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a b s t r a c t

Nitidine chloride (NC) exhibits potent antitumor activity through ferroptosis induction. However, its

clinical application is limited by poor aqueous solubility and non-selective cytotoxicity. To overcome

these challenges, we developed a pH-responsive delivery system (HD@NC@MOF), combining a hyaluronic

acid (HA)-cloaked and mixed-valence iron-based metal-organic framework (Fe-MOF), enabling strate-

gic targeting of lung squamous cell carcinoma (LUSC) cells via CD44 receptor recognition. Within

the acidic intracellular microenvironment, HD@NC@MOF co-releases NC and iron ions, triggering a

profound reactive oxygen species (ROS) surge, and ultimately inducing ferroptosis and necroptosis

through the solute carrier family 7 member 11 (SLC7A11)/glutathione peroxidase 4 (GPX4) and receptor-

interacting serine/threonine-protein kinase 1 (RIPK1)/receptor-interacting serine/threonine-protein kinase

3 (RIPK3)/mixed lineage kinase domain-like protein (MLKL) pathways. In vitro, HD@NC@MOF exhibited

significantly enhanced selective cytotoxicity towards LUSC cells compared to free NC (selectivity index

improved from 0.54 to 2.58). Mechanistic studies revealed that NC stimulated mitochondrial ROS produc-

tion, synergizing with Fe-MOF-derived iron to amplify oxidative stress. In vivo, HD@NC@MOF achieved a

69.02% tumor inhibition rate (1.72-fold higher than free NC) with minimal systemic toxicity. This work

highlighted the potential of HD@NC@MOF as an efficient and targeted carrier for NC in LUSC chemother-

apy.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lung cancer remains the leading cause of cancer-related mor-

bidity and mortality worldwide, with its burden particularly pro-

nounced in China [1,2]. Lung squamous cell carcinoma (LUSC), ac-

counting for approximately 20%–30% of all lung cancer cases [3],
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is often diagnosed at advanced stages, accompanied by extensive

dissemination and metastasis, thereby precluding curative resec-

tion and relegating systemic chemotherapy to the frontline ther-

apeutic modality [4]. Nevertheless, the efficacy of conventional cy-

totoxic regimens is significantly compromised by the emergence of

drug resistance [5,6]. In recent years, bioactive constituents derived

from traditional Chinese medicine (TCM) have emerged as promis-

ing agents that can reverse resistance and simultaneously target

multiple pathways for therapy. These findings provide a comple-
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mentary strategy to address the limitations of current chemother-

apy and illuminate new avenues for LUSC treatment [7,8].

Active components constitute a significant reservoir for drug

discovery, as evidenced by the fact that over one-third of drugs

approved between 1981 and 2014 originated from TCM sources

[9,10]. Nitidine chloride (NC), the principal bioactive alkaloid iso-

lated from Zanthoxylum nitidum (Roxb.) DC., a medicinal herb in-

digenous to Guangxi, China, has demonstrated robust antitumor

efficacy by inhibiting tumor proliferation, inducing reactive oxy-

gen species (ROS) generation, and activating caspase 3/gasdermin E

(GSDME)-dependent pyroptosis as we reported previously [11,12].

Notably, extracts of Zanthoxylum nitidum (Liang-Mian-Zhen), ex-

emplified by the commercially available Liang-Mian-Zhen anal-

gesic tablets, have been approved for the clinical management

of cancer-associated pain in patients with hepatocellular carci-

noma, highlighting the clinical application value of this Guangxi-

specific botanical [13,14]. Nevertheless, the clinical translation of

NC is severely hampered by its extremely low aqueous solu-

bility (<367μg/mL) [15] and potential off-target toxicity [16,17].

Therefore, constructing novel delivery systems capable of achieving

tumor-specific accumulation and sustained release has emerged as

a pivotal strategy to enhance the chemotherapeutic index of NC.

Drug delivery systems (DDSs) represent a critical strategy to

enhance the bioavailability of therapeutic molecules by improving

solubility, prolonging circulation half-life, and enhancing target-

ing efficiency, thereby mitigating off-target toxicity [18–21]. Metal-

organic framework (MOF), distinguished by its high specific sur-

face area, tunable structure, and plentiful metal active sites, has

emerged as prominent platform for drug delivery [22–26]. Leverag-

ing the intrinsic advantages of MOF and the ability of NC to induce

ferroptosis via ROS generation [27], we designed a mixed-valence

iron-based MOF. Olsalazine, which has been used clinically since

1985 for the treatment of ulcerative colitis, demonstrated favor-

able efficacy and tolerability [28]. To overcome the biocompatibil-

ity limitations often associated with conventional MOF ligands, we

developed an olsalazine-based MOF. Furthermore, given the pro-

nounced overexpression of CD44 receptors on the membrane of

LUSC [29], we functionalized nanoparticles with hyaluronic acid

(HA) to exploit ligand-receptor-mediated active targeting. This ap-

proach enabled specific accumulation within LUSC lesions, thereby

markedly enhancing therapeutic precision while minimizing off-

target toxicity [19,30–33].

In this study, we designed and constructed a MOF (Fe-MOF)

using olsalazine as the ligand and iron as the metal node,

which was co-loaded with NC. The system was further func-

tionalized with HA, serving as both a gating switch and a tar-

geting molecule, to form the HD@NC@MOF nano-delivery plat-

form (Scheme 1). This approach enables precise treatment of

LUSC. Upon CD44-receptor-mediated endocytosis, the nanocom-

posites rapidly disassembled in the acidic intratumoral microen-

vironment, leading to synchronous release of NC and redox-active

Fe ions. The released NC, coupled with Fe2+/Fe3+ cycling, trig-

gered a Fenton-like reaction, resulting in ROS bursts that de-

plete glutathione (GSH) and promote lipid peroxidation, thereby

inducing ferroptosis. Concomitantly, excessive ROS indirectly nu-

cleated the receptor-interacting serine/threonine-protein kinase 1

(RIPK1)/RIPK3 necrosome, leading to mixed lineage kinase domain-

like pseudokinase (MLKL) phosphorylation and necroptosis. In-

triguingly, activated MLKL further stimulated nicotinamide adenine

dinucleotide phosphate oxidase (NOX), amplifying ROS generation

in a self-reinforcing positive-feedback loop [34–36]. The synergis-

tic crosstalk between ferroptosis and necroptosis markedly poten-

tiated the antitumor efficacy of HD@NC@MOF.

Emerging evidence suggested that ROS could trigger pro-

grammed cell death, positioning ROS-modulating strategies as

promising anticancer avenues [37–39]. To synergistically am-

Scheme 1. Schematic illustration of the fabrication of HD@NC@MOF and their syn-

ergistic therapeutic mechanisms for LUSC.

Fig. 1. Preparation and characterization. (A) Schematic synthesis route of

HD@NC@MOF. (B, C) FTIR spectra and UV–vis. spectra of HD@NC@MOF. (D–G)

XPS spectra of HD@NC@MOF. (H, I) TEM image and particle size distribution of

HD@NC@MOF. Scale bar: 100nm. (J) TEM-mapping image of HD@NC@MOF. Scale

bar: 200nm.

plify NC-mediated ROS generation, a Fe-MOF was synthesized

and used as a carrier for NC encapsulation. To overcome the

modification challenges caused by electrostatic repulsion, 3,4-

dihydroxyphenylalanine (DOPA) functionalized HA (HA-DOPA, HD)

was synthesized using the established protocol (Fig. 1A). This HD

was then used to modify the MOF surface, endowing it with tar-

geted recognition properties. As shown in Fig. S1 (Supporting in-

formation), the synthesis and preparation procedures were delin-

eated in Fig. S1A. The peak observed at 1060 cm−1 was assigned to

the stretching vibration of the glycosidic bond (C-O-C) in HA (Fig.

S1B). Furthermore, the ultraviolet-visible (UV–vis) spectrum of HD
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showed a characteristic absorption peak at 280nm, corresponding

to DOPA (Fig. S1C). These results confirm the successful synthesis

of HD.

In the Fourier transform infrared spectroscopy (FTIR) spectrum

of HD@NC@MOF (Fig. 1B), the peaks at 2845 and 2916 cm−1 were

assignable to the symmetric and asymmetric C–H stretching vibra-

tions of methylene groups. The peak at 1033 cm−1 corresponded to

the stretching vibration of the ether bond (C-O-C) of NC, confirm-

ing successful NC encapsulation within the MOF framework. Addi-

tionally, the band at 1323 cm−1 was assigned to the N-H stretching

vibration of the HA shell, corroborating surface HD functionaliza-

tion. The UV–vis absorption spectra exhibited characteristic peaks

of NC and DOPA (Fig. 1C), further confirming the successful loading

of NC and the coating of HD onto the MOF surface.

To further elucidate the valence states and element composi-

tion of the HD@NC@MOF, XPS analysis was conducted. The survey

spectrum in Fig. 1D confirmed the presence of C, N, O, Fe and Cl

within the material. The Fe 2p spectra (Fig. 1E) exhibited peaks

at 711.7 and 724.4 eV, which were characteristic of Fe(Ⅲ). Peaks at

713.8 and 726.8 eV were corresponded to Fe(II), indicating a mixed-

valence Fe species. The presence of mixed-valence metal centers

provided abundant redox-active sites, significantly contributing to

ROS generation in HD@NC@MOF. The N 1s spectrum showed the

characteristic peak at 399.6 eV for the azo group, while the peaks

at 400.5 and 402.2 eV corresponded to C-N and C=N bonds of NC,

respectively (Fig. 1F). The distinctive peak at 200.5 eV in the Cl

2p spectrum further confirmed the successful loading of NC (Fig.

1G). As shown in Fig. S2 (Supporting information), the O 1s spec-

trum (Fig. S2A) exhibited two peaks at binding energies of 531.5 eV

(O=C) and 533.4 eV (O-C). In the C 1s spectrum (Fig. S2B), three

peaks were detected at 284.8, 286.5, and 288.4 eV, corresponding

to C-C, C-O, and C=O bonds, respectively.

Further morphological characterization was performed by

transmission electron microscopy (TEM). As shown in Fig. 1H,

HD@NC@MOF presented rough-surfaced spherical particles’ at-

tributable to HD coating. Dynamic light scattering (DLS) re-

vealed an increase in hydrodynamic diameter from 248.8±10.2 nm

(NC@MOF) to 281.3±19.45nm (HD@NC@MOF) (Fig. 1I, Fig. S3A

in Supporting information), accompanied by a zeta potential shift

from −16.07±0.74mV to −24.13±1.30mV (Fig. S3B in Support-

ing information). The concomitant increase in hydrodynamic di-

ameter and the marked shift in zeta potential collectively corrob-

orated the successful HD encapsulation. The elemental composi-

tion of the HD@NC@MOF was analyzed via elemental mapping (Fig.

1J), confirming the homogeneous distribution of C, N, O, Cl and

Fe across the HD@NC@MOF. Furthermore, the detailed elemental

composition data were summarized in Table S1 (Supporting infor-

mation). Given that iron could generate ROS through the Fenton

reaction [40], we further investigated the ROS-producing capacity

of the carrier. As shown in Fig. S4 (Supporting information), the

concentration-dependent decrease in UV absorption of methylene

blue demonstrated the carrier’s ability to generate ROS, thereby

supporting its role in synergizing with NC to exert anti-tumor ef-

fects. The elemental composition correlated with a drug loading

capacity of 16% (Fig. S5 in Supporting information), demonstrating

consistency between compositional characterization and NC load-

ing capacity.

The tumor microenvironment-responsive release mechanism

spatiotemporally controls drug delivery at lesion sites, which en-

hances bioavailability while minimizing off-target toxicity. As il-

lustrated in Fig. S6 (Supporting information), the HD@NC@MOF

exhibited pronounced pH-responsive release behavior: At pH

5.2, ∼70.5% of NC was released, approximately threefold higher

than that at physiological pH 7.4 (∼25.7%). The stability of

HD@NC@MOF was evaluated across a variety of media. As demon-

strated in Fig. S7 (Supporting information), both the hydrodynamic

Fig. 2. Targeting studies of HD@NC@MOF. (A) Expression levels of CD44 in LUSC

cells (SK-MES-1, H1703, LTEP-s, H2170) and normal cells (BEAS-2B, HBE). (B, C)

Comparison of viability in HBE and SK-MES-1 cells after 48h treatment with NC or

HD@NC@MOF. (D–F) Comparison of uptake of HD@ICG@MOF in HBE and SK-MES-1

cells with or without HA pretreatment after 6h exposure, along with correspond-

ing quantitative results. Scale bar: 10 μm. (G, I) In vivo imaging of HD@ICG@MOF

distribution in nude mice and related quantitative analyses. (H, J) Fluorescence im-

ages of major organs (tumor (T), heart (H), liver (Li), spleen (S), lung (Lu), and

kidney (K) at 48 h after tail vein injection of HD@ICG@MOF and related quanti-

tative analyses. (K, L) Fluorescence microscopy images of live/dead staining in SK-

MES-1 cells and corresponding quantitative results. Scale bar: 100μm. Data are

presented as mean values ± SD (n=3). GAPDH, glyceraldehyde-3-phosphate de-

hydrogenase; CD44, cluster of differentiation 44; ns, no significance. ###P<0.001;
∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001 vs. the control group.

diameter (∼280nm) and ζ -potential (∼−24mV) remained virtually

unchanged over a 48h period in H2O, phosphate-buffered saline

(PBS), and fetal bovine serum (FBS), confirming the high stability

required for prolonged systemic circulation and efficient tumor ac-

cumulation.

The selective accumulation of nanomedicine at pathological

sites critically governed its pharmacological efficacy, therapeu-

tic duration, and ultimate treatment outcomes. Given the re-

ported overexpression of CD44 receptor on LUSC membrane [29],

CD44 expression across relevant cell lines was quantified. West-

ern blot (WB) analysis (Fig. 2A and Fig. S8 in Supporting infor-

mation) confirmed maximal CD44 expression in SK-MES-1 LUSC

cells and minimal expression in normal HBE cells, establishing

these as optimal models for subsequent studies. The tumor tar-

getability of nanomedicine enabled discrimination between malig-

nant and normal cells, thereby enhancing the selective cytotoxi-

city of nanomedicine. As illustrated in Fig. 2B, free NC exhibited

higher toxicity toward normal cells than tumor cells, yielding a

selectivity index (SI) of 0.54. Remarkably, HD@NC@MOF reversed

this selectivity profile, demonstrating a 5-fold increased SI of 2.58

3



X. Pan, C. Li, X. Ai et al. Chinese Chemical Letters 37 (2026) 111968

compared to free NC with enhanced tumor-selective cytotoxicity

(Fig. 2C). This enhanced tumor-selective cytotoxicity was further

validated by confocal laser scanning microscopy (CLSM) and flow

cytometry (FCM). The concentration-dependent selective internal-

ization was further investigated. As shown in Fig. S9 (Supporting

information), the intracellular fluorescence intensity increased sig-

nificantly with increasing concentration and reached a plateau at

50μg/mL. As evidenced in Figs. 2D–F and Fig. S10 (Supporting in-

formation), SK-MES-1 cells exhibited 1.73-fold higher cellular up-

take efficiency than HBE cells. This targeting effect was abolished

by free HA competition, confirming HA-mediated receptor-specific

endocytosis, which was consistent with the results presented in

Fig. S11 (Supporting information).

Enhanced intra-tumoral retention, as established in prior stud-

ies, was paramount for optimizing therapeutic efficacy in targeted

DDSs. We encapsulated indocyanine green (ICG) into the system

via the same procedure to prepare HD@ICG@MOF and observed its

intratumoral retention. The animal model used was female BALB/c

nude mice (5 weeks old), obtained at the Guangxi Experimen-

tal Animal Center, and the experimental protocol was approved

by the Animal Welfare and Ethics Committee of Guangxi Medi-

cal University. Pharmacokinetic profiling revealed distinct biodis-

tribution patterns of free ICG and HD@ICG@MOF. Free ICG exhib-

ited rapid clearance, peaked at 12h and cleared by 24h. In con-

trast, HD@ICG@MOF showed a delayed peak concentration of 24h

and with 85% fluorescence intensity at 48h (Figs. 2G and I). Ex

vivo organ imaging (Figs. 2H and J) demonstrated predominant ac-

cumulation of HD@ICG@MOF in the liver and kidney compared to

free ICG, with significantly enhanced tumor targeting. The supe-

rior selective cytotoxicity of HD@NC@MOF was further validated

through cell counting kit-8 (CCK-8) assays and live/dead staining

(Figs. 2K and L, Fig. S12 in Supporting information), demonstrat-

ing significantly enhanced SIs: HD@NC@MOF (2.58) vs. NC@MOF

(0.44), bare MOF (1.07), and HD@MOF (2.51) (Table S2 in Support-

ing information). The cytotoxicity of the raw material, olsalazine,

was also evaluated. As shown in Fig. S13 (Supporting information),

even at a concentration as high as 200μg/mL, the viability of SK-

MES-1 cells remained around 75%, indicating minimal intrinsic cy-

totoxicity at this concentration. To explore the mechanism under-

lying the excellent anti-tumor performance, cell viability was as-

sessed after treatment with 2μg/mL NC or 25μg/mL NPs for 12h.

Under these conditions, the viability of SK-MES-1 cells exceeded

80% in all groups, with no significant differences observed (Fig.

S14 in Supporting information). Based on these results, this con-

centration was chosen for subsequent mechanistic studies evaluat-

ing effects on ROS levels, GSH, iron content, and malondialdehyde

(MDA).

To elucidate the mechanism underlying HD@NC@MOF’s selec-

tive cytotoxicity, intracellular ROS levels were quantitatively as-

sessed using fluorescent microscopy and FCM in treated cells.

As shown in Fig. 3A and Figs. S15A, C and S16 (Support-

ing information), free NC alone activated intrinsic ROS gener-

ation, and the HD@MOF itself also generated detectable ROS.

Notably, HD@NC@MOF synergistically amplified ROS production,

achieving 1.84-fold higher than HD@MOF and 1.33-fold greater

than NC@MOF. Rescue experiments were conducted to validate

whether ROS generation mediated the anti-tumor effect of NC.

Pre-treatment with N-acetylcysteine (NAC) markedly reduced NC-

induced cytotoxicity in SK-MES-1 cells (Fig. S17 in Supporting in-

formation), further supporting the critical role of ROS in the ther-

apeutic mechanism of NC [41]. Given that mitochondria were the

primary intracellular source of ROS [42], their role in this process

required systematic investigation. As depicted in Fig. 3B, the colo-

calization studies demonstrated significant overlap between fluo-

rescein isothiocyanate (FITC)-labeled HD@NC@MOF and mitochon-

dria markers, providing evidence that HD@NC@MOF was likely per-

Fig. 3. Study on the anti-LUSC mechanism of HD@NC@MOF. (A) Fluorescence mi-

croscopy images showing changes in intracellular ROS levels detected using the

oxidant-sensitive fluorescent probe DCFH-DA. Scale bar: 100μm. (B) Fluorescence

co-localization images of HD@NC@MOF with mitochondria. Scale bar: 5 μm. (C)

Morphological and organelle changes in SK-MES-1 cells after 48h of HD@NC@MOF

treatment with or without HA pretreatment. Green arrows indicate normal mito-

chondria, blue arrows indicate normal ER, red arrows indicate damaged mitochon-

dria, pink arrows indicate intracellular vacuoles, orange arrows indicate blurred cell

edges, and yellow arrows indicate slightly damaged mitochondria. (D–F) Changes

in intracellular GSH, iron content, and MDA levels after different treatments. (G–N)

WB analysis of changes in SLC7A11/GPX4 pathway and RIPK1/RIPK3/MLKL pathway-

related proteins in SK-MES-1 cells after 12h of HD@NC@MOF treatment, along with

corresponding quantitative results. Data are presented as mean values ± SD (n=3).
#P<0.05, ##P<0.01, ###P<0.001; ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001 vs. the control

group.

turbing mitochondrial function to enhance ROS production. Ultra-

structural alterations were further analyzed by TEM. As shown

in Fig. 3C, the untreated control (Ctrl) cells exhibited intact mi-

tochondria (green arrows) and endoplasmic reticulum (ER, blue

arrows). In contrast, HD@NC@MOF-treated cells displayed severe

mitochondrial damage, characterized by cristae loss (red arrows),

internal cytoplasmic vacuolization (pink arrows), and membrane

blurring (orange arrows). Notably, these mitochondrial disruptions

were partially restored in HD@NC@MOF+HA co-treated cells, con-

firming CD44-mediated endocytosis as the key pathway for mito-

chondrial targeting and subsequent antitumor efficacy.

Cell death modalities were further quantified via 7-

aminoactinomycin D (7-AAD)/Annexin V dual staining. As revealed

in Fig. S18 (Supporting information), necrotic cell populations

(20.40%) predominated over apoptotic cells (8.62%), demonstrating

a 2.83-fold preference for a non-apoptotic cell death mechanism.

This distinct death profile suggested that HD@NC@MOF treatment

induced neroptosis rather than apoptosis. To further character-

ize the cell death modalities, pharmacological inhibition assays

were conducted. As shown in Fig. S19 (Supporting information),

significant cytoprotection was observed with the use of necrop-
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tosis inhibitor Nec-1, ferroptosis inhibitors (DFO, ferrostatin-1,

liproxstatin-1), and ROS scavenger NAC. This rescue experiment

supported that both ferroptosis and necroptosis pathways were

involved in HD@NC@MOF-induced cell death. HD@NC@MOF was

demonstrated to induce significant GSH depletion (Fig. 3D),

elevated intracellular iron levels (Fig. 3E), and increased mal-

ondialdehyde (MDA), which was a lipid peroxidation biomarker

(Fig. 3F). WB analysis further confirmed the downregulation of

ferroptosis hallmark proteins, glutathione peroxidase 4 (GPX4)

and solute carrier family 7 member 11 (SLC7A11), upregulation

of necroptosis markers (RIPK1, RIPK3, and MLKL), and reduced

caspase-8 expression (Figs. 3G–N) after HD@NC@MOF treatment.

HD@NC@MOF activated the RIPK1/RIPK3/MLKL pathway through

a system-specific dual mechanism: it not only induced high

levels of ROS to promote RIPK1/RIPK3-MLKL activation but also

inhibited caspase-8 to suppress apoptosis [34,43,44]. In contrast,

conventional ROS-generating agents often failed to reliably induce

necroptosis due to their lack of regulation over the apoptotic

pathway. To further demonstrate whether all ROS inducers activate

necroptosis, we treated SK-MES-1 cells with H2O2 (a widely used

ROS inducer) and analyzed the expression of key necroptosis-

related markers (RIPK1, RIPK3, MLKL) and caspase-8. As shown

in Fig. S20 (Supporting information), neither 200 nor 400 μmol/L

H2O2 treatment caused significant changes in the expression levels

of these proteins compared to the control group, confirming that

ROS generation alone was not sufficient to activate the necroptosis

pathway. However, after 12h of treatment with HD@NC@MOF,

the expression of caspase-8 protein was significantly inhibited,

while the expression of RIPK1, RIPK3, and MLKL proteins were

significantly upregulated, thereby inducing necroptosis in cells.

The impact of free HA on antitumor efficacy was systemati-

cally validated through CCK-8 assays, live/dead staining, and WB.

As illustrated in Figs. 4A and B, supplementation with free HA

shifted the half maximum inhibitory concentration (IC50) from

14.36±0.39μg/mL to 39.00±3.57μg/mL with an approximately

three-fold-reduction in tumor cell killing. Live/dead staining results

(Figs. 4C and D) corroborated this observation of decreased cyto-

toxicity. Mechanistically, HA addition markedly attenuated intracel-

lular ROS and restored GSH levels, while simultaneously diminish-

ing labile iron and MDA accumulation (Figs. 4E–I, Figs. S15B and D

in Supporting information). WB analysis further revealed a rever-

sal of ferroptosis-relevant protein expression after free HA treat-

ment, presenting as GPX4, SLC7A11, and cleaved caspase-8 were

up-regulated, RIPK1, RIPK3, and MLKL were down-regulated (Figs.

4J–Q). Collectively, these data underscored the pivotal role of free

HA in attenuating ferroptosis and enhancing tumor-selective cyto-

toxicity.

Inspired by promising in vitro therapeutic outcomes, we evalu-

ated the in vivo antitumor efficacy of the engineered HD@NC@MOF.

The process of the in vivo experiment is shown in Fig. 5A. As il-

lustrated in Figs. 5B–F, HD@NC@MOF demonstrated superior an-

titumor efficacy with a 69.02% tumor inhibition rate, signifi-

cantly outperforming both NC@MOF (41.41%) and free NC (40.18%).

HD@NC@MOF-treated mice exhibited steady body weight gain,

whereas free NC and NC@MOF groups showed significant weight

loss attributed to off-target drug distribution. These results further

demonstrated HD@NC@MOF’s superior capacity to mitigate NC-

induced systemic toxicity. To elucidate the in vivo antitumor mech-

anism, paraffin sections were subjected to hematoxylin-eosin (HE),

Ki-67 and terminal-deoxynucleotidyl transferase mediated nick end

labeling (TUNEL) staining. Consistent with the in vitro results, the

HD@NC@MOF exhibited a pronounced reduction in Ki-67-positive

proliferating cells, yet negligible TUNEL-positive apoptotic nuclei

(Fig. 5G and Fig. S21 in Supporting information). Histopathologi-

cal examination of major organs (Fig. S22 in Supporting informa-

tion) revealed only mild injury in the heart, liver, and kidneys in

Fig. 4. Targeting via specific HA-CD44 binding is indispensable for the antitumor

effect of HD@NC@MOF. (A, B) The effects of HD@NC@MOF on the viability of SK-

MES-1 and HBE cells with or without HA pretreatment by CCK-8 assay. (C, D)

Live/dead cell staining to observe the mortality of SK-MES-1 cells treated with

HD@NC@MOF with or without HA pretreatment. (E, F) Fluorescence microscopy im-

ages (using oxidant-sensitive probe DCFH-DA) and quantitative analysis of intracel-

lular ROS levels. (G-I) Effects of HD@NC@MOF on intracellular GSH, iron content,

and MDA levels in SK-MES-1 cells with or without HA pretreatment. (J-Q) WB anal-

ysis and quantitative results of proteins related to the SLC7A11/GPX4 pathway and

RIPK1/RIPK3/MLKL pathway in SK-MES-1 cells treated with HD@NC@MOF with or

without HA pretreatment. Scale bar: 100μm. Data are presented as mean values ±
SD (n=3). #P<0.05, ##P<0.01, ###P<0.001; ∗∗∗P<0.001 vs. the control group.

the NC group, whereas no discernible lesions were observed in

the HD@NC@MOF group. Hemocompatibility assays showed that

HD@NC@MOF induced <5% hemolysis even at a concentration of

400μg/mL, demonstrating excellent blood compatibility (Fig. S23 in

Supporting information). Furthermore, complete blood count anal-

ysis indicated no significant differences in key parameters, includ-

ing red blood cell count (RBC), white blood cell count (WBC) and

platelet count (PLT), between any treatment group and the control

group (Table S3 in Supporting information). These results confirm

that HD@NC@MOF did not induce significant adverse effects on the

hematological system of tumor-bearing nude mice at the pharma-

codynamic dose. Biochemical analyses further corroborated these

findings: serum levels of alanine aminotransferase (ALT), aspartate

aminotransferase (AST), blood urea nitrogen (BUN) and serum cre-

atinine (CREA) remained within the normal range for all treatment

arms (Fig. S24 in Supporting information).

Zanthoxylum nitidum (Roxb.) DC., a characteristic medicinal herb

in Guangxi, China, has a long history of application in TCM and

is widely used in modern medicine. NC, as one of its main ac-

tive components, has demonstrated significant potential as an an-

ticancer agent [16,45]. However, its poor aqueous solubility and

substantial toxicity towards normal cells severely limit its clin-

ical utility [15,16]. Recent efforts have focused on employing
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Fig. 5. In vivo anticancer efficacy of HD@NC@MOF. (A) Schematic illustration of the

treatment schedule in nude mice. (B) Tumor growth curves after different treat-

ments. (C) Body weight changes of nude mice under different treatments. (D) Im-

ages of tumors isolated from tumor-bearing mice at the end of treatment. (E) Tu-

mor weights at the end of treatment. (F) Tumor inhibition rates of different for-

mulations (n=5). (G) HE, Ki67, and TUNEL staining of tumor tissues after differ-

ent treatments (n=3). Scale bar: 50 μm. Data are presented as mean values ± SD.
##P<0.01, ###P<0.001; ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001 vs. the control group.

nanomaterial-based delivery systems to overcome these limita-

tions. For instance, Li et al. [46] utilized folic acid-modified d-α-

tocopheryl polyethylene glycol 1000 succinate (TPGS-FA) to deliver

NC. Nevertheless, the lack of pH-responsive properties in TPGS-FA

resulted in non-specific drug release in both normal and tumor tis-

sues, failing to mitigate toxicity to healthy organs. Fe-MOF often

exhibits intrinsic pH responsiveness and enables high drug loading

capacities. Bi et al. [47] employed MIL-100(Fe) as a carrier for NC

delivery. However, the inherent pharmacological activity of MIL-

100(Fe) is relatively weak, and the absence of targeting modifica-

tions limits its antitumor efficacy and tumor cell selectivity.

This study designed and synthesized an Fe-MOF with features

of high drug loading capacity, pH responsiveness, and intrinsic

antitumor activity for NC encapsulation. This NC-loaded Fe-MOF

(NC@MOF) was further coated with HA to enhance tumor-targeting

ability. Furthermore, the HD@NC@MOF system enables the co-

release of NC and ferric ions (Fe3+). NC stimulated mitochondrial

dysfunction, and Fe3+ catalyzes the Fenton reaction, synergistically

triggering a substantial burst of ROS. This ROS surge depleted GSH

and promotes lipid peroxidation (LPO), ultimately inducing fer-

roptosis. Concurrently, ROS inflict damage on cellular membranes

and DNA, indirectly activating Toll-like receptors (TLRs) or NOD-

like receptors (NLRs). This activation initiates the assembly of the

RIPK1/RIPK3 complex (necrosome), resulting in necroptosis. No-

tably, the necroptosis executor MLKL can further activate NOX, gen-

erating additional ROS and establishing a positive feedback loop.

Therefore, the HA-functionalized MOF system not only addresses

the inherent drawbacks of NC but also significantly enhances its

antitumor efficacy through the orchestrated induction of ferropto-

sis and necroptosis.
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