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Background: Melanoma is an aggressive skin tumor with limited therapeutic options due to rapid proliferation, early metastasis, and
poor prognosis. Baicalin (BA), a natural flavonoid, shows promise in inducing ferroptosis and apoptosis but faces challenges of poor
solubility and bioavailability. To address these issues, we developed a multifunctional drug delivery system: manganese-doped ZIF-8
nanoparticles (ZIF(Mn)) loaded with BA and modified with folic acid (FA) and polyethylene glycol (PEG). FA targets melanoma cells
by exploiting folate receptor overexpression, while PEG enhances biocompatibility and systemic circulation. Manganese enables
magnetic resonance (MR) imaging for real-time, non-invasive therapy monitoring.

Methods: BA-loaded ZIF(Mn)/FA-PEG nanoparticles were synthesized via a one-pot method, enabling drug encapsulation, Mn2"
incorporation, and surface modification. The nanoparticles were comprehensively characterized (particle size, Zeta potential, FTIR,
and XRD). Cytotoxicity and cellular uptake were evaluated in B16-F10 melanoma cells, and in vivo experiments in C57BL/6J mice
investigated MR imaging capability, antitumor efficacy, and biosafety.

Results: BA@ZIF(Mn)/FA-PEG nanoparticles demonstrated excellent stability, a BA loading capacity of 33.50 + 0.04%, and pH-
responsive release, with accelerated drug release under acidic tumor conditions. Mn?" provided strong T1-weighted MR imaging
contrast. Cellular and animal studies showed enhanced uptake, reduced premature drug release, and improved compatibility.
Mechanistically, the nanoparticles induced significant ferroptosis and apoptosis in melanoma cells, leading to potent antitumor effects.
Conclusion: The BA@ZIF(Mn)/FA-PEG nanoplatform effectively integrates targeted delivery, imaging guidance, and dual ferrop-
tosis-apoptosis induction, offering a promising strategy for improving melanoma treatment outcomes.
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Introduction
Cutaneous malignant melanoma (CMM) originates from neuroectodermal melanocytes in the basal layer of the epidermis
and represents a significant health burden due to its high malignancy, rapid progression, and propensity for early
metastasis.' Despite advances in diagnostic techniques and treatment modalities, CMM remains challenging to manage,
particularly in advanced stages where therapeutic options are limited and prognosis is poor.” The incidence of CMM
continues to rise globally, reflecting both environmental factors such as ultraviolet radiation exposure and genetic
predispositions. In the United States alone, the incidence rate of CMM has steadily increased, with an annual growth
rate underscoring the need for novel therapeutic strategies.” Current clinical management relies heavily on surgical
resection combined with adjuvant therapies, including chemotherapy, targeted therapy directed against BRAF mutations,
and immunotherapy utilizing checkpoint inhibitors. While these approaches have improved outcomes, challenges persist,
particularly in patients with advanced disease stages characterized by resistance to conventional treatments.* ¢

BA, a bioactive flavonoid isolated from traditional Chinese medicine, has garnered attention for its anticancer
properties, including the induction of ferroptosis and apoptosis in various cancer models.” ' However, its clinical utility
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is hindered by poor aqueous solubility, slow dissolution kinetics, and limited bioavailability. Overcoming these chal-
lenges is crucial to enhancing its therapeutic efficacy against melanoma.'""'? Recent studies have demonstrated that BA
exhibits significant antitumor effects in melanoma by inhibiting cell proliferation and promoting apoptosis, highlighting
its potential as a therapeutic agent."?

Recent advancements in nanotechnology have paved the way for innovative drug delivery systems capable of
improving the pharmacokinetics and targeting capabilities of therapeutic agents.'* Among these systems, FA-PEG
modified NPs have emerged as effective platforms for targeted drug delivery.'>'® The incorporation of FA enhances
the specificity of drug delivery to folate receptor-expressing cells, such as melanoma cells, facilitating improved
therapeutic outcomes.'*!” Additionally, manganese (Mn?") has been shown to enhance the imaging capabilities of
NPs, enabling precise localization within tumor tissues using magnetic resonance (MR) imaging.'®'? This combination
of FA-PEG and Mn?>" not only improves targeting efficiency but also allows for real-time monitoring of drug distribution
and therapeutic efficacy.

Metal-organic frameworks (MOFs), characterized by their high porosity, tunable structures, and biocompatibility,
have emerged as promising candidates for drug delivery applications. Zinc-based MOFs, such as zeolitic imidazolate
framework NPs (ZIF-8), exhibit exceptional stability under physiological conditions and pH-responsive drug release
profiles, making them suitable for targeted delivery in cancer therapy.”® This study focuses on the development of
manganese-doped ZIF-8 NPs (ZIF(Mn)) functionalized with FA-PEG as a novel drug delivery platform for BA. The
incorporation of manganese enhances the imaging capabilities of these NPs, facilitating precise localization within tumor
tissues. The synergistic combination of targeted drug delivery and imaging guidance represents a cutting-edge approach
to improving therapeutic outcomes in melanoma treatment.

Materials and Methods

Reagents

Zinc nitrate hexahydrate (Zn(NOj3), 6H,O, CAS No. 10196-18-6) was purchased from Damao Chemical Reagent
Factory (Tianjin, China), while 2-methylimidazole (2-MelM, CAS No. 693-98-1) was obtained from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Manganese(II) nitrate hexahydrate (Mn(NO3),-6H,0, CAS No.
17141-63-8), Baicalin (CAS No. 21967-41-9), N-hydroxysuccinimide (NHS, CAS No. 6066-82-6), 3-dimethylamino-
propyl-1-ethylcarbodiimide hydrochloride (EDCI, CAS No. 25952-53-8), 4-dimethylaminopyridine (DMAP, CAS No.
1122-58-3), CH30-PEG2K-OH (CAS No. 80506—64-5), and triethylamine (TEA, CAS No. 122-44-8) were obtained
from Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO, CAS No. 67-68-5) and
methanol (CAS No. 67-56-1) were sourced from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Dialysis
membranes MD44 (3500D, Cat No. YA1078) were purchased from Solarbio Science & Technology Co., Ltd. (Beijing,
China).

Horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG, electrochemiluminescence (ECL) reagents, and BCA
Protein Assay Kit were obtained from Beyotime Biotechnology (Shanghai, China). The FOLR2 polyclonal antibody (Cat
No. 31264-1-AP) was sourced from Proteintech (Wuhan, China). Rabbit anti-mouse glutathione peroxidase 4 (GPX4)
(Cat No. 381958), anti-mouse ferritin heavy chain (FTH1) (Cat No. R23306), anti-mouse prostaglandin-endoperoxide
synthase 2 (Cat No. R23971), anti-mouse long-chain fatty acid CoA ligase 4 (ACSL4) (Cat No. R24265), and anti-mouse
alpha-tubulin (Cat No. 250009) antibodies were purchased from Zenbio (Chengdu, China). RIPA lysis solution, tris-
buffered saline with Tween-20, skim milk powder, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) precast gels, and ECL chemiluminescent reagents were acquired from Sparkjade Biotechnology Co., Ltd. (Jinan,
China).

Dulbecco’s modified Eagle’s medium (DMEM) was obtained from Sangon Biotech (Shanghai, China). Fetal bovine
serum (FBS) was purchased from Gibco Life Sciences Co., Ltd. (New York, USA). Trypsin/EDTA solution (Cat No.
TE2004Y), phosphate-buffered saline (PBS, Cat No. PB2004Y), and RPMI 1640 medium (Cat No. HY1640) were
supplied by Haoyang Huake Biotechnology Co., Ltd. (Tianjin, China). FITC Annexin V Apoptosis Detection Kit I (Mat
No. 556547) was sourced from BD Biosciences (New York, USA). The cell malondialdehyde (MDA) assay kit
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(colorimetric method, Cat No. A003-4-1) was obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China).

The Trizol Plus RNA Purification Kit (Cat No. 12183555) was purchased from Thermo Fisher Scientific Inc.
(Massachusetts, USA). MightyScript Plus First Strand ¢cDNA Synthesis Master Mix (gDNA digester, Cat No.
B639252) and SGExcel FastSYBR Mixture (Cat No. B532955) were provided by Sangon Biotech (Shanghai, China).
The Calcein/PI Cell Viability/Cytotoxicity Assay Kit (Cat No. C2015), reactive oxygen species assay kit (Cat No.
S0033), colorimetric Tunel apoptosis assay kit (Cat No. C1091), antifade mounting medium (Cat No. P0126), proteinase
K (Cat No. ST533), and hematoxylin staining solution (Cat No. C0107) were purchased from Beyotime Biotechnology
(Shanghai, China). Enhanced Cell Counting Kit-8 (Enhanced CCK-8, Cat No. CT0001), EDTA buffer (pH 8.0, Cat No.
EE0004), goat serum blocking solution (Cat No. EE0008), and diaminobenzidine chromogenic kit (DAB, Cat No.
EE0017) were obtained from Sparkjade Biotechnology Co., Ltd. (Jinan, China).

Animals

Female C57BL/6J Nifdc mice (6—8 weeks old) were housed in a temperature-controlled room with proper light-dark
cycles, fed a standard diet, and maintained by the Experimental Animal Center, Shandong Second Medical University
(Weifang, China). All animal experiments were conducted following the Guide for the Care and Use of Laboratory
Animals published by Shandong Second Medical University (Weifang, China) and approved by its Animal Experimental
Ethics Committee. The principles of 3R (reduction, replacement, refinement) were strictly followed to minimize animal
suffering.

Cell Culture

The B16-F10 cell line was selected for its well-documented use in melanoma research as a robust preclinical model. Its
aggressive tumorigenicity and metastatic potential, coupled with its compatibility with syngeneic mouse models, make it
ideal for studying the therapeutic efficacy of novel treatments. Furthermore, its extensive use in previous studies ensures
the comparability and reproducibility of the findings.'**"**> As a non-cancerous cell line, 1929 is widely used in
cytotoxicity assessments due to its established sensitivity to toxic agents and its relevance as a representative model of
normal fibroblast cells.”* B16-F10 mouse melanoma cells and L929 mouse fibroblasts were obtained from Procell
Biotechnology Co., Ltd. (Wuhan, China). B16-F10 cells were cultured in RPMI 1640 medium supplemented with 10%
FBS, while L929 cells were cultured in DMEM medium supplemented with 10% FBS. The cells were maintained at 37
°C and 5% CO; in a humidified incubator with medium changes every 1~2 days.

Synthesis of Manganese-Doped ZIF-8 Nanoparticles

ZIF-8 was prepared by mixing 2-MelM and Zn (NOj3), 6H,O in methanol: A solution of zinc nitrate in methanol
(0.4 mL, 839.55 mM) was added to HEPES buffer (pH 7.4, 5 mL, 3 mM), followed by dropwise addition of 2-MelM
(0.2 mL, 6.09 M) under magnetic stirring at 800 rpm for 10 minutes. The resulting mixture was centrifuged at 15100
g for 5 minutes, washed thrice with methanol, and vacuum dried at 60°C to yield ZIF-8. For ZIF(Mn) synthesis, HEPES
buffer (pH 7.4, 5 mL, 3 mM) was added sequentially to zinc nitrate-methanol (0.4 mL, 839.55 mM) and manganese
nitrate-methanol (0.2 mL, 108.86 mM), followed by dropwise addition of 2-MeIM (0.2 mL, 6.09 M) under magnetic
stirring for 10 minutes at 800 rpm. The resulting product was centrifuged at 15100 g for 5 minutes, washed thrice with
methanol, and vacuum dried at 60 °C to obtain ZIF(Mn).

Synthesis of Baicalin-Loaded Manganese-Doped ZIF-8 Nanoparticles

A solution of zinc nitrate-methanol (0.4 mL, 839.55 mM), manganese nitrate-methanol (0.2 mL, 108.86 mM), and BA
(1 mL, 1 mg/mL) was stirred in HEPES buffer (5 mL, 3 mM) at 800 rpm. 2-MeIM (0.2 mL, 6.09 M) was added dropwise
and stirred at 800 rpm for 15 minutes. The resulting precipitate was collected by centrifugation, washed thrice with
methanol, resuspended in 1 mL of methanol, and added dropwise to manganese nitrate-ethanol (5 mL, 174.19 mM) under
stirring for 2 hours at 800 rpm. After centrifugation at 4300 g for 5 minutes, the supernatant was discarded, and
BA@ZIF(Mn) was obtained by washing thrice with methanol and vacuum drying at 60 °C.
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Synthesis and Encapsulation of Baicalin-Loaded Manganese-Doped ZIF-8

Nanoparticles Modified with Folic Acid and Polyethylene Glycol

Folic acid (56.3 mg) and EDCI (42.925 mg) were dissolved in 25 mL of DMSO and stirred at 35°C for 30 minutes. NHS
(28.775 mg) was added and stirred for 3 hours. Then, CH;0-PEG,-OH (425 mg, dissolved in 25 mL DMSO) and three
drops of TEA were added and stirred at 35 °C for 3 days. The mixture was dialyzed against 50 mL of ddH,O for one day
and lyophilized. The compound was dissolved in 15 mL of DMSO, and lipoic acid (38.65 mg), EDCI (59.875 mg), and
DMAP (38.125 mg) were added and stirred at 35 °C for 3 days. The mixture was dialyzed against ddH,O for 3 days and
lyophilized to obtain a yellow flocculent product, methoxy FA-PEG.

FA-PEG was adsorbed onto the surface of pre-formed BA@ZIF(Mn). BA@ZIF(Mn) was dispersed in a 1 mg/mL FA-
PEG solution using deionized water as the solvent and stirred at room temperature at 800 rpm for 2 hours to form
a BA@ZIF(Mn)/FA-PEG suspension. The paled yellow product was collected by centrifugation at 4300 g for 5 minutes,
washed three times with deionized water, and lyophilized to obtain a yellow-brown flocculent product, BA@ZIF(Mn)/
FA-PEG.

Physicochemical Characterization

The particle size and Zeta potential of the materials were measured using a nanoparticle size and Zeta potential analyzer
(Malvern Zetasizer Nano ZS90, UK) with data acquisition software provided by the instrument. The morphology was
observed using a transmission electron microscope (TEM, Thermo Scientific Talos F200X G2, USA), and elemental
distribution was determined using energy-dispersive X-ray spectroscopy (EDX) in the same TEM system. FTIR (Thermo
Scientific Nicolet iS20, USA) was used to detect organic binding information, confirming the presence of FA-PEG and
BA in the ZIF-8 NPs carrier.

To evaluate the stability of BA@ZIF(Mn)/FA-PEG NPs, we measured the changes in diameter and polydispersity
index (PDI) of the nanoparticles under different conditions. The nanoparticles were dispersed in two media: PBS
(pH=7.4) and serum. Particle size and PDI were monitored over a 7-day period using dynamic light scattering (DLS)
to determine the stability of the nanoparticles in these environments.

Drug Loading and Encapsulation Efficiency

To determine the drug loading (DL%) and encapsulation efficiency (EE%) of BA@ZIF(Mn)/FA-PEG, various concen-
trations of BA@ZIF(Mn)/FA-PEG (30, 35, 40, 45, 50 pg/mL, 1 mL) were centrifuged at 4300 g for 20 minutes. The
supernatant was collected and analyzed using a UV spectrophotometer (Model 752, Shanghai Jinghua Instruments,
China) at 278 nm to determine the concentration of free BA.** Encapsulation efficiency (EE%) was calculated based on
the concentration of free BA. The precipitate was washed with PBS buffer three times, freeze-dried, and weighed to
determine the drug loading (DL%) of BA@ZIF(Mn)/FA-PEG. Drug loading and encapsulation efficiency were calculated
using the following formulas:

Drug loading (%) = (W, — W¢) / W, x 100%

Encapsulation efficiency (%) = (W; — W)/ W; x 100%

where W, is the initial total amount of BA, Wyis the amount of free BA in the supernatant after centrifugation, and W, is
the average weight of the freeze-dried BA@ZIF(Mn)/FA-PEG. All measurements were performed in triplicate.

In vitro Drug Release of Nanoparticles Under Different pH Conditions
The in vitro drug release performance of BA@ZIF(Mn)/FA-PEG was assessed using the dialysis bag method at 37 °C in
PBS under varied pH conditions. Initially, standard BA solutions with concentrations ranging from 0 to 128 pg/mL were
prepared, and their absorbance at 278 nm was measured using a UV spectrophotometer.>> The drug release profile was
subsequently analyzed using Origin 2017 software.

Next, 10 mg of BA@ZIF(Mn)/FA-PEG was placed inside a dialysis bag (molecular weight cutoff: 3500) and
immersed in a 50 mL centrifuge tube containing PBS solutions adjusted to pH 7.4, 6.8, or 5.5. The release study was
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conducted at 37 °C with magnetic stirring in the dark. Samples (1 mL) were withdrawn at predetermined intervals (0.5, 1,
2,4, 6,8, 10, 12, 24, 36, 48 hours), and their absorbance at 278 nm was measured using a UV spectrophotometer to
determine BA concentration. The cumulative release percentage (CR%) of BA was calculated, and each experiment was
performed in triplicate. To maintain a constant volume, an equal volume of fresh release medium was replenished after
each sampling, and the release medium was completely replaced every 24 hours. Use the following equation to calculate
the cumulative release percentage (Q) and plot the release curve. Sink conditions remained during the experimental
duration.

Q= [V()Ci + VZC(i_l)]/m x 100%

where m represents the total amount of BA in BA-loaded BA@ZIF(Mn)/FA-PEG nanoparticles inside the dialysis
bags, V, represents the total volume of release media, C; represents drug concentration in release medium at time
i, O represents the cumulative release percentage of BA, and V represents the volume of sample per time,
respectively.

Hemolysis Assay
Fresh whole blood from mice was centrifuged at 1700 g for 10 minutes to isolate red blood cells (RBCs). The supernatant
was discarded, and the RBCs were washed three times with saline before being diluted to a 4% (v/v) RBC suspension
with saline. Subsequently, 100 pL of the diluted RBC suspension was mixed with 1 mL of various concentrations of
BA@ZIF(Mn)/FA-PEG NPs solution and incubated at 37 °C for 3 hours. Following incubation, the mixture was
centrifuged at 100 g for 3 minutes, and the absorbance of the supernatant at 540 nm was measured using a UV
spectrophotometer.

The negative control consisted of saline, whereas Triton X-100 served as the positive control. The hemolysis rate (HR
%) was calculated using the formula:

Hemolysis Rate (%) = (As — An)/ (Ap — An) x 100%

where A; is the absorbance of the sample containing BA@ZIF(Mn)/FA-PEG, Ay is the absorbance of the negative
control (saline), and Ap is the absorbance of the positive control (Triton X-100).

Cellular Uptake

Drug solutions were prepared in serum-free culture medium (Cy5.5/BA@ZIF(Mn) NPs group and Cy5.5/BA@ZIF(Mn)/
FA-PEG NPs group, both at a BA concentration of 50 pg/mL). B16-F10 cells were seeded into 6-well plates and
incubated overnight. Upon reaching 70% confluence, cells were treated with the respective drug solutions in serum-free
culture medium and incubated at 37 °C for 12 hours. Subsequently, cells were washed three times with PBS and fixed
with 4% paraformaldehyde for 15 minutes. DAPI solution (1 pg/mL) was then applied for 10 minutes in the dark to stain
the cells. Cellular localization was examined using an inverted fluorescence microscope (Nexcope NIB620-FL, Ningbo
Yongxin Optics Co., Ltd., China).

Cytotoxicity Assay
The cytotoxicity of BA@ZIF(Mn)/FA-PEG NPs against B16-F10 cells was evaluated using the CCK-8 assay. Cells were
seeded into 96-well plates at a density of 1.0x10% cells per well and cultured overnight at 37 °C with 5% CO,. Following
incubation, 100 pL of serum-free culture medium containing varying concentrations of samples (BA group,
BA@ZIF(Mn) NPs group, and BA@ZIF(Mn)/FA-PEG NPs group) was added to each well in triplicate. After
12 hours of treatment, 10 uL of CCK-8 solution was added to each well, and the plates were further incubated for
1 hour. The absorbance at 450 nm was measured using a microplate reader (Multiskan FC, Thermo Fisher Scientific
Inc., USA).

To assess the biocompatibility of the nanomaterials, a blank nanomaterial group (ZIF(Mn)/FA-PEG) was included.
Both cancerous (B16-F10) and normal (L929) cell lines were utilized to evaluate the toxicity of the blank materials. Cell
viability (CV%) was calculated using the formula:
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Cell Viability (%) = (As — Av)/ (Ac — Ap) x 100%

where A; is the OD value of the experimental wells, A, is the OD value of the blank wells, and A.. is the OD value of the
control wells.

Detection of Cell Apoptosis

Cell culture methods were identical to those described in Section Cytotoxicity Assay. After 24 hours of different drugs
treatment (PBS group, BA group, BA@ZIF(Mn) NPs group, and BA@ZIF(Mn)/FA-PEG NPs group), cells were stained
with Hoechst 33258 for 30 minutes, washed three times with PBS, and observed under an inverted fluorescence
microscope to assess nuclear morphology. All procedures were conducted under dark conditions. Additionally, cells
were trypsinized, dispersed into single cells, and stained using the FITC Annexin V Apoptosis Detection Kit I following
the manufacturer’s protocol. FITC Annexin V and Pl-labeled cells were quantified using a flow cytometer (FACS Aria
III, BD Biosciences, USA), with data analysis performed using FlowJo V10 software (FlowJo LLC, Ashland, OR, USA).

Detection of Reactive Oxygen Species and Lipid Peroxidation in Cells

Experimental groups and cell culture methods followed those outlined in Section Detection of Cell Apoptosis. Following
the Reactive Oxygen Species (ROS) Assay Kit protocol, each well received 2 mL of 2°,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA, 10 pmol/L) and was incubated at 37 °C for 20 minutes. Following washing, fluorescence signals in
B16-F10 cells were visualized using an inverted fluorescence microscope. Furthermore, cells from each group were
sonicated in an ice bath and centrifuged at 1700 g for 5 minutes to obtain supernatants. The MDA content in cells was
quantified using the thiobarbituric acid method, strictly adhering to kit instructions.

Real-Time PCR Detection of Ferroptosis-Related Gene Expression

Experimental conditions and cell culture procedures mirrored those described in Section Detection of Cell Apoptosis.
Total RNA was extracted using the Trizol Plus RNA Purification Kit, and its concentration was determined using
a micro-UV-visible spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific Inc., USA) to ensure an A260/A280
ratio between 1.7 and 2.0. First-strand cDNA was synthesized using M-MLYV reverse transcriptase. Real-time PCR (FQD-
96C, Hangzhou Bioer Technology Co., Ltd, China) was employed to quantify the expression levels of ferroptosis-related
genes, including GPX4, FTH1, PTGS2, and ACSL4. The 272AC method was utilized to calculate relative gene
expression levels. Primers were synthesized by Sangon Biotech (Shanghai, China), with sequences listed in
Table 1.2¢%®

Western Blot Analysis

Western blotting was performed to assess the expression of folate receptors in B16-F10 cells and tumor tissues, as well as
to analyze proteins associated with ferroptosis, including GPX4, FTHI1, PTGS2, and ACSL4. B16-F10 cells were lysed
using RIPA lysis buffer containing | mM phenylmethanesulfonyl fluoride (PMSF) to inhibit protease activity, while
tumor tissues were homogenized in the same buffer. Total protein concentrations were determined using a BCA Protein
Assay Kit according to the manufacturer’s instructions. For SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 20 pg
of protein from each sample was mixed with loading buffer, denatured, and separated on the gel. The proteins were then

Table | Primer Sequences for Real-Time PCR

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

GAPDH | AGGTCGGTGTGAACGGATTTG | TGTAGACCATGTAGTTGAGGTCA
GPX4 CAGGAGCCAGGAAGTAAT CAGCCGTTCTTATCAATGAG
FTHI TGCCTCCTACGTCTATCTGTC GTCATCACGGTCTGGTTTCTTT
PTGS2 TTCAACACACTCTATCACTGGC AGAAGCGTTTGCGGTACTCAT
ACSL4 TGAACGTATCCCTGGACTAGG TCAGACAGTGTAAGGGGTGAA
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transferred onto polyvinylidene fluoride (PVDF) membranes using a wet transfer system. Membranes were blocked with
tris-buffered saline containing 0.1% Tween-20 (TBST) and 5% skim milk powder for 2 hours at room temperature to
prevent non-specific binding.

Following blocking, membranes were incubated overnight at 4 °C with primary antibodies specific to the target
proteins, diluted 1:1000. After extensive washing with TBST, membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies, diluted 1:10000, for 1 hour at room temperature. After additional TBST washes,
protein bands were visualized using ECL reagents. Chemiluminescent signals were captured using the Tanon-410
automatic gel imaging system (Shanghai Tianneng Corporation, China).

MR Imaging

BA@ZIF(Mn)/FA-PEG NPs at different concentrations were dispersed in deionized water, and T1-weighted imaging was
conducted using a 3.0T MRI scanner (GE Signa, USA). C57BL/6J Nifdc mice bearing subcutaneous B16-F10 melanoma
xenografts were used as animal models. The mice received a tail vein injection of BA@ZIF(Mn)/FA-PEG NPs
suspension (2 mg-kg ). T1-weighted MR scans of the animals were performed using a dedicated small animal imaging
coil before injection and 6 hours post-injection.

In vivo Tumor Inhibition Study

A subcutaneous xenograft tumor model was established by injecting 1x10° B16-F10 cells into the backs of C57BL/6J
Nifdc mice. The mice were randomly divided into five groups: PBS, ZIF(Mn)/FA-PEG NPs, BA, BA@ZIF(Mn) NPs,
and BA@ZIF(Mn)/FA-PEG NPs (BA dose: 2 mg-kg™'). Treatments were administered via tail vein injection every 2
days for 14 days (7 injections total).

Throughout the treatment period, body weight and tumor volume were measured and recorded every 2 days. At the
end of the study, mice were euthanized, and tumors and organs were harvested for histopathological analysis using H&E
staining. Tumor weights were recorded and photographed for visual documentation.

Tumor growth inhibition (TGI) was calculated using the following formula:

TGI = (1 — W;/W,) x 100%

where W, is the mean tumor weight of treatment group, and W, is the mean tumor weight of control group.

Immunohistochemistry and Tunel Staining of Tumor Tissue

Tumor tissues from each experimental group were fixed in 4% neutral formaldehyde, dehydrated, paraffin-embedded,
and sectioned at 4 pum thickness. Deparaffinization was followed by antigen retrieval using EDTA buffer (pH 8.0).
Sections were blocked with 1:20 diluted goat serum and incubated overnight at 4°C with primary antibodies. After
washing with PBS, sections were incubated with appropriate secondary antibodies, developed using DAB substrate,
counterstained with hematoxylin, dehydrated, and mounted, strictly adhering to kit instructions. Analysis was performed
using an optical microscope (Olympus CX43, Olympus Corporation, Japan).

For Tunel staining, deparaffinized sections were treated with proteinase K (20 pg/mL) at 37 °C for 30 minutes.
Subsequent steps included incubation with 3% hydrogen peroxide, Tunel reaction mixture incubation at 37 °C for
60 minutes in the dark, followed by incubation with Streptavidin-HRP and DAB solution for color development.
Counterstaining was done with hematoxylin, followed by dehydration and mounting. Sections were observed under an
optical microscope.

Statistical Analysis

Statistical analyses were conducted using SPSS 26.0 software (IBM Corp., Armonk, NY, USA). Data were presented as mean
+ standard deviation (mean + SD). Parametric tests such as Student’s #-test or one-way ANOVA were employed for normally
distributed data, while non-parametric analyses like the Kruskal-Wallis H-test were used for non-normally distributed data.
A significance level of p < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).
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Results and Discussion

Preparation and Characterization of BA@ZIF(Mn)/FA-PEG NPs

The preparation strategy for BA@ZIF(Mn)/FA-PEG nanocomposites is illustrated in Figure 1. We characterized the
samples (ZIF(Mn), BA@ZIF(Mn), ZIF(Mn)/FA-PEG, and BA@ZIF(Mn)/FA-PEG) using DLS and transmission electron
microscopy (TEM). TEM images revealed that ZIF(Mn), ZIF(Mn)/FA-PEG, and BA@ZIF(Mn)/FA-PEG NPs exhibit
a regular hexahedral structure (Figure 2). The crystallization kinetics of ZIF-8 indicate a significant influence of pH.**-*
In our study, the addition of BA and Mn®" adjusted the solution pH from 7.2~7.4 to 6.5~6.8, facilitating ZIF-8
crystallization. Consequently, ZIF(Mn) and BA@ZIF(Mn) display more regular structures compared to ZIF-8
(Figures 2A—C). FA-PEG modification resulted in smoother edges of ZIF(Mn) NPs, appearing as a transparent film
coating with minor mechanical adsorption of FA-PEG particles visible on the surface (Figure 2D). Furthermore,
BA@ZIF(Mn)/FA-PEG NPs exhibited improved dispersion compared to ZIF(Mn) and BA@ZIF(Mn) NPs (Figure 2E
and F), indicating that FA-PEG modification prevents aggregation without altering the inherent structure of ZIF(Mn) and
BA@ZIF(Mn) NPs. The elemental distribution of ZIF(Mn) was characterized via EDS-elemental mapping (Figure 2G).
The desired elements, namely C (red), O (blue), N (green), Zn (cyan), and Mn (fuchsia), were found to be homo-
geneously distributed throughout the ZIF. This confirms the uniform dispersion of Mn within the ZIF matrix.

DLS results indicated the size and distribution of the samples studied (Figure 3A-D). The average diameter of
BA@ZIF(Mn)/FA-PEG was 184.47 nm (PDI: 0.263), consistent with TEM observations. Before and after FA-PEG
modification, the zeta potentials of ZIF(Mn) and BA@ZIF(Mn) shifted from positive (10.28+1.01 mV and 6.34+0.67 mV,
respectively) to negative (—4.22+0.45 mV and —2.42+0.58 mV, respectively) (Figure 3E). This shift is attributed to
successful FA-PEG modification, introducing negatively charged carboxyl ions in the aqueous solution. Prior studies

ZIF(Mn) BA@ZIF(Mn)

Figure | Schematic illustration of the preparation of BA@ZIF(Mn)/FA-PEG NPs and their use in imaging-guided, targeted induction of apoptosis and ferroptosis.
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Figure 2 TEM images of (A) ZIF, (B) ZIF(Mn), (C) BA@ZIF(Mn), and (D) BA@ZIF(Mn)/FA-PEG, with scale bars of 100 nm; additional TEM images of (E) BA@ZIF(Mn) and
(F) BA@ZIF(Mn)/FA-PEG, with scale bars of | um. (G) Elemental distribution in ZIF(Mn) characterized by EDS-elemental mapping, showing homogeneous distribution of
the desired elements: C (red), O (blue), N (green), Zn (cyan), and Mn (fuchsia). Scale bar =100 nm.

have demonstrated that negatively charged nanomaterials reduce plasma protein adsorption, prolonging circulation time
and enhancing drug accumulation at tumor sites via the enhanced permeability and retention (EPR) effect.>'>?
Additionally, FA-PEG modification acts as a surface-targeting ligand facilitating cellular internalization and enhancing
in vitro circulation by reducing uptake by non-Kupffer cells in the liver.*

To further confirm the successful preparation of BA@ZIF(Mn)/FA-PEG NPs, we analyzed the Fourier-transform
infrared (FTIR) spectra of BA, FA-PEG, ZIF(Mn), and BA@ZIF(Mn)/FA-PEG (Figure 3F). In the spectrum of
BA@ZIF(Mn)/FA-PEG, characteristic peaks of BA at 1726 cm ' (carbonyl stretching vibration of uronic acid),
1608 cm™', 1572 cm ™', and 1493 cm™' (skeletal C=C stretching vibrations) disappeared, aligning closely with the
peaks of ZIF(Mn). This suggests that BA absorption peaks overlapped with ZIF(Mn) due to physical shielding.

Additionally, BA@ZIF(Mn)/FA-PEG exhibited characteristic peaks of FA-PEG at 3436 cm ' v (O-H), 2884 cm ™ 'v (-

International Journal of Nanomedicine 2024:19 hetps: 13601
Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

A35

w
(@)

Z-Average (d.nm) : 145.14 Z-Average (d.nm) : 162.00 Z-Average (d.nm) : 179.02
PDI : 0.616 251 PDI : 0.253 PDI : 0.268

©w
=3
T
N
o
T

20

n
=]
T

20 15l

15+
10

-
=)
T

10

Volume Distribution Data (%)
Volume Distribution Data (%)
Volume Distribution Data (%)
]
T

o
T

0 L 0 . 0 L
10 100 1000 10000 10 100 1000 10000 an 100 1000 10000
Size (nm) Size (nm) Size (nm)
D , . E F
Z-Average (d.r:’rrl:l))l : :) 8;:37 " ‘ ] \ ) l ) BA@ZIF(Mn)/FA-PEG
- e R | i A (B —\R’_“\‘\‘—&\’\J’Wm
X 20} —! =% 3436 2854 114
s —  |zFmn)
5 s 30} zIF 3
| z s W
2 g ®
3 S 20l 2 |Farec
£ g £
2 s 10 I
3 ¥ ) WW
o 5r 1726
>
0 A\
1608/ |‘57z,|493
0 1 ZIF(Mn)FA-PEG BA@ZIF(Mn)/FA-PEG| 1 1 1 1 1 1 1 1
10 100 1000 10000 10 4000 3600 3200 2800 2400 2000 1600 1200 800 400
Size (nm) Wavenumbers (cm™)

Figure 3 (A-D) Size distributions of ZIF-8 NPs, ZIF(Mn) NPs, ZIF(Mn)/FA-PEG NPs, and BA@ZIF(Mn)/FA-PEG NPs, as determined by DLS measurements. (E) Zeta
potential measurements for ZIF NPs, ZIF(Mn) NPs, ZIF(Mn)/FA-PEG NPs, and BA@ZIF(Mn)/FA-PEG NPs. (F) FTIR spectra of BA, FA-PEG, ZIF(Mn), and BA@ZIF(Mn)/FA-
PEG. Data are presented as meantSD, n = 3.

CH,), and 1114 cm™'v (C-O-C), with no new peaks identified, confirming the attachment of FA-PEG molecules to
BA@ZIF(Mn).

The stability analysis revealed that the BA@ZIF(Mn)/FA-PEG NPs exhibited no significant changes in particle size
or PDI over the 7-day storage period in PBS (pH=7.4) or serum, indicating excellent stability in these environments
(Figure S1). These findings confirm that the nanoparticles maintain their structural integrity in aqueous and physiological
conditions, which is crucial for ensuring their reliable performance in drug delivery applications. The consistent diameter
and PDI across different solutions further highlight the robustness of the nanoparticle system, suggesting its potential for
stable in vivo application without aggregation or instability. The stability of the nanoparticles under physiological
conditions is essential for minimizing off-target effects and ensuring sustained therapeutic efficacy, which is important
for the successful clinical translation of the BA@ZIF(Mn)/FA-PEG NPs.

Loading and Release

This study evaluated the loading and release behavior of BA from ZIF(Mn)/FA-PEG. Table 2 presents the results of drug
loading capacity (DLC) and encapsulation efficiency (EE). With DLC for BA measured at 33.50+0.04% and EE at 71.34
+0.02%, BA@ZIF(Mn)/FA-PEG NPs demonstrate higher drug loading and encapsulation efficiencies compared to other
BA nanodelivery systems.?>=”

Drug release experiments were conducted in PBS buffers with different pH values (7.4, 6.8, and 5.5), mimicking
normal tissue, tumor, and lysosomal microenvironments, respectively.*® As illustrated in Figure 4, BA@ZIF(Mn)/FA-
PEG NPs exhibited distinct pH-responsive release profiles of BA in PBS buffers at different pH values, with accelerated
release observed in acidic conditions. Under pH 7.4 conditions, only 33.24 + 0.42% of BA was released from the drug
carrier within 12 hours, indicating low release rates in normal tissue microenvironments such as blood, thereby ensuring
efficient accumulation and release in tumor tissues. At pH 6.8 and 5.5, the 12-hour cumulative releases of BA increased
to 36.37 + 0.40% and 43.69 £ 1.27%, respectively, confirming the faster release of BA in acidic environments. This pH-
responsive behavior of BA@ZIF(Mn)/FA-PEG NPs can be attributed to the cleavage of metal ion-ligand coordination
bonds (Zn>" with nitrogen atoms from melm ") under acidic conditions. Protonation of the ligand in acidic environments
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Table 2 Results of Drug Loading and Entrapment Efficiency (Mean +

SD, n =3)

Concentration of BA | Drug loading | Encapsulation efficiency
(rg/mL) (%) (%)

10 4.96+0.01 94.44+0.01

20 7.53+0.01 86.08+0.03

30 11.10+0.01 84.58+0.02

40 17.84+0.02 81.57+0.03

50 33.50+0.04 71.34+0.02

60 29.87+0.07 73.57+0.10

induces bond dissociation, leading to ZIF(Mn) disintegration and the accelerated release of BA.?**7 Consequently,
BA@ZIF(Mn)/FA-PEG NPs serve as pH-triggered drug carriers, enhancing the cytotoxicity of the drug-loaded nano-
carrier system against cancer cells while minimizing adverse effects.

Biocompatibility

Ensuring minimal hemolysis when introducing non-biological substances into the body is critical. Biomaterials are
categorized based on hemolytic activity: non-hemolytic (0~2% hemolysis), slightly hemolytic (2~5% hemolysis), and
hemolytic (>5% hemolysis).*® As depicted in Figure 5, increasing concentrations of BA@ZIF(Mn)/FA-PEG NPs in a 96-
well plate resulted in some hemolysis, yet the rate remained below 20+£1.57%. At the half-maximal inhibitory concen-
tration (ICsp) of 50 pg/mL for BA@ZIF(Mn)/FA-PEG NPs, the hemolytic activity was measured at 4.41+0.74%,
indicating excellent biocompatibility of the material.

Cellular Uptake
The uptake behavior of BA@ZIF(Mn)/FA-PEG NPs in B16-F10 cells was investigated using fluorescence imaging
(Figure 6A). The Cy5.5/BA@ZIF(Mn)/FA-PEG NPs group exhibited significantly higher fluorescence intensity com-
pared to other groups, indicating efficient targeting and internalization in B16-F10 cells. Western blot analysis confirmed
the expression of B-folate receptors (B-FR) on both B16-F10 cells and tumor tissues, validating B-FR as a molecular
target for BA@ZIF(Mn)/FA-PEG NPs (Figure S2). Furthermore, data retrieved from the Human Protein Atlas (HPA)
corroborated the expression of folate receptor 2 (FOLR2) in human melanoma tissues, providing additional support for
the applicability of folate receptor-targeted therapies across species.>® The presence of B-FR facilitates folate receptor-
mediated endocytosis, significantly enhancing nanoparticle uptake in melanoma cells.

The FA-PEG modification not only improves biocompatibility and prolongs circulation time but also facilitates
precise and stable active targeting to tumor cells through folate receptor interactions. In addition, BA@ZIF(Mn)/FA-PEG
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Figure 4 Drug release kinetics from BA@ZIF(Mn) (A) and BA@ZIF(Mn)/FA-PEG (B) in PBS buffer solutions at pH 5.5, 6.8, and 7.4. Data are presented as mean*SD, n = 3.
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Figure 5 Hemolysis assay of BA@ZIF(Mn)/FA-PEG NPs in vitro. Relative viabilities of BI6-FI0 cells after incubation with various concentrations of blank ZIF(Mn)/FA-PEG
NPs for 24 hours. Results are presented as meantSD, n = 3.

NPs exploit pH-responsive mechanisms and the EPR effect to achieve effective passive targeting, resulting in preferential
accumulation in tumor tissues.*®*° This dual-targeting strategy underscores the therapeutic potential of BA@ZIF(Mn)/
FA-PEG NPs in treating melanoma.

Cytotoxicity

In the experimental dose range, BA@ZIF(Mn)/FA-PEG exhibited no significant cytotoxicity to B16-F10 and 1929 cells
(Figure 6B). Conversely, BA@ZIF(Mn)/FA-PEG demonstrated dose-dependent antiproliferative effects on B16-F10 cells
(Figure 6C). At a concentration of 50 pg/mL, BA@ZIF(Mn)/FA-PEG NPs significantly reduced cell viability compared
to BA and BA@ZIF(Mn) groups under identical conditions, highlighting enhanced intracellular delivery of BA
facilitated by BA@ZIF(Mn)/FA-PEG NPs. Consequently, subsequent experiments were conducted at this concentration,
where BA@ZIF(Mn)/FA-PEG NPs achieved ICs, (the half maximal inhibitory concentration) for B16-F10 cells.

Induction of Apoptosis
Apoptosis, or programmed cell death, is characterized by distinct morphological and biochemical changes, including
chromatin condensation, DNA fragmentation, and caspase activation.*'** Inducing apoptosis is a fundamental strategy in
cancer therapy, offering a targeted approach to eliminating malignant cells while minimizing damage to healthy tissues.*
BA has demonstrated anticancer effects by inhibiting the proliferation and migration of tumor cells, including breast,
lung, liver, and kidney cancers, through apoptosis induction and cell cycle arrest.®****® The apoptotic efficacy of
BA@ZIF(Mn)/FA-PEG NPs in melanoma cells was evaluated through Hoechst 33258 staining and flow cytometry.
Hoechst 33258 staining revealed significantly more chromatin fragmentation and peripheral nuclear condensation in
the BA@ZIF(Mn)/FA-PEG NP-treated group compared to other treatments (Figure 7A), indicative of advanced apop-
tosis. Flow cytometry further quantified these effects, showing significant induction of early apoptosis (9.19%) and late
apoptosis (37.1%) (Figure 7B). These results underscore the potent ability of BA@ZIF(Mn)/FA-PEG NPs to induce
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Figure 6 (A) Cellular uptake of Cy5.5/BA@ZIF(Mn) and Cy5.5/BA@ZIF(Mn)/FA-PEG in B16-F10 cells; scale bars are 100 um. (B) Relative viabilities of B16-F10 cells and
L929 cells after being incubated with various concentrations of ZIF(Mn)/FA-PEG NPs for 24 hours. (C) Relative B16-F10 cell viability after incubation with different samples
containing equivalent amounts of BA for 12 hours. Data are mean + SD (n = 3; *p < 0.05; **p < 0.01; ***p < 0.001).

apoptosis in B16-F10 melanoma cells, outperforming BA and BA@ZIF(Mn) alone. This enhanced effect is likely due to
the active targeting and improved cellular uptake of BA facilitated by the FA-PEG modification of the NPs.

Previous studies have demonstrated that BA-induced apoptosis is associated with the mitochondrial (intrinsic)
apoptotic pathway. Based on these findings, we hypothesize that the apoptosis induced by BA@ZIF(Mn)/FA-PEG NPs
may also involve the mitochondrial apoptotic pathway. This pathway is characterized by mitochondrial membrane
potential disruption, cytochrome c release, and the sequential activation of caspase-9 and caspase-3, ultimately leading
to cell death. BA has been shown to promote mitochondrial dysfunction and caspase activation in other cancer models.*”~
4% While the extrinsic apoptotic pathway, initiated by death receptor activation, could also contribute, it may play a lesser

role in this context. Future research will aim to experimentally confirm these mechanisms using caspase activity assays
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Figure 7 (A) Apoptosis in BI16-F10 cells treated with PBS, BA, BA@ZIF(Mn) NPs, and BA@ZIF(Mn)/FA-PEG NPs, observed using an inverted fluorescence microscope
with Hoechst 33258 staining; scale bars are 10 um. (B) Apoptosis rates of B16-FI0 cells determined by flow cytometry after treatment with PBS, BA, BA@ZIF(Mn), and
BA@ZIF(Mn)/FA-PEG.

and mitochondrial analyses, providing a clearer understanding of the apoptotic pathways activated by BA@ZIF(Mn)/FA-
PEG NPs.

Induction of Ferroptosis

Recent studies have highlighted BA as a potential inducer of ferroptosis,”® but its role in melanoma remains poorly
understood. Ferroptosis, a form of regulated cell death characterized by iron-dependent lipid peroxidation, has emerged
as a critical mechanism in cancer therapy. It is distinct from apoptosis and necrosis and is induced by the accumulation of
ROS and lipid peroxides, which lead to cellular damage. This mechanism has gained attention for its therapeutic potential
in cancer treatment, as it provides an alternative pathway for killing tumor cells that are resistant to traditional therapies.
In this study, we demonstrate that BA and BA@ZIF(Mn)/FA-PEG NPs significantly induce ferroptosis in B16-F10
melanoma cells, as evidenced by elevated ROS levels (Figure 8A and B) and increased MDA content (Figure 8C). To
further validate ferroptosis induction, we assessed the expression of ferroptosis-related genes (ACSL4, PTGS2, FTHI,
and GPX4) at the mRNA level (Figures 9A-D) and confirmed these findings at the protein level using Western blot
analysis (Figure 9E).

Quantitative RT-PCR analysis revealed that BA treatment led to a significant upregulation of ACSL4 and PTGS2
expression, while concurrently downregulating FTH1 and GPX4 compared to the control group. Notably, the
BA@ZIF(Mn)/FA-PEG NP treatment group exhibited the most pronounced effects, with further upregulation of
ACSL4 and PTGS2, and a more substantial downregulation of FTH1 and GPX4, indicating a stronger ferroptosis-
inducing effect of the nanoparticle system compared to free BA. Western blot analysis further corroborated these
findings, showing consistent increases in ACSL4 and PTGS2 protein levels, and marked reductions in FTH1 and
GPX4 in response to treatment of BA@ZIF(Mn)/FA-PEG NPs. These protein-level changes correlate with increased
lipid peroxidation and decreased ferroptosis inhibition. Tubulin was used as a loading control to ensure the reliability of
the results.

Taken together, our findings confirm that BA induces ferroptosis in B16-F10 melanoma cells by modulating key
ferroptosis markers. The encapsulation of BA in ZIF(Mn)/FA-PEG NPs enhances this effect, likely due to the
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Figure 8 Intracellular ROS content in B16-F10 cells after treatment with PBS, BA, BA@ZIF(Mn), and BA@ZIF(Mn)/FA-PEG. (A) DCFH-DA fluorescence imaging showing ROS
levels in treated BI6-FI0 cells; scale bars are 100 um. (B) Quantification of DCFH-DA fluorescence from (A—C) Intracellular lipid peroxidation levels measured as relative
malondialdehyde (MDA) content at 0,12,24 and 36 hours post-treatment with PBS, BA, BA@ZIF(Mn), and BA@ZIF(Mn)/FA-PEG. Data are mean * SD (n = 3; *p < 0.001).

nanoparticles’ synergistic properties, such as efficient drug delivery, pH-responsive release, and targeted tumor accumu-
lation through folate receptor interaction.

MR Imaging

Manganese ion (Mn>") is a safe contrast agent for MRI due to its high resolution, good contrast, multi-directional
imaging capabilities, and non-radioactivity.® However, its prolonged examination time and low sensitivity of MRI
limits its clinical utility.”'>* By incorporating Mn®" into ZIF-8 nanocomposites and leveraging their pH responsiveness,
combined with FA-PEG modification, NPs can precisely accumulate in tumor tissues, facilitating targeted drug release
and overcoming this limitation. BA@ZIF(Mn)/FA-PEG exhibited a significant concentration-dependent brightening
effect in T1-weighted MRI (Figure 10A). The longitudinal relaxivity coefficient (rl) of BA@ZIF(Mn)/FA-PEG NPs
was 13.11 mM 's™', which is three times higher than that of Gd-DTPA (4.40 mM 's ') (Figure 10B).>*> In vivo MR
imaging was conducted on mice bearing B16-F10 tumors injected with BA@ZIF(Mn)/FA-PEG via the tail vein, followed
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Figure 10 MR Imaging. (A) Tl-weighted MR images of BA@ZIF(Mn)/FA-PEG NPs at varying Mn2" concentrations. (B) T relaxation rates of aqueous solutions containing
BA@ZIF(Mn)/FA-PEG NPs at different Mn?" concentrations. (C) In vivo Tl-weighted MR images of a mouse before injection (top) and 6 hours post intravenous injection
(bottom) of BA@ZIF(Mn)/FA-PEG NPs.

by imaging with a 3.0T MR system. Post-injection images showed a significant brightening effect in the tumor area (red
circle) 6 hours later compared to pre-injection images (Figure 10C), confirming the specificity of the drug delivery
system and its tumor accumulation. These results highlight BA@ZIF(Mn)/FA-PEG NPs as an effective MRI-guided drug

delivery system for tumor treatment.
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Figure 12 BA-Induced Ferroptosis in a Melanoma Xenograft Model. (A) Immunohistochemical FTHI staining analysis of tumors from mice bearing B16-FI0 melanoma
treated with PBS, BA, BA@ZIF(Mn), and BA@ZIF(Mn)/FA-PEG. (B) Quantification of FTH| immunohistochemical staining. (C) Tunel staining analysis of tumors from mice
treated with PBS, BA, BA@ZIF(Mn), and BA@ZIF(Mn)/FA-PEG. (D) Quantification of Tunel staining. Scale bar = 100 um. Data are mean * SD (n = 3; *p < 0.001).

Vivo Anti-Tumor Efficacy

To further validate the in vivo anti-tumor efficacy and biosafety of BA@ZIF(Mn)/FA-PEG NPs, we administered these
NPs intravenously via the tail vein to mice bearing melanoma tumors. Analysis of tumor volume, tumor weight, body
weight, and tumor growth inhibition (TGI) (Figures 11A-E) demonstrated that BA, BA@ZIF(Mn) NPs, and
BA@ZIF(Mn)/FA-PEG NPs significantly suppressed tumor growth, with BA@ZIF(Mn)/FA-PEG NPs showing the
most pronounced effect. Histological examination using H&E staining revealed substantial cell death in tumor tissues
(Figure 11F). Notably, histological sections of the heart, liver, spleen, lungs, and kidneys showed no significant
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abnormalities (Figure 11G), and there was no observable weight loss in the treated mice, indicating an absence of evident
toxicity from BA@ZIF(Mn)/FA-PEG NPs following in vivo administration.

Further immunohistochemical and Tunel staining analyses indicated that tumor cell death was primarily driven by
apoptosis and ferroptosis. FTH1, a critical marker for ferroptosis, showed differential expression among treatment
groups.®>® Immunohistochemical staining (Figure 12A) revealed that FTH1 levels were highest in the control group,
reflecting baseline ferroptosis-related activity. Quantification (Figure 12B) demonstrated a stepwise reduction in FTH1
expression, with BA@ZIF(Mn)/FA-PEG NPs showing the lowest FTH1 levels compared to other treatments, indicating
a more efficient induction of ferroptosis through targeted delivery and controlled release.

Tunel staining results (Figure 12C and D) corroborated these findings, demonstrating that apoptosis was induced by both
BA and BA@ZIF(Mn) NPs, with BA@ZIF(Mn)/FA-PEG NPs inducing the highest levels of apoptosis among all groups. The
dual induction of apoptosis and reduced ferroptosis activity indicates that BA@ZIF(Mn)/FA-PEG NPs effectively balance
different cell death modalities, which may maximize therapeutic efficacy while minimizing potential off-target effects.

This dual cell death mechanism underscores the sophisticated anti-tumor capability of BA@ZIF(Mn)/FA-PEG NPs. By
targeting both apoptosis and ferroptosis pathways, these nanoparticles provide a multifaceted therapeutic strategy that can
overcome challenges related to limited drug accumulation in tumors, ultimately enhancing the efficacy of melanoma treatment.

Our results highlight the efficacy of BA@ZIF(Mn)/FA-PEG NPs in selectively inducing apoptosis and ferroptosis in
tumor cells. The controlled modulation of BA concentrations within tumor tissues, facilitated by the targeted delivery
mechanism, enables precise engagement of cell death pathways, thereby ensuring efficient tumor cell elimination.
Additionally, the biosafety of BA@ZIF(Mn)/FA-PEG NPs was confirmed through histological analyses, which showed
no toxicity in vital organs.

Conclusions

This study introduces manganese-doped ZIF-8 nanoparticles (BA@ZIF(Mn)/FA-PEG) encapsulating Baicalin as a novel
platform for targeted melanoma therapy with integrated MR imaging. The nanoparticles demonstrate excellent biocom-
patibility and effectively address the challenge of limited drug accumulation in tumors, showing potent therapeutic
efficacy.

While these results are promising, optimizing the delivery efficiency and stability of BA@ZIF(Mn)/FA-PEG
nanoparticles in clinical settings remains a critical challenge. Future efforts should focus on refining drug release
mechanisms and enhancing nanoparticle stability within the tumor microenvironment.

Additionally, our findings reveal the dual capacity of BA@ZIF(Mn)/FA-PEG nanoparticles to induce both ferroptosis
and apoptosis, offering a multifaceted anti-tumor strategy. These characteristics position BA@ZIF(Mn)/FA-PEG as
a promising candidate for advancing image-guided cancer therapies, with strong potential for clinical application in
melanoma treatment.
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