saline), (2) ML-SA5, (3) 
ZGOCs, and (4) ZGOCs + ML-SA5. ZGOCs (10 mg/kg, 200 
µL) were injected intravenously, and ML-SA5 was administered 
intraperitoneally (5 mg/kg), following the timeline shown in Fig-
ure 6A. During the treatment period, tumor volumes and body 
weights were monitored and recorded at specific time points. Af-
ter treatment, tumors from each group were collected for histo-
pathological analysis, including hematoxylin and eosin (H&E) 
staining and immunohistochemical (IHC) analysis.

2.2.8 Histological evaluation

The isolated major organs and tumors were fixed with 4% 
paraformaldehyde. The tissues were embedded in paraffin and 
sectioned at 5 mm; H&E staining was performed for histo-
logical evaluation. The slides were observed under an optical 
microscope.

2.2.9 Immunohistochemistry

The paraffin sections of tumor tissues in mice were prepared at 
the end of the treatment. IHC was performed as described pre-
viously[22]. Primary antibodies used for IHC staining included 
anti-Ki-67 (1:500; Bioss, BSM-52455R) and anti-Solute Carrier 
Family 7 Member 11 (SLC7A11, also known as xCT) (1:200; 
Affinity Biosciences, DF12509).

2.2.10 Statistical analysis

Results in this work were presented as mean values ± SD or 
mean values ± SEM, which were described in the correspond-
ing figure legends. The student’s two-tailed nonpaired t-test was 
used to determine significance between treatment and control 
groups in all experiments. P < 0.05 was considered statistically 
significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 
0.0001. NS, not significant.

3. Result and discussion

3.1 Synthesis and characterization

ZGO NPs were synthesized using a simple solvothermal 
liquid-solid-solution method, involving the reaction of metal 
salts in a mixture of NaOH, ethanol, and OA. Due to the pres-
ence of OA ligands on the surface, the resulting ZGO NPs could 
be well-dispersed in nonpolar solvents such as cyclohexane 
(CYH), which enabled the formation of clusters in subsequent 
steps. TEM images demonstrated that ZGO NPs exhibited ex-
cellent dispersion and uniformity, with a particle size of approx-
imately 10 nm (Figure 2A, B).

Subsequently, the organic phase (CYH) containing OA-
modified ZGO NPs was mixed with an aqueous solution con-
taining the surfactant sodium dodecylsulfate (SDS) to form 
an oil-in-water microemulsion via ultrasonic treatment. The 
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low-boiling organic solvent CYH was then evaporated through 
vigorous stirring, successfully yielding ZGOCs. During this pro-
cess, emulsions formed by ultrasonication underwent ripening, 
where solvent-swollen micelles were generated. As the solvent 
evaporated, clusters and SDS micelles formed (Figure 2C)[21]. 
TEM images revealed that the assembled ZGO clusters main-
tained a uniform morphology (Figure 2D). It is important to 
note that the feeding ratio of ZGO NPs during synthesis was 
critical. A reduced amount of ZGO NPs resulted in many un-
assembled monomers in the product (Supplementary Figure S1, 
https://links.lww.com/MEDMAT/A7). The hydrophobic van der 
Waals interactions between the alkyl chains of SDS surfactant in 
the aqueous phase and the alkane chains of OA ligands on ZGO 
NPs surface (Supplementary Figure S2, https://links.lww.com/
MEDMAT/A7) contributed to the good water solubility of the 
obtained ZGOCs[21]. The hydrodynamic diameter of ZGOCs in 
water was approximately 100 nm, with a polydispersity index 
of 0.075 (Supplementary Figure S3a, https://links.lww.com/
MEDMAT/A7), indicating their excellent dispersibility and 

uniformity, which was advantageous for subsequent biological 
applications. The zeta potential of ZGOCs was measured to 
be −19 mV (Supplementary Figure S3b, https://links.lww.com/
MEDMAT/A7), suggesting their favorable long-circulating be-
havior in vivo[23]. Energy dispersive spectrometry mapping and 
X-ray photoelectron spectroscopy together confirmed the pres-
ence of Zn, Ga, and O in ZGOCs (Figure 2E and Supplementary 
Figure S4, https://links.lww.com/MEDMAT/A7). The lack of Cr 
in the elemental mapping analysis arises from its trace doping 
concentration that could not be detected by the instrument[24]. 
The XRD patterns further confirmed the presence of a pure zinc 
gallate phase in ZGOCs (Figure 2F).

The degradation behavior of ZGOCs was studied by dis-
persing them in PBS with different pH values at 37 °C environ-
ments, simulating specific physiological conditions (Figure 2G). 
Remarkably, ZGOCs were stable at pH 7.4, indicating strong 
stability under physiological conditions, consistent with the re-
sults shown in Supplementary Figure S3c, https://links.lww.com/
MEDMAT/A7. However, at pH 6.5 and 5.4, ZGOCs gradually 

Figure 2.  Preparation and characterization of ZGOCs. (A) TEM characterization of the ZGO NPs. (B) HR-TEM image of ZGO NPs. (C) Illustration of the forming 
process of ZGOCs through a microemulsion-based approach. (D) TEM image and (E) EDS mappings of ZGOCs. (F) XRD pattern of ZGOCs. (G) TEM images 
of ZGOCs after incubation in PBS with pH values of 7.4, 6.5, and 5.4 (37 °C) for 8 hours. (H) UV-Vis absorbance spectra and photo (inset) of MB solutions with 
different treatments. (I–K) EPR spectra of ZGOCs treated with H₂O₂ in the presence of different spin-trapping agents. EDS, Energy dispersive spectrometry; 
EPR, electron paramagnetic resonance; MB, methylene blue; NP, nanoparticles; TEM, transmission electron microscopy; XRD, X-ray diffraction; ZGO, ZnGa₂O₄; 
ZGOCs, zinc gallate-based nanoclusters.
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degraded within 8 hours, accompanied by an increase in par-
ticle size and the release of ZGO NPs, demonstrating an acid-
sensitive degradation process. Such pH-responsive degradation 
not only ensures the structural stability of ZGOCs during sys-
temic circulation but also facilitates the release of active zinc and 
gallium ions in the acidic TME, which is expected to enhance 
their catalytic reactivity. Guided by this rationale, we next evalu-
ated the catalytic activities of ZGOCs. Methylene blue (MB) was 
employed as a dye indicator to assess the generation of ROS. As 
shown in the UV-vis absorbance spectra (Figure 2H), the treat-
ment of MB with ZGOCs in the presence of hydrogen perox-
ide (H₂O₂) led to the most pronounced decrease in absorbance 
compared with other groups, indicating the superior catalytic 
performance of ZGOCs. Furthermore, electron paramagnetic 
resonance spectroscopy confirmed the production of multiple 
ROS species, including hydroxyl radicals, superoxide anions, 
and singlet oxygen, when ZGOCs were incubated with H₂O₂ 
in the presence of different spin-trapping agents (Figure 2I–K).

3.2. In vitro anticancer activity and mechanism

We chose metastatic melanoma cell lines B16F10 and investi-
gated the cellular uptake behavior of ZGOCs. After incubating 
5-FAM-labeled ZGOCs with B16F10 cells for 8 hours, significant 

fluorescence was observed in the cells using confocal laser scan-
ning microscopy, confirming efficient intracellular internalization 
(Figure 3A). Additionally, cellular bio-TEM images (Figure 3B) 
further supported the phagocytosis of ZGOCs by tumor cells, 
laying the foundation for subsequent metalloptosis-based therapy.

To assess the cytotoxicity of ZGOCs on B16F10 cells, we 
used the CCK-8 assay. After 24 h of incubation, ZGOCs ex-
hibited a concentration-dependent cytotoxic effect on B16F10 
cells (Figure 3C). Notably, no significant toxicity of ZGOCs was 
observed in normal cells NIH3T3 (Supplementary Figure S5, 
https://links.lww.com/MEDMAT/A7). To further investigate the 
specific mechanism of cell death, various cell death inhibitors 
were selected for validation. Specifically, the apoptosis inhibitor 
Z-VAD-fmk (Z-VAD), the necroptosis inhibitor necrostatin-1 
(Nec-1), the autophagy inhibitor CQ, and the lysosomal in-
hibitor N,N,N,N-Tetrakis(2-pyridylmethyl)-ethylenediamine 
(a Zn2+ chelator) showed no rescue effects on ZGOCs-induced 
cell death. However, the ferroptosis inhibitor DFO reversed the 
cytotoxic effect of ZGOCs to a certain extent, indicating that 
ZGOCs induced B16F10 cell death primarily through ferropto-
sis. This finding was also consistent with recent research, which 
suggested that gallium ions could also induce oxidative stress 
and trigger ferroptosis via indirect mechanisms[25]. We further 
measured GSH levels and the deactivation of GSH-related GPX4 

Figure 3.  Antitumor effects and relative mechanism of ZGOCs. (A) CLSM images showing cellular uptake of 5-FAM-labeled ZGOCs in B16F10 cells, where 
blue represents cell nuclei, green represents NPs. (B) Bio-TEM images of B16F10 cells treated with ZGOCs. (C) Cell viability data of B16F10 cells when treated 
with ZGOCs at the indicated concentration for 24 h (n = 3). (D) Cell viability in B16F10 cells after being treated with ZGOCs with or without different cell death 
inhibitors (n = 3). The detection of (E) GSH levels (n = 3) and (F) LPO levels (n = 4) in B16F10 cells after ZGOCs treatments. (G) Western blot of GPX4 expression 
after ZGOCs treatments. (H) Bio-TEM images of the cross-sections of B16F10 cells after different treatments. (I) Cell viability of B16F10 cells treated with differ-
ent concentrations of ML-SA5 for 24 h (n ≥ 3). (J) Relative ATP of B16F10 cells after different treatments (n = 3). Data in (C–F) and (I–J) are presented as mean 
± SD. P values: *P < 0.05, ** P < 0.01, and ***P < 0.001, ****P < 0.0001. CLSM, confocal laser scanning microscopy; GPX4, glutathione peroxidase 4; GSH, 
glutathione; LPO, lipid peroxidation; NPs, nanoparticles; NS, no significance; TEM, transmission electron microscopy; ZGOCs, zinc gallate-based nanoclusters.

https://links.lww.com/MEDMAT/A7
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under ZGOCs treatments. The results showed that ZGOCs 
could strongly deplete GSH, and after treatment, GPX4 activity 
was significantly reduced (Figure 3E, G). The resulting GSH de-
pletion and GPX4 inactivation further hindered the clearance of 
LPO (Figure 3F), indicating that ZGOCs could effectively sup-
press antioxidant defenses, thereby promoting ferroptosis.

To assess intracellular oxidative stress, we used 
2,7-dichlorofluorescein diacetate (DCFH-DA) as a ROS probe. 
After 8 hours of ZGOCs treatment, a strong green fluorescence 
signal from DCF was observed in B16F10 cells, indicating ele-
vated intracellular oxidative stress (Supplementary Figure S6, 
https://links.lww.com/MEDMAT/A7). Bio-TEM images also re-
vealed that ZGOCs caused mitochondrial damage, as evidenced 
by the disruption of the mitochondrial cristae (Figure 3H).

Previous studies have shown that TRPML-specific synthetic 
agonists, such as ML-SA5 and ML-SA8, can induce rapid lyso-
somal Zn²⁺-dependent necrotic cell death, termed lysozincrosis, 
in metastatic melanoma cells like M12 or MeWo[4]. Surprisingly, 
we found that ML-SA5 alone did not exhibit significant cytotox-
icity in B16F10 cells, and only at high concentrations after 24 
hours did it show a certain level of toxicity (Figure 3I). However, 
when ZGOCs (100 µg/mL) were combined with ML-SA5 (1 µM) 
in B16F10 cells, a potent antitumor effect was observed, which 
far exceeded the effects of either ZGOCs or ML-SA5 alone, ac-
companied by a significant reduction in intracellular ATP lev-
els (Figure 3J and Supplementary Figure S7, https://links.lww.
com/MEDMAT/A7). We hypothesized that this synergistic effect 
arose from Zn ions released by ZGOCs, which served as an ex-
ogenous Zn²⁺ source and, upon ML1 activation, cooperatively 
triggered lysozincrosis, thereby efficiently killing B16F10 cells.

3.3. In vivo biodistribution and biocompatibility evaluation

To facilitate the subsequent in vivo antitumor applications of 
ZGOCs, we next investigated their biodistribution and bio-
safety. Compared with Cy5.5-labeled free ZGO NPs (ZGO 
NPs/Cy5.5), Cy5.5-labeled ZGOCs (ZGOCs/Cy5.5) exhibited 
prolonged blood circulation time, suggesting their improved 
physiological stability and reduced rapid clearance by the body 
(Figure 4A–B). The prolonged circulation time of ZGOCs, to-
gether with their size more suitable for the enhanced perme-
ability and retention effect, thereby favoring efficient tumor 
accumulation (Figure 4C)[26]. Moreover, as shown in Figure 4B, 
D, ZGOCs were predominantly metabolized through the liver 
and kidneys, which is consistent with the conventional meta-
bolic pathways of NMs and indicates their feasibility for safe 
clearance from the body[26].

The biocompatibility of ZGOCs was further evaluated both 
in vitro and in vivo. Initially, different concentrations of ZGOCs 
were co-incubated with mouse erythrocytes, and no significant 
hemolysis (hemolysis ratio < 5%) or coagulation was observed 
compared with the control group, demonstrating excellent hemo-
compatibility (Figure 4E and Supplementary Figure S8, https://
links.lww.com/MEDMAT/A7). Subsequently, in vivo safety 
assessments were carried out in female C57BL/6J mice. Specif-
ically, mice received intravenous injections of either ZGOCs or 
saline (control) and were sacrificed on day 7 or 14 postinjection 
to evaluate both short-term and longer-term biosafety. Serum 
biochemistry and routine blood assays (Figure 4F–G and Sup-
plementary Figure S9a, b, https://links.lww.com/MEDMAT/A7) 
revealed no significant differences in all tested parameters be-
tween the ZGOCs and control groups. In addition, H&E stain-
ing of major organs—including the heart, liver, spleen, lungs, and 
kidneys—revealed no pathological alterations or tissue damage 
at day 7 or 14 (Figure 4H and Supplementary Figure S9c, https://
links.lww.com/MEDMAT/A7), further confirming the favorable 
short- and long-term safety profile of ZGOCs.

Taken together, these results confirmed that ZGOCs pos-
sessed favorable pharmacokinetics, efficient tumor-targeting 

capability, and excellent biocompatibility, highlighting their 
promise as a safe and effective nanoplatform for future mela-
noma therapy.

3.4. In vitro and in vivo persistent luminescence 
performance

We further investigated the in vitro and in vivo afterglow imag-
ing performance of ZGO NPs due to their intrinsic PL capabili-
ty. The excitation and emission spectra of ZGO NPs are shown 
in Figure 5A, B. Under UV excitation, ZGO NPs exhibited a 
broad emission band spanning the red to near-infrared (NIR) 
region (600–800 nm) with a pronounced peak at 695 nm. In-
terestingly, the formation of ZGO clusters (ZGOCs) resulted in 
an enhanced and prolonged PL intensity (Figure 5C), which can 
be ascribed to the effective suppression of surface defect–medi-
ated nonradiative transitions within the densely packed cluster 
structure. In addition, the clustered configuration may partial-
ly shield the particles from water-induced quenching, thereby 
further sustaining the PL[19]. As shown in Figure 5E, following 
10 min of UV excitation, ZGOCs displayed concentration-
dependent afterglow performance, with the highest concen-
tration group exhibiting decay times of approximately 20 min. 
Moreover, ZGOCs demonstrated rechargeable afterglow prop-
erties: upon re-excitation with UV light after initial decay, the 
afterglow intensity was fully restored without noticeable signal 
attenuation (Figure 5D and Supplementary Figure S10, https://
links.lww.com/MEDMAT/A7).

The NIR emission of ZGOCs confers distinct advantages for 
in vivo applications, including deeper tissue penetration and 
minimized autofluorescence interference, which are critical for 
high-contrast imaging. Indeed, as illustrated in Figure 5F, in 
B16F10 tumor-bearing mice, intratumoral injection of ZGOCs 
enabled detectable afterglow within the tumor site for nearly 
20 min, providing a sufficient imaging window for real-time 
tumor visualization and potential guidance for therapeutic 
interventions. Moreover, this afterglow can be reactivated on 
demand by subsequent UV excitation, demonstrating its re-
chargeable capability.

3.5. In vivo synergistic anticancer evaluation

Encouraged by the efficacy of ZGOCs in inducing metallop-
tosis and their biosafety, we conducted an in vivo therapeutic 
experiment to evaluate whether ZGOCs in combination with 
ML-SA5 could inhibit tumor growth. Subcutaneous melano-
ma models were established by inoculating B16F10 cells into 
C57BL/6J mice and allowing the tumors to grow for 7 days. 
The tumor-bearing mice were then randomly divided into 4 
groups: saline (control), ML-SA5 alone, ZGOCs alone, and the 
combination of ZGOCs with ML-SA5. Following the treatment 
protocols shown in Figure 6A, it was evident that the tumor 
size in the “ZGOCs+ML-SA5” group was significantly small-
er compared with the other groups (Figure 5B, C), indicating a 
more potent metalloptosis-inducing effect. The survival curves 
in Figure 5D further confirmed the synergistic effect of ZGOCs 
and ML-SA5. Throughout the treatment period, no significant 
weight loss was observed in the mice treated with ZGOCs, ML-
SA5, or their combination, compared with the saline control 
group (Figure 5E). Consistent with the tumor inhibition results, 
H&E staining of tumor sections from the ZGOCs and ML-SA5 
combination group showed distinct features of necrotic cells, 
such as cell shrinkage, loss of cell–cell contacts, and condensed 
chromatin (Figure 5F). Moreover, IHC of Ki-67, a marker of cell 
proliferation, and xCT, a key cystine/glutamate antiporter that 
suppresses ferroptosis, further confirmed that the combination 
treatment induced the most pronounced inhibition of tumor 
growth and activation of ferroptosis (Supplementary Figure 
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S11, https://links.lww.com/MEDMAT/A7). Overall, the syner-
gistic action of ZGOCs and ML-SA5 effectively induced metal-
loptosis in melanoma-bearing mice, leading to significant tumor 
suppression and achieving a favorable therapeutic outcome.

4. Conclusions
For an enhanced metalloptosis strategy disrupting ion homeo-
stasis in metastatic melanoma, ZGOCs combining with ML-
SA5 were successfully developed for the treatment of melanoma. 
The synthesized ZGOCs exhibited uniform morphology, good 
stability, and strong metalloptosis-inducing capabilities. These 
nanoclusters were responsive to the acidic TME, where they de-
graded to release gallium and Zn ions. On one hand, these metal 
ions triggered GSH depletion, ROS production, and GPX4 deac-
tivation in B16F10 cells, ultimately leading to a sharp increase 
in LPO levels for inducing ferroptosis. On the other hand, the 
released Zn ions synergized with ML-SA5, a TRPML1 agonist, 

to potentiate lysozincrosis, ultimately enhancing melanoma cell 
death. This dual pathway of ferroptosis and lysozincrosis was 
further validated in vivo, where the combination of ZGOCs and 
ML-SA5 effectively suppressed tumor growth with favorable 
biosafety.

In parallel, the unique optical properties of ZGOCs provided 
additional diagnostic advantages. Unlike conventional fluores-
cent probes that require continuous external excitation, ZGOCs 
exhibited long-lasting, rechargeable afterglow emission. The 
cluster formation further suppressed nonradiative transitions, 
thereby prolonging the duration and intensity of the afterglow. 
Importantly, the emission lies in the NIR window, which match-
es well with the superficial growth characteristics of melanoma, 
enabling deeper tissue penetration, minimized autofluorescence, 
and real-time tumor tracking. These features highlight ZGOCs 
as a dual-functional platform that integrates therapeutic efficacy 
with high-contrast afterglow imaging, thereby advancing pre-
cise melanoma theranostics.

Figure 4.  Biodistribution and biocompatibility assessment of ZGOCs. (A) Fluorescence images at the indicated time of tumor-bearing mice after intravenous 
injection with PBS, ZGO NPs, and ZGOCs. (B, C) Representative in vivo fluorescence images of (B) major organs and (C) tumors at 48 h after treatment of dif-
ferent treatment groups. (D) Biodistribution of ZGO NPs or ZGOCs in tumor-bearing mice after 48 hours postinjection. (E) Hemolysis assay of ZGOCs at different 
concentrations. Saline was set as the negative control, and distilled water was set as the positive control. (F) Serum biochemistry analysis (n = 3), (G) routine 
blood assay (n = 4), and (H) H&E staining images of major organs from mice treated with saline (control) and ZGOCs for 7 days. Scale bar: 200 µm. Data in (D–F) 
are presented as mean ± SD. H&E, hematoxylin and eosin; NPs, nanoparticles; ZGO, ZnGa₂O₄; ZGOCs, zinc gallate-based nanoclusters.
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It is also worth noting that this clustering strategy is not lim-
ited to single ZGO-based systems. ZGO NPs could also be hy-
bridized with other functional NMs, such as gold or iron car-
bide (Fe₂C) NPs, further expanding the bio-application range of 
this strategy (Supplementary Figure S12, https://links.lww.com/
MEDMAT/A7). For example, integrating gold or Fe2C NPs may 
endow the hybrid clusters with strong photothermal or mag-
netothermal conversion efficiency, thereby enabling synergistic 
thermal ablation in combination with metalloptosis. In parallel, 
the incorporation of these functional components also enhances 
diagnostic capabilities—gold NPs can serve as excellent comput-
ed tomography contrast agents, while Fe₂C NPs offers magnetic 
resonance imaging potential—supporting multimodal imag-
ing-guided therapy.
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