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Background: Although systemic chemotherapy is a standard approach for osteosarcoma (OS) treatment, its efficacy is limited by the
inherent or acquired resistance to apoptosis of tumor cells. Ferroptosis is considered as an effective strategy capable of stimulating
alternative pathways of cancer cell demise. The purpose of this study is to develop a novel strategy boosting ferroptotic cascade for
synergistic cancer therapy.

Methods and Results: A novel nanovehicle composed of arginine-glycine-aspartate (RGD) modified mesoporous silica-coated iron
oxide loading Fin56 was rationally prepared (FSR-Fin56). With the RGD-mediated targeting affinity, FSR-Fin56 could achieve
selective accumulation and accurate delivery of cargos into cancer cells. Upon exposure to NIR light, the nanovehicle could generate
localized hyperthermia and disintegrate to liberate the therapeutic payload. The released Fin56 triggered the degradation of GPX4,
while Fe** depleted the intracellular GSH pool, producing Fe** as a Fenton agent. The local rise in temperature, in conjunction with
Fe**-mediated Fenton reaction, led to a rapid and significant accumulation of ROS, culminating in LPOs and ferroptotic death. The
outstanding therapeutic efficacy and safety of the nanovehicle were validated both in vitro and in vivo.

Conclusion: The Fin56-loaded FSR nanovehicle could effectively disturb the redox balance in cancer cells. Coupled with NIR laser
irradiation, the cooperative CDT and PTT achieved a boosted ferroptosis-inducing therapy. Taken together, this study offers
a compelling strategy for cancer treatment, particularly for ferroptosis-sensitive tumors like osteosarcoma.
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Introduction

Osteosarcoma (OS), the most common primary bone malignancy with a high mortality rate in young individuals,'
remains a therapeutic challenge. Although systemic chemotherapy (pre- and postoperative) is a standard approach for OS
treatment, its efficacy is limited by the inherent or acquired resistance to apoptosis of tumor cells.” Hence, there is
a pressing need for novel strategies capable of stimulating alternative pathways of cellular demise, in order to overcome
the limitations of current systemic agents that induce apoptosis.

Ferroptosis, as a newly discovered type of non-apoptotic cell death, was characterized by distinct morphological and
biochemical features.®> As the intersection of this unique cell death process, suppression of glutathione peroxidase 4
(GPX4) activity leads to the disruption of intracellular reactive oxygen species (ROS) scavenging and generation
equilibrium.” Subsequently, the excessive accumulation of ROS induces lipid peroxidation of the cell membrane and
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ultimately triggers the ferroptotic cascade.® Meanwhile, being an iron-dependent form of cell death, ferroptosis is
closely linked to intracellular Fe**/Fe*" levels,” which mediate the Fenton reaction catalyzing intracellular hydrogen
peroxide (H,0,) and promote the accumulation of both ROS and lipid peroxides (LPOs).*? Thus, ferroptosis-inducing
therapy is anticipated to overcome the drawbacks of traditional apoptosis-mediated therapeutics. Several studies have
provided evidence that ferroptosis could represent a promising therapeutic strategy for 0S.'%'? Recently, an expanding
array of iron-based nanomaterials have been developed to induce ferroptosis in cancer therapies.'> ' Nevertheless, these
nanoparticles alone exhibit inadequate catalytic efficiency and encounter a redox homeostasis that counteracts the
accumulation of ROS, thereby hindering their ability to induce lethal ferroptosis in tumor cells. In that case, the
exploration of combined strategy for enhanced ferroptosis-inducing therapy with redox disruption ability and higher
catalytic efficiency has gained tremendous momentum.

Fin56, a newly discovered type 3 inducer, has been shown to trigger ferroptosis by directly promoting the degradation
of GPX4.'¢ Studies have provided evidence that Fin56 can activate ferroptosis in cancer cells and exhibit potent anti-
tumor effects.'”'® However, due to the evolved self-repair mechanism by tumor cells, the elevated intracellular
glutathione (GSH) levels,'® which can promote GPX4 activity as an antioxidant molecule, compromises the anti-
tumor effects of using GPX4 inhibitors such as Fin56 alone. Therefore, a combination therapy involving GSH depletion
is necessary to thoroughly disrupt the redox homeostasis of cancer cells.

Iron oxide (Fe;0,4) nanoparticles have recently garnered considerable attention for oncological applications due to their
biocompatible nature, low toxicity and photothermal properties.zo’21 The released Fe®" ions from Fe;O, can deplete intracellular
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Scheme | Application of FSR-Fin56 in the hyperthermia-boosted ferroptosis therapy.

GSH, while the resulting Fe*" mediates the local Fenton reaction, leading to a rapid increase of intratumoral ROS levels and
induction of ferroptosis.”*** Additionally, due to its excellent photothermal effect, Fe;04 nanoparticles can be used in combina-
tion with photothermal therapy (PTT),***
the Fenton reaction, resulting in a synergistic anti-tumor effect.”® Therefore, the combined use of Fin56 and Fe;0, nanoparticles

where increased temperature can enhance the electrochemical catalytic efficiency of

can completely disrupt the redox balance of tumor cells and improve the catalytic efficiency of the ROS generating reaction,
leading to an enhanced Ferroptosis-inducing modality for anti-tumor strategy.

In this study, we developed a versatile core-shell nanovehicle comprising Fe;O4 core and mesoporous silica coating
functionalized with arginine-glycine-aspartate (RGD) peptide and loaded with Fin56, termed FSR-Fin56. As is known, RGD
peptide exhibits interaction with avf3 and avB5 integrin receptors, which are broadly distributed among diverse cancer cells.”’
Our study specifically targets OS cells, where these integrin receptors are prominently expressed”® and could be utilized by the
RGD-functionalized nanovehicle fulfilling targeted delivery. As depicted in Scheme 1, FSR-Fin56 could selectively accumulate
in OS cells by virtue of the RGD-mediated targeting affinity. Upon exposure to NIR light, the nanovehicle could generate localized
hyperthermia and disintegrate to liberate the therapeutic payload. The released Fin56 triggered the degradation of GPX4, while
Fe*" depleted the intracellular GSH pool, producing Fe*" as a Fenton agent. The local rise in temperature, in conjunction with Fe?
"-mediated Fenton reaction, led to a rapid and significant accumulation of ROS, culminating in LPOs and ferroptotic death. As
a consequence, tumor suppression was achieved via FSR-Fin56-mediated hyperthermia and ferroptosis. This research extends the
scope of Fin56 applications to OS and offers a promising hyperthermia-boosted ferroptosis strategy, which synergistically
enhances anticancer efficacy by exploiting targeted delivery and amplified ferroptosis.

Materials and Methods

Materials
Iron chloride hexahydrate (FeCl;-6H,0), tetramethyl-benzidine (TMB), tetraethylorthosilicate (TEOS, 99.99%), sodium
acetate anhydrous and ethylene glycol (EG) were obtained from Aladdin (Shanghai, China). Fin56 and 2°,7’-
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dichlorodihydrofluorescein diacetate (DCFH-DA) were purchased from Cayman (Cayman Chemicals, MI, USA). RGD
peptide (Arg-Gly-Asp, purity >97%) was purchased from GL Bio-Chem Co., Ltd (Shanghai, China). All remaining
reagents and chemicals were acquired at the highest available purity and used without additional purification.

Synthesis of Fe3Oy4

The synthesis of Fe;04 nanoparticles followed a slightly modified version of previously reported methods.”” Briefly, 2.7
g of FeCl3-6H,0 and 3.6 g of sodium acetate were dissolved in 50 mL of ethylene glycol and stirred until the solution
became clear. This mixture was then transferred to an autoclave and heated to 200°C for 12 hours. The resulting product
was collected through centrifugation, washed with pure water and ethanol, and subsequently dried. The obtained product
was further ground into powder to yield Fe;O, NPs.

Synthesis of Fe304@mSiO,(FS)

Fe;04@SiO, NPs were synthesized using a modified Stéber sol-gel method.*® Initially, 500 mg of Fe;04 NPs were
dispersed in 25 mL of 0.1M HCI solution through sonication and subsequent washing. A mixture of water, ethanol, and
ammonia aqueous solution (14 wt%) was prepared in a volume ratio of 10:40:1. The NPs were dispersed in this mixture
using ultrasonic agitation, and then 15 mg of TEOS was dropwise added with continuous stirring for 12 hours. The
resulting Fe;O04@Si0, NPs were obtained through centrifugation and washed three times with pure water and ethanol. To
introduce the mesoporous structure, a mixture of HCl and water (4:1 v/v) was used to etch the NPs at room temperature
for 50 seconds. Afterwards, the NPs were collected, washed, dried, and ground into powder to yield Fe;04@mSiO,
nanoparticles.

Synthesis of FesO,@mSiO,@RGD(FSR)

To synthesize Fe;04@mSiO,@RGD, the amine-functionalized Fe;04@mSiO, (FS-NH,) nanoparticles were prepared
with some adjustments to a previously reported method.? Initially, the obtained FS nanoparticles were dispersed and
reacted with APTES in ethanol under stirring at 50°C for 12 hours. After removing excess APTES through magnetic
separation, RGD peptide was conjugated to the amine-functionalized FS nanoparticles with a 10*-fold molar excess
compared to the nanoparticles, using EDC and NHS as coupling agents.>’ Following 12 hours of stirring at room
temperature, the FSR nanoparticles were obtained through centrifugation and subsequently washed twice with distilled
water.

Characterizations

Transmission electron microscopy (TEM) images were captured using a Hitachi HT7800 electron microscope. Scanning
electron microscopy (SEM) images and corresponding energy-dispersive spectroscopy (EDS) mapping analyses were
performed using a Hitachi Regulus 8100 electron microscope. Size distribution and zeta potential were assessed via
a Malvern Zeta sizer Nano ZS90 instrument. Fourier transform infrared (FTIR) spectra were recorded on a Thermo
Nicolet iS50 FTIR spectrometer. UV-vis absorption spectra were obtained using a spectrophotometer (UV-3600,
Shimadzu, Japan). The sample’s Brunauer—Emmett-Teller (BET) specific surface area was determined using a JW-
BK132 F instrument.

Photothermal Properties

To assess the in vitro photothermal capabilities of FSR NPs, real-time temperature changes were monitored and recorded
using an infrared thermal imaging camera (Testo 865) at predefined intervals. To explore the concentration and time-
dependent photothermal behavior, varying concentrations of FSR NPs in PBS were subjected to 808 nm laser irradiation
(1.0 W cm?) for 10 minutes. Additionally, to examine the influence of laser power density, 100 pg mL ' samples were
exposed to different power densities (0.5, 1.0, 1.5, and 2.0 W ¢cm™?) for 10 minutes. For evaluating photothermal stability,
FSR NPs underwent irradiation for 10 minutes, followed by cooling to room temperature before the subsequent cycle.
The temperature changes during five consecutive irradiation ON/OFF cycles were recorded to determine photothermal
stability.
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Fenton Effect

To measure hydroxyl radicals generated in the Fenton reaction, 4,4’-Diamino-3,3’,5,5’-tetramethylbiphenyl (TMB) was
employed. The test samples were categorized as follows: (i) FSR NPs at pH 7.4; (ii) FSR NPs at pH 5.0; (iii) FSR NPs
plus H,O, at pH 7.4; (iv) FSR NPs plus H,0O, at pH 5.0; (v) FSR NPs plus H,O, and GSH (10mM) at pH 7.4; (vi) FSR
NPs plus H,O, and GSH (10mM) at pH 5.0. All experiments were conducted at room temperature (25°C) with
a concentration of 50 ug/mL for FSR NPs. TMB was dissolved in DMSO and then diluted into a 500 pM solution
using pure water before adding to FSR NPs. TMB solution was mixed with FSR NPs with or without H,O, treatment,
and the absorbance was recorded at pH 5.0 or pH 7.4. For fluorescence experiments detecting OH- generation,
hydroxyphenyl fluorescein (HPF) was employed as the fluorescent probe. It was added to the systems mentioned
above with a final concentration of 10 uM. Following a 1-hour incubation, the solutions were subjected to photoexcita-
tion at 490 nm and the fluorescence intensity was recorded. Furthermore, the influence of temperature in the Fenton
reaction was assessed. The experimental groups included: (i) PBS under 25°C; (ii) PBS plus H,O, and GSH under 25°C;
(iii) FSR plus H,O, and GSH under 25°C; (iv) FSR plus H,O, and GSH under 50°C. The absorbance was measured
accordingly.

In vitro Drug Loading and Release
For detection of the loading efficiency, different ratios of FSR and Fin56 (8:1, 4:1, 2:1, 1:1, 0.5:1 w/w) were incubated in
PBS (pH=7.4) under continuous stirring for 12 hours at room temperature. The resulting FSR-Fin56 NPs were obtained
through centrifugation, washed with deionized water, and stored for later use. The supernatant was collected for UV-vis
spectrum analyses to measure loading efficiency.

For assessing the pH and irradiation-triggered Fin56 release, FSR-Fin56 was incubated in PBS at two pH levels (5.0
and 7.4) at 37°C. This was done both in the presence and absence of an 808 nm laser (1 W/ecm?). At specified time
intervals, the mixture was centrifuged, and the supernatant was collected. The residual solution was replenished with
corresponding PBS. The concentration of released Fin56 was determined by measuring the absorbance of the supernatant
at 300 nm using an UV-vis spectroscopy.

Cellular Assays

Cell Lines and Culture

The human osteosarcoma cell line (MNNG/HOS) and human bone marrow stromal cells (BMSCs) were procured from
the Cell Bank at the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences. MNNG/HOS
cells were cultured in a-modified essential medium (a-MEM) supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotics. Bone marrow stromal cells were cultured in DMEM/F12 with 15% FBS and 1% penicillin-streptomycin.
Incubation was carried out at 37°C with 5% CO,.

Cellular Uptake

MNNG/HOS cells were cultured in 6-well plates with 8x10% cells per well and incubated for 12 hours. Afterward, the
cells were treated with I[CG@FS or ICG@FSR NPs (at a concentration of 20 ug mL™") for 4 hours. Following treatment,
the cells were washed thrice with PBS and subsequently stained with Hoechst 33,342 for 15 minutes. Fluorescence
microscopy (Olympus Corporation, Tokyo, Japan) was then used to observe and document the cells.

Cell TEM

The treated cells were fixed with 2.5% glutaraldehyde for 4 hours, washed with 1/15 M phosphate buffer, and then
treated with 1% OsOy4 in 0.1 M Sorenson’s buffer for 2 hours. After dehydration through an acetone series, the cells were
embedded in Lx-112 and Embed-812. Thin sections were cut using a Leica EM UC7 ultramicrotome, stained with 1%
uranyl acetate and 0.4% lead citrate, and examined under a HT7800 electron microscope.

Cell Viability Assay
Cell viability was assessed using the cell counting kit-8 (CCK-8) assay, with the data representing the mean of three
parallel measurements. In brief, cells were seeded in 96-well plates at a density of 5x10* cells per well and incubated for
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12 hours. Subsequently, the medium was replaced with fresh medium containing varying concentrations of treatment NPs
(0.25,0.5, 1, 1.5, 2, 2.5 uM). After 4 hours of incubation, specific groups were exposed to 808 nm irradiation (1 W/em?,
5 minutes). Following an additional 20-hour incubation, the supernatant was removed, and the cells were washed twice
with PBS. Next, the cells were co-cultured with 200 uL of fresh medium containing CCK-8 operating solution for 2
hours in the dark. Cell viability was determined by measuring the absorbance at 450 nm.

Live/Dead Cells Staining

Cells were seeded in 12-well plates at a density of 2x10* cells per well and cultured for 12 hours. Following the
aforementioned treatments, the cells were incubated for an additional 20 hours and then provided with fresh medium.
Subsequently, Calcein-AM (10 pg/mL) and PI (10 pg/mL) were introduced into the medium and incubated for 20
minutes. After being washed twice with PBS, the cells were examined and visualized using a fluorescence microscopy.

Intracellular Oxidation Levels
Cells were cultured in 6-well plates with a density of 5x10° cells per well and incubated for 12 hours. After applying
various treatments, the cells underwent the following procedure to assess intracellular oxidation levels.

For intracellular GSH detection, MNNG/HOS cells were suspended in 200 pL of PBS per well and disrupted using
ultrasonication. The disrupted cells were mixed with GSH probe precipitant in a 1:1 ratio (v/v) and then centrifuged at
3500 rpm for 10 minutes. The supernatant’s absorbance at 405 nm was measured, and GSH levels were determined using
a GSH assay kit as per its instructions. Intracellular lipid peroxidation (LPO) was assessed by measuring MDA levels
using an LPO MDA assay kit (S0131S, Beyotime, Shanghai, China) following established methods.>? For visualizing
cellular ROS, the fluorescent probe 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) was employed. DCFH-DA
emits green fluorescence upon reacting with ROS. The treated cells were rinsed, stained with DCFH-DA (10 pM) for 20
minutes, and then washed with PBS twice. Subsequently, the cells were observed and imaged using a fluorescence
microscope.

Hemolysis Assay

Red blood cells (RBCs) were isolated from 1000 pL anticoagulated whole blood samples through centrifugation (4°C,
8000 rpm, 5 min), followed by three washes and dilution with 2000 uLL PBS. Subsequently, 300 pL of the diluted RBC
suspensions were mixed with 1200 pL of ultrapure water as a positive control, PBS as a negative control, and varying
concentrations of FSR NPs (5-200 pg/mL). The mixtures were then incubated on a shaker at 37°C for 2 hours and
centrifuged for 5 minutes (4°C, 8000 rpm). The absorbance at 541 nm of the supernatant was measured using a UV-vis
spectrophotometer, and the hemolysis percentage was calculated as follows: Hemolysis percentage = (A sample — A (-)) /
(A () — A (-)) x 100%. Here, A sample, A (+), and A (-) represent the absorbance of the sample, negative control, and
positive control, respectively.

Animal Studies

Tumor Models

Female athymic BALB/c nude mice, 6 weeks old, were procured from Beijing HFK Bioscience Co. Ltd. All animal
experiments were approved by Experimental Animal Ethics Committee of HeBei Ex&Invivo Biotechnology Co. Ltd
(protocol registry number: SY2020-01). The animal-related procedures were performed in accordance with the Animal
Research: Reporting of In vivo Experiments guidelines. To establish subcutaneous xenograft models, MNNG/HOS cells
(2 x 107°) suspended in 150 pL of cold PBS were subcutaneously injected into the right flank of nude mice. Tumor
dimensions were measured, with length representing the longest dimension and width representing the shortest. Tumor
volume was calculated using the formula: Tumor volume = 0.5 x length x (width)®. For in vivo therapy experiments,
mice were used when tumors reached approximately 100 mm® in volume.

In vivo Fluorescence and Photothermal Imaging
For in vivo fluorescence imaging, mice with tumors received an injection of 150 puL of ICG-labeled FSR NPs (1 mg/L)
through the tail vein. Imaging was conducted at predetermined time points (0 h, 2 h, 4 h, 8 h, 12 h, and 24 h) after
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injection, with anesthesia administered to the mice (n=3) prior to imaging. The imaging process utilized a small animal
imaging system (PerkinElmer, Waltham, USA). Subsequent to the final time point, the mice were euthanized, and tumor
tissues as well as major organs were collected for further imaging. For in vivo photothermal imaging, an injection of 150
uL of either PBS or FSR NPs (1 mg/L) was performed. At 12 h post-injection, the tumor regions received irradiation
from an 808 nm laser (1.0 W/cm?) for 6 minutes. The changes in temperature within the tumor region were recorded
using an infrared thermal imaging camera (Testo 865) at one-minute intervals.

In vivo Antitumor Effect and Biosafety

Once the tumor sizes reached approximately 100 mm®, the mice were randomly assigned to five groups (each consisting
of 5 mice) and subjected to the following treatments: (1) PBS + NIR; (2) Fin56 + NIR; (3) FSR-Fin56; and (4) FSR-
Fin56 + NIR. At day 0, 4, 8, and 12, 150 uL of various treatment agents were injected into the tail vein of the tumor-
bearing mice. The dose of Fin56 at each injection was 7 mg kg ' and the pH of PBS was 7.4. At 12 hours post-injection,
the tumor site underwent 808 nm NIR laser irradiation (1.0 W/cm?, 6 minutes). Throughout the therapy period, the tumor
volume and body weight of the mice were monitored every alternate day. After 16 days of treatment, blood samples were
collected, and the tumors along with major organs (heart, liver, lung, spleen, and kidney) were fixed in 4% paraformal-
dehyde for subsequent experiments. Serum samples were obtained by centrifugation for hepatic and renal function
analyses. The main organs and tumor tissues were sectioned for H&E (Solarbio, G1121) and immunofluorescence
staining. Antibodies utilized included Ki67 (Affinity, AF0198, 1:200) and GPX4 (Huabio, ET1706-45, 1:100).
Fluorescence-conjugated secondary antibodies included donkey anti-rabbit IgG (H + L) FITC (Alexa Fluor 488)
(Invitrogen, A-212206; 1:500) and donkey anti-rabbit IgG (H + L) TRITC (Invitrogen, A16026; 1:500).

Statistical Analysis

Data were expressed as mean =+ standard deviation (SD) and each experiment was repeated three times. Statistical
significance was assessed using Student’s #-test, one-way and two-way analysis of variance (ANOVA). A significance
level of P < 0.05 was considered statistically significant (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < (.0001).

Results and Discussion

Synthesis and Characterization of FSR-Fin56

Figure 1A illustrated the schematic representation of the synthesis process of Fe;0,@mSiO,@RGD-Fin56, denoted as
FSR-Fin56. The fabrication of Fe;04@mSiO, (FS) nanoparticles followed a previously reported method with subtle
modifications.?’ Initially, monodispersed Fe;O, nanoparticles were synthesized using the solvothermal method and
subsequently coated with a silica layer through the sol-gel process.*® The resulting core-shell nanoparticles were further
subjected to acid etching, which induced the formation of a highly desirable mesoporous structure on the surface and then
functionalized with RGD peptide, yielding Fe;04@mSiO>,@RGD (FSR) NPs. Finally, Fin56, the therapeutic agent, was
loaded onto the FSR NPs to create the multifunctional therapeutic nanovehicle termed FSR-Fin56.

The TEM image presented in Figure 1B revealed a uniform and spherical morphology of the FS NPs, with an average
particle size of approximately 72.3 nm. To gain further understanding of the core-shell structure and surface properties,
a high-resolution TEM image was captured (Figure 1C), which confirmed the presence of a mesoporous silica coating
surrounding the Fe304 core. This observation highlighted the potential of the FS nanoparticles for efficient drug loading
and delivery. To further investigate the surface characteristics and porosity of the NPs, N, isothermal adsorption and
desorption curves were obtained for Fe;04 NPs with or without mesoporous silica layer. It was observed that the specific
surface area of the FS nanoparticles increased approximately fourfold after the coating with mesoporous silica, and the
average pore size of the FS nanoparticles was measured to be around 6.21 nm (Figure 1D). These findings clearly
demonstrated the successful formation of mesoporous silica coating on the surface of the Fe;0,4 nanoparticles, thereby
enhancing their surface area and porosity, which are essential characteristics for an effective nanocarrier in therapeutic
agent delivery. Moreover, scanning electron microscopy (SEM) imaging and the corresponding energy-dispersive X-ray
spectroscopy (EDS) corroborated the spherical morphology of the FS NPs and confirmed the coexistence of Fe, Si and
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Figure | Schematic illustration and characterization of the prepared nanoparticles. (A) Schematic illustration of the preparation of FSR-Fin56. TEM images of FS
nanoparticles in low resolution (B) and high resolution (C). (D) N2 adsorption/desorption isotherms and pore-size distribution curve (inset) of the Fe304 and
Fe304@mSiO2. SEM image (E) of FS nanoparticles and corresponding Elemental mapping (F). (G) DLS size distribution of Fe304, FS, FSR and FSR-Fin56 NPs.

O elements (Figure 1E and F). These comprehensive characterizations collectively demonstrated the compelling suit-
ability of the synthesized FS nanoparticles as an advanced nanocarrier platform for effective drug delivery applications.

The evolution of zeta potential was carefully monitored throughout the synthesis process, revealing distinct
changes at each stage. Figure S1A illustrated the zeta potentials of the Fe;O4, FS, FSR, and FSR-Fin56
nanoparticles as —19.38+1.46 mV, —34.1+1.73 mV, —24.31+1.74 mV, and —31.76t 1.4 mV, respectively. This
stepwise modulation of zeta potential signified the successful assembly of the nanoparticles. Additionally,
Fourier-transform infrared (FTIR) spectroscopy was employed to validate the synthesis procedure and assess
surface modifications. As demonstrated in Figure S1B, the stretching vibration peak of Si-O-Si at 1085 cm '
confirmed the presence of the silica layer, while the peak at 3300 cm ™' corresponded to surface-bound hydroxyl
groups, confirming the successful coating of Fe;0, nanoparticles with silica.>® Notably, the functionalization of
RGD peptide led to discernible characteristic peaks of amide I and amide II>* These collective findings
unequivocally established the successful synthesis of the FSR nanovehicle.
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Figure 1G illustrated the hydrated diameters of Fe;04, FS, FSR, and FSR-Fin56 NPs as determined by dynamic light
scattering (DLS). The measured diameters were found to be approximately 39.12 nm, 79.91 nm, 100.6 nm, and 107.7
nm, respectively. It was worth noting that the observed increase in size compared to the TEM images could be attributed
to the hydration effect of the nanoparticles in the aqueous medium.*”> To evaluate the dispersion and stability of the
synthesized nanoparticles, we monitored the dispersity in various media (water, DMEM, and DMEM supplemented with
10% FBS) over a 7-day incubation period. Remarkably, the FSR-Fin56 NPs exhibited excellent dispersity without any
noticeable aggregation or precipitation, even after prolonged storage for one week. Notably, the hydrodynamic diameters
of the FSR-Fin56 NPs remained relatively unchanged during the entire incubation period in different media, indicating
exceptional colloidal stability (Figure S1C). The outstanding dispersity and stability observed in physiological solutions
highlighted the promising potential of the FSR-Fin56 nanovehicle for future in vivo applications.

Photothermal Properties

To evaluate the in vitro photothermal properties of FSR NPs, real-time temperature changes of the nanoparticles were
monitored using an infrared thermal imaging camera upon near-infrared (NIR) irradiation at 808 nm (Figure 2A). As
illustrated in Figure 2B and C, a concentration- and time-dependent increase in temperature was observed for FSR, while
the control group (PBS) showed minimal temperature variation. Furthermore, a clear dependence on laser power intensity
was observed (Figure 2D). Moreover, the photostability of FSR was rigorously assessed by subjecting the nanoparticles
to five cycles of on/off irradiation with an 808 nm laser at 1.0 W c¢m 2 for 5 minutes each. Notably, the temperature
variation curves and peak shapes exhibited no noticeable changes (Figure S1D), indicating the exceptional photothermal
stability of FSR nanoparticles. Collectively, these compelling results underscored the exceptional photothermal conver-
sion efficiency and remarkable photothermal stability of the as-prepared FSR nanoparticles, positioning them as a highly
promising candidate for effective photothermal therapy in the field of cancer treatment.

Hyperthermia-Boosted Fenton Reactivity and GSH Consumption
3,3°,5,5’-Tetramethylbenzidine (TMB) was employed to assess the production of hydroxyl radicals (OH-). Upon charge
transfer between TMB and OH:, the former acquired two electrons, resulting in the formation of a dimer and a characteristic
blue color in the solution, with absorbance at 652 nm (Figure 2E). Notably, in the absence of H,O,, which served as the
substrate for the Fenton reaction, no significant absorbance was detected (Figure 2F). Encouragingly, the FSR nanoparticles
treated with H,O, at pH 5.0 exhibited stronger absorption compared to that at pH 7.4, owing to the enhanced release of iron
ions in the tumor microenvironment (TME)-mimicking acidic milieu. Subsequently, the OH--generation capability under
tumor-mimetic high REDOX state was evaluated. Given the well-known inhibitory effect of overexpressed glutathione (GSH)
in tumor cells on ROS-based cancer therapies,”® the FSR nanoparticles were initially reacted with GSH (10 mM) and
subsequently treated with H,O, at pH 7.4 or pH 5.0. Significantly, the most prominent absorption was observed in the group
treated with GSH and H,0O, at pH 5.0, attributed to the heightened Fe?" ions mediated by GSH, thus underscoring the immense
potential of the nanoparticles for OH:--generation therapy under TME conditions.

Additionally, to further validate the production of OH-, hydroxyphenyl fluorescein (HPF), which is nonfluorescent in
its original form but emits strong fluorescence upon reaction with OH:, was utilized.’” As shown in Figure 2G, the
fluorescence intensity followed a similar trend, confirming the generation of OH- in the reaction system containing GSH
and H,O, at pH 5.0. These results provided compelling evidence that the as-prepared FSR nanoparticles possessed
exceptional catalytic properties for chemodynamic therapy within the tumor microenvironment, where the higher levels
of GSH and acidity effectively activated FSR for enhanced OH- generation.

Furthermore, considering that the catalytic efficiency of the Fenton reaction could be augmented by hyperthermia,®
we proceeded to evaluate the catalytic performance of FSR NPs at elevated temperatures (Figure 2H). As depicted in
Figure 2I, the catalytic activity of FSR NPs exhibited a positive correlation with temperature, and the system demon-
strated significantly higher absorbance intensity in the TMB-mediated chromogenic reaction at 50°C, validating the
effective achievement of hyperthermia-enhanced CDT. Collectively, the synergistic photothermal and chemodynamic
effects could be effectively harnessed by FSR NPs to achieve hyperthermia-boosted CDT within the tumor microenvir-
onment, destroying the REDOX homeostasis for amplified ferroptosis-inducing strategy.
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Figure 2 Photothermal and chemodynamic properties of FSR NPs in vitro. (A) lllustration of the photothermal effect of FSR. (B) The infrared thermal images and time-
dependent temperature variety of FSR at different concentrations under 1.0W cm 2 NIR laser irradiation. Time-dependent temperature varieties of FSR under 808 nm laser
irradiation with different concentrations (C) or different power densities (D). (E) lllustration of the chemodynamic effect of FSR. (F) UV-vis spectra and photograph (inset)
of TMB solution treated by FSR under different conditions: (1) FSR at pH 7.4; (2) FSR at pH 5.0; (3) FSR plus H,O; at pH 7.4; (4) FSR plus H,O, at pH 5.0; (5) FSR plus H,O,
and GSH (10mM) at pH 7.4; (6) FSR plus H,O; and GSH (10mM) at pH 5.0. (G) HPF (10uM) fluorescence response after |h incubation in corresponding reaction systems.
(H) lllustration of the hyperthermia-boosted chemodynamic effect. (I) UV-vis spectra of TMB solution under different treating conditions: (1) PBS under 25°C; (2) PBS plus
H,0, and GSH (10mM) under 25°C; (iii) FSR plus H,O, and GSH (10mM) under 25°C; (iv) FSR plus H,O, and GSH (10mM) under 50°C.

Biocompatibility and Drug Delivery

The biocompatibility of nanoparticles is of paramount importance for their potential systemic administration as drug
delivery carriers before clinical application.’® To assess the cytotoxicity of FSR NPs on normal cells, bone marrow-
derived mesenchymal stem cells (BMSCs) were subjected to a CCKS8 assay. After 72 hours of incubation, no significant
cytotoxicity was observed, as evidenced by the cell viability comparable to the control group (Figure 3A). These results
underscored the excellent biocompatibility of the FSR NPs, ensuring their safe application as drug carriers. Furthermore,
the hemocompatibility of the NPs was evaluated using a hemolysis assay. As depicted in Figure 3B, the positive control
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Figure 3 Biocompatibility and release profiles of the nanovehicle in vitro. (A) Cell viabilities of BMSCs treated by FSR NPs at a variety of concentrations for 24h and 72h.
(B) Hemolysis analysis of FSR suspension at various concentrations. (C) Standard curve of Fin56 according to the UV-vis absorption. (D) The release profiles of Fin56 from
FSR-Fin56 in PBS at various pH values with NIR irradiation or not.

group (H,O) exhibited a distinct red color due to the release of hemoglobin from ruptured red blood cells (RBCs),
indicative of hemolysis. In contrast, both the PBS and FSR groups demonstrated negligible hemolysis, confirming the
excellent hemocompatibility of the NPs. Collectively, these findings corroborated the outstanding biocompatibility and
biosafety of the prepared FSR NPs, rendering them a promising candidate for further exploration in biomedical
applications.

Subsequently, FSR was evaluated as a drug delivery system for Fin56 to verify its potential in preventing premature
leakage and enabling controlled release. The absorbance of Fin56 at various concentrations was measured, and the
standard curve was generated based on the results, as depicted in Figure 3C. Utilizing the standard concentration curve,
the loading efficiency of Fin56 in FSR NPs was calculated to be 28.2%. To investigate the TME-responsive release
behavior of the NPs, the release profiles of Fin56 under different pH conditions were evaluated. As shown in Figure 3D,
a slow release of Fin56 (23.68%) was observed at pH 7.4, whereas at pH 5.5, the amount of released Fin56 increased
significantly to 43.57% within the same 24-hour incubation time, indicating a pronounced pH-dependent release
behavior. This phenomenon could be attributed to the accelerated decomposition of the Fe;O4 core in the acidic TME.
Notably, the minimal release of agents at the neutral physiological environment (pH 7.4) suggested that FSR-Fin56 NPs
could remain stable and secure for normal tissues.

Furthermore, the NIR-triggered release behavior of the NPs at pH 7.4 or 5.0 was evaluated under 808 nm laser
irradiation. As illustrated in Figure 3D, the release of Fin56 was dramatically increased at pH 5.0 after NIR irradiation
(1.0 W cm?) for 10 minutes, resulting in a cumulative release amount of 70.47%. In contrast, the release rates of Fin56
were only slightly increased at pH 7.4 under the same conditions. These findings confirmed that the combination of pH
and NIR laser irradiation could serve as an intelligent switch to finely control the release of Fin56 from the nanovehicle,
effectively preventing drug leakage and reducing adverse effects on normal tissues.

Cellular Uptake

Efficient and targeted delivery of therapeutic agents to tumors is a critical aspect of nanocomposite-mediated therapies.*’
In order to achieve enhanced internalization into tumor cells, our NPs were designed with RGD functionalization, which
has been shown to have an affinity for avB3 integrin receptors commonly overexpressed in OS cells.*' The cellular
uptake behavior of the NPs was assessed by co-culturing them with MNNG/HOS cells, and the NPs were labeled with
ICG for visualization. After a 6-hour incubation, the intracellular red fluorescence intensity of ICG was evaluated. As
depicted in Figure 4A, the cells treated with ICG@FSR NPs exhibited significantly stronger fluorescence signals
compared to cells from ICG@FS group, suggesting efficient internalization facilitated by the RGD peptide. For
a more visual examination of the uptake behavior, transmission electron microscopy was employed to capture electron
micrographs of cells treated with FSR NPs. As shown in Figure 4B, the darker contrast in various regions clearly
indicated the substantial accumulation of FSR NPs within the tumor cells. Collectively, these findings demonstrated that
the RGD-functionalized nanovehicle could be effectively internalized into tumor cells, offering a promising strategy for
targeted delivery of therapeutic agents.
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Figure 4 Hyperthermia-boosted chemodynamic effect induced amplified ferroptosis. (A) Fluorescence images of MNNG/HOS cells after a 4-hour incubation with ICG@FS
or ICG@FSR NPs. (B) TEM image of MNNG/HOS cells treated with FSR. The blue arrows indicated the FSR NPs. (C) Fluorescence images of MNNG/HOS cells stained
with Calcein-AM and Pl after different treatments. (D) Cell viability of MNNG/HOS cells at 24-hour after corresponding treatments. (E) Fluorescence images of MNNG/
HOS cells stained with DCFH-DA after various treatments. Relative cellular GSH (F) and LPOs (represented by MDA content) (G) levels of MNNG/HOS cells after
corresponding treatment (***P<0.001, ***sP<0.0001). (H) TEM images of MNNG/HOS cells after different treatments. The blue and red arrows indicated relative normal
and damaged mitochondria, respectively.

Cellular Cytotoxicity in vitro

Encouraged by the impressive targeting and intracellular accumulation capabilities of the NPs, we proceeded to
investigate the synergistic therapeutic effects of this engineered nanovehicle in vitro. We initiated our investigation by
conducting the CCK-8 assay to quantify cell viabilities. MNNG/HOS cells were incubated with FSR-Fin56 and other
treating agents. As expected, all these formulations exhibited dose-dependent cytotoxicity. Particularly noteworthy was
the group treated with FSR-Fin56, which was exposed to NIR light. This group demonstrated the highest rate of cell
mortality. This result strongly suggested a synergistic effect between Fin56 and Fe ions when exposed to hyperthermia
conditions (Figure 4D).
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To visually assess the impact of these treatments on MNNG/HOS cells, we utilized Calcein-AM and PI as fluorescent
markers for living (green) and dead (red) cells, respectively. Figure 4C illustrated the outcomes: cells treated with PBS
and NIR showed robust vitality, as indicated by the bright and strong green fluorescence. This suggested that mild
irradiation without a photothermal agent had minimal cytotoxicity. In sharp contrast, the FSR-Fin56 + NIR group
exhibited the most pronounced killing effect, as evidenced by the intense red signals, which corroborated the results
obtained from the earlier CCK-8 assay. In summary, these findings conclusively confirmed the outstanding synergistic
therapeutic effect of combining CDT/PTT with Fin56, thus amplifying ferroptosis against MNNG/HOS cells.

Amplified Ferroptosis by Hyperthermia-Boosted CDT

As it is widely acknowledged, Fin56 exerts its ferroptosis-inducing effect by promoting GPX4 degradation.'®
GPX4 is recognized as a crucial component in maintaining intracellular redox balance by neutralizing excess
ROS and toxic lipid peroxides (LPOs) through the action of glutathione (GSH).** Thus, the depletion of GPX4
by Fin56 and the consumption of GSH by FSR are expected to lead to a significant increase in intracellular LPO
levels, which serves as a critical hallmark of ferroptosis, ultimately causing irreversible cellular damage.** To
investigate the underlying mechanism behind the cytotoxic effect mediated by FSR-Fin56 + NIR, we initially
assessed the intracellular oxidative stress resulting from the combination of hyperthermia-enhanced CDT and
Fin56 treatment. DCFH-DA was used as a fluorescent probe to measure cellular ROS levels. As depicted in
Figure 4E, minimal green fluorescence was observed in the control group treated with PBS and NIR, indicating
that mild irradiation alone had limited impact on inducing cellular oxidative stress. In contrast, cells treated with
Fin56 and NIR or FSR-Fin56 without NIR displayed slight fluorescence, while the FSR-Fin56 + NIR group
exhibited the most intense fluorescence, indicating the generation of severe intracellular oxidative stress resulting
from the combination of hyperthermia-boosted CDT and amplified ferroptosis.

Subsequently, we examined the intracellular levels of GSH and LPOs. As expected, the FSR-Fin56 + NIR-
treated cells showed the lowest GSH levels and the highest accumulation of LPOs (Figure 4F and G), owing to
the FSR-induced GSH consumption and the hyperthermia-enhanced production of hydroxyl radicals, which
effectively overcame cellular defenses against Fin56-induced ferroptosis. Moreover, transmission electron micro-
scope images of cell sections revealed that mitochondria in cells treated with FSR-Fin56 + NIR exhibited
a rounded morphology with disrupted cristae structures (Figure 4H), consistent with the typical characteristics
of ferroptosis, as previously reported.'> Collectively, the combined treatment of Fin56 and FSR successfully
disrupted the redox equilibrium in tumor cells, and with the synergistic “turn on” effect of NIR laser irradiation,
the cooperative photothermal and chemodynamic therapies achieved a potent and boosted ferroptosis-inducing
therapy.

Biodistribution and Photothermal Properties

To explore the in vivo distribution of the nanocomposites in the organism, we intravenously administered ICG-
labeled NPs (ICG@FSR) to MNNG/HOS tumor-bearing mice and monitored the fluorescence signals at various
time points using an in vivo fluorescence spectrum system. Before injection, no fluorescence signal was detected
(Figure 5A). Afterwards, the fluorescence signals in the tumor region gradually increased over time, reaching
a peak at 12 hours post-injection, indicating the effective accumulation of NPs within the tumors. Even at 24
hours post-injection, rather strong fluorescence signals could still be observed at the tumor site, demonstrating
the excellent retention performance of the NPs. Ex vivo imaging of tumor tissues and major organs (heart, liver,
spleen, lung, and kidney) further confirmed the superior intratumoral enrichment capacity of the NPs, as the
fluorescence intensity in the tumor tissues remained much stronger than that in the major organs (Figure 5B and
C). Additionally, the fluorescence intensity in the liver and kidney areas was relatively noticeable, indicating the
potential metabolic clearance pathways of the NPs.** These results collectively showcased the effective tumor
accumulation and prolonged retention ability of the NPs, which can be attributed to both the RGD-mediated
targeting attachment and the enhanced permeability and retention (EPR) effect.*

International Journal of Nanomedicine 2024:19 https: 103
Dove:


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

Zhang et al Dove

A
Heart o 800
Tumor g
‘ ~ 600
7 2 e
Kidney (4,2? 8 g
~ ¥ - 8 400 X
S
= T
Spleen g 200
£ L0
< o & & S & &
¢ &£ O &
0h 2h 4h & S
D
PBS + NIR

S & (AL 2 . - - ¥ 50

—e— PBS
—#— FSR

45

FSR+NIR
ﬁ 40

Temperature (°C)

N

L
"0 60 120 180 240 300 360
0 min 1 min 2 min 3 min 4 min 5 min Times (min)
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According to the in vivo imaging observations, we selected the 12-hour post-injection time point as the
optimal time for NIR laser irradiation. As depicted in Figure 5D and E, the temperature in the PBS-treated mice
only exhibited a slight increase after exposed to NIR laser irradiation for 5 minutes. In contrast, the temperature
at the tumor site in the FSR group reached approximately 45°C under the same conditions, which was favorable
for boosting the Fenton catalysis reaction and promoting Fin56 release for amplified ferroptosis. These results
underscored the promising photothermal performance of FSR in vivo.

In vivo Antitumor Effect

Motivated by the promising therapeutic effects observed in vitro and exceptional tumor accumulation of the as-
prepared NPs, a MNNG/HOS tumor xenograft model was established to further validate the in vivo synergistic
therapeutic efficacy of the nanovehicle. The total in vivo treating process is revealed in Figure 6A. As displayed
in Figure 6B-D, the tumors of mice treated with PBS and NIR grew rapidly throughout the experiment,
indicating that NIR irradiation alone had negligible inhibitory effect on the tumor growth. Meanwhile, the
tumors of mice treated with Fin56 + NIR or FSR-Fin56 without NIR were slightly inhibited while the growth
of tumors on mice treated with FSR-Fin56 + NIR was noticeably restrained, suggesting the synergistic effect of
CDT and PTT for amplified ferroptosis-inducing therapy.

Furthermore, the excellent therapeutic effect was validated by H&E staining of the tumor tissues (Figure 6F),
where the most significant death of cells was observed in the FSR-Fin56 + NIR group. Additionally, the
expression of Ki-67 was detected by immunofluorescent staining to evaluate the proliferation of tumor cells
(Figure 6G). As expected, tumor cells of FSR-Fin56 + NIR treated group exhibited the lowest expression of
antigen Ki-67, further confirming the remarkable therapeutic effects of the nanovehicle. Moreover, intratumoral
GPX4 level was found significantly down-regulated by FSR-Fin56 (Figure 6H), confirming the NPs successfully
initiate a synergistic therapy for boosted ferroptosis-inducing strategy. Of note, among all groups no significant
weight loss were detected during the treatment (Figure 6E), indicating negligible systemic toxicity of the NPs. In
addition, the levels of ALT and BUN (hepatic and renal function marker) were found to be at normal level,
indicating the favorable biosafety of the therapeutic agents (Figure S2). Meanwhile, no obvious histological
changes or inflammation lesions were observed on the H&E staining images of major organs (Figure S3). Taken
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together, these results validated the as-prepared FSR-FinS56 nanovehicle with mild laser irradiation could
eradicate tumors effectively without appreciable side effects.

Conclusion

In conclusion, the synthesized biocompatible FSR-Fin56 nanovehicle successfully achieved targeted drug delivery and
synergistic therapy by combining hyperthermia-boosted CDT and amplified ferroptosis induction. The in vitro and
in vivo results demonstrated its promising therapeutic efficacy and biosafety. This study offered a compelling strategy
for cancer treatment, particularly for ferroptosis-sensitive tumors like osteosarcoma.
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