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A B S T R A C T

Background: Fenton reaction-driven chemodynamic therapy (CDT) is gaining attention as a novel method for 
destroying tumor cells by converting endogenous H2O2 into toxic hydroxyl radicals (•OH). Nevertheless, the non- 
specific tumor targeting of CDT reagents and the consumption of •OH by intracellular glutathione (GSH) 
remarkably diminish the antitumor effectiveness of CDT.
Methods: To achieve effective treatment of prostate cancer using tumor-specific chemodynamic-chemo combi
nation therapy, the hyaluronic acid (HA)-decorated Fe3+-based MIL-88B (HM) nanoparticles loaded with 
juglone, a phenolic compound, are developed.
Significant findings: The juglone@HM (JHM) nanoparticles exhibited an ultrahigh drug loading capacity (ca 35.1 
wt%), uniform spindle-like shape, and excellent dispersion stability. The acidity/GSH-triggered disintegration of 
JHM nanoparticles efficiently accelerated the release of juglone molecules and Fe3+ ions. Additionally, the JHM 
nanoparticles displayed acidity-enhanced degradation of H2O2 into •OH via a Fenton or Fenton-like reaction as 
well as potent GSH consumption through juglone-mediated Michael addition and Fe3+-elicited redox reaction. 
After uptake by TRAMP-C1 prostate cancer cells via CD44-mediated internalization, JHM nanoparticles depleted 
massive GSH and degraded H2O2 into •OH, leading to apoptosis and ferroptosis upon mitochondrial damage and 
lipid peroxidation. Importantly, the JHM nanoparticles prominently suppressed in vivo TRAMP-C1 tumor growth 
by GSH depletion-enhanced chemodynamic-chemo therapy.

1. Introduction

Over the past decade, chemodynamic therapy (CDT) has emerged as 
a promising cancer treatment strategy due to its high tumor selectivity, 
low systemic toxicity, and minimal invasiveness [1–5]. Through 
Fenton/Fenton-like reactions, multivalent metal ion pairs such as 
Cu+/Cu2+, Fe2+/Fe3+, and Mn2+/Mn3+ can convert excess endogenous 
hydrogen peroxide (H2O2) within tumors to highly cytotoxic hydroxyl 
radicals (•OH) [1–5]. The produced •OH, the most active reactive ox
ygen species (ROS), can disturb intracellular redox balance and elicit 
permanent damage to cellular organelles, proteins, and DNA, ultimately 
leading to cancer cell death [6–8]. Also, intracellular massive •OH 

production has been demonstrated to damage lipid repair enzyme 
glutathione peroxidase 4 (GPX4) and promote lipid peroxidation (LPO), 
leading to ferroptosis, which plays a crucial synergistic role in CDT [6,
9–15]. Despite its promising potential, CDT still faces several significant 
challenges that restrict its clinical use. Although the H2O2 concentration 
(around 100 μM) in the tumor microenvironment (TME) is markedly 
higher than in normal tissues, it remains insufficient to support sus
tained •OH generation [16–18]. Furthermore, the intracellular excess 
glutathione (GSH) (2 to 10 mM), acting as a potent •OH scavenger, can 
maintain redox homeostasis in cancer cells and thereby largely decline 
the therapeutic efficacy of CDT [16–18]. Therefore, developing a CDT 
agent capable of depleting GSH is essential for enhancing the antitumor 
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efficacy of CDT.
GSH depletion is typically achieved through two main approaches: 

conjugation with target molecules to form GS-X conjugates [19–21] and 
oxidation by metal ions (such as Fe3+, Cu2+, and Mn2+) [22–25]. For 
example, Lin’s group fabricated Fe3+/naphthazarin metal-phenolic 
networks (FNP MPNs) using a simple one-step approach [20]. The 
FNP MPNs rapidly liberated naphthazarin and Fe3+ under GSH-rich 
acidic conditions, thus effectively consuming GSH via 
naphthazarin-mediated Michael addition and exerting Fe3+-triggered 
Fenton reaction to generate substantial •OH to augment CDT effects. 
Moreover, a nanosized Cu2+/catechol-based metal-organic framework 
(MOF) capable of oxidizing GSH into glutathione disulfide (GSSG) via 
Cu2+-mediated redox reaction was developed by Liu et. al. to overcome 
cancer chemoresistance [25]. 5‑hydroxy-1,4-naphthoquinone, a type of 
natural phenolic compound, also known as juglone, extracted from 
Juglans regia, has been recognized as a promising candidate for cancer 
therapy [26–28]. Several studies have demonstrated that juglone can 
deplete GSH via a Michael reaction between the thiol groups of GSH and 
the α,β-unsaturated ketone moiety of juglone [29–31]. Moreover, the 
anticancer effects of juglone are related to increased intracellular H2O2 
production and its function as a natural inhibitor of peptidyl-prolyl 
cis-trans isomerase NIMA-interacting 1 (Pin1), an enzyme commonly 
overexpressed in cancer [32]. Nevertheless, the poor water solubility 
and lack of tumor targeting of juglone significantly hinder its applica
tions in CDT-based cancer treatment. To address these issues, Lin’s 
group developed Fe3+-juglone nanoscale coordination polymers 
(FJNCPs) decorated with 1,2-distearoyl-sn‑glycero-3-phosphoethanol
amine conjugated polyethylene glycol (DSPE-PEG) [31]. The FJNCPs, as 
redox homeostasis disruptors, remarkably depleted intracellular GSH 
through Michael addition between juglone and GSH and Fe3+-mediated 
GSH oxidation, as well as produced sufficient •OH to elicit potent fer
roptosis and apoptosis. Furthermore, a magnetic nanoreactor, 
CoFe₂O₄@PALA-g-mPEG/juglone (CFO@PA-P/J), was fabricated by 
decorating magnetic CoFe2O4 (CFO) nanoparticles with a branched poly 
(α-lipoic acid) (PLA)-graft-mPEG loaded with juglone for highly efficient 
CDT [33]. The nanoreactor enabled the selective accumulation at tumor 
sites under the guidance of an external magnetic field, thus enhancing 
CDT-based antitumor potency. Despite some progress in the develop
ment of juglone delivery systems [28,31,33,34], few studies have 
focused on the fabrication of juglone delivery nanocarriers equipped 
with polysaccharide-driven tumor targeting and dual-mode GSH 
depletion for CDT-based tumor treatment. Furthermore, most 
juglone-loaded nanoparticles were fabricated using harsh hydrothermal 
methods that require high reaction temperatures and pressures [28] 
and/or dimethylformamide (DMF) as the reaction solvent [28,31,33]. 
DMF is classified as a Group 2A carcinogen by the International Agency 
for Research on Cancer, making these approaches unfavorable for clin
ical translation. Additionally, recent developments have led to the 
extensive growth of organic-inorganic materials for enhancing both 
catalytic performance and antibacterial activity [35–37]. Among them, 
MOFs composed of inorganic metal ions and organic bridging ligands 
have been extensively explored for gas storage, catalysis, sensors, water 
treatment, and membranes [38–41]. MOFs have demonstrated effec
tiveness in drug delivery by serving as carriers for nucleic acids, pro
teins, and small molecules [6–8,12,25,38–42].

To address the above issues and achieve effective treatment of 
prostate cancer using tumor-targeting and GSH depletion-enhanced 
chemodynamic-chemo combination therapy, juglone-carrying Fe3+- 
based MIL-88B nanoparticles covalently conjugated with hyaluronic 
acid (HA), which is a natural polysaccharide capable of targeting CD44 
receptor-overexpressed cancer cells, were fabricated under DMF-free 
and mild conditions. The attained juglone@HM (JHM) nanoparticles 
exhibited an ultrahigh drug loading capacity (ca 35.1 wt %), uniform 
spindle-like shape, and excellent dispersion stability in the serum- 
containing milieu. Through the acidity/GSH-triggered disintegration 
of JHM nanoparticles, the juglone molecules and Fe3+ ions were 

efficiently released. Also, the JHM nanoparticles prominently depleted 
GSH via juglone-mediated Michael addition and Fe3+-elicited GSH 
oxidation, and effectively degraded H2O2 into •OH via Fenton/Fenton- 
like reaction in the acidic milieu. After uptake by TRAMP-C1 prostate 
cancer cells through CD44-mediated internalization, JHM nanoparticles 
depleted massive GSH and sufficiently degraded H2O2 into •OH, 
resulting in mitochondrial damage and LPO to promote apoptosis and 
ferroptosis. Notably, the JHM nanoparticles significantly suppressed in 
vivo TRAMP-C1 tumor growth without severe adverse effects. The 
caspase-3 and GPX4 staining of tumor sections further demonstrated 
that the JHM nanoparticle remarkably elicited apoptosis and ferroptosis 
by GSH depletion-enhanced chemodynamic-chemo combination ther
apy. Overall, this study highlights the potential of JHM nanoparticles as 
a promising platform for synergistic tumor therapy.

2. Experimental section

2.1. Materials and cell lines

Anhydrous iron (III) chloride (97 %) was obtained from SHOWA 
(Japan). HA sodium salt (Mw = 3000~5000 g/mol, ≧ 91 %) was pur
chased from Glentham Life Science Ltd. (UK). 2-Aminoterephthalic acid 
(BDC-NH2, 99 %), propidium (PI, 94 %), dichloro-dihydro-fluorescein 
diacetate (DCFH-DA, ≧ 97 %), IR780 (≧ 95 %), and Dulbecco′s Modi
fied Eagle′s Medium (DMEM) were purchased from Sigma-Aldrich 
(USA). Terephthalic acid (THA, 98 %) and N-hydroxysuccinimide 
(NHS, 98 %) were obtained from Alfa Aesar (USA). Juglone (97 %) and 
1,10-phenanthroline monohydrate (Phe, ≥99.5 %) were attained from 
Thermo Fisher Scientific. 5,5-dimethyl-1-pyrroline N-oxide (DMPO, 98 
%) and N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo
ride (EDC, 95 %) were purchased from Matrix Scientific. Fetal bovine 
serum (FBS) was purchased from Hyclone (USA). Hoechst 33,342 and 
BODIOY™581/591 C11 were obtained from Invitrogen (USA). The JC-1 
assay kit was purchased from MedChemExpress (USA). 5,5′-dithiobis (2- 
nitrobenzoic acid) (DTNB) was purchased from Fluorochem (UK). 3- 
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, >
98 %) was obtained from Alpha Biochemistry (Taiwan). 3,3′,5,5′-Tet
ramethylbenzidine (TMB, 99 %) was purchased from Acros Organics 
(USA). Calcein-AM was obtained from AAT Bioquest (USA). Anti- 
Glutathione peroxidase 4 (GPX4) antibodies (no. ab125066) were ob
tained from Abcam. TRAMP-C1 cells (murine prostate cancer cell line) 
were obtained from the Food Industry Research and Development 
Institute (Hsinchu City, Taiwan).

2.2. Synthesis of JHM nanoparticles

The JHM nanoparticles were prepared by the incorporation of 
juglone into HA-coated MIL-88B (HM) nanoparticles via hydrophobic 
and π-π stacking interactions. Firstly, FeCl3 (8.9 mg) was dissolved in 5.0 
mL of ethanol. Afterward, BDC-NH2 in ethanol (5 mL, 4 mg/mL) was 
added dropwise to the FeCl3 solution and stirred at 40 ◦C for 1.5 h. The 
resulting MIL-88B nanoparticles were purified by centrifugation (35 ◦C, 
16,000 rpm, 20 min) and washed with 95 % ethanol and deionized 
water. Subsequently, the MIL-88 nanoparticle solution (1 mL, 1 mg/mL) 
was added to the aqueous solution containing HA segments (2.0 mg) 
whose carboxyl groups were activated by EDC and NHS, followed by 
stirring at 25 ◦C for 24 h to obtain the HM nanoparticles. To prepare the 
JHM nanoparticles, juglone in ethanol (1.0 mL, 0.5 mg/mL) was added 
to the HM nanoparticle solution (2.0 mL) and stirred at 25 ◦C for 24 h. 
Through centrifugation at 16,000 rpm, the JHM nanoparticles were 
collected and washed three times with 95 % ethanol, followed by 
dispersion in deionized water.

2.3. Characterization

The particle size and size distribution of MIL-88B, HM, and JHM 
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nanoparticles in aqueous solutions were measured by dynamic light 
scattering (DLS) using a Brookhaven BI-200SM goniometer equipped 
with a solid-state laser. The X-ray diffraction (XRD) patterns of MIL-88B, 
HM, and JHM nanoparticles were attained by a D8 Discover X-ray 
diffractometer (Bruker, Germany). The Litesizer 500 (Anton Paar, USA) 
was employed to determine the zeta potential of MIL-88B, HM, and JHM 
nanoparticles dispersed in 0.01 M NaCl aqueous solutions for 30 min. 
The morphology of various nanoparticles was observed by transmission 
electron microscope (TEM) (JEM-1400 FLASH, JEOL, Japan) and field 
emission scanning electron microscope (FE-SEM) (JSM-7800F, JEOL). 
X-ray energy dispersive spectroscopy (EDS) elemental mapping of JHM 
nanoparticles was acquired using TEM (JEM-F200, JEOL).

2.4. Determination of juglone loading efficiency and content

To quantify the juglone content in JHM nanoparticles, the superna
tant was collected during the centrifugation step of the purification 
process. The absorbance of juglone in the supernatant at 424 nm was 
measured using a UV/Vis spectrophotometer (Hitachi U2900). The 
calibration curve for juglone loading characterization was obtained by 
the absorbance of juglone at various concentrations in ethanol/deion
ized water (v/v: 1/2) cosolvent (Fig. S1). The loading content (LC) and 
loading efficiency (LE) of juglone were estimated by the following for
mula:    

2.5. In vitro juglone and Fe3+liberation

To explore in vitro juglone release behavior, JHM nanoparticles were 
dispersed in pH 7.4 0.15 M saline solution and pH 5.0 acetate buffer with 
or without 10 mM GSH, respectively, at 37 ◦C. At the designated time 
points, the JHM nanoparticle solution was centrifuged at 25 ◦C (16,000 
rpm for 10 min). The absorbance of the collected supernatant at 424 nm 
was measured using a UV/Vis spectrophotometer and compared with a 
calibration curve to quantify the amount of juglone released from the 
JHM nanoparticles. On the other hand, the in vitro Fe3+ release study 
was performed in the above manner. At the prescribed time, the JHM 
nanoparticle solution was centrifuged at 25 ◦C (16,000 rpm, 10 min). 
The supernatant was mixed with 1 mL of Vitamin C solution (40 mM) 
and 2 mL of Phe solution (2 mg/mL), and the mixture was reacted for 30 
min. The absorbance of Fe2+/Phe complexes at 510 nm was subse
quently measured using a microplate reader (M200pro, Tecan). The 
absorbance was substituted into the pre-established calibration curve to 
calculate the amount of Fe3+ liberated from JHM nanoparticles. At least 
triplicate measurements of each sample were conducted and then 
averaged.

2.6. Fe2+ production and GSH depletion

The Phe assay was employed to verify the reduction of Fe3+ ions in 
JHM nanoparticles to Fe2+ by GSH. Briefly, JHM nanoparticles (50 μg/ 
mL) were dispersed in pH 5.0 acetate buffer containing GSH (0.4 mM) 
and Phe (0.1 mg/mL), and incubated at 37 ◦C for 1 h. The mixture was 
then centrifuged at 25 ◦C, and the absorbance of the supernatant at 510 
nm was determined using a microplate reader (M200pro, Tecan). For 
comparison, control experiments were performed using the following 
groups: JHM nanoparticles alone and FeCl3 + GSH. On the other hand, 
the GSH-depleting capability of JHM nanoparticles was evaluated using 
the DTNB assay. In brief, 0.9 mL JHM nanoparticle solution (1 mg/mL) 
was mixed with 0.1 mL GSH solution (2 mM), and the mixture was 
incubated at 37 ◦C. At designated time points (10 min, 30 min, 1, 3, 6, 
and 24 h), the samples were centrifuged, and 0.5 mL of the supernatant 
was mixed with 0.5 mL of DTNB solution (0.2 mM) for 10 min. The 
absorption of the resulting solution was then measured using a micro
plate reader (M200pro, Tecan). For comparison, the GSH depletion 
induced by free juglone and HM nanoparticles was evaluated using a 
similar method, with the mixtures incubated at 37 ◦C for 30 min.

2.7. Catalytic performance

Electron spin resonance (ESR) measurement was used to detect the 
generation of •OH by DMPO. For the ESR spectrum of •OH, 100 µL of 
DMPO (1 M) was mixed with 1 mL solution containing HM nanoparticles 
or HM nanoparticles + H2O2 at pH 5.0, and then the mixture was 
transferred into a quartz capillary and measured on an EMX-plus spec
trometer (Bruker, Germany). Furthermore, the catalytic activity of JHM 
nanoparticles for •OH generation at pH 7.4 and 5.0 was assessed by 
measuring the fluorescence intensity of 2-hydroxyterephthalic acid, 
formed from the reaction between THA and •OH. JHM nanoparticles (50 
μg/mL) were dispersed in either pH 7.4 saline solution or pH 5.0 acetate 
buffer containing 1 mM H2O2 and 5 mM THA. The mixtures were 
incubated at 37 ◦C in the dark for 1 h, followed by centrifugation. 
Fluorescence intensity of the supernatant was measured at 420 nm using 
a fluorescence spectrophotometer (Hitachi F-2700). Moreover, the TMB 
assay was employed to evaluate the •OH generation of JHM nano
particles at pH 7.4 and 5.0. JHM nanoparticles (50 μg/mL) were 
dispersed in aqueous solutions of pH 7.4 and 5.0 containing 1 mM H2O2 
and 5 mM TMB and then incubated in the dark at 37 ◦C for different time 
intervals. The resulting solutions were centrifuged, and the absorption of 
the supernatant was measured using a microplate reader (M200pro, 
Tecan).

LE of juglone (%) =
Weight of juglone in feed − Weight of juglone in the supernatant

Weight of juglone in feed
× 100 % 

LC of juglone (wt%) =
Weight of juglone in feed − Weight of juglone in the supernatant

Total weight of JHM nanoparticles
× 100 % 
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2.8. In vitro cellular uptake

The CD44-mediated internalization of IR780-labeled JHM (IJHM) 
nanoparticles by TRAMP-C1 cells was evaluated using fluorescence 
imaging. TRAMP-C1 cells (2 × 105 cells/well) were seeded onto 22 mm 
round glass coverslips placed in 6-well plates and cultured with IJHM 
nanoparticles (IR780 concentration: 20 μg/mL) at 37 ◦C for 1 h and 4 h, 
either in the presence or absence of free HA segments (10 mg/mL). After 
incubation, the cells were rinsed three times with HBSS and fixed with 4 
% formaldehyde. The nuclei were then stained with Hoechst 33,342 for 
5 min. Cellular images were acquired using a confocal laser scanning 
microscope (CLSM) (TCS SP5 II, Leica).

2.9. Intracellular Fe2+ generation and GSH depletion and •OH 
production

TRAMP-C1 cells seeded onto 22 mm round glass coverslips in 6-well 
plates (1.5 × 105 cells/well) were treated with juglone (20 μg/mL), HM 
(37.1 μg/mL), or JHM nanoparticles (juglone concentration: 20 μg/mL; 
HM concentration: 37.1 μg/mL) for 1.5 h. Afterward, the cells were 
incubated with RhoNox-1 (5 μM) at 37 ◦C for 30 min. A fluorescence 
microscope (DMI 6000B, Leica) was used to visualize intracellular 
RhoNox-1 fluorescence, with an excitation wavelength of 540 nm.

To evaluate the intracellular GSH consumption, TRAMP-C1 cells (2 ×
105 cells/well) seeded into 6-well plates were incubated with juglone, 
HM, and JHM nanoparticles (juglone concentration: 20 μg/mL; HM 
concentration: 37.1 μg/mL), respectively, at 37 ◦C for 6 h. Subsequently, 
the treated cells were rinsed with PBS, detached using trypsin-EDTA, 
and centrifuged at 1200 rpm for 5 min. The resulting cell pellet was 
resuspended in 0.3 mL of RIPA buffer and subjected to a freeze-thaw 
cycle at -20 ◦C to achieve cell lysis. After lysis, the samples were 
centrifuged at 12,000 rpm for 25 min, and 100 μL of the supernatant was 
mixed with 50 μL of DTNB solution (1 mM). After 20 min, the absor
bance of the resulting solution was then measured at 435 nm using a 
microplate reader (M200pro, Tecan). All measurements were performed 
in triplicate and averaged. The intracellular GSH level was calculated 
using the following formula: 

Intracellular GSH level (%) =
Absorbance of experimental group

Absorbance of control group
× 100 

To assess the intracellular •OH production, TRAMP-C1 cells were 
seeded onto 22 mm round glass coverslips in 6-well plates at a density of 
1.5 × 105 cells per well and then treated for 1.5 h with juglone (20 μg/ 
mL), HM (37.1 μg/mL), or JHM nanoparticles (juglone concentration: 
20 μg/mL; HM concentration: 37.1 μg/mL). Next, the cells were rinsed 
with HBSS and then incubated with DCFH-DA (5 μM) at 37 ◦C for 30 
min, washed with HBSS, and fixed with 4 % formaldehyde. Fluorescence 
images were acquired using a CLSM (TCS SP5 II, Leica).

2.10. Intracellular LPO determination

TRAMP-C1 cells (1.5 × 105/well) attached in a 6-well plate were 
incubated with juglone (20 μg/mL), HM (37.1 μg/mL), or JHM nano
particles (juglone concentration: 20 μg/mL; HM concentration: 37.1 μg/ 
mL), respectively, at 37 ◦C for 1.5 h. After eliminating the culture me
dium, the cells were incubated with 5 μM BODIPY™ 581/591 C11 for 30 
min, then rinsed with HBSS and fixed with 4 % formaldehyde. LPO was 
visualized using fluorescence microscopy (DMI 6000B, Leica) with an 
excitation wavelength of 514 nm for BODIPY detection.

2.11. Mitochondrial membrane potential (MMP) analysis

Mitochondrial membrane depolarization was assessed using the JC-1 
MMP detection kit. TRAMP-C1 cells (1.5 × 105 cells/well) seeded in 6- 
well plates were incubated with juglone (20 μg/mL), HM (37.1 μg/mL), 

or JHM nanoparticles (juglone concentration: 20 μg/mL; HM concen
tration: 37.1 μg/mL) at 37 ◦C for 1.5 h. After eliminating the culture 
medium, the cells were stained with JC-1 (2 μM) for 30 min and then 
fixed with 4 % formaldehyde. Fluorescence images were acquired using 
a fluorescence microscope (DMI 6000B, Leica) with excitation wave
lengths of 488 nm for JC-1 monomers and 514 nm for JC-1 aggregates.

2.12. In vitroanticancer potency of chemodynamic-chemo therapy

TRAMP-C1 cells (1 × 104 cells/well) seeded in 96-well plates were 
incubated with DMEM containing juglone, HM, or JHM nanoparticles of 
various concentrations for 24 h. Subsequently, the culture medium was 
removed, and 100 μL of MTT solution (0.25 mg/mL) was added to each 
well, followed by incubation for 3 h. The supernatant was then removed, 
and DMSO was added to dissolve the resulting formazan crystals. The 
absorbance was measured at 570 nm using a microplate reader 
(M200pro, Tecan).

The anticancer efficacy of chemodynamic-chemo therapy mediated 
by JHM nanoparticles was further assessed using calcein-AM/PI live/ 
dead cell staining in TRAMP-C1 cells. TRAMP-C1 cells (1.5 × 105 cells/ 
well) seeded in 6-well plates were treated with juglone (20 μg/mL), HM 
(37.1 μg/mL), or JHM nanoparticles of various concentrations. After 
treatment, cells were washed with HBSS and stained with calcein-AM (2 
μM) for 45 min, followed by staining with PI (4.5 μM) for 15 min. 
Fluorescence images were acquired using a fluorescence microscope 
(DMI 6000B, Leica).

2.13. Animals and tumor model

Male C57BL/6 J mice (6~8 weeks old) were acquired from the Na
tional Laboratory Animal Center (Taiwan) and cared for according to the 
Guidance Suggestions for the Care and Use of Laboratory Animals, 
approved by the Administrative Committee on Chang Bing Show Chwan 
Memorial Hospital (Taiwan) (IACUC Approval No: 113,006). To estab
lish a tumor model, 100 μL of PBS containing 8 × 106 TRAMP-C1 cells 
was subcutaneously injected into the right hind leg of mice. Tumor 
volume (V) was calculated using the formula: V = (L × W2)/2, where W 
represents the tumor’s widest dimension, and L denotes its longest 
dimension.

2.14. In vivo imaging and biodistribution

The hemocompatibility of JHM nanoparticles was assessed using a 
hemolysis assay. Mouse blood was collected, and red blood cells were 
isolated by centrifugation. A 2 % red blood cell suspension was incu
bated with various concentrations of JHM nanoparticles for 1 h, and the 
hemolysis rate was quantified by measuring the absorbance at 570 nm. 
Red blood cells incubated in deionized water and in 0.9 % saline solution 
served as the positive and negative controls, respectively. Once tumor 
volumes reached 90–120 mm3, mice were randomly divided into three 
groups (n = 3) and intravenously injected with PBS, free IR780, or IJHM 
nanoparticles (100 μL) at an IR780 dosage of 1.0 mg/kg. Fluorescence 
signals of IR780 (excitation: 745 nm; emission: 810 nm) were captured 
at 2, 4, 6, and 24 h post-injection using an IVIS imaging system (Xtreme 
II imaging system, Bruker). The treated mice were sacrificed by CO2 
euthanasia at 24 h post-injection, and the major organs and tumors were 
collected for imaging by IVIS.

2.15. In vivo tumor growth suppression

When tumor volumes reached approximately 90–120 mm³, mice 
were randomly divided into four groups (n = 5 per group): (i) PBS, (ii) 
juglone, (iii) HM nanoparticles, and (iv) JHM nanoparticles. Each group 
received an intravenous injection of the corresponding formulation (100 
μL) at a dose of 1.0 mg juglone/kg and/or 1.86 mg HM nanoparticles/kg. 
Treatments were administered in three doses on days 0, 3, and 6. Tumor 
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volume and body weight were recorded every two days for up to 14 days 
post-treatment. After the treatment, all mice were euthanized, and 
major organs, including the heart, liver, spleen, lung, and kidney, were 
collected, and tumors were then photographed and weighed. Tumor 
sections of appropriate size were stained with hematoxylin and eosin 
(H&E), anti-caspase-3 antibodies, and anti-GPX4 antibodies, respec
tively, and examined using a digital microscope. Additionally, sections 
of major organs were stained with H&E and analyzed using the same 
instrument.

2.16. Statistical analysis

The data are presented as mean ± standard deviation. Two-way 
ANOVA analysis was performed using GraphPad Prism software to 
determine the differences among the groups. ns p > 0.05, *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001.

3. Results and discussion

3.1. Preparation and characterization of JHM nanoparticles

The synthetic protocol of JHM nanoparticles is revealed in Scheme 
1a. Through the coordination of FeCl3 with BDC-NH2 ligands, the MIL- 
88B nanoparticles were attained and characterized by DLS to have a 
mean hydrodynamic diameter of ca. 120 nm (Fig. 1a and Table 1). As 
presented in the XRD curves (Fig. 1b), the MIL-88B nanoparticles 
showed the diffraction peaks at 9.2◦, 10.3◦, 13.1◦, 16.7◦, 18.6◦, and 
20.8◦ similar to the simulated MIL-88B, thereby verifying the successful 
synthesis of MIL-88B nanoparticles with well-defined crystalline struc
ture. The TEM and SEM images in Fig. S2 revealed that the MIL-88 
nanoparticles had a spindle-like form as reported elsewhere [43,44]. 
To equip MIL-88 nanoparticles with CD44-targeting capability, the HA 
segments were covalently conjugated with MIL-88 nanoparticles upon 
EDC/NHS-mediated amidation. After being decorated with HA seg
ments, the MIL-88 nanoparticles showed an enlargement in the mean 
hydrodynamic diameter from 120 to 140.4 nm (Fig. 1a and Table 1) and 

Scheme 1. (a) Synthetic tactics and coordination architecture of JHM nanoparticles. (b) The antitumor mechanism of JHM nanoparticles: CD44-mediated endo
cytosis, acidity/GSH-triggered disintegration of JHM nanoparticles to release juglone and Fe3+, dual-model Fe3+/juglone-driven GSH depletion, juglone-elicited 
H2O2 generation, Fe3+/Fe2+-mediated Fenton reaction to degrade H2O2 into •OH, •OH-induced mitochondria damage, and •OH-triggered LPO and ferroptosis, 
causing cell death.
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a significant conversion in the zeta potential from +20.6 to -29.3 mV 
(Fig. 1c) due to the presence of carboxylic acid-rich HA surface coating. 
Note that the attained HM nanoparticles retained intact spindle-like 
shape and crystalline structure similar to MIL-88B nanoparticles 
(Fig. 1b and d). Furthermore, the Fe 2p XPS spectrum of HM nano
particles exhibited binding energy peaks at 710.6 and 714.0 eV, corre
sponding to the Fe 2p3/2 main peak and its Fe3+ satellite, as well as peaks 
at 723.6 and 727.8 eV assigned to the Fe 2p1/2 main peak and its Fe3+

satellite (Fig. 1e). These results, consistent with those of MIL-88B 
nanoparticles (Fig. S3), confirm that HA surface modification did not 
alter the valance status of Fe3+. Unlike the significant particle size in
crease observed in MIL-88B nanoparticles after 24 h in pH 7.4 0.9 % 
saline solution due to severe inter-particle flocculation (Fig. S4a), the 
HM nanoparticles showed a slightly increased particle size under the 
same conditions for 24 h (Fig. S4b). This indicates that a sufficient 
coverage of hydrophilic HA segments on the surfaces of HM nano
particles is crucial for improving their colloidal stability and preventing 
inter-particle aggregation.

Through the coordination and π-π stacking interaction of juglone 
molecules with ferric ions and BDC-NH2 of HM nanoparticles, 

respectively, followed by surface modification with HA, the JHM 
nanoparticles were gained. The JHM nanoparticles exhibited a mean 
hydrodynamic diameter of ca 158.9 nm and zeta potential of -17.8 mV 
(Table 1, Fig. 1a and c). Notably, the XRD pattern of JHM nanoparticles 
closely resembled that of HM nanoparticles, demonstrating that the JHM 
nanoparticles maintained an undamaged crystalline architecture. 
Additionally, TEM and SEM images (Fig. 1d) revealed that JHM nano
particles displayed a spindle-like shape, similar to both HM and MIL-88B 
nanoparticles. The homogeneous distributions of O, N, and Fe observed 
in elemental mappings confirm the presence of juglone and Fe in JHM 
nanoparticles (Fig. 1f), validating the successful synthesis of JHM 
nanoparticles as designed. The drug loading content of JHM nano
particles was estimated to be 35.1 wt % (Table 1). As presented in 
Figs. S5a and 2a, the JHM nanoparticles dispersed in 10 % FBS- 
containing DMEM or pH 7.4 0.9 % saline solution for 24 h maintained 
nearly unchanged particle size. Moreover, no significant variation in the 
particle size of JHM nanoparticles stored in deionized water at 4 ◦C was 
observed over 21 days (Fig. S5b). These results signify the robust 
colloidal stability of JHM nanoparticles.

As presented in Fig. 2a and b, compared to the virtually unvaried 
particle size of JHM nanoparticles dispersed in a pH 7.4 saline solution 
for 24 h, the particle size of JHM nanoparticles in a pH 5.0 acetate buffer 
was somewhat increased from 158.9 nm to 231 nm over 24 h. This could 
be attributed to that the increased acidity promotes the protonation of 
the carboxylic acid groups in BDC-NH2, somewhat disrupting the coor
dination between Fe3+ ions and BDC-NH2 ligands, which leads to the 
instability and swelling of JHM nanoparticles in acidic environments. 
Such an acidity-elicited instability of Fe-based MOF nanoparticles was 
also reported elsewhere [45,46]. Notably, after being dispersed in a pH 
5.0 acetate buffer containing 10.0 mM GSH for 12 h, the JHM nano
particles showed an appreciably enlarged particle size over 2000 nm 
(Fig. 2c). As shown in the TEM images (Fig. 2d), the structure of JHM 

Fig. 1. (a) DLS particle size distribution of MIL-88B nanoparticles, HM nanoparticles, and JHM nanoparticles dispersed in deionized water. (b) XRD patterns of MIL- 
88B nanoparticles, HM nanoparticles, and JHM nanoparticles. (c) Zeta potential of MIL-88B nanoparticles, HM nanoparticles, and JHM nanoparticles dispersed in 
0.01 M NaCl aqueous solution. (d) TEM (top) and SEM (bottom) images of HM nanoparticles and JHM nanoparticles. Scale bar: 200 nm (e) Fe 2p XPS spectra of HM 
nanoparticles. (f) Corresponding elements O, Fe, and N mapping images of JHM nanoparticles. The scale bar was 100 nm.

Table 1 
Particle size and drug loading data of various nanoparticles.

Sample Mean hydrodynamic 
diameter (nm)

PDI LC (wt 
%)

LE ( %)

MIL-88B 
nanoparticles

120.0 ± 1.9 0.23 ±
0.03

- -

HM nanoparticles 140.4 ± 4.0 0.20 ±
0.03

- -

JHM 
nanoparticles

158.9 ± 4.7 0.23 ±
0.02

35.1 ±
2.5

69.1 ±
1.5
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nanoparticles exhibited remarkable structural distortion and collapse 
after incubation under GSH-rich acidic conditions for 12 h, while the 
morphology of most JHM nanoparticles maintained its original shape in 
a GSH-free pH 5.0 milieu for 12 h. These findings suggest that the 
GSH-mediated Fe3+ reduction could efficiently facilitate the disinte
gration of JHM nanoparticles under weakly acidic conditions by largely 
destroying the coordination between Fe3+ ions and BDC-NH2 ligands. 
On the other hand, when the environment was changed from pH 7.4 
saline solution to GSH-containing pH 5.0 acetate buffer, the cumulative 
release of juglone from JHM nanoparticles appreciably increased from 
35.4 to 69.9 % over 24 h (Fig. 2e). The acidity/GSH-enhanced Fe3+

release from JHM nanoparticles was also attained (Fig. 2f). Based on the 
above results, it can be demonstrated that the acidity/GSH-triggered 
fragmentation of JHM nanoparticles effectively promotes juglone and 
Fe3+ release, being beneficial to realizing tumor-specific chemo
dynamic-chemo therapy.

3.2. Dual-mode GSH depletion and Fenton reaction-mediated •OH 
production

Because of the abundant Fe3+ and juglone of JHM nanoparticles, it 
was assumed that the JHM nanoparticle could consume GSH via Fe3+- 
mediated redox reaction and juglone-involved Michael addition. To 
evaluate the GSH-oxidizing ability of JHM nanoparticles through Fe3+

reduction, Phe, a chelator with strong affinity for divalent metal ions, 
was used to detect Fe2+ ions generated from JHM nanoparticles upon 
treatment with GSH. Upon mixing the JHM nanoparticle solution with 
Phe and GSH, a distinct absorption peak at 512 nm was observed 
(Fig. 3a), accompanied by a noticeable red coloration, similar to that 
attained in FeCl3 solution subjected to the same treatment. In contrast, 
in the absence of GSH, the aqueous solution containing JHM nano
particles and Phe exhibited no significant absorption peak. These find
ings suggest that the JHM nanoparticles could generate Fe2+ ions by 
Fe3+-induced GSH oxidation, which subsequently form orange-colored 
complexes with Phe. It should be highlighted that Fe2+ ions exhibit 

better Fenton reaction-based catalytic efficiency compared to Fe3+ ions 
[47]. Next, the GSH-depleting capability of JHM nanoparticles was 
further assessed by the DTNB assay [47,48]. As shown in Fig. 3b, the 
DTNB solution mixed with GSH alone, serving as an important control, 
exhibited a characteristic peak at 412 nm. In contrast, the GSH solution 
treated with juglone molecules, HM nanoparticles, or JHM nano
particles for 30 min, followed by mixing with DTNB solution, showed 
appreciably decreased absorbance at 412 nm, particularly JHM nano
particles. Moreover, when the reaction time of the GSH and JHM 
nanoparticles was prolonged from 10 min to 24 h, the absorbance of the 
GSH-treated DTNB solution gradually declined (Fig. 3c). A similar result 
was also attained in the GSH + juglone group (Fig. S6). These results 
demonstrate that JHM nanoparticles could maximize GSH consumption 
through juglone-mediated Michael addition combined with Fe3+-driven 
oxidation. The ESR spectrometer was employed to detect •OH by using 
DMPO as a trapping probe [49,50]. A typical 1:2:2:1 four-line signal of 
•OH was observed in the HM nanoparticles + H2O2 group (Fig. 3d), 
indicating the •OH production driven by the HM nanoparticle-mediated 
Fenton reaction. Furthermore, the ability of JHM nanoparticles to 
generate •OH via the Fenton reaction was assessed using THA as a 
probe, which is oxidized to oxTHA with a characteristic fluorescence at 
430 nm in the presence of •OH. In the absence of JHM nanoparticles, no 
significant fluorescence was observed in the THA + H2O2 groups at pH 
7.4 or 5.0 (Fig. 3e). Notably, the fluorescence intensity of the oxidized 
THA in the JHM nanoparticles + THA + H2O2 groups was considerably 
enhanced as the solution pH was adjusted from 7.4 to 5.0. TMB was 
further utilized as a probe, which is oxidized to oxTMB with a charac
teristic absorption at 650 nm in the presence of •OH. Corresponding to 
the above results, the appreciably increased absorbance of oxTMB in the 
JHM nanoparticles + TMB + H2O2 groups at pH 5.0 compared to at pH 
7.4 was attained (Fig. 3f). Collectively, these findings confirm that JHM 
nanoparticles efficiently convert H2O2 into •OH via an 
acidity-augmented Fenton reaction, promoting the oxidation of both 
TMB and THA. Some MOF-based nanozymes capable of showing 
acidity-enhanced Fenton reaction have also been reported elsewhere 

Fig. 2. DLS particle size distributions of JHM nanoparticles dispersed in (a) pH 7.4 0.9 % saline solution, (b) pH 5.0 acetate buffer, or (c) pH 5.0 acetate buffer 
containing 10.0 mM GSH for different time intervals. (d) TEM images of JHM nanoparticles incubated in a pH 5.0 acetate buffer with or without GSH for 12 h. Scale 
bar: 200 nm. Cumulative release of (e) juglone and (f) Fe3+ from JHM nanoparticles in pH 7.4 and pH 5.0 solution, and 10.0 mM GSH-containing pH 5.0 solution, 
respectively, at 37 ◦C.
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[51,52]. On the other hand, it was found that the absorbance of oxTMB 
in the JHM nanoparticles + TMB + H2O2 group at pH 5.0 increased 
gradually with prolonging reaction time from 1 to 30 min (Fig. 3g), 
indicating the production of more •OH from JHM 
nanoparticle-mediated Fenton/Fenton-like reaction. Based on these re
sults, the developed JHM nanoparticles exhibited dual-mode GSH 
exhaustion and acidity-enhanced Fenton reaction activity (Fig. 3h), 
beneficially boosting the anticancer efficacy of CDT.

3.3. In vitro cellular uptake and intracellular GSH depletion and •OH 
generation

Increasing studies have demonstrated that HA-coated therapeutic 
nanoparticles efficiently target overexpressed CD44 receptors on cancer 
cells, promoting intracellular drug transport [53,54]. Therefore, 
assessing the CD44-targeting capability of JHM nanoparticles through in 
vitro cellular uptake studies was crucial. Since JHM nanoparticles lack 
inherent fluorescence, the fluorescent dye IR780 was encapsulated into 
JHM nanoparticles to form IR780@JHM (IJHM) nanoparticles for 
fluorescence imaging. Cellular internalization of IJHM nanoparticles by 
CD44-overexpressing TRAMP-C1 prostate cancer cells was analyzed 

using CLSM. With the co-incubation time being prolonged from 1 to 4 h, 
TRAMP-C1 cells treated with IJHM nanoparticles showed remarkably 
enhanced IR780 fluorescence signals compared to those co-incubated 
with both IJHM nanoparticles and free HA segments (Fig. 4a). These 
results strongly indicate that IJHM nanoparticles could be efficiently 
internalized by TRAMP-C1 cells via CD44 receptor-mediated endocy
tosis, while extra free HA segments compete with IJHM nanoparticles for 
CD44 binding sites, thereby hindering the uptake of nanoparticles by 
TRAMP-C1 cells. Notably, as presented in the RhoNox-1 staining images 
(Fig. 4b), in contrast to the weak fluorescence observed in TRAMP-C1 
cells treated with PBS (control) or free juglone, cells incubated with 
HM or JHM nanoparticles exhibited bright orange fluorescence. This 
suggests that the intracellular acidity/GSH-driven fragmentation of 
these nanoparticles could efficiently release Fe3+ ions, which are then 
reduced to Fe2+ ions by GSH. These observations are consistent with the 
above results regarding the acidity/GSH-elicited Fe3+ release from JHM 
nanoparticles (Fig. 2f) and GSH-triggered Fe3+ reduction as shown by 
the Phe assay (Fig. 3a).

Considering the demonstrated dual-mode GSH depletion capability 
shown in Fig. 3b, the ability of JHM nanoparticles to consume intra
cellular GSH was further assessed using the DTNB assay. As shown in 

Fig. 3. (a) UV/Vis absorption of Phe subjected to various treatments. Inset: photos of the corresponding samples. (b) UV/Vis absorption of DTNB molecules mixed 
with GSH solution pretreated with different formulations. (c) UV/Vis absorption of DTNB molecules mixed with GSH solution pretreated with JHM nanoparticles for 
various time intervals. (d) ESR spectra of different reaction systems using DMPO as the trapping agent. (e) Fluorescence spectra of THA treated with the aqueous 
solution of JHM nanoparticles at pH 7.4 and 5.0 in the presence or absence of H2O2 for 1 h. (f) UV/Vis absorption of TMB treated with the aqueous solution of JHM 
nanoparticles at pH 7.4 and 5.0 in the presence or absence of H2O2. (g) UV/Vis absorption of TMB treated with the aqueous solution of JHM nanoparticles at pH 5.0 
in the presence of H2O2 for different time intervals. (h) Schematic illustration of the mechanism for •OH generation and dual-mode GSH consumption driven by the 
JHM nanoparticles.
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Fig. 4c, the intracellular GSH level (ca. 88 %) of TRAMP-C1 cells incu
bated with HM nanoparticles was somewhat lower than that of cells 
without any treatment, indicating Fe3+-mediated GSH consumption of 
HM nanoparticles. Notably, the intracellular GSH level of TRAMP-C1 
cells treated with juglone or JHM nanoparticles markedly decreased to 
below 40 %. These results suggest that the JHM nanoparticles could 
efficiently scavenge intracellular GSH via the juglone-induced Michael 
addition and Fe3+-mediated GSH oxidation. Subsequently, the ability of 
JHM nanoparticles to produce intracellular •OH was assessed using the 
DCFH-DA assay. No significant DCF fluorescence signal was observed in 
the TRAMP-C1 cells incubated with HM nanoparticles due to the con
sumption of •OH by endogenous GSH (Fig. 4d and e). By contrast, 
TRAMP-C1 cells treated with juglone molecules showed some green DCF 
fluorescence signals, which is attributed to that juglone molecules could 
upregulate intracellular H2O2 levels. Notably, at prescribed concentra
tions of HM and juglone (juglone concentration = 20 μg/mL; HM con
centration = 37.1 μg/mL), TRAMP-C1 cells treated with JHM 
nanoparticles exhibited significantly higher DCF fluorescence signals 
compared to those exposed to either HM nanoparticles or juglone mol
ecules alone. This demonstrates that the juglone-mediated H2O2 

generation and GSH depletion of JHM nanoparticles can prominently 
promote Fe3+-driven Fenton/Fenton-like reaction, thus augmenting 
intracellular •OH generation (Fig. 4f). Moreover, as the concentration of 
JHM nanoparticles was increased from 7.1 to 114.3 μg/mL, the DCF 
fluorescence in treated TRAMP-C1 cells was significantly enhanced 
(Fig. 4d and e), indicating elevated intracellular •OH generation due to 
more nanoparticle internalization.

3.4. Mitochondrial injury and intracellular LPO production

Several studies suggest that excessive production of •OH can cause 
oxidative damage to mitochondria, leading to a loss of mitochondrial 
membrane potential [55,56]. To further verify mitochondrial injury 
elicited by JHM nanoparticles in TRAMP-C1 cells, the mitochondrial 
dysfunction was evaluated using the potential-sensitive fluorescent 
probe JC-1. This probe detects changes in the membrane potential of 
mitochondria by shifting from red fluorescence (JC-1 aggregates) to 
green fluorescence (JC-1 monomers). As revealed in Fig. 5a, TRAMP-C1 
cells incubated with HM nanoparticles showed visible red fluorescence 
comparable to the control group, indicating that insufficient •OH 

Fig. 4. (a) CLSM images of TRAMP-C1 cells incubated with IJHM nanoparticles or IJHM nanoparticles and free HA segments at 37 ◦C for 1 h and 4 h. (b) RhoNox-1 
staining of TRAMP-C1 cells incubated with juglone, HM nanoparticles, and JHM nanoparticles, respectively, at 37 ◦C for 1.5 h. Scale bars are 100 μm. (c) Intracellular 
GSH level of TRAMP-C1 cells receiving HM nanoparticles, juglone, and JHM nanoparticles, respectively, at 37 ◦C for 6 h. (d) DCF fluorescence images and (e) 
quantification analysis of TRAMP-C1 cells incubated with different formulations. Scale bars are 50 μm. (f) Schematic illustration of the mechanism of intracellular 
GSH depletion and •OH generation based on JHM nanoparticles.

Fig. 5. (a) JC-1 staining of TRAMP-C1 cells treated with juglone molecules, HM nanoparticles, and JHM nanoparticles, respectively, at 37 ◦C for 1.5 h. (b) BOD
IPY™581/591 C11 staining and (c) fluorescence intensity of TRAMP-C1 cells receiving different treatments at 37 ◦C for 1.5 h. Scale bars are 100 μm.
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generation of HM nanoparticles within cells cannot destroy mitochon
dria. Notably, a significant reduction in red fluorescence and an increase 
in green fluorescence were observed in the TRAMP-C1 cells treated with 
juglone molecules, reflecting the occurrence of mitochondrial dysfunc
tion. This finding aligns with previous reports indicating that juglone 
molecules can cause mitochondrial damage by generating ROS and 
inducing oxidative stress [31]. Importantly, TRAMP-C1 cells treated 
with JHM nanoparticles exhibited a significant increase in green fluo
rescence and a decrease in red fluorescence, demonstrating that the JHM 
nanoparticles could markedly induce oxidative damage to mitochondria 
by generating large amounts of •OH (Fig. 5a).

Intracellular •OH generation, GSH depletion, and GPX4 down
regulation have been demonstrated to provoke LPO accumulation, ul
timately triggering ferroptosis [56–58]. Encouraged by the prominent 
intracellular •OH production and GSH consumption of the JHM nano
particles, their capability to elicit LPO in TRAMP-C1 cells was evaluated 
using C11-BODIPY581/591, a fluorescent sensor for LPO. Compared to the 
control group without green fluorescence signals, TRAMP-C1 cells 
incubated with HM nanoparticles displayed weak green fluorescence 
(Fig. 5b and c), indicating somewhat raised LPO levels driven by 
Fe3+-induced •OH generation. The appreciably increased green fluo
rescence signals were attained in the juglone-treated TRAMP-C1 cells. 
This suggests that the internalized juglone molecules could lead to LPO 
via enhanced H2O2 production and oxidative stress. Notably, compared 
to juglone, the JHM nanoparticles largely promoted intracellular LPO 
levels as reflected by the strong fluorescence of the treated cells. These 
findings demonstrate that the robust •OH generation and GSH exhaus
tion mediated by JHM nanoparticles significantly enhance LPO pro
duction in TRAMP-C1 cells, thereby initiating ferroptosis.

3.5. In vitro chemo/chemodynamic therapy

To evaluate the anticancer effectiveness of JHM nanoparticles based 
on the chemodynamic-chemo therapy, we assessed the viability of 
TRAMP-C1 cells treated with JHM nanoparticles using the MTT assay. 
As presented in Fig. 6a, the viability of TRAMP-C1 cells incubated with 
HM nanoparticles somewhat decreased to 81.6 % with increasing 
nanoparticle concentration to 50 μg/mL, indicating that the single CDT 
delivered by HM nanoparticles could only slightly suppress TRAMP-C1 
cell proliferation due to the significant •OH scavenging by intracel
lular massive GSH. For the juglone-treated TRAMP-C1 cells, a consid
erable decrease in cell viability was observed as juglone concentration 
increased beyond 0.625 μg/mL. This demonstrates that juglone 

molecules can effectively induce cell death by damaging mitochondria 
through the upregulated intracellular H2O2 levels and oxidative stress, 
as mentioned above. Moreover, some studies reported that juglone 
suppressed Pin1 activity to induce cancer cell death [28,32]. Notably, 
TRAMP-C1 cells treated with JHM nanoparticles showed appreciably 
declined viability in a concentration-dependent manner compared to 
cells receiving HM nanoparticles. This suggests that the endocytosed 
JHM nanoparticles can inhibit cell proliferation via the juglone-based 
chemotherapy combined with Fe3+/juglone-induced GSH 
depletion-enhanced CDT. Fluorescence imaging of 
calcein-AM/PI-stained TRAMP-C1 cells treated with various formula
tions further confirmed the sound anticancer effects of free juglone 
molecules and JHM nanoparticles, as well as the minor cytotoxicity of 
HM nanoparticles (Fig. 6b), consistent with MTT data. Also, TRAMP-C1 
cells incubated with JHM nanoparticles displayed enhanced PI staining 
with increasing JHM nanoparticle concentration, verifying again the 
concentration-dependent cytotoxicity of JHM nanoparticles. Further
more, based on the cytotoxicity results (Fig. 6a), the IC50 value of JHM 
nanoparticles was found to be ca 23.8 μg/mL, higher than that (1.25 
μg/mL) of free juglone molecules. The lower cytotoxicity observed for 
JHM nanoparticles compared with free juglone may be explained by the 
following reasons. First, owing to their small molecular weight and 
lipophilic naphthoquinone structure, hydrophobic juglone molecules 
readily enter cells via passive diffusion, whereas JHM nanoparticles are 
internalized through energy-dependent CD44-mediated endocytosis. 
Moreover, the internalized JHM nanoparticles gradually release juglone 
molecules through acidity/GSH-triggered structural disintegration. 
Although the cytotoxicity of JHM nanoparticles is lower than that of free 
juglone molecules, it was expected that the JHM nanoparticles could 
efficiently accumulate in tumor sites through the EPR effect and 
CD44-targeting capability, increasing localized juglone concentration to 
amplify the chemo/chemodynamic anticancer effect.

3.6. Biodistribution and tumor deposition

Before evaluating the antitumor effect of the JHM nanoparticle, its 
hemocompatibility was assessed using a hemolysis assay. As shown in 
Fig. 7a and b, the hemolysis rate of JHM nanoparticles remained below 
the permissible limit (2 %) even at a high concentration of 200 μg/mL, 
demonstrating their good hemocompatibility and suitability for intra
venous administration. Due to the poor fluorescence property of JHM 
nanoparticles, the IJHM nanoparticles were employed to evaluate their 
tumor deposition and biodistribution using fluorescence imaging. As 

Fig. 6. (a) Cell viability and (b) calcein-AM/PI staining of TRAMP-C1 cells treated with free juglone molecules, HM nanoparticles, and JHM nanoparticles, 
respectively. Scale bars are 100 μm.
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presented in Fig. 7c and d, the tumor sites of TRAMP-C1 tumor-bearing 
mice (n = 3) receiving intravenous injection of IJHM nanoparticles 
showed gradually enhanced IR780 fluorescence signals over 24 h after 
injection. Ex vivo analysis also revealed strong fluorescence in tumors 
treated with IJHM nanoparticles (Fig. 7e, f). These findings demonstrate 
that JHM nanoparticles can deposit within tumor tissues via the EPR 
effect and HA-mediated tumor targeting. Moreover, obvious fluores
cence signals were observed in the liver, spleen, and lung of mice treated 
with IJHM nanoparticles, suggesting the inevitable clearance of these 
nanoparticles by the mononuclear phagocyte system. Similar bio
distribution patterns of MOF-based nanoparticles have been reported 
elsewhere [59,60].

3.7. In vivo antitumor effect

Because of the sound tumor accumulation of JHM nanoparticles, 
their antitumor efficacy was assessed using a TRAMP-C1 tumor-bearing 
mouse model (Fig. 8a). As shown in Fig. 8b, the TRAMP-C1 tumor- 
bearing mice receiving HM nanoparticle treatment showed appreciable 
tumor growth similar to the PBS group, indicating the failure of tumor 
growth inhibition by the single CDT due to the insufficient •OH gener
ation within tumor regions. For juglone-treated TRAMP-C1 tumor mice, 
tumor growth was somewhat suppressed, indicating that juglone- 
mediated chemotherapy only achieved limited tumor inhibition due to 
a lack of tumor targeting for juglone. Notably, TRAMP-C1 tumor- 
bearing mice treated with JHM nanoparticles exhibited significantly 
smaller tumor volumes compared to those treated with PBS, free juglone 
molecules, or HM nanoparticles alone. Corresponding to the above re
sults, tumors from mice receiving JHM nanoparticles were the smallest 
in size and weight among all groups (Fig. 8c and d). These results 
strongly validate that JHM nanoparticles more effectively inhibited 
tumor growth through the juglone-based chemotherapy combined with 
dual GSH depletion-augmented chemodynamic therapy compared to 
either treatment alone.

To further explore the antitumor effects of JHM nanoparticles, after 
14-day treatment, the tumors of the mice were collected for H&E, 
caspase-3, and GPX4 staining. As presented in Fig. 8e, compared to the 

free juglone and HM nanoparticle groups, which maintained normal cell 
morphology in much of the tumor tissue, the JHM nanoparticle-treated 
tumors showed significant changes, with a notable number of necrotic 
cells. The largest nucleus shrinkage was observed in the JHM nano
particle group, marked by pronounced vacuolar degeneration of tumor 
cells. Moreover, caspase-3 staining images revealed that the apoptosis of 
tumor cells treated with JHM nanoparticles was significantly promoted 
compared to that of other treatment groups, which corresponded well 
with the therapeutic outcomes. On the other hand, to further confirm the 
JHM nanoparticle-elicited ferroptosis, immunohistochemistry analysis 
of tumor sections for GPX4 (a biomarker of ferroptosis) was performed. 
As presented in the GPX4-stained images of tumor sections, the JHM 
nanoparticle group exhibited significantly decreased GPX4 expression 
compared to the other treatment groups. This demonstrates again that 
JHM nanoparticles can effectively inhibit GPX4 expression by exhaust
ing GSH of tumor cells via juglone-involved Michael addition and Fe3+- 
mediated redox reaction. During the treatment process, no significant 
variation in body weight was observed in all treatment groups (Fig. 8f), 
indicating that the JHM nanoparticles did not elicit serious acute 
toxicity. Moreover, as shown in the H&E staining images of major organs 
of mice receiving different treatments (Fig. S7), the JHM nanoparticle 
group exhibited little tissue histological damage and abnormality, 
similar to the PBS group, revealing good in vivo biocompatibility and 
biosafety. Based on the above findings, the tumor-targeting JHM 
nanoparticles developed herein integrated juglone chemotherapy with 
dual GSH depletion-enhanced CDT, thereby provoking apoptosis and 
ferroptosis to inhibit prostate tumor growth effectively (Scheme 1b), 
and maintained sound biosafety.

4. Conclusions

In this work, the JHM nanoparticles were fabricated to realize tumor- 
targeted chemodynamic-chemo therapy for effective treatment of 
prostate cancer. The resulting JHM nanoparticles exhibited several 
prominent properties, including (1) sufficient juglone payload, (2) 
sound dispersion in serum-containing milieu, (3) acidity/GSH-enhanced 
juglone and Fe3+ liberation, (4) Fe3+/juglone-mediated GSH depletion, 

Fig. 7. (a) Digital photos and quantitative analysis of hemolysis of JHM nanoparticles. (b) Absorption spectra of red blood cells treated with deionized water, 0.9 % 
saline solution, and JHM nanoparticles, respectively. (c) In vivo NIR fluorescence photos and (d) IR780 fluorescence signals of TRAMP-C1 tumor-bearing mice with 
intravenous injection of PBS as the control, or IJHM nanoparticles (n = 3). The tumor regions were labeled with red circles. (e) Ex vivo NIR fluorescence images and 
(f) average IR780 fluorescence intensities of tumors and major organs at 24 h post-injection with PBS and IJHM nanoparticles, respectively. (n = 3).
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(5) good hemocompatibility, and (6) active tumor targeting. Through 
CD44-mediated internalization, the efficient uptake of JHM nano
particles by TRAMP-C1 cells was achieved. Also, the JHM nanoparticles 
effectively depleted intracellular GSH via Fe3+/Fe2+ redox couple 
combined with juglone-based Michael addition, and degraded endoge
nous H2O2 into •OH, thus inducing cell apoptosis and ferroptosis upon 
augmented LPO and mitochondrial damage. Furthermore, compared to 
juglone molecules and HM nanoparticles, the JHM nanoparticles 
potently inhibited TRAMP-C1 tumor growth in vivo by chemodynamic- 
chemo combination therapy without acute adverse effects. Collectively, 
the rational design of JHM nanoparticles provided a promising strategy 
for effective prostate tumor-targeted chemodynamic-chemo therapy.
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