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Background: Melanoma is an aggressive form of skin cancer, and single-modality treatments often fail to prevent tumor recurrence
and metastasis. Combination therapy has emerged as an effective approach to improve treatment outcomes.

Methods: In this study, we developed a multifunctional nanoplatform, MIL@DOX@ICG, utilizing MIL-101-NH,(Fe) as a carrier to
co-deliver the chemotherapeutic agent doxorubicin (DOX) and the photosensitizer indocyanine green (ICG). MIL-101-NHy(Fe) was
synthesized via a hydrothermal method. Drug release was evaluated under different pH conditions, and the photothermal effect was
tested under near-infrared (NIR) laser irradiation. Hydroxyl radical and reactive oxygen species generation capacities were quantified.
Cellular studies using B16F10 cells assessed cytotoxicity, cellular uptake, migration inhibition, and colony formation suppression. In
vivo experiments in melanoma-bearing mice evaluated antitumor efficacy and systemic safety through tumor growth inhibition,
histological analyses, and toxicity assessments.

Results: MIL@DOX@ICG exhibited a uniform octahedral structure with a particle size of approximately 139 nm and high drug
loading efficiencies for DOX (33.70%) and ICG (30.59%). The nanoplatform demonstrated pH-responsive drug release and potent
photothermal effects. The generation of hydroxyl radicals via the Fenton reaction and reactive oxygen species production under NIR
laser irradiation by MIL@DOX@ICG were confirmed. In vitro assessments revealed significant cytotoxicity of MIL@DOX@ICG
against B16F10 cells under NIR laser irradiation, with improved efficacy in inhibiting cell proliferation and migration. In vivo studies
confirmed the superior antitumor efficacy of MIL@DOX@ICG + NIR treatment, synergistically harnessing chemotherapy, photo-
thermal therapy, photodynamic therapy, and chemodynamic therapy effects while maintaining excellent biocompatibility.
Conclusion: Our findings underscore the potential of MIL-101-NH,(Fe) nanoparticles as a versatile and effective platform for
synergistic melanoma therapy, offering a promising strategy for overcoming the limitations of conventional treatment modalities.
Keywords: melanoma, MIL-101-NH,(Fe), chemotherapy, photothermal therapy, photodynamic therapy, chemodynamic therapy

Introduction

Malignant melanoma is characterized by its high aggressiveness and resistance to therapy, representing the leading cause
of death among skin cancer patients."> Currently, the predominant modality for melanoma treatment involves surgical
resection. Nevertheless, the presence of residual tumor cells post-surgery frequently leads to tumor recurrence and
metastasis.> Conventional therapeutic approaches, such as radiotherapy and chemotherapy, face challenges in achieving
satisfactory outcomes in melanoma management. Moreover, the adverse effects associated with chemotherapeutic agents
limit their clinical benefits.* Consequently, there is an urgent need to develop innovative therapeutic strategies aimed at
improving the efficacy of melanoma treatment and reducing patient mortality.
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In recent years, the advent of emerging treatment technologies such as immunotherapy, gene therapy, magnetic
therapy, sonodynamic therapy, chemodynamic therapy (CDT), photothermal therapy (PTT), and photodynamic
therapy (PDT) have demonstrated considerable promise in the field of cancer treatment.’ ' Specifically, CDT
involves the conversion of overexpressed hydrogen peroxide (H,O,) in the tumor microenvironment (TME) into
harmful reactive oxygen species (ROS) like hydroxyl radicals (*OH), inducing tumor cell death through apoptosis
and necrosis pathways.®® PTT utilizes photothermal agents to rapidly produce heat upon exposure to near-infrared
(NIR) laser irradiation, causing irreversible damage to cells through elevated temperature.'®''" PDT employs
specific wavelength light sources to irradiate and excite photosensitizers, leading to the production of cytotoxic
ROS, thereby effectively eliminating tumor cells.'>'* However, the unique physiological characteristics of the
TME, such as vascular abnormalities, hypoxia, low pH, and elevated levels of glutathione (GSH) and H,O,, pose
challenges for achieving significant therapeutic effects using single-modality treatments.'* To address this issue,
the combination of different therapeutic strategies has gained attention as an effective approach.'>™!’

Indocyanine green (ICG) is an FDA-approved fluorescence dye with exceptional properties, including robust
NIR absorption and high photothermal conversion efficiency, rendering it suitable for both PTT and PDT.'®'
However, the application of ICG faces challenges such as instability in aqueous solutions and limited
photostability.?>?! Therefore, enhancing the stability of ICG during PDT and PTT procedures becomes crucial.
On the other hand, Doxorubicin (DOX), another FDA-approved chemotherapeutic agent known for its therapeutic
efficacy, often induces severe adverse effects and multidrug resistance, significantly reducing its clinical
effectiveness.””> To overcome these issues and improve therapeutic effectiveness, targeted synergistic therapy
emerges as a promising strategy.>’

Combination therapies employing multifunctional nanomaterials have garnered significant attention in recent
years.>*?3 Metal-organic frameworks (MOFs), a category of nanoscale porous materials formed through the self-
assembly of metal ions and organic ligand molecules, are notable for their distinctive features such as expansive
surface areas, uniform porous structures, tunable pore sizes and frameworks, and biodegradable nature.”®*” These
properties have facilitated widespread application in areas including gas adsorption and separation, catalysis,
electrochemical biosensing, and drug delivery.?* > Among these, the iron-based MOF, MIL-101-NH,(Fe), has
attracted considerable interest due to its high drug loading capacity, favorable stability, and low biological
toxicity.”'** Recent investigations have demonstrated that MIL-101-NH,(Fe) can induce protective autophagy in
normal cells while inducing ferroptosis in cancer cells. When employed as carriers in nano drug delivery systems,
MIL-101-NH,(Fe) capitalizes on the enhanced permeability and retention effect within tumor microvessels,
enabling the selective targeting of tumor tissues.”*** Moreover, it exhibits a pronounced response to the weak
acidity of the TME, enabling controlled drug release and achieving tumor accumulation.>® Furthermore, the Fe*"
in MIL-101-NH,(Fe) can trigger a Fenton reaction in the presence of GSH and H,O, within the TME, resulting in
the generation of ROS and inducing a CDT effect, thus further amplifying therapeutic outcomes.*®

In this study, we successfully synthesized MIL-101-NH,(Fe) and co-loaded it with the chemotherapeutic agent DOX and
the photosensitizer ICG, resulting in the development of a novel multifunctional integrated treatment system termed
MIL@DOX@ICG. This innovative system was employed to achieve a combination therapy involving chemotherapy,
PTT, PDT, and CDT. Comprehensive analyses were performed to characterize the morphology, particle size, zeta potential,
encapsulation efficiency (EE), and drug loading capacity (DL) of MIL@DOX@ICG. Furthermore, we investigated the drug
release behavior of MIL@DOX@ICG under varying pH conditions, its photothermal conversion efficiency, and its capacity
to generate *OH and ROS. The cytotoxicity, cellular uptake, anti-migratory effects, and inhibition of clonal proliferation of
MIL@DOX@ICG upon NIR laser irradiation were assessed in B16F10 cells. Additionally, a mouse melanoma model was
established to evaluate the synergistic antitumor efficacy and safety profile of MIL@DOX@ICG under NIR laser exposure.
This study not only introduces a novel therapeutic approach for melanoma treatment but also underscores the great potential

of multifunctional nanomaterials in the realm of combination treatment strategies.
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Materials and Methods

Materials

Ferric chloride hexahydrate (FeCl;-6H,0), 3.3',5,5'-tetramethylbenzidine (TMB), and 1.3-diphenylisobenzofuran
(DPBF) were acquired from Macklin Biochemical Technology (Shanghai, China). 2-Aminoterephthalic acid was sourced
from Aladdin Biochemical Technology (Shanghai, China). DOX was obtained from Dibai Biotechnology (Shanghai,
China). ICG was procured from Jizhi Biochemical Technology (Shanghai, China). The ROS detection kit was provided
by Biyuntian Biotechnology (Shanghai, China). The TUNEL assay kit and Ki67 antibody were purchased from Sevier
Biotechnology (Wuhan, China).

B16F10 cells were purchased from Fenghui Biotechnology (Hunan, China). Male C57BL/6J mice, aged 6—8 weeks
old and weighing 20-22 g, were sourced from Hua Fukang Biological Technology (Beijing, China). All procedures
involving animals were conducted in accordance with the National Research Council’s Guide for the Care and Use of
Laboratory Animals and were approved by the Animal Ethics Committee of Southwest Medical University (approval
number: 20231113-006).

Preparation and Characterization of MIL@DOX@ICG

FeCl;-6H,O (81.1 mg) and 2-aminoterephthalic acid (54.3 mg) were dissolved in 20 mL of dimethylformamide and
added with 200 pL of glacial acetic acid. The resulting mixture underwent sonication for 30 min, then transferred to
a 25 mL autoclave for reaction at 120 °C for 24 h. Subsequently, the reaction solution was centrifuged at 20,000 x g for
10 min, and the precipitate was washed thrice with dimethylformamide and ethanol, respectively. The final product was
dried under vacuum to yield the MIL-101-NH,(Fe).

DOX (10 mg) and ICG (10 mg) were dissolved in 10 mL of absolute ethanol. Subsequently, 10 mg of MIL-101-NH,
(Fe), previously activated under vacuum at 100 °C for 2 h, was introduced into the dispersion, and the resulting mixture
was stirred for 24 h. The reaction solution was centrifuged, followed by three washes with pure water. The supernatant
was analyzed to determine the concentrations of free DOX and ICG, and the EE and DL were calculated. The resulting
precipitate was freeze-dried to yield MIL@DOX@ICG. MIL@DOX and MIL@ICG were prepared in the same method.

The morphology of the nanoparticles was assessed using a scanning electron microscope (SEM) (Zeiss, Germany),
with particle size determined through Image J software. Zeta potential measurements were conducted with a laser particle
size analyzer (Malvern, UK). The absorption spectra of the samples in the ultraviolet-visible (UV-Vis) range (200900
nm) were recorded using a UV-Vis spectrophotometer (Beijing Purkinje General Instrument, China). Fourier transform
infrared (FTIR) spectra were obtained over the range of 4000 to 400 cm '
Fisher, USA).

using an FTIR spectrometer (Thermo

Drug Release and Stability Studies

Specified quantities of free drugs and nanoparticles were dispersed in 3 mL of release medium and sealed within separate
dialysis bags. Subsequently, these bags were immersed into brown bottles containing 100 mL medium at varying pH
levels (5.5, 6.5, 7.4) and incubated on a constant temperature shaker at 37 °C with 50 rpm. At designated intervals, 1 mL
of the external solution was withdrawn and replaced with an equivalent volume of fresh medium. The absorbance of
DOX and ICG in the samples was determined, and the cumulative release rate was calculated.

For photothermal stability assessment, a 250 pg/mL solution of MIL@DOX@ICG was irradiated with an 808 nm
laser (2 W/em? for 11 min) on days 1, 2, 3, 4, 5, 7, and 9 to evaluate the photothermal effect. Additionally, the zeta
potential of MIL@DOX@ICG in PBS and PBS containing 10% fetal bovine serum (FBS) was measured using a laser
particle size analyzer over a 7-day period to assess the stability of the nanoplatform.

*OH Generation Detection

20 uL of DMSO solution containing TMB (20 mM) and 2 pL of H,O, aqueous solution (6 mM) were added to 500 pL of
MIL@DOX@ICG solution at 140 pg/mL. Subsequently, the UV-Vis absorption spectra were recorded at 550-700 nm
every 90 s. Furthermore, MIL@DOX@ICG solutions at concentrations of 70, 140, 280, and 560 ng/mL were prepared.
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For each concentration, 500 uL was taken and added with 20 pL. of DMSO solution containing TMB (20 mM) and 2 pL
of H,O, aqueous solution (6 mM), with the absorbance at 655 nm detected at 20-s intervals. To examine the impact of
varying H,O, concentrations on the generation of *OH, 500 pL of the MIL@DOX@ICG solution (140 pg/mL) was
mixed with 20 pl. of DMSO solution containing TMB (20 mM) and 2 pL of H,O, aqueous solution at varying
concentrations (2, 4, 6, and 8 mM), with absorbance at 655 nm monitored every 20 s. The *OH production capacity
of MIL-101-NH,(Fe) was evaluated under identical conditions.

ROS Generation Detection

20 pL of DMSO solution containing DPBF (20 mM) and 4 pL of H,O, aqueous solution (6 mM) were mixed with 1 mL
of ICG or MIL@DOX@ICG solutions. A control group was set up without the addition of H,O,. The resulting mixtures
were then subjected to irradiation using an 808 nm laser for 0, 1, 3, 5, 7, and 9 min, respectively. The UV-Vis absorption
spectra of DPBF were recorded at 300-800 nm employing a microplate reader.

Photothermal Effect of MIL-101 @DOX@ICG

To explore the impact of concentration on the photothermal response, MIL@DOX@ICG solutions at different concen-
trations were subjected to irradiation using an 808 nm laser at 2.0 W/cm?®, with pure water serving as the control.
Additionally, to examine the effect of laser power on the photothermal response, 250 pg/mL of MIL@DOX@ICG
solution underwent irradiation at various power densities with an 808 nm laser. Temperature changes were monitored
using a thermocouple thermometer.

For the photothermal cycling capability investigation, 250 pg/mL of MIL@DOX@ICG solution was exposed to an
808 nm laser for 11 min at 2.0 W/cm?. Subsequently, the laser was deactivated, allowing the solution to naturally cool to
its initial temperature. The laser was then resumed, and the sample underwent another exposure cycle. This irradiation

and cooling procedure was repeated five times, based on established protocols in the literature,>’~®

to simulate repeated
photothermal treatment sessions typically encountered in practical therapeutic applications. The characteristic thermal
time constant was derived from the cooling rate change curve, enabling the calculation of the photothermal conversion

efficiency.

Cytotoxicity

The cytotoxicity of free drugs, nanoparticles, and NIR laser irradiation on BI6F10 cells was evaluated by the CCK-8
method. B16F10 cells were seeded in 96-well plates, and the culture medium containing different concentrations of the
therapeutic agents (DOX concentrations: 0.25 to 4 ng/mL) was added. Groups designated for laser treatment underwent
an 808 laser irradiation for 8 min (2 W/cm?) after 4 h of incubation. After a total incubation period of 48 h, 10 pL of
CCK-8 solution was added, and cell viability was determined by measuring the absorbance at 450 nm using a microplate
reader.

Cellular Uptake and Mechanism Study

B16F10 cells were seeded on cell climbing slices within 6-well plates. For the dose-dependent experiment, cells were
incubated with MIL@DOX@ICG at various concentrations for 8 h. For the time-dependent experiment, cells were
exposed to 30 pg/mL of MIL@DOX@ICG and incubated at different times. Subsequently, the cells were stained with
Hoechst 33342 and fixed with 4% paraformaldehyde. Cellular uptake was visualized using a confocal laser scanning
microscope (CLSM) (Leica, Germany), with fluorescence intensity quantified using Image J software.

To further study the cellular mechanism, B16F10 cells were cultured in 6-well plates with cell climbing slices. In the
temperature-dependent uptake study, cells were exposed to 30 pg/mL of MIL@DOX@ICG for 8 h at 37 and 4 °C,
respectively. To explore the involvement of different endocytic pathways, cells were pre-incubated for 2 h with specific
inhibitors targeting distinct pathways: 10 pg/mL chlorpromazine (CHLO), 50 pg/mL nystatin (NY), and 100 pg/mL
amiloride (AMI). Subsequently, the cells were exposed to 30 pg/mL MIL@DOX@ICG for another 8 h. Following
staining and fixation, images were captured using CLSM and analyzed with Image J software.
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Wound Healing Study

B16F10 cells were seeded in 24-well plates, and straight scratches were created in each well using a sterile pipette tip to
simulate wounds. Following this, 1 mL of DOX, ICG, MIL-101-NH,(Fe), MIL@DOX, MIL@ICG, or
MIL@DOX@ICG (DOX concentration: 1 pg/mL) was added, while the control group received a drug-free medium.
Groups designated for laser treatment were exposed to an 808 laser for 10 min daily at 2 W/cm?. At 0 and 36 h after
scratch generation, wound closures were recorded using a light microscope. The resulting images were processed using

Image J software, and the cell migration percentage was calculated accordingly.

Cell Colony Formation Study

B16F10 cells were seeded in 6-well plates and incubated overnight. 2 mL of DOX, ICG, MIL-101-NH,(Fe),
MIL@DOX, MIL@ICG, or MIL@DOX@ICG (DOX concentration: 0.5 pg/mL) was added, while the control group
received 2 mL of drug-free medium. Groups designated for laser treatment were irradiated with an 808 laser for 10 min
each day at 2 W/cm?®. After an 8-day incubation period, the cells were fixed and stained with crystal violet. The number

of colonies formed was counted to evaluate the proliferative capacity of the cells under different treatment conditions.

Intracellular ROS Generation Assessment

B16F10 cells were cultured in 6-well plates and incubated overnight. MIL-101-NHy(Fe), ICG, or MIL@DOX@ICG
(MIL-101-NHy(Fe) concentration: 10 pg/mL) were added and incubated for 6 h. Groups designated for NIR laser
treatment were exposed to an 808 nm laser irradiation for 15 min at 2 W/cm?. After incubation, 1 mL of Hoechst 33342
(20 pg/mL) and 1 mL of DCFH-DA (10 pM) were added and incubated for 30 min. After fixation, images were captured
using CLSM and analyzed using Image J software.

In vivo Antitumor and Safety Assessment

BI16F10 cells (1 x 10°) were subcutaneously inoculated into the backs of C57BL/6J mice to establish a melanoma-bearing mouse
model. Once tumor volumes reached around 100 mm® (defined as day 1), the mice were randomly allocated into ten groups: PBS,
MIL-101-NH,(Fe), ICG, ICG + NIR, DOX, MIL@ICG, MIL@ICG + NIR, MIL@DOX, MIL@DOX@ICG, and
MIL@DOX@ICG + NIR, with 5 animals in each group. On days 1, 4, and 7, mice received intratumoral injections of
100 uL of PBS or the respective therapeutic agents (DOX concentration: 2.5 mg/kg). For groups undergoing NIR laser treatment,
mice were anesthetized after administration, and their tumor sites were irradiated with an NIR laser for 5 min at 0.5 W/em?.
Temperature changes were recorded before and every min after irradiation. During the treatment period, the body weights of the
mice were monitored every two days. On day 8, the mice were sacrificed, and the tumors were excised and weighed. The tumor
samples were then fixed with 4% paraformaldehyde, embedded in paraffin, and serially sectioned. Histopathological analysis
was performed by H&E staining, and tumor cell proliferation and apoptosis were assessed using Ki67 immunostaining and
TUNEL assay, respectively.

To further assess in vivo safety, blood samples were collected from each group for routine blood analysis before the
mice were sacrificed on day 8. Mouse whole blood was collected using centrifuge tubes containing EDTA-K2, and
hematological parameters were detected by a hematology analyzer (BC-6000Plus, Mindray). Following euthanasia, the
major organs were excised from each group, washed with 0.9% saline, dried with filter paper, and weighed. Organ-to-
body and organ-to-brain weight ratios were then calculated to evaluate systemic toxicity.

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 9.0 software. The Student’s #-test was utilized to evaluate
differences between the two groups, while a one-way analysis of variance was employed for comparisons among
multiple groups. A significance threshold of P < 0.05 was applied to determine statistical significance.
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Results and Discussion
Preparation and Characterization of MIL@DOX@ICG

MIL-101-NH,(Fe) was synthesized utilizing a hydrothermal method, as described in previous literature.’**° SEM
analysis revealed a well-defined octahedral structure of MIL-101-NHy(Fe), aligning with prior reports
(Figure 1A).>>° After drug encapsulation, the nanoparticles retained their uniform size and regular octahedral morphol-
ogy, with a slight increase in particle size observed (Figure 1B—D). Specifically, the particle sizes of MIL-101-NH,(Fe),
MIL@DOX, MIL@ICG, and MIL@DOX@ICG were measured at 122.08 + 29.29, 133.01 + 29.43, 132 + 22.82, and
139.42 + 30.16 nm, respectively (Figure 1E-H).

As summarized in Table S1, the EE and DL of DOX in MIL@DOX@ICG were 94.69 + 0.74% and 33.70 + 0.78%,
respectively. Similarly, the EE and DL of ICG in MIL@DOX@ICG were determined to be 85.05 + 5.45% and 30.59 +
1.41%, respectively. In contrast, other drug delivery systems co-loading DOX and ICG demonstrate significantly lower
drug loading capacities. For instance, a folate-receptor-targeted liposome system (FA-DOX-ICG-PFP@Lip) reported
DOX and ICG drug loading contents of only 6.20 = 0.51% and 9.19 + 0.29%, respectively.'® Similarly, a poly(lactic-co-
glycolic acid)-based nanoparticle system (PSC/ICG@+DOX) achieved DOX and ICG loading contents of just 6.79% and
2.57%, respectively.® The notably high drug loading efficiencies of MIL@DOX@ICG underscore the robust affinity and
capability of MIL-101-NH,(Fe) for the stable encapsulation of therapeutic agents, essential for delivering sufficient drug
concentrations to the tumor site to achieve desired therapeutic outcomes. Additionally, the zeta potential of MIL-101-
NH,(Fe) was measured at —3.97 + 0.52 mV (Figure 1I). Upon DOX loading, the zeta potential shifted to a positive
charge, measuring at 8.26 + 0.25 mV, which is attributed to the amino groups on the surface of DOX. Conversely, due to
the abundant negative sulfate groups on the surface of ICG, MIL@ICG exhibited a negative charge of —27.6 + 2.98 mV.
After the co-loading of DOX and ICG, the zeta potential of MIL@DOX@ICG was recorded at —10.65 + 2.05 mV.

As presented in Figure 1J, the characteristic absorption peaks of free DOX were observed at 233 and 480 nm, while
both MIL@DOX and MIL@DOX@ICG displayed analogous absorption peaks at these same wavelengths, confirming
the successful encapsulation of DOX. Similarly, free ICG exhibited a characteristic absorption peak at 787 nm, with both
MIL@ICG and MIL@DOX@ICG displaying analogous absorption peaks, indicating the successful loading of ICG.

In the FTIR spectra (Figure 1K), the peak at 3375 cm ™' in MIL-101-NH,(Fe) corresponded to the stretching vibration
of the N-H bond, while peaks at 1655 and 1581 cm ' were attributed to the C=0 and C=N bonds, respectively.
Additionally, the peak at 770 cm ' was caused by the stretching vibration of the O-Fe-O bond. In the FTIR spectrum
of DOX, peaks at 1728 and 1618 cm™' were observed, corresponding to the N-H and CO-H bonds, respectively. ICG
exhibited a characteristic vinyl peak at 1087 cm ', Further analysis revealed that MIL@DOX retained the characteristic
peaks of DOX at 1728 and 1619 cm™ ', indicating the successful loading of DOX. Similarly, MIL@ICG displayed the
vinyl characteristic peak of ICG at 1094 cm ', confirming successful ICG encapsulation. Notably, all characteristic peaks
observed in MIL-101-NH,(Fe), DOX, and ICG were presented in the FTIR spectra of MIL@DOX@ICG, providing
further evidence for the successful preparation of MIL@DOX@ICG.

Drug Release and Stability Investigation

The release profiles of nanoparticles under different pH conditions were systematically investigated, along with the
release behavior of free DOX and ICG at pH 7.4. As depicted in Figure 2A and B, within 24 h at pH 7.4, approximately
98% of DOX was released from free DOX, while only 37% and 23% were released from MIL@DOX and
MIL@DOX@ICG, respectively. Similarly, the release of ICG from free ICG, MIL@ICG, and MIL@DOX@ICG
reached about 101%, 30%, and 21%, respectively. These findings underscore the excellent sustained-release properties
of the nano-formulations after drug encapsulation within MIL-101-NH,(Fe). Notably, as the pH value decreased, the drug
release rate accelerated. As a pH of 5.5, within 24 h, the release rates of DOX from MIL@DOX and MIL@DOX@ICG
rose to 89% and 67%, respectively, and ICG release from MIL@ICG and MIL@DOX@ICG increased to 88% and 72%,
respectively. Therefore, the loading of drugs into MIL-101-NH,(Fe) resulted in pH-responsive release behavior under
mildly acidic conditions.
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The underlying pH-responsive release mechanism is attributed to the unique structural and chemical properties of
MIL-101-NHy(Fe). Under acidic conditions in the TME, the metal nodes of MIL-101-NH,(Fe) may undergo reactions
that lead to partial disintegration or alterations in porosity, thereby facilitating drug release. Acidic conditions may also
weaken the electrostatic interactions or hydrogen bonds between the drugs and MIL-101-NH,(Fe), effectively promoting
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Figure 2 (A and B) Cumulative release curves of DOX, ICG, MIL@DOX, MIL@ICG, and MIL@DOX@ICG at various pH levels. (C) Stability of MIL@DOX@ICG
through photothermal effect testing. (D) Zeta potential stability of MIL@DOX@)ICG in PBS and PBS containing 10% FBS. Photographs of the reaction solutions with the
addition of different concentrations of (E) MIL-101-NH,(Fe) and (F) MIL@DOX@ICG with 6 mm of H,O,. Time-dependent UV-Vis spectra of oxTMB with the addition of
(G) MIL-101-NH,(Fe) and (H) MIL@DOX@ICG (H,O,: 6 mm). Time-dependent absorbance changes of oxTMB with the addition of (I) MIL-101-NH;(Fe) and (J)
MIL@DOX@)ICG at different H,O, concentrations (2, 4, 6, and 8 mm). Time-dependent absorbance changes of oxTMB with the addition of different concentrations of (K)
MIL-101-NH;(Fe) and (L) MIL@DOX@ICG (20, 50, 100, and 200 ug/mL) with 6 mm of H,O,.

drug desorption. Furthermore, the protonation of amine groups (-NH;) on the surface of MIL-101-NH,(Fe) under these
acidic conditions can alter the surface characteristics of the carrier, influencing the adsorption and desorption dynamics of
the drugs. Thus, the pH-responsive release mechanism of MIL-101-NH,(Fe) facilitates controlled and accelerated release
of DOX and ICG in the acidic TME, ensuring targeted delivery and accumulation of therapeutic agents at the tumor site.

The inherent instability of ICG has been a significant limitation for its clinical application. To address this, stability
assessments were conducted to evaluate the photothermal and zeta potential stability of MIL@DOX@ICG. As shown in
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Figure 2C, MIL@DOX@ICG maintained excellent and stable heat production capacity over 9 days, indicating enhanced
stability of ICG in the aqueous solution upon loading within MIL-101-NH,(Fe). Furthermore, the zeta potential of
MIL@DOX@ICG exhibited only minor variations in both PBS and PBS supplemented with 10% FBS over 7 days
(Figure 2D). The MIL-101-NH,(Fe) matrix provides a protective environment that prevents aqueous-induced degradation
and inhibits self-aggregation of ICG molecules, thereby enhancing the potential of this nano-formulation for photo-
thermal therapy applications. Moreover, encapsulation within MIL-101-NH,(Fe) can improve the bioavailability and
photothermal conversion efficiency of ICG, broadening its clinical applicability.

*OH Generation Detection

Fe** within MIL-101-NH,(Fe) can catalyze the conversion of H,O, into highly toxic *OH through the Fenton reaction.
To evaluate the catalytic performance of nanoparticles, TMB was utilized as an indicator to detect the generation of *OH.
As illustrated in Figure 2E and F, aqueous solutions containing 6 mM H,0, showed no observable color change after
adding TMB. However, the introduction of both MIL-101-NH,(Fe) and MIL@DOX@ICG resulted in the solution
turning blue, indicating the oxidation of TMB to its cation radical (oxXTMB) by *OH, thereby confirming the *OH
generation. With prolonged reaction time, the production of oxXTMB increased, as evidenced by the enhanced absorbance
at 655 nm (Figure 2G and H) and the darkening of the solution color. Furthermore, the reaction of nanoparticles with
varying H,O, concentrations indicated that higher H,O, levels led to increased absorbance at 655 nm (Figure 21 and J).
Moreover, as the concentrations of MIL-101-NH,(Fe) and MIL@DOX@ICG elevated, oxTMB production also
increased, indicating enhanced *OH production (Figure 2K and L). The successful detection of *OH generation in the
presence of MIL-101-NH,(Fe) and MIL@DOX@ICG validates the catalytic performance of these nanoparticles, which
can enhance the therapeutic efficacy by producing cytotoxic *OH in response to the elevated levels of H,O, within
the TME.

ROS Generation Detection

DPBF is a fluorescent probe with high specificity for singlet oxygen ('O,). Upon interaction with 'O,, DPBF undergoes
irreversible oxidation, resulting in a rapid decrease in absorption intensity at 410 nm. As shown in Figure 3A, in the
absence of H,0,, prolonged irradiation with an 808 nm laser led to increased 'O, production induced by free ICG,
corresponding to a reduction in DPBF absorption. After the addition of H,O,, the characteristic absorption of DPBF
remained largely unchanged, indicating that H,O, does not significantly influence the induction of 'O, by free ICG
(Figure 3B). Similarly, under NIR laser irradiation, the MIL@DOX@ICG group demonstrated a significant reduction in
DPBF absorption, suggesting its capacity to induce 'O, generation (Figure 3C). Notably, following H,O, addition, the
characteristic absorption of DPBF in the MIL@DOX@ICG group underwent a substantial decrease after NIR laser
irradiation of equivalent power intensity and duration (Figure 3D). This observation revealed that MIL@DOX@ICG
possesses a potent ROS generation capability, facilitated by the generation of *OH from MIL-101-NH,(Fe) upon H,0,
addition, which further oxidized DPBF. The pivotal role of 'O, in PDT is highlighted by its contribution to oxidative
damage within tumor cells. The capacity of MIL@DOX@ICG to generate 'O, under NIR laser irradiation significantly
enhances its application in PDT, highlighting its potential as a multifunctional therapeutic agent.

Photothermal Effect of MIL@QDOX@ICG

An 808 nm laser at 2.0 W/cm? was utilized to irradiate MIL@DOX@ICG aqueous solutions with different concentra-
tions, and their temperature rise curves were monitored. Concentration-dependent increases in the heat-generating
capacity of MIL@DOX@ICG were observed, with the temperature at 1000 pg/mL increasing by 38.6 °C after 11 min
of laser irradiation (Figure 3E). Furthermore, elevating the laser power density led to a corresponding enhancement in the
photothermal effect of the MIL@DOX@ICG samples (Figure 3F). Infrared thermography images of MIL@DOX@ICG
at different concentrations are shown in Figure 3G. Given the known instability of ICG in aqueous environments, an
investigation into the photothermal cycling capability of MIL@DOX@ICG was conducted. Impressively,
MIL@DOX@ICG retained its robust photothermal activity after undergoing five laser on/off cycles (Figure 3H).
According to the cooling rate change curve, the photothermal conversion efficiency of MIL@DOX@ICG was calculated
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Figure 3 Time-dependent UV-Vis spectra of DPBF with the reaction of ICG (A) without H,O, or (B) with H,O,. Time-dependent UV-Vis spectra of DPBF with the
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power densities. (G) Infrared thermography of MIL@DOX@)ICG at different concentrations. (H) Photothermal cycle stability of MIL@DOX@ICG. (1) Cooling rate change
curve of MIL@DOX@ICG.

to be 36.65% (Figure 31), which significantly exceeds those reported for similar drug delivery systems co-loading DOX
and ICG. For instance, a microneedle-based delivery system (D/I@PATC) exhibited a photothermal conversion efficiency
of only 17.2%,> and a cubosome-based system (DOX-ICG-cubo) achieved 25.16%." These comparatively lower
efficiencies demonstrate the advantages of MIL-101-NH,(Fe) as a nanoplatform for achieving superior photothermal
performance.

The potent photothermal effect generated by MIL@DOX@ICG underscores its potential for inducing localized
hyperthermia, rendering it suitable for effective PTT against cancer cells. Moreover, the observed enhancement in
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photothermal response with increased nanoparticle concentration and laser power density highlights the tunable photo-
thermal properties of MIL@DOX@ICG. This tunability is essential for tailoring PTT to meet specific clinical require-
ments, allowing precise control over the thermal dose delivered to the tumor site. The photothermal cycling capability of
MIL@DOX@ICG is critical for repeated PTT treatments, indicating its potential for long-term applications in cancer
therapy, where multiple treatment cycles are often necessary.

Evaluation of Cytotoxicity

Based on the unique responsiveness of MIL@DOX@ICG to the TME, its in vitro antitumor efficacy at the cellular level
was studied using a CCK-8 method. The impact of NIR laser irradiation on cell viability was found to be negligible, with
cell survival rates remaining above 90% (Figure 4A). MIL-101-NH,(Fe) exhibited minimal cytotoxicity at low con-
centrations (0.4—10 pg/mL), maintaining cell survival rates above 80%. However, higher carrier concentrations led to
a notable decrease in cell survival rates, possibly due to the elevated Fe** concentration enhancing the Fenton reaction
within tumor cells, consequently increasing ROS levels and exerting a CDT effect to eliminate tumor cells.

Figure 4B indicated that both free ICG and MIL@ICG displayed cell survival rates above 80% at concentrations
ranging from 0.25-4 pg/mL, suggesting negligible toxicity to BI6F10 cells. However, upon exposure to an 808 nm laser,
cell viability significantly decreased with increasing concentrations of ICG and MIL@ICG. At lower concentrations,
laser exposure exhibited a limited impact on cell viability, likely due to insufficient photothermal and photodynamic
effects resulting from lower ICG concentration. Nonetheless, at concentrations exceeding 1 pg/mL, a substantial decline
in cell viability was observed, attributed to the potent photothermal and photodynamic effects of ICG. Notably, at ICG
concentrations exceeding 2 pg/mL, the cytotoxicity observed in the ICG + NIR group surpassed that of the MIL@ICG +
NIR group, potentially reflecting the sustained release of ICG from the carrier, as validated by drug release experiments,
where enhanced photothermal and photodynamic effects may occur upon gradual ICG release.

Following the loading of the chemotherapeutic drug, the MIL@DOX, MIL@DOX@ICG, and MIL@DOX@ICG +
NIR groups exhibited concentration-dependent cytotoxic effects (Figure 4C). At 4 pg/mL, the cell survival rate in the
MIL@DOX@ICG + NIR group declined to only 2.03%, compared to 6.47%, 23.01%, and 15.48% in the DOX,
MIL@DOX, and MIL@DOX@ICG groups, respectively, indicating significantly enhanced cytotoxicity. This enhance-
ment can be attributed to the combination of chemotherapy and the photothermal and photodynamic effects induced by
ICG post-laser irradiation. Furthermore, the elevated temperature resulting from the photothermal response accelerated
the release of Fe" and drugs from MIL@DOX@ICG, thereby amplifying the Fenton reaction and chemotherapeutic
impact while promoting continuous ROS accumulation. Hence, MIL@DOX@ICG + NIR demonstrated superior
cytotoxicity compared to single treatments, achieving synergistic therapeutic effects that integrate chemotherapy, PTT,
PDT, and CDT.

Cellular Uptake and Mechanism Study

Efficient internalization and delivery of therapeutic agents into the tumor cytoplasm and nucleus are crucial for
successful treatment.!’ CLSM was used to evaluate the concentration- and time-dependent uptake of
MIL@DOX@ICG. After incubating B16F10 cells with different concentrations of MIL@DOX@ICG, the nanoparticles
penetrated the cells and were predominantly localized within the nucleus. This localization is attributed to the disin-
tegration of MIL@DOX@ICG within the acidic intracellular environment (endosomes/lysosomes), triggering the release
of DOX due to its acid-sensitive properties. Subsequently, DOX translocates to the nucleus, accumulating therein and
targeting DNA, thereby inhibiting tumor cell division and proliferation.*” With increasing concentration, the red
fluorescence indicative of DOX progressively intensified, demonstrating a concentration-dependent uptake of
MIL@DOX@ICG by the B16F10 cells (Figure 4D). Additionally, as depicted in Figure 4E, the red fluorescence
intensity significantly increased with prolonged incubation time. Quantitative analysis using Image J software confirmed
a significantly higher average fluorescence intensity of MIL@DOX@ICG at 60 ug/mL compared to 15 pg/mL (42.12 +
5.51%, P < 0.001) and 30 pg/mL (90.69 + 2.59%, P < 0.01), as presented in Figure 4F. The fluorescence intensities at 2,
8, and 24 h were 37.28 + 7.08%, 64.93 + 2.04%, and 123.5 + 10.06%, respectively (Figure 4QG), indicating a time-
dependent uptake of MIL@DOX@ICG. MIL@DOX@ICG exhibited high affinity to the cell membrane, possibly owing
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Figure 4 (A) Cell viability of BI6F 10 cells exposed to NIR laser irradiation or incubated with different concentrations of MIL-101-NH,(Fe). (B) Cell viability of BI6FI10 cells
incubated with different concentrations of ICG and MIL@ICG without or with NIR laser irradiation. (C) Cell viability of BI6F10 cells incubated with DOX, MIL@DOX, and
MIL@DOX@ICG without or with NIR laser irradiation. (D) Uptake images and (F) average fluorescence intensity of BI6F10 cells incubated with various concentrations of
MIL@DOX@ICG for 8 h. (E) Uptake images and (G) average fluorescence intensity of BI6FI0 cells co-incubated with MIL@DOX@ICG at 30 pg/mL for different
durations. (H) Uptake images and (1) average fluorescence intensity of BI6F10 cells treatment with MIL@DOX@ICG at 30 pug/mL at 37 °C, 4 °C, and in the presence of
various inhibitors. *P < 0.05, **P < 0.01, **P < 0.001, and ***P < 0.0001.

to interactions between negatively charged nanoparticles and cationic sites on the cell surface, thereby enhancing cellular
uptake. These findings confirmed that MIL@DOX@ICG can be efficiently internalized by B16F10 cells in both
a concentration- and time-dependent manner, facilitating effective intracellular delivery of the antitumor agents and

achieving a pH-responsive release mechanism.
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To assess the mechanisms underlying cellular uptake, the impacts of low temperature and specific endocytosis
inhibitors on the internalization process were investigated. As depicted in Figure 4H and I, a notable reduction in uptake
was observed at 4 °C, with an average fluorescence intensity of 30.55 + 3.76%, significantly lower than that at 37 °C
(93.03 + 4.39%, P < 0.0001). This reduction indicated that the uptake of MIL@DOX@ICG by B16F10 cells was energy-
dependent, primarily occurring via endocytosis. Three different uptake inhibitors were employed to obstruct specific
pathways of endocytosis: CHLO to inhibit clathrin-mediated endocytosis, AMI to block macropinocytosis, and NY to
suppress caveolin-mediated endocytosis. The average fluorescence intensities of the groups treated with control, CHLO,
AMI, and NY were 93.03 + 4.39%, 92.61 + 15.75%, 23.6 + 3.79%, and 97.98 + 1.99%, respectively. Notably, the
fluorescence intensity in the AMI-treated group was significantly lower than that of the control group (P < 0.0001),
proving that MIL@DOX@ICG was mainly internalized by B16F10 cells through the macropinocytosis pathway.

Wound Healing Study

The wound healing study was conducted to evaluate the impact of various treatments on cell migration by calculating
migration rates. As shown in Figure 5A, NIR laser irradiation and exposure to MIL-101-NH,(Fe), ICG, or MIL@ICG
exhibited no effect on cell migration, affirming the favorable biocompatibility and safety of the laser, carrier, and ICG.
Furthermore, the inhibitory capacity on cell migration observed in the ICG + NIR and MIL@ICG + NIR groups, which
combined PTT and PDT, was 1.5 times greater than that of the non-irradiated group (Figure 5B). Interestingly, the ICG +
NIR and MIL@ICG + NIR groups exhibited comparable abilities to inhibit cell migration. This phenomenon may stem
from the limited catalytic efficiency of MIL-101-NH,(Fe) at this concentration, resulting in a negligible CDT effect
consistent with the cytotoxicity outcomes. Upon DOX loading, cell migration was significantly inhibited (P < 0.0001),
with migration rates falling below 43% (Figure 5C). Remarkably, the migration rate of the MIL@DOX@ICG + NIR
group was reduced to merely 15.37 + 0.58%, reflecting a twofold enhancement in the ability to suppress cell migration
compared to the MIL@DOX@ICG group. This improvement can be attributed to the synergistic effects of chemother-
apy, PTT, and PDT, indicating the great potential of MIL@DOX@ICG for inhibiting tumor cell migration and
metastasis, offering a promising approach for comprehensive cancer therapy.

Cell Cloning Experiment

The relative colony formation number (%) was used to evaluate the impact of various treatments on the colony formation and
proliferation ability of B16F10 cells. As presented in Figure 5D and E, treatments including NIR laser irradiation, MIL-101-NH,
(Fe), ICG, ICG + NIR, MIL@ICG, and MIL@ICG + NIR exhibited negligible effects on the cell colony formation rate when
compared with the control group. MIL-101-NH,(Fe) demonstrated no significant cytotoxicity at this concentration, while ICG
displayed good biocompatibility without influencing cell division and proliferation. The limited impact observed in the ICG +
NIR and MIL@ICG + NIR groups may be attributed to the low concentration of ICG, resulting in insufficient photothermal and
photodynamic activities to impede cell division and growth. After encapsulation of DOX, the colony formation and proliferation
abilities of tumor cells were markedly suppressed. The colony formation rates of the DOX, MIL@DOX, MIL@DOX@ICG, and
MIL@DOX@ICG + NIR groups decreased to 1.24 + 0.23%, 7.71 + 1.28%, 7.12 + 0.57%, and 1.70 £ 0.11%, respectively
(Figure 5F). This suppression may be attributed to the direct action of DOX on the DNA of tumor cells, inhibiting their division
and growth. Notably, compared with the MIL@DOX and MIL@DOX@ICG groups, MIL@DOX@ICG + NIR exhibited
a more pronounced inhibitory effect on colony formation and proliferation of B16F10 cells (P < 0.001).

Detection of Intracellular ROS

ROS plays a pivotal role in tumor treatment by inducing oxidative damage to lipids, DNA, RNA, and proteins.** Utilizing the
ROS-sensitive probe DCFH-DA, which is oxidized by ROS to form green fluorescent 2’,7’-dichlorofluorescein (DCF),
enables the assessment of intracellular ROS levels. B16F10 cells treated with ICG + NIR and MIL@DOX@ICG + NIR
exhibited significant ROS production compared to the control group, with no notable difference in fluorescence intensity
between these two groups (Figure 6). In contrast, no obvious ROS production was observed in the ICG and MIL@DOX@ICG
groups, indicating that ROS generation primarily arises from ICG production under NIR laser irradiation. Moreover, MIL-
101-NH;(Fe) exhibited negligible ROS generation, possibly due to the low concentrations of GSH and H,0, in tumor cells,
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Figure 5 (A) Scratch assay images and (B and C) migration percentage of BI6F10 cells treated with different groups. (D) Colony formation assay images (E and F) and
relative colony numbers of cells treated with different groups. ***P < 0.001, and ****P < 0.0001.

causing the subdued Fenton reaction. Another reason for the subdued Fenton reaction may be the low concentration of Fe*" in
MIL-101-NH,(Fe). These observations suggested that MIL@DOX@ICG can effectively exert its PDT effect under the NIR
laser irradiation, significantly boosting ROS levels within tumors, thus serving as an effective antitumor strategy.

In vivo Antitumor Effect

Given the excellent cytotoxicity of MIL@DOX@ICG, a melanoma-bearing mouse model was employed for further
analysis of the in vivo antitumor effects (Figure 7A). Local hyperthermia is crucial in PTT, accelerating drug release and
facilitating both the Fenton reaction and ROS production. After intratumoral injection of MIL@DOX@ICG, the tumor
temperature steadily increased under NIR laser irradiation, with the localized high temperature specifically concentrated
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Figure 6 Confocal microscopy images showing intracellular ROS levels in BI6F10 cells treated with different conditions for 30 min (DCFH-DA: 10 pM).

in the tumor site. Within the initial minute, the temperature rose to 48.27 + 3.16 °C, exhibiting an average increment of
15.83 + 3.94 °C (Figure 7B and C), indicating the outstanding photothermal effect of MIL@DOX@ICG after ICG
loading. Over the subsequent 5 min, tumor temperature continued to rise, peaking at 56.03 + 2.10 °C, surpassing the
critical thresholds for cytotoxicity (41.5 °C) and vascular destruction (43 °C). Notably, the temperature achieved by the
MIL@DOX@ICG group post-laser irradiation significantly exceeded the threshold for inducing irreversible tumor
damage. Thus, through intratumoral administration of MIL@DOX@ICG, the ablative impact on cancer cells induced
by PTT can be fully harnessed.

Figure 7D and E depicted the images and average weights of mouse tumors at the end of treatment. Compared with
the control group, both the ICG and MIL@ICG groups did not exhibit obvious tumor inhibitory effects, proving their
favorable biosafety profiles. With the inclusion of laser irradiation, the combined effects of PTT and PDT via ICG led to
local elevation of temperature and toxic ROS within the tumor, thereby restraining tumor growth to a degree in the ICG +
NIR and MIL@ICG + NIR groups. The tumor volume in the MIL-101-NH,(Fe) group exhibited a slight reduction
compared to the control group, which was attributed to the presence of Fe** release from MIL-101-NH,(Fe) decom-
position in tumor tissue. This Fe’* catalyzed the Fenton reaction, generating toxic ROS and inhibiting tumor cell
proliferation. After loading with DOX, the tumor volume significantly decreased in both the MIL@DOX and
MIL@DOX@ICG groups. This reduction can be attributed to the potent cytotoxicity of DOX, which was released in
response to the acidic TME post-intratumoral injection. Notably, the MIL@DOX@ICG + NIR group demonstrated the
most pronounced tumor inhibitory effect (P < 0.05 versus the control group). The localized hyperthermia induced by NIR
laser irradiation not only facilitated the release of DOX and ICG from the carrier but also increased tumor cell
permeability, thereby heightening tumor cell sensitivity to chemotherapy drugs. Additionally, the accelerated decom-
position of MIL-101-NH,(Fe) under high local temperatures led to increased Fe** production, which efficiently catalyzed
the Fenton reaction, markedly impeding tumor cell growth under the synergistic effects of chemotherapy, PTT, PDT, and
CDT. No significant alterations in body weight were observed across all experimental groups (Figure 7F), indicating that
MIL-101@DOX@ICG administration did not induce noticeable side effects during the antitumor therapy in mice.

The H&E staining results of tumor tissues are illustrated in Figure 8A. Tumor cells in the PBS, ICG, and MIL@ICG
groups exhibited compact growth, whereas varying degrees of cell shrinkage, sparse arrangement, and nuclear
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Figure 7 (A) Schematic representation of the treatment regimen for B16F |0 tumor-bearing mice. (B) Infrared thermography images and (C) temperature change curve of BI6FI10
tumor-bearing mice injected with MIL@DOX@ICG and irradiated with NIR laser for 5 min. (D) Images of tumors excised from BI6F |0 tumor-bearing mice after sacrifice. (E)
Average tumor weight in BI6F |0 tumor-bearing mice at the end of treatment. *P < 0.05. (F) The trend of body weight changes in mice during the experiment (n = 5).

destruction were observed in the other treatment groups. Following 808 nm laser irradiation, distinct tumor necrosis and
vascular destruction could be clearly observed in the MIL@DOX@ICG + NIR group. Notable morphological alterations
of tumor cells were observed, demonstrating typical thermal damage features such as coagulation necrosis, extensive
pyknosis, and karyolysis. Moreover, we evaluated tumor tissue proliferation and apoptosis through Ki67 and TUNEL
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Figure 8 (A) Representative images of H&E, Ki67, and TUNEL staining of tumors. Scale bar = 50 um for H&E and 25 um for Kié7 and TUNEL. (B) Average optical density
of Kié7 staining. (C) The average optical density of green fluorescence in TUNEL staining. *P < 0.05, **P < 0.01, **P < 0.001, and ****P < 0.0001.

staining, respectively. Compared with the PBS group, the Ki67 expression levels in MIL-101-NH,(Fe) and ICG + NIR
groups decreased significantly (P < 0.01), suggesting the CDT effect of iron-based nanocarrier and the PDT effect of ICG
can inhibit the proliferation of tumor cells (Figure 8A and B). In addition, the expression levels of Ki67 in the
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MIL@DOX@ICG + NIR group was significantly lower than that in the DOX, MIL@DOX, and MIL@ICG + NIR
groups (P < 0.01). These results reaffirmed the superior efficacy of combining chemotherapeutic drugs and photosensi-
tizers with NIR laser irradiation therapy over single chemotherapy or dual treatment modalities. TUNEL staining
detected green-labeled apoptotic cells, with pronounced green fluorescence observed in the MIL@DOX@ICG + NIR
group, significantly higher than the PBS and other treatment groups (P < 0.05) (Figure 8A and C). This observation
suggested extensive necrosis and severe apoptosis, along with structural damage and nuclear shrinkage, indicating
a substantial inhibition effect against tumor cells in the MIL@DOX@ICG + NIR group. These findings further confirmed
that under NIR laser irradiation, the synergistic effects of chemotherapy, PTT, PDT, and CDT significantly inhibited
tumor cell proliferation and promoted tumor cell apoptosis.

In vivo Safety Evaluation

During the treatment period, mice in each group exhibited normal behavior, with smooth and shiny hair, maintained
regular diet and water intake, and no mortality was observed. As depicted in Figure SI, no statistically significant
differences were observed in blood cell count parameters among the treatment groups compared to the control group (P >
0.05). This suggested that MIL@DOX@ICG did not cause discernible damage or trigger inflammatory reactions in mice
after local administration, indicating its favorable biosafety. Furthermore, the safety profile of each group was further
evaluated through organ coefficients and histopathological examination. As shown in Figure S2 and S3, no significant
differences were noted in organ-to-body and organ-to-brain weight ratios in each treatment group compared to the control
group (P > 0.05). Additionally, histopathological examinations did not reveal any evidence of cellular necrosis or
inflammatory infiltration in any organs, further underscoring the excellent biological safety profile of MIL@DOX@ICG
(Figure S4). These findings collectively highlight the potential of employing MIL@DOX@ICG + NIR as an effective
and safe antitumor approach.

Conclusion

In this study, we synthesized MIL-101-NH,(Fe) through a hydrothermal method and successfully loaded DOX and ICG,
resulting in the development of the multifunctional MIL@DOX@ICG integrated treatment system. MIL@DOX@ICG
demonstrated high drug loading rates and encapsulation efficiencies for both DOX and ICG, as well as robust
photothermal stability and ROS generation. In vitro studies revealed that MIL-101-NH,(Fe) could respond to acidic
environments and effectively catalyze H,O, to generate *OH via the Fenton reaction. Cellular experiments confirmed that
MIL@DOX@ICG effectively inhibited the migration and clonal proliferation of BI6F10 cells under NIR laser irradia-
tion, enhancing therapeutic effects through catalytic ROS production. Furthermore, precise treatment of melanoma cells
was achieved via intratumoral injection under 808 nm laser irradiation. Collaborative chemotherapy, CDT, PDT, and PTT
exhibited superior tumor treatment effects compared to single treatment methods, significantly suppressing tumor cell
division and proliferation while promoting tumor cell apoptosis. Notably, the treatment exhibited no obvious toxicity to
normal tissues. Traditional single-modality treatments often exhibit limited efficacy and high recurrence rates due to the
complexity of the tumor microenvironment. In contrast, our multifunctional nanoplatform integrates multiple therapeutic
strategies, leveraging the acidic and H,O,-rich tumor microenvironment to enhance therapeutic outcomes. By achieving
precise, responsive drug release and potent antitumor effects, MIL@DOX@ICG addresses key limitations of conven-
tional treatments. These features make MIL@DOX@ICG a versatile and robust platform, offering a significant advance-
ment in melanoma therapy.
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