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ARTICLE INFO ABSTRACT

Keywords: Postoperative anatomical reconstruction and prevention of local recurrence after tumor resection are two vital
3D-printed titanium alloy clinical challenges in osteosarcoma treatment. A three-dimensional (3D)-printed porous Ti6Al4V scaffold (3DTi)
h_nplant . is an ideal material for reconstructing critical bone defects with numerous advantages over traditional implants,
Simvastatin . . . . . . . .

Osteosarcoma including a lower elasticity modulus, stronger bone-implant interlock, and larger drug-loading space. Simvastatin
Ferroptosis is a multitarget drug with anti-tumor and osteogenic potential; however, its efficiency is unsatisfactory when

delivered systematically. Here, simvastatin was loaded into a 3DTi using a thermosensitive poly (lactic-co-gly-
colic) acid (PLGA)-polyethylene glycol (PEG)-PLGA hydrogel as a carrier to exert anti-osteosarcoma and oste-
ogenic effects. Newly constructed simvastatin/hydrogel-loaded 3DTi (Sim-3DTi) was comprehensively
appraised, and its newfound anti-osteosarcoma mechanism was explained. Specifically, in a bone defect model of
rabbit condyles, Sim-3DTi exhibited enhanced osteogenesis, bone in-growth, and osseointegration compared
with 3DTi alone, with greater bone morphogenetic protein 2 expression. In our nude mice model, simvastatin
loading reduced tumor volume by 59%-77 % without organic damage, implying good anti-osteosarcoma activity
and biosafety. Furthermore, Sim-3DTi induced ferroptosis by upregulating transferrin and nicotinamide adenine
dinucleotide phosphate oxidase 2 levels in osteosarcoma both in vivo and in vitro. Sim-3DTi is a promising
osteogenic bone substitute for osteosarcoma-related bone defects, with a ferroptosis-mediated anti-osteosarcoma
effect.

ranging from 60 to 80 % [2]. Achieving a radical cure relies on accurate

1. Introduction

Osteosarcoma is a common primary malignant bone tumor that
primarily affects children and adolescents [1]. Due to its highly invasive
and metastatic nature, osteosarcoma significantly impacts the quality of
life and overall survival of patients, with a five-year survival rate
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tumor mass removal [3]. However, for limb salvage procedures and
cases with indistinguishable tumor-margins, ideal tumor-free resection
often fails [4,5]. Although perioperative neoadjuvant chemotherapy has
improved survival rates, the limited drug concentrations in the tumor
area and the severe systemic adverse effects of traditional chemotherapy
drugs hinder its therapeutic efficacy [6,7]. Conventional bone
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List of abbreviations

3DTi Three-dimensional (3D)-printed porous Ti6Al4V scaffold
PGLA poly(lactic-co-glycolic) acid

PEG polyethylene glycol

Sim-3DTi simvastatin/hydrogel-loaded 3DTi

BMP-2  bone morphogenetic protein 2

TF transferrin

NADPH nicotinamide adenine dinucleotide phosphate
NOX2  NADPH oxidase 2

VEGF vascular endothelial growth factor

NOXs NADPH oxidases

ROS reactive oxygen species

EBM electron beam melting

STL standard triangulation language

SEM scanning electron microscopy

FE-SEM field emission SEM

PBS phosphate-buffered saline

DMEM  Dulbecco’s Modified Eagle Medium

FBS fetal bovine serum

CCK-8  Cell Counting Kit-8

AM acetoxymethyl ester

PI propidium iodide

H&E hematoxylin and eosin
micro-CT micro-computed tomography
ROI region of interest

BV/TV  bone volume/tissue volume
TbSp trabecular separation
rRT-PCR Real-time reverse transcriptase-polymerase chain reaction
SDS sodium dodecyl sulfate

DAB diaminobenzidine

I0OD integrated optical density
IHC immunohistochemistry

siRNA  silencing RNA

GSH glutathione

MDA malondialdehyde

SD standard deviation

DEP differently expressed protein
KEGG  Kyoto Encyclopedia of Genes and Genomes
GO Gene Ontology

rhBMP-2 recombinant human BMP-2
(SDF-1)a stromal cell-derived factor 1

substitutes like titanium mesh have disadvantages, including poor shape
matching, high elastic modulus, and a high incidence of bone resorption
and endplate collapse when used for repairing critical bone defects.
Consequently, development of novel functionalized scaffolds capable of
repairing critical bone defects and preventing tumor recurrence is ur-
gently needed [8].

Biomaterials have good biocompatibility and bioactive properties for
stimulation of bone regeneration. It is a promising treatment option that
the integrated biomaterials with the ability of bone regeneration
combine tumor therapy [9,10]. Currently, 3D-printed titanium alloy
(3DTi) is considered a superior bone substitute due to its numerous
advantages over traditional implants, including a customized shape, a
porous structure that enhances bone-implant interlock, and an adjust-
able lower elastic modulus that helps prevent stress shielding [11,12].
Previous studies have demonstrated that 3DTi can provide both imme-
diate and long-term stability at the bone defect site through fusion at the
bone-implant interface, eliminating the need for a bone graft [13,14].
However, the bioinert characteristic of 3DTi limits its ability to promote
osteogenesis. This limitation can be overcome by incorporating growth
factors, such as bone morphogenetic protein 2 (BMP-2) and vascular
endothelial growth factor (VEGF), into the porous structure of 3DTi [15,
16]. Furthermore, it has been shown that loading cisplatin into 3DTi can
reduce the tumor burden surrounding the implant [17]. Therefore, it is
feasible to utilize 3DTi for local drug administration to achieve both
anti-osteosarcoma and osteogenic effects.

Simvastatin is a commonly used lipid regulator that has recently
been found to play key roles in osteogenesis [18,19], and antibacterial
effects [20,21]. Meanwhile, in comparison to most growth factors that
enhance osteogenesis, simvastatin has a lower price, longer half-life, and
better safety profile [19]. Previous studies have indicated the thera-
peutic potential of simvastatin for treating osteosarcomas, either alone
or in combination with chemotherapy agents [22,23]. Therefore, sim-
vastatin is an ideal drug for treating osteosarcoma-related bone defects.
However, simvastatin undergoes significant first-pass metabolism,
meaning systemic administration results in low intra-osseous and
intratumoral drug concentrations and unsatisfactory osteogenic and
antineoplastic efficacy [19,24,25]. To avoid simvastatin distribution to
non-target sites, topical drug delivery to the osteosarcoma-related bone
defects using 3DTi was proposed in this study.

Poly (lactic-co-glycolic) acid (PLGA)-polyethylene glycol (PEG)-
PLGA hydrogel is a commonly employed drug carrier with degradation
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products that have received approval from the US Food and Drug
Administration (FDA), rendering it suitable for clinical use [26,27]. It is
also a reversible thermosensitive gelation, which makes convenient
handling and ease of application [28]. Nevertheless, its mechanical
strength is inadequate for serving as a bone substitute. Therefore, the
injection of a drug-loaded PLGA-PEG-PLGA hydrogel into the porous
structure of 3DTi not only addresses the mechanical limitations of
hydrogels but also enables localized drug application.

Although numerous studies have demonstrated the anti-tumor ef-
fects of simvastatin, the precise underlying mechanisms remain unclear
[29,30]. Through proteomic sequencing analysis, this study identified
the involvement of ferroptosis-related proteins, specifically transferrin
(TF) and nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase 2 (NOX2), in the suppression of osteosarcoma by simvastatin.
Ferroptosis is a form of programmed cell death characterized by
iron-mediated oxidative damage, distinct from apoptosis [31]. It is
initiated through two main pathways: the intrinsic pathway, which in-
volves iron transporter TF activation to induce iron overload, and the
extrinsic pathway, which involves NADPH oxidases (NOXs) triggering
reactive oxygen species (ROS) production for lipid peroxidation [32].
Tumor cells are particularly susceptible to ferroptosis, potentially due to
the activation of tumor suppressors during ferroptosis initiation and the
inherently high ROS levels present in tumor cells [33]. Therefore, tar-
geting ferroptosis in osteosarcoma cells represents a viable strategy for
anti-neoplastic treatment.

In this study, we developed a simvastatin/hydrogel-loaded 3DTi
(Sim-3DTi) and evaluated its effects on osteogenesis and osteosarcoma
in a rabbit condyle bone defect model and an osteosarcoma-bearing
nude mouse model. Additionally, we conducted next-generation prote-
ome sequencing to identify the pathways associated with the anti-
osteosarcoma mechanism of localized simvastatin. These findings were
further validated through in vitro and in vivo experiments. This study is
significant as it represents the first preclinical investigation to achieve
both anti-tumor and osteogenic functionality in 3DTi through the
loading of a single drug. Furthermore, our research establishes that
simvastatin activates TF and NOX2, resulting in the ferroptosis of oste-
osarcoma. These findings contribute to our understanding of the
mechanism by which simvastatin acts against osteosarcoma and hold
great potential for future clinical applications.
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2. Materials and methods
2.1. Fabrication of 3DTi

We fabricated the 3DTi (@5 mm x L6 mm, pore size of 640 pm, and
strut diameter of 400 pm) using an electron beam melting (EBM) S12
system (Arcam AB, Gothenburg, Sweden), as previously described [16,
17]. Typically, a predesigned cylindrical 3D model is converted into a
standard triangulation language (STL) file and transferred to the EBM
machine. The medical-grade titanium alloy Ti6Al4V powder (particle
size: 45-100 pm) was melted layer by layer according to the STL data
and solidified by cooling afterward. The prepared scaffolds were ultra-
sonically cleaned successively in acetone, ethyl alcohol, and deionized
water for 15 min each. The physical parameters of 3DTi, including true
density, specific surface area, porosity, and nominal stress were
measured by helium gas pycnometer, Kr-BET method, mercury poros-
imeter, and mechanical testing system respectively as previously
described [17].

2.2. Preparation of simvastatin/hydrogel-loaded 3DTi (Sim-3DTi)

The hydrogel was prepared as previously described [34,35]. Briefly,
the PLGA (1500-2000)-PEG (1000-1500)-PLGA (1500-2000) thermo-
sensitive hydrogel (Shanghai Yuanye Bio-Technology Co., Ltd.,
Shanghai, China) was suspended in deionized water with stirring at a
mass ratio of 1:4. After incubation for seven nights at 4 °C, the hydrogel
completely dissolved and formed a clear viscous solution. Simvastatin
(National Institutes for Food and Drug Control, Beijing, China) at final
concentrations of 0.5, 1, 1.25, 2.5, 5, 10, 15, and 20 mg/mL was loaded
into the hydrogel. The 3DTi were placed inside a custom-made chamber
and filled with the loaded hydrogel at 4 °C. The samples were warmed to
room temperature (18-25 °C) before implantation to form the Sim-3DTi
(Fig. 1A) and named Sim 0.5, Sim 1, Sim 1.25, Sim 2.5, Sim 5, Sim 10,
Sim 15, and Sim 20, according to the final concentration of simvastatin.

2.3. Characterization of the Sim-3DTi

Sim-3DTi, 3DTi, hydrogel, and released simvastatin were observed
using cryogenic scanning electron microscopy (SEM). Briefly, the sam-
ples were placed in the slots of a stub, plunged into a liquid-nitrogen
slush, and transferred to a cryo-preparation chamber (PP3010T; Cryo-
SEM Preparation System, Quorum Technologies, Newhaven, UK).
After freeze-fracture-treatment, sublimation at —90 °C for 5 min, and
sputtering with platinum at 10 mA for 60 s, the samples were examined
using field emission SEM (FE-SEM, JSM7900F, JEOL, Tokyo, Japan) at
3.0 kV accelerating voltage. Thereafter, the elemental distribution and
chemical composition of the samples were characterized using energy-
dispersive spectroscopy (EDS, Aztec X-Max50, Oxford, UK).

The rheological property of PLGA-PEG-PLGA thermosensitive
hydrogel was performed in dynamic oscillation mode on a rheometer
(Physica MCR 302, Paar Physica, Germany) at a fixed frequency of 1 Hz
and 0.1 % stress amplitude. All measurements were performed at tem-
peratures ranging from O to 50 °C and at a heating rate of 1 °C/min. The
elastic modulus (G) and the viscous modulus (G") were determined
tested by rotational rheometer (RheolabQC, Anton Paar, USA).

The hydrogel degradation process of Sim-3DTi was characterized as
previously reported [17]. Briefly, 6 Sim-3DTis at each concentration
were placed in a glass bottle and immersed in 250 mL of
phosphate-buffered saline (PBS, pH 5.5) at 37 °C to imitate the post-
surgical acidic conditions and extracellular microenvironment of tumor
cells. Of note, three of the Sim-3DTis at each concentration were stained
in green with calcein to improve visualization and photographed using a
stereo microscope (M205 FA, Leica, Germany) with a 490-nm excitation
filter every 3 days. The fluorescence intensity of Sim-3DTis at each time
point were calculated using Image-Pro Plus 6.0 software. The other three
Sim-3DTis at each concentration were weighed accurately at the same
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time. The mass remaining of hydrogel is equal to the mass of Sim-3DTi at
each time point minus that of 3DTi.

The releasing curve of simvastatin was determined as previously
described [17]. Briefly, Sim-3DTi at concentration of 2.5 mg/mL and 5
mg/mL were immersed in 2 mL of PBS (PH 5.5) in two tubes, respec-
tively. At determined time point, 1 mL of extracting solution was
collected from each tube and equal volume of PBS was supplemented
into tubes. The concentration of released simvastatin in each extracting
solution was measured using an inductively coupled plasma mass
spectrometer (ICP-MS, Xseries II; Thermo Fischer Scientific, Waltham,
MA, USA), and then calculated to acquire the releasing curve.

2.4. Invitro anti-osteosarcoma effect and bio-safety of Sim-3DTi

2.4.1. Cell proliferation

The viability of human osteosarcoma cells (143B) and mouse fibro-
blasts (L929) (American Type Culture Collection [ATCC], USA) co-
cultured with 3DTi and Sim-3DTi was quantified as described previ-
ously [17]. Briefly, the cells were seeded into 48-well plates (15,000
cells per well in 600 mL of Dulbecco’s Modified Eagle Medium [DMEM]
containing 10 % fetal bovine serum (FBS) and 1 % pen-
icillin/streptomycin), and incubated at 37 °C under a 5 % CO2 atmo-
sphere for 24 h. Then, 3DTi (control group) or Sim-3DTis at different
concentrations (Sim 0.5, Sim 1, Sim 1.25, Sim 2.5, Sim 5, Sim 10, Sim
15, and Sim 20) were added to separate wells. The culture medium was
replaced with DMEM daily. After incubation for one, three, and five
days, cell viability was calculated using the Cell Counting Kit-8 (CCK-8,
Dojindo, Japan) according to the manufacturer’s instructions, and the
optical densities were measured using a microplate reader (Varioskan
Flash; Thermo Fisher Scientific, Cleveland, OH, USA) at a 450 nm
wavelength.

2.4.2. Cell migration

Cell migration was assessed using Transwell chambers (8-pm pore
size, BD Biosciences, NJ, USA). After three days of incubation with 3DTi
(control group) or Sim-3DTi, 143B cells were cultured overnight in a
serum-free medium before initiating the experiments. The following
day, 3 x 10% cells in 0.25 mL serum-free medium were seeded into the
upper chamber, and medium (0.5 mL) with 10 % FBS was added to the
lower chamber. After incubation at 37 °C for 12 h, the chambers were
disassembled, and the membranes were fixed in 4 % paraformaldehyde
for 10 min and stained with 2 % crystal violet for 10 min. The number of
cells was counted, and images were obtained under a microscope (100
x magnification).

2.4.3. Cell survival

Calcein-acetoxymethyl ester (AM)/propidium iodide (PI) double
staining kit (Solarbio, Beijing, China) was used to measure cell survival
in 143B and L929 cells co-cultured with 3DTi and Sim-3DTi. Briefly, the
cells were seeded into 48-well plates (15,000 cells per well in 600 mL of
DMEM containing 10 % FBS and 1 % penicillin/streptomycin), and
incubated at 37 °C under a 5 % CO, atmosphere for 24 h. Then, 3DTi
(control group) or Sim-3DTi was added to the wells. The culture medium
was replaced with DMEM daily. After three days of incubation, cells
were incubated with calcein AM (2 pM) and PI (4.5 pM) at 37 °C for 15
min. Then, the live and dead cells were observed using 490- and 545-nm
excitation filters, respectively, under a confocal laser scanning micro-
scope (TCS SP8, Leica, Germany). The percentage of cell survival rate
was calculated based on the fluorescence intensity using Image-Pro Plus
6.0 software.

2.5. In vivo anti-osteosarcoma effect and bio-safety of Sim-3DTi
2.5.1. Tumor-bearing nude mice model and grouping

All animal experimental protocols were approved by the Peking
University Institutional Review Board on Biomedical Ethics in the Care
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Fig. 1. Characterization of Sim-3DTi using scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS). (A) Schematic diagram of Sim-3DTi
construction protocol. (B-C) Representative SEM images of Sim-3DTi, 3DTi, PLGA-PEG-PLGA hydrogel and simvastatin particles. 3DTi has a macroporous dia-
mond lattice structure. Hydrogel displays a microporous structure. Rod-like simvastatin, about 5-10 pm in length. (D-E) Representative EDS layered images and
quantitative elemental analysis of Sim-3DTi. The surface of Sim-3DTi was dominated by carbon and oxygen elements, rather than titanium, aluminum, and vana-

dium, indicating that the hydrogel PLGA-PEG-PLGA wrapped the Ti6Al4V scaffold.
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and Use of Laboratory Animals (Project Number: LA2020465). Briefly,
six-week-old female BALB/c nude mice (Charles River, Beijing, China)
weighing 13-17 g were used to construct a tumor-bearing nude mouse
model. Osteosarcoma 143B cells (2.0 x 106) were subcutaneously
injected into the right scapula of mice. The model was considered suc-
cessfully established when the tumor volume reached approximately
100 mm? over 10 days [17].

Mice with similar body weights and tumor sizes were randomly
divided into three groups (n = 6). A scaffold was placed subcutaneously
adjacent to the tumor in each mouse. Among them, mice implanted with
3DTi were defined as the control group, while mice implanted with Sim-
3DTi loaded with 2.5 mg/mL and 5 mg/mL simvastatin were defined as
the Sim 2.5 and Sim 5 groups, respectively.

2.5.2. Tumor volume and body weight

The tumor volume and body weight were measured twice per week
for up to 18 days. The following equation was used to calculate the
tumor volume:

V=Lx W?x 0.5, where L (mm) and W (mm) are the largest and
smallest tumor mass diameters, respectively [36].

2.5.3. Hematoxylin and eosin (H&E) staining

After sacrifice, the tumors, hearts, livers, spleens, lungs, and kidneys
of the mice were collected and fixed in 4 % w/v paraformaldehyde for
histological analysis. The tissues were embedded in paraffin and
sectioned into 5 pm-thick slices. The slices were then stained with H&E
to evaluate tumor pathology and organ damage.

2.6. Osteogenic effect in vivo

2.6.1. Rabbit bone defect model and grouping

Twenty-five-week-old female New Zealand white rabbits (weighing
3.5 £ 0.3 kg, Charles River, Beijing, China) were equally divided into
three groups (n = 5). To construct the bone defect model, the rabbits
were anesthetized with pentobarbital sodium (30 mg/kg, i. p.) [371,
cylindrical defects with a 5-mm diameter and 6-mm depth were created
in the lateral femoral condyles, and 3DTi were implanted. Rabbits
implanted with 3DTi were defined as the control group, whereas rabbits
implanted with Sim-3DTi loaded with 2.5 mg/mL and 5 mg/mL sim-
vastatin were defined as the Sim 2.5 and Sim 5 groups, respectively.

2.6.2. Sampling

Five rabbits from each group were euthanized four weeks post im-
plantation. Femur specimens (10 from each group) of sacrificed rabbits
were collected for micro-computed tomography (micro-CT) imaging,
undecalcified histological slicing, and BMP-2 detection.

2.6.3. Micro-CT analysis

All femur specimens from each group were scanned using micro-CT
(Siemens, Erlangen, Germany) at a scanning rate of 6°/min and a res-
olution of 9 ym. The X-ray source voltage was 80 kV, and the beam
current was 80 mA using filtered bremsstrahlung radiation. A 1-mm
aluminum filter was used during scanning. The micro-CT images were
then reconstructed using multimodal 3D visualization software (Inveon
Research Workplace; Siemens, Germany). Bone was distinguished from
soft tissues and titanium alloy scaffolds by the partitioning of different
Hounsfield units (HUs). Bone was defined in the range of 1000-2250
HU. After reconstruction, the peripheral 500-pm region around and the
intra-porous space within the scaffolds were selected as the region of
interest (ROI). In the ROI, the bone volume/tissue volume (BV/TV, the
ratio of bone volume to total volume) and trabecular separation (Tb.Sp,
mean width of the medullary cavity between bone trabeculae) were
calculated using Inveon Research Workplace software (Siemens, Ger-
many) [17].
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2.6.4. Undecalcified bone histology

Undecalcified bone sections were prepared for bone in-growth and
osseointegration analyses, as previously described [38]. Briefly, speci-
mens were fixed in 10 % formalin for 14 days and dehydrated in serial
ethanol concentrations (40 %, 75 %, 90 %, 95 %, and 100 %) for three
days. The specimens were embedded in methyl methacrylate and
sectioned using a power saw with a diamond blade from the EXAKT
system (EXAKT Apparatebau, Hamburg, Germany). Ground sections of
40-50 pm were then prepared using this system and subjected to Mas-
son-Goldner trichrome staining (the bone tissues and osteoid tissues
were stained green and red/orange, respectively; the scaffolds appeared
black). The stained sections were photographed using a NanoZoomer
digital slide scanner (Hamamatsu Photonics, Hamamatsu, Japan).
Quantitative analysis was performed using Image-Pro Plus software
(version 6.0), with a middle longitudinal section of each block used to
determine both bone in-growth and osseointegration. Ten slices were
analyzed for each group. The bone in-growth value was defined as the
percentage of new bone within the pores and was equal to the area of the
bone over the pore area. The osseointegration was measured as the
fraction of the scaffold surface area in contact with the bone. The tissue
sections were viewed at high magnification to accurately calculate the
circumference and length of the bone-covered scaffold. The osseointe-
gration value corresponds to the length of the scaffold covered by the
bone divided by the scaffold circumference.

2.6.5. Real-time reverse transcriptase-polymerase chain reaction (rRT-
PCR)

Immediately after sacrifice, a small piece of new bone around the
Sim-3DTi was collected from each sample rabbit for rRT-PCR, performed
as previously described [39,40]. Briefly, total RNA was extracted from
cells or tissues using Trizol reagent (Life Technologies, USA) and cDNA
was generated using a First-Strand cDNA Synthesis Kit (Tiangen, Beijing,
China) according to standard protocols. Amplifications were performed
using the SYBR Green PCR Master Mix Kit (Biosystems, USA) according
to the manufacturer’s instructions. BMP-2 expression was calculated
using the 2—AACt method. GAPDH expression was used as control. All
reactions were repeated in triplicate. Primers: BMP-2-F:
5-AGCTTTGGGAGACGACAGC-3’; R: 5-GGCTCGTGTTCTGATT-
CACC-3’; GAPDH-F: 5-TTGTCGCCATCAATGATCCAT-3’; GAPDH-R: 5
GATGACCAGCTTCCCGTTCTC-3'. F: Forward primer; R: Reverse prime.

2.7. Mechanism of the anti-osteosarcoma effect of local simvastatin
delivery

2.7.1. Next-generation proteome sequencing

As reported previously [39], the tumors of mice in the control and
Sim 5 groups were collected immediately after sacrifice, frozen in liquid
nitrogen, ground, and lysed in sodium dodecyl sulfate (SDS) lysis Buffer
(Beyotime, Haimen, China) containing a protease inhibitor (Thermo
Fisher Scientific) under sonication. After centrifugation, the supernatant
was collected and the protein concentration was determined using the
Bradford assay. Proteins extracted from the tumor tissues were alkylated
and enzymatically digested. Peptides were labeled with iTRAQ reagents
(AB SCIEX, Foster City, CA, USA) and separated using an offline high pH
(7.5, or 10) reversed-phase column (Agilent, Santa Clara, CA, USA). All
mass spectrometry data were analyzed using the MaxQuant software
(version 1.6.17.0).

2.7.2. Immunohistochemistry

Briefly, tumor tissue specimens were cut into 10-ym sections after
dewaxing and hydration. The soaked sections were blocked with 0.3 %
hydrogen peroxide at 25 + 2 °C for 10 min, then incubated with normal
goat serum for 10 min and incubated overnight at 4 °C with the
following primary antibodies: anti-Ki67 antibody (Abcam, Cambridge,
UK, dilution: 1:200), anti-transferrin (Abcam, Cambridge, UK, dilution:
1:200) and anti-NOX2 (Abcam, UK, dilution: 1:200). The next day, the
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sections were washed with PBS and incubated with biotinylated sec-
ondary antibodies at 37 °C for 45 min. The sections were washed again
with PBS and incubated with horseradish peroxidase-labeled streptavi-
din at 37 °C. The samples were developed using diaminobenzidine
(DAB) and stained with hematoxylin. After washing, dehydration,
lucidification, and mounting, all sections were photographed using a
NanoZoomer digital slide scanner (Hamamatsu Photonics). The inte-
grated optical density (IOD) was measured to accurately reflect total
protein expression. Positive immunohistochemistry (IHC) areas were
analyzed using Image-Pro Plus 6.0 [17].

2.7.3. Cell lines and culture

The 143B osteosarcoma cells and 1L.929 cells were cultured in DMEM
(HyClone, Logan, UT, USA) supplemented with 10 % fetal bovine serum
(Gibco, Grand Island, NY, USA) and 1 % penicillin/streptomycin solu-
tion (Gibco, USA) at 37 °C in a 5 % CO; atmosphere.

2.7.4. Silencing RNA (siRNA)-mediated gene knockdown [40]

All siRNAs were purchased from Beijing Yibaike Co. Ltd., Beijing,
China. To knock down TF and NOX2, the siRNA sequences were chosen
as follows:

si-hTransferrin-1:5-GUGUCUGGCUGUCCCUGAUAATT-3,

si-hTransferrin-2:5-CUUGAUCUGGGAGCUUCUCAATT-3,

si-hNOX2-1:5-GCUGUGCCUCAUAUUAAUUTT-3,

si-hNOX2-2:5"- CCAUGGAGCUGAACGAAUUTT-3'.

The negative control was 5-UUCUCCGAACGUGUCACGUATAT3'.

Briefly, 143B cells were seeded in six-well plates at a density of 2 x
10° cells per well and transfected with siRNA using Lipofectamine-3000
reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. The cells were then incubated for two days, and the knock-
down efficacy was validated using Western blot.

2.7.5. Western blot assay

Western blot analysis was performed as previously described [40].
The primary antibodies including anti-p-actin (Abcam, UK), anti-TF
(Abcam, UK), and anti-NOX2 (Abcam, UK) were purchased commer-
cially. Protein bands were photographed using an ImageQuant LAS500
imager (GE, Marlborough, MA, USA).

2.7.6. Transmission electron microscopy

Osteosarcoma 143B cells were collected and fixed with 2.5 %
glutaraldehyde fixed solution (ASPEN Biotechnology, Wuhan, China)
for 4 h at 4 °C. After rinsing with PBS, the samples were fixed with 1 %
osmium for 2 h at 25 + 2 °C and dehydrated using a gradient of ethanol.
Next, the samples were infiltrated with acetone and embedded in SPI-
PON 812 (SPI Supplies, West Chester, PA, USA). Finally, the samples
were sectioned into 60 nm-thick slices and photographed using a
transmission electron microscope (Tecnai G2 F20 S-TWIN, FEI, Eind-
hoven, the Netherlands).

2.7.7. Measurement of ferrous irons in mitochondria

Briefly, 143B cells were seeded in confocal dishes and subjected to
different treatments at 37 °C in a 5 % CO incubator. A total of 200 pL
working solution containing 5 pmol/L Mito-FerroGreen and 200 nmol/L
MitoBright Deep Red (Dojindo Molecular Technologies, Tokyo, Japan)
were added to the cells which were then incubated for a further 30 min.
The supernatant was discarded, and the cells were washed with Hanks’
Balanced Salt Solution. Then, 100 mol/L ammonium iron (II) sulfate was
added to the cells, which were then incubated under the same conditions
for 1 h. The cells were photographed using a confocal laser scanning
microscope (TCS SP8, Leica, Germany).

2.7.8. Measurement of glutathione (GSH) and malondialdehyde (MDA)
Intracellular GSH was measured using a GSH kit (Nanjing Jiancheng

Bioengineering Institute, Nanjing, China) according to the manufac-

turer’s protocol. The GSH content was calculated according to the
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absorbance at 405 nm and standardized using the protein concentration.
Intracellular MDA was measured using an MDA kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the manufac-
turer’s protocol. The MDA content was calculated according to the
absorbance at 530 nm and standardized using the protein concentration.

2.8. Statistical analysis

Data are presented as mean + standard deviation (SD). Statistical
analyses were performed using SPSS software (version 12.0). A one-way
analysis of variance (ANOVA) test followed by Tukey’s post-hoc test was
applied to data from experiments involving more than two groups, and a
two-way t-test was used to analyze data from experiments with two
groups at each time point. Statistical significance was set at p < 0.05.

3. Results

3.1. Sim-3DTi is a simvastatin/hydrogel-loaded Ti6Al4V scaffold that
releases simvastatin for over 18 days

The physical parameters of 3DTi in this study were consistent with
our previous results [17], proving that 3DTi’s mechanical property is
qualified as a bone substitute (Table S1). As shown in Fig. 1A, Sim-3DTi
was constructed by injecting simvastatin-loaded hydrogel into 3DTi. To
prevent hydrogel melting and collapse in the SEM vacuum, the Sim-3DTi
samples were freeze-dried before being photographed using Cryo-SEM
[41]. In the Cryo-SEM images, Sim-3DTi is a solid cylinder, composed
of 3DTi with a macroporous diamond lattice structure, hydrogel with
microporous structure and simvastatin particles with a rod-like
appearance about 5-10 pm in length (Fig. 1B). The macropores of
3DTi can accommodate hydrogel, and the micropores of the hydrogel
can accommodate simvastatin particles, thus making Sim-3DTi a stable
complex (Fig. 1C). The EDS analysis revealed elemental enrichment of
carbon and oxygen on the Sim-3DTi surface (Fig. 1D and E), distinct
from those of titanium, aluminum, and vanadium, further verifying the
element composition of 3DTi (Ti6Al4V) and hydrogel (PLGA--
PEG-PLGA) and their close combination in Sim-3DTi. These results are
consistent with those for a previously reported
cisplatin/hydrogel-loaded 3DTi [17].

The rheological characteristic of PLGA-PEG-PLGA hydrogel was
detected in this study. As shown in Fig. 2A, the hydrogel morphology
was liquid at temperature of 4 °C, while gel at temperature of 37 °C
(Fig. 2B). To quantitatively evaluate the gel formation with temperature
variation, dynamic viscoelasticity measurements was performed using
rheometer (Fig. 2C). With the increase of temperature, the hydrogel
transformed from sol (G’ < G") to gel (G’ > G"), and the transition
temperature point was 19.053 °C.

A previous study [17] has shown that the release of encapsulated
drugs in PLGA-PEG-PLGA is dependent on hydrogel degradation, so it is
important to evaluate the hydrogel degradation rate in Sim-3DTi. In this
research, the hydrogel degradation rate in Sim-3DTi was measured using
direct observation (Fig. 2D), fluorescence intensity measurement
(Fig. 2E) and mass weighing (Fig. 2F). Calcein was used to improve the
hydrogel visibility. Fig. 2D shows that in a solution mimicking the
extracellular acidic microenvironment of tumor cells, the Sim-3DTi
hydrogel remained in the 3DTi pores for over 18 days, regardless of
simvastatin concentration. With the degradation of hydrogel, the fluo-
rescence intensity of Sim-3DTi and the mass remaining of hydrogel also
decreased gradually. Overall, the simvastatin concentration (1-20
mg/mL) in the hydrogel did not significantly affect hydrogel degrada-
tion. And then, the releasing profiles of simvastatin were determined. As
shown in Fig. 2H, simvastatin-2.5 mg and 5 mg continually released
from 3DTis within 18 days, which was generally consistent with
degradation profiles of hydrogels. This result confirmed that simvastatin
was continuously released from the hydrogel pores as the hydrogel
degraded rather than directly dissolving out. Therefore, the proposed
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Fig. 2. Profiling of Sim-3DTi hydrogel degradation in simulated postsurgical acidic conditions and extracellular microenvironment of tumor cells.

(A) Image of the hydrogels as liquid at 4 °C. (B) Image of the hydrogels as gel at 37 °C. (C) The elastic modulus and viscous modulus of the hydrogel. G" elastic
modulus. G”: viscous modulus. (D-E) Representative hydrogel degradation process in Sim-3DTi loaded with 1 mg/mL or 20 mg/mL simvastatin photographed using
stereo microscope. Calcein was added to improve hydrogel visibility. Under 490-nm excitation light, the hydrogel mixed with calcein appears green. The Sim-3DTi
hydrogel gradually decreased over 18 days. (F) Change of fluorescence intensity during hydrogel degradation. The fluorescence intensities of images were calculated
using Image-Pro Plus 6.0 software. (G) Mass remaining of hydrogel in Sim-3DTi, calculated as the mass of Sim-3DTi at each time point minus that of 3DTi. (H) In vitro
release profile of simvastatin from the hydrogel. Data are represented as the mean + standard deviation (SD) (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 compared
\fith control group.

novel Sim-3DTis in this study was an ideal local delivery system for 3.2. There is a rational simvastatin concentration for Sim-3DTi to achieve
sustained-release of simvastatin, providing a reference for future in vitro optimal bio-safety and anti-osteosarcoma in vitro
and in vivo experiments.

By co-culturing 1929 and 143B cells with Sim-3DTi at different
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Fig. 3. Simvastatin concentration screening for optimal bio-safety and anti-osteosarcoma effect of Sim-3DTi in vitro.

(A) Schematic diagram of biosafety and anti-osteosarcoma effect of Sim-3DTi with optimal simvastatin concentration. Sim-3DTi loaded with 2.5-5 mg/mL simva-
statin can reduce osteosarcoma cell viability while not decreasing 1.929 cell viability at days 1-5. (B-G) Cell viability of L929 and 143B cells at days 1, 3, and 5 after
co-culture with Sim-3DTi. Cell viability was quantified using CCK-8 assays at optical density (OD)4s5¢ (Con: control; Sim: simvastatin).
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concentrations, we found that there is an optimal dose range (2.5-5 mg/
mL) for simvastatin loading, which can reduce the osteosarcoma cell
viability while not decreasing the viability of L929 cells (Fig. 3A). In
detail, L929 cell viability did not decrease significantly after co-culture
with Sim-3DTi containing simvastatin less than or equal to 5 mg/mL for
one (Fig. 3B), three (Fig. 3C) or five days (Fig. 3D). Sim-3DTi could
significantly reduce L929 cell viability at simvastatin loading doses >10
mg/mL. Therefore, the safe simvastatin loading dose of Sim-3DTi should
be < 5 mg/mlL. Using the same method, it can be concluded that only
when the loading dose of simvastatin is > 2.5 mg/mL, Sim-3DTi can
significantly reduce osteosarcoma cell viability after one, three, and five
days. These results indicate that in order to ensure the bio-safety and
anti-osteosarcoma effect of Sim-3DTi, its simvastatin loading should be
2.5-5 mg/mL.
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3.3. Sim-3DTi suppressed osteosarcoma growth but did not affect major
organs in vivo

To illustrate its optimal anti-osteosarcoma effect and biosafety in
vivo, Sim-3DTi loaded with 2.5 mg/mL or 5 mg/mL simvastatin was
implanted peritumorally into an osteosarcoma-bearing nude mouse
model. As shown in Fig. 4A, with increased simvastatin loading in Sim-
3DTi, tumor volume decreased significantly. There was an approxi-
mately 59 % decrease (p < 0.05) of tumor volume in the Sim 2.5 group
(498 + 106 mm®) versus the control group (1212 + 333 mm?), and the
Sim 5 group (274 + 125 mm®) showed an approximately 77 % volume
decrease compared with the control group (p < 0.05) (Fig. 4B). These
results were reflected by similar reductions in tumor weight (Fig. 4C),
indicating that simvastatin loading can effectively inhibit osteosarcoma
growth. However, there was no difference in the body weights of the
nude mice (Fig. 4D and E) among the groups.

In order to evaluate the destruction of tumor tissues of simvastatin in
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Fig. 4. Anti-osteosarcoma effect and bio-safety of rational-dose simvastatin loading in vivo.

Tumor volume (A and B), tumor weight (C), and body weight (D and E) were measured in the control, Sim 2.5, and Sim 5 groups. (F) H&E staining of tumors of nude
mice. (E) IHC for Ki67 of tumors of nude mice. Data are represented as the mean + SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group.
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vivo, tumor tissues in each group were sectioned and stained with H&E.
As shown in Fig. 4F, several necrosis areas were observed in tumor tis-
sues in Sim 2.5 and Sim 5 group, while absent in control group. More-
over, the percentage of necrotic area in Sim 5 group was significantly
higher than that in Sim 2.5 group, which inferred more efficient tumor-
killing effect of Sim 5. In addition, Ki-67 was one of the representative
marker of proliferative potential of osteosarcomas [42]. Moreover, the
expression of Ki-67, a representative marker of proliferative potential of
osteosarcomas in tumor tissues were assessed (Fig. 4G). The results
indicated that the expression level of Ki67 was significantly reduced in
Sim 2.5 and Sim 5 group in contrast with control group. Similarly, Sim 5
group exhibited more remarkable suppression effect.

In addition, we revealed that simvastatin did not affect the organi-
zation of the major organs, including liver, kidney, heart, lung, and
spleen in nude mice by H&E staining. No cell degeneration or necrosis
was observed in any group (Fig. S1). These results demonstrated that
Sim-3DTi can exert an anti-osteosarcoma effect while maintaining
biosafety.

3.4. Sim-3DTi improved the osteogenic effect of 3DTi in vivo

We previously found that simvastatin promoted osteoblast differen-
tiation with upregulated OCN and OPN expression and increased ALP
activity in vitro [43]. In this study, a widely accepted animal model of
bone defects was used to evaluate the osteogenic effects of Sim-3DTi in
vivo (Fig. 5A). Femur specimens of rabbits implanted with 3DTi (control
group) and Sim-3DTi (Sim 2.5 and Sim 5 groups) were harvested four
weeks after surgery and then subjected to micro-CT analysis, unde-
calcified bone histology, and BMP-2 expression evaluation.

Micro-CT reconstruction (Fig. 5A, top row) and sectioning (Fig. 5A,
bottom row) revealed osteogenesis was exhibited directly in and around
the implants. As shown in Fig. 5A, the yellow part in the top row and the
gray section in the bottom row represent new bone. Osteogenesis in and
around the implant increased significantly with simvastatin loading.
Two indicators (BV/TV, positively associated with osteogenesis, and Tb.
Sp, negatively associated with osteogenesis) were calculated using
micro-CT imaging to quantitatively analyze osteogenesis. The value of
BV/TV decreased from the Sim 5 group to the Sim 2.5 group and then to
the control group, while the trend of Tb. Sp was the opposite (Fig. 5B and
C), which indicated that simvastatin loading promoted osteogenesis in
vivo.

Undecalcified sections subjected to Masson Goldner’s trichrome
staining were used to evaluate bone in-growth and osseointegration of
Sim-3DTi in vivo, where mineralized bone tissues were stained green
(Fig. 5D). Bone in-growth and osseointegration were quantified based on
undecalcified sections. As the loading amount of simvastatin increased
from the control group to the Sim 2.5 and Sim 5 groups, the amount of
mineralized bone in the pores connected to the struts of the 3DTi grew
significantly (Fig. 5D). Meanwhile, the degree of bone in-growth
(Fig. 5E) and osseointegration (Fig. 5F) in the region of interest (ROI)
were also gradually enhanced, proving the osteogenic effect of the
topical delivery of simvastatin to bone defects by 3DTi. These results are
consistent with the micro-CT imaging results.

Further, we analyzed the expression of BMP-2 around Sim-3DTi. We
found that simvastatin significantly upregulated BMP-2 expression in a
dose-dependent manner (Fig. 5G), indicating that locally delivered
simvastatin may increase osteogenesis, bone-ingrowth, and osseointe-
gration of 3DTi through enhancing BMP-2 expression.

3.5. Sim-3DTi caused the death of osteosarcoma cells with guaranteed
biosafety in vitro

Since concentration screening (Fig. 3) and animal experiments
(Figs. 4 and 5) had confirmed that loading 5 mg/mL simvastatin into
3DTi had the strongest osteogenic and anti-osteosarcoma effect while
ensuring biosafety, we took Sim 5 as an example to explore the anti-
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osteosarcoma mechanism of Sim-3DTi in the following study. As
shown in Fig. 6A, there was no difference between the viability of L929
cells co-cultured with 3DTi and Sim 5, proving the biosafety of 5 mg/mL
simvastatin loading. However, 5 mg/mL simvastatin loading signifi-
cantly decreased the 143B cell proliferation (Fig. 6B) and migration
(Fig. 6C and D), implying that Sim-3DTi had a significant anti-
osteosarcoma effect. Calcein-AM/PI double staining also revealed that
Sim-3DTi induced osteosarcoma cell death, with more red staining of
dead cells and less green staining of live cells observed in 143B cells co-
cultured with Sim 5 than in those co-cultured with 3DTi (Fig. 6E). Ac-
cording to the fluorescence intensity analysis, the cell survival rate
decreased by 35 % after 5 mg/mL simvastatin loading (p < 0.05,
Fig. 6F). These results demonstrate that Sim-3DTi exerts anti-
osteosarcoma effect by promoting osteosarcoma cell death, but does
not cause significant death of normal cells (L929 cells). However, how
Sim-3DTi causes osteosarcoma cell death remains to be elucidated.

3.6. Sim-3DTi caused osteosarcoma cell death via ferroptosis by
upregulating intracellular TF and NOX2 levels both in vivo and in vitro

To clarify how Sim-3DTi causes osteosarcoma cell death, a total of
3015 differently expressed proteins (DEPs), of which 229 proteins were
upregulated and 366 proteins were downregulated in the simvastatin
group compared to those in the control group, were identified by iTRAQ-
based next-generation proteome sequencing (Fig. 7A). Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment analysis revealed that
DEPs were enriched in ferroptosis-related signaling pathways (Fig. 7B).
Gene Ontology (GO) functional analysis also demonstrated that simva-
statin loading may cause ferroptosis, because ferroptosis-related bio-
logical processes (TF transport) and molecular functions (aldehyde
dehydrogenase [NAD(P)+] activity) were among the top 30 upregulated
GO terms (Fig. 7C). Further analysis of proteome sequencing revealed
that TF and NOX2 were the top two ferroptosis-related DEPs that were
significantly upregulated in the simvastatin group compared to those in
the control group (Fig. 7D). These results suggest that locally delivered
simvastatin induces ferroptosis in osteosarcoma cells by upregulating TF
and NOX2 expression, thereby causing osteosarcoma cell death and
exerting anti-osteosarcoma activity.

The expression levels of TF and NOX2 were measured in vitro and in
vivo to validate the results of the next-generation proteome sequencing.
After co-culturing with 3DTi (control group) and Sim 5 (simvastatin
group), 143B cells in the simvastatin group expressed higher levels of TF
and NOX2 than those in the control group (Fig. 7E). Western blot
(Fig. 7F) and IHC (Fig. 7G-I) analyses of tumor tissues also showed that
the expression of TF and NOX2 in the simvastatin group was signifi-
cantly higher than that in the control group. Therefore, protein detection
confirmed the proteomic sequencing results, demonstrating that sim-
vastatin can upregulate TF and NOX2 expression in osteosarcoma.

To further confirm the ferroptosis-promoting effect of simvastatin in
osteosarcoma cells and the role of TF and NOX2 in this process, a rescue
assay was performed. The knockdown efficiency of siRNA was measured
using Western blot. As shown in Fig. 8A-B, TF and NOX2 expression was
significantly inhibited by specific siRNAs, proving the effectiveness of
the siRNA. Notably, the TF knockdown did not affect NOX2 expression
in cells without simvastatin treatment, while TF knockdown reversed
NOX2 expression in cells treated with simvastatin (Fig. 8C and D),
suggesting that the TF/NOX2 axis was established in the presence of
simvastatin. In addition, knockdown of TF or NOX2 reversed
simvastatin-induced ferroptosis, including a decrease in cell viability
(Fig. 8E and F), decreased migration ability (Fig. 8G and H), mito-
chondrial shrinkage (Fig. 9A), mitochondrial ferrous ion overload
(Fig. 9B and C), decrease of intracellular GSH (Fig. 9D), and increase of
intracellular MDA (Fig. 9E) in 143B cells. These results demonstrate that
TF and NOX2 play key roles in simvastatin-induced ferroptosis in
osteosarcoma.
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Fig. 5. Osteogenic effect of Sim-3DTi in vivo.

Four weeks after 3DTi, Sim 2.5, and Sim 5 implant into the bone defect of rabbit femoral condyle, the peripheral 500-ym region around and the intra-porous space
within the implant was selected as the region of interest (ROI). (A) Bone and implant in the ROI were reconstructed (top line) and sectioned (bottom line) using
micro-CT imaging. The bone and implant were colored yellow and silver, respectively, in the top line, while colored gray and white, respectively, in the bottom line.
Osteogenesis in the ROI was quantified by two indicators: bone volume/tissue volume (BV/TV) (B) and trabecular separation (Tb.Sp) (C). (D) Undecalcified his-
tological sections were prepared for all samples, where mineralized bone tissues are stained in green, and the implants appear in black. The quantitative results of
bone in-growth (E) and osseointegration (F) were obtained using Image-Pro Plus 6.0 software based on the middle longitudinal sections. (G) The expression of BMP-2
in the new bone around Sim-3DTi was detected by rRT-PCT. Data are represented as the mean + SD (n = 10). *p < 0.05, **p < 0.01, ***p < 0.001 compared with
Sontrol group. Scale bars = 1 mm.
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Fig. 6. Effect of Sim-3DTi on proliferation, migration, and survival of osteosarcoma cells in vitro.

1929 and 143B cells were co-cultured with 3DTi (control group) or Sim-3DTi with 5 mg/mL simvastatin loading (Sim 5 group) for five days. (A-B) Cell proliferation
of L929 and 143B cells quantified using CCK-8 assays at optical density (OD)4s50. (C-D) Migration of 143B cells detected using transwell assays and quantified using
cell number counts. (E) Survival of 143B cells shown in representative fluorescence images of calcein-AM/PI staining. The live cells were stained green, and the dead
cells were stained red. (F) Quantification of cell survival rate through fluorescence intensities analysis. Data are represented as the mean + SD (n = 6). *p < 0.05, **p
< 0.01, ***p < 0.001 compared with control group.
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Fig. 7. Simvastatin loading caused the over-expression of ferroptosis-related protein TF and NOX2.

(A-D) Proteome sequencing and bioinformatic analysis of osteosarcoma tissues (simvastatin group vs control group, n = 4). (A) Volcano plot showing the differ-
entially expressed proteins (DEPs). A total of 229 up-regulated proteins (red) and 366 down-regulated proteins (blue) were screened according to the fold change of
1.2 and p < 0.05. (B) Representative bubble plot showing the DEP-enriched pathways. The top 20 pathways are listed according to the Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment score. Bubble sizes are positively correlated with the number of genes enriched. The bubble colors depend on the p-value. (C) The
top 30 Gene Ontology (GO) terms, including 10 biological processes, 10 cellular components, and 10 molecular functions detected by GO enrichment analysis, in
which TF transport and NAD(P) + activity are represented by red and blue squares, respectively. (D) The heat map shows the predicted expression of ferroptosis-
related proteins in the DEPs, among which TF and NOX2 are the two proteins with the biggest difference between the simvastatin group and the control group. (E-I)
Protein expression of TF and NOX2 after simvastatin treatment in vitro and in vivo. Protein levels of TF and NOX2 in osteosarcoma cells (E) and tissues (F) were
measured using Western blot. The relative integrated gray density is shown under each blot. (G-I) Representative images of immunohistochemistry (IHC) of tumor
tissue sections (G) and their quantifications (H-I, n = 10). IOD, integrated optical density. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group. Scale
bars = 10 pm.
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Fig. 8. Knockdown of TF and NOX2 reversed simvastatin-induced cell viability decrease and migration ability reduction of osteosarcoma cells in vitro.

(A) Western blot depicting knockdown efficiency of TF siRNA. (B) Western blot depicting knockdown efficiency of NOX2 siRNA. (C) Western blot depicting the effects
of simvastatin treatment on TF and NOX2 expression in 143B cells after TF silencing. (D) Western blot depicting the effects of simvastatin treatment on TF and NOX2
expression in 143B cells after NOX2 silencing. The relative integrated gray density of each blot is shown below it. (E) CCK-8 assay results depicting 143B cell
proliferation ability after TF silencing. (F) CCK-8 assay results depicting 143B cell proliferation ability after NOX2 silencing. (G-H) Transwell assay results depicting
143B cell migration ability after TF or NOX2 silencing. (Con: control; Sim: simvastatin). (E-F) *p < 0.05, **p < 0.01, ***p < 0.001. (G) Scale bars = 200 pm. (H) *p <
0.05, **p < 0.01, ***p < 0.001 compared with control group. *p < 0.05, *#p < 0.01, *##p < 0.001 compared with simvastatin group.

4. Discussion

Since 3DTi was first applied in spinal reconstruction for patients with
bone tumors in 2014 [14], many studies have proven its superiority in
the repair of bone defects at the joints [44,34], spine [8,45], long bones
[8,46,47], and pelvis [8,48]. Compared with traditional bone sub-
stitutes, the elastic model of 3DTi bears a closer resemblance to cortical
bone, with a larger contact area with the host bone, a more flexible
shape design, and no need for bone grafting or second-phase removal.
Therefore, the stress shielding and the pressure on the host bone are
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lesser (the spinal end plate collapse rate is lower), and it is more suitable
for the repair of large-span, long-segment, and asymmetric bone defects
[8]. However, owing to the increased life expectancy of patients who
suffer from bone tumors and are treated with 3DTi, many problems
remain to be addressed, such as the increased risk of fatigue breaks and
local tumor recurrence [4,5]. Therefore, it is imperative to functionalize
3DTi with osteogenic and anti-tumor properties [49].

Drug loading using the intrinsic porous structure of 3DTi is the most
important functionalization method. Compared to coating technology,
drug loading can obtain a higher local drug concentration because it
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Fig. 9. Knockdown of TF and NOX2 reversed simvastatin-induced mitochondrial shrinkage, mitochondrial ferrous ion overload, intracellular GSH decrease, and

intracellular MDA increase of osteosarcoma cells in vitro

(A) Photographs of mitochondria acquired using transmission electron microscopy. Simvastatin-caused mitochondrial shrinkage was reversed by TF and NOX2
knockdown using specific siRNA. Scale bars = 500 nm. (B) Detection of ferrous irons in mitochondria using a confocal laser scanning microscope. Mitochondria were
dyed red while iron ions in the mitochondria were dyed green. Mitochondrial ferrous ions overload was reversed by TF and NOX2 knockdown using specific siRNA.
Scale bars = 10 um. (C) The relative content of ferrous ions in mitochondria was calculated based on the intensity of fluorescence using Image-Pro Plus 6.0 software
(n = 3). (D-E) Intracellular glutathione (GSH) and malondialdehyde (MDA) (n = 3). The addition of simvastatin reduced GSH and increased MDA significantly,

which was reversed by TF and NOX2 knockdown using corresponding siRNAs. *p < 0.05, **p < 0.01, ***p < 0.001 compared with simvastatin group.

makes better use of the internal space of 3DTi rather than only its sur-
face. Thus, it is more suitable for tumor treatments, which often require
higher drug concentrations [49]. Although growth factors (such as re-
combinant human BMP-2 (rhBMP-2) [15] and stromal cell-derived
factor 1 (SDF-1) a [50]) and simvastatin [18] have been used to pro-
mote osteogenesis around 3DTi in animal models, no studies have
demonstrated both anti-tumor and osteogenic effects through drug
loading. To the best of our knowledge, this is the first preclinical study to
achieve both anti-tumor and osteogenic functionalization of 3DTi using
single-drug loading.

The osteogenic and anti-tumor effects of simvastatin have been
described separately in previous studies; however, the administration
methods and measurements vary considerably, and the results are not
consistent. One clinical trial showed that oral simvastatin has an anti-
tumor effect, but its effect was not obvious and can only be observed
in large sample size [51]. Animal studies have demonstrated that sim-
vastatin administered alone either orally or intravenously does not
significantly inhibit osteosarcoma tumor growth [52,53]. Therefore,
oral simvastatin is not a feasible anti-tumor agent. A previous study
reported the normalization of tumor vessels and reduction of tumor
burden in a nude mouse model using an intraosseous injection of sim-
vastatin [54]. It has also been reported that loading simvastatin into
3DTi results in osteogenic activity in a tibial defect rabbit model [18].
However, it is unclear whether Sim-3DTi can suppress tumors and
promote osteogenesis.

Prior to animal experiments, Sim-3DTi’s drug loading capacity, drug
release rate and reasonable drug loading concentration were carefully
studied. Consistent a previous study [17], we found that regardless of
the simvastatin loading concentration, the release time was approxi-
mately 18 days (Fig. 2), and 5 mg/mL was the optimal in vitro concen-
tration for anti-osteosarcoma effects while ensuring biosafety (Fig. 3).
However, in vitro experiments can only preliminarily screen the
reasonable drug loading concentration of Sim-3DTi, and the
anti-osteosarcoma and bone promoting effects of Sim-3DTi needed to be
further verified using animal experiments.

To simultaneously verify the osteogenic and anti-tumor effects of
Sim-3DTi, an animal model of bone tumors with critical bone defects is
ideal. However, in animals that are commonly used to model critical
bone defects, such as rats, rabbits, and sheep, human cancer cells cannot
survive because interspecies differences mean animal models often ul-
timately reject human cancer cells. For tumor-bearing animals such as
nude mice, the bone is too small to accommodate 3DTi and the bone
mass is lower than that in normal mice [55]. Therefore, in this study,
two animal models (a nude mouse tumor-bearing model and a rabbit
bone defect model) were used to evaluate the anti-osteosarcoma (Fig. 4)
and osteogenic (Fig. 5) effects of Sim-3DTi separately. The evaluation
results showed that both 2.5 mg/mL and 5 mg/mL simvastatin played a
significant role in reducing the osteosarcoma burden and promoting
osteogenesis without obvious side effects. Thus, Sim-3DTi with
rational-dose simvastatin loading is a bone substitute with a trans-
formation potential that can be used to treat osteosarcoma-associated
bone defects.

Because simvastatin is a multitarget drug, its anti-tumor mechanisms
are complex. Different modes of administration and drug concentrations
may produce different anti-tumor mechanisms [56]. In this study, we
found a new anti-tumor mechanism of simvastatin, which is closely
related to ferroptosis and the ferroptosis-related proteins TF and NOX2
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(Figs. 6-9). Transferrin is an iron-carrier protein essential for ferroptosis
[57], and NOX2 transports electrons across the plasma membrane to
produce superoxide and downstream ROS, which promote lipid perox-
idation during ferroptosis [58-62]. We showed that simvastatin upre-
gulated TF and NOX2 expression in osteosarcoma cells, whereas
silencing TF or NOX2 using siRNAs reversed simvastatin-induced fer-
roptosis, indicating that simvastatin led to ferroptosis in osteosarcoma
cells by upregulating TF and NOX2. To the best of our knowledge, the
present study is the first to demonstrate that simvastatin has anti-tumor
effects by causing ferroptosis in tumors beyond breast and endometrial
cancers [63-65]. This is also the first study to demonstrate that simva-
statin activates both TF and NOX2 to induce ferroptosis.

Multitarget drugs often have multiple functions that are accompa-
nied by side effects. Prevention of the side effects of drug therapy is a
current research hotspot. Most studies attempt to render a drug more
target specific by changing the structure or adding a drug carrier;
however, these methods are complex, and it is difficult to achieve clin-
ical transformation. In a previous study, it was found that loading
chemotherapeutic drugs into the 3DTi pores to achieve local drug
application could have a better anti-tumor effect and fewer side effects
than traditional intravenous administration [15], suggesting that local
insertion of implants is a more efficient method of drug administration.
However, chemotherapeutic agents may have an inhibitory effect on
3DTi peripheral osteogenesis [17]. This study used the same method to
apply simvastatin to bone tumor treatment, where simvastatin also
played a role in promoting osteogenesis by increasing BMP-2 expression,
as previously reported [66-68]. Therefore, Sim-3DTi has a clear
anti-osteosarcoma and osteogenic mechanisms and can meet the needs
of tumor-related bone defects (Fig. 10). As loading simvastatin into 3DTi
is simple and practical, and all raw materials are safe for use in the
human body, Sim-3DTi has a good translational value.

5. Conclusions

In this study, we used the thermosensitive PLGA-PEG-PLGA hydrogel
to load simvastatin into 3DTi, thereby constructing a simvastatin/
hydrogel-loaded complex, namely Sim-3DTi. Simvastatin in Sim-3DTi
can be released for over 18 days with hydrogel degradation. By co-
culturing 1929 and 143B cells with Sim-3DTi at different concentra-
tions, we found that there was a rational simvastatin concentration
(2.5-5 mg/mL) for Sim-3DTi to achieve optimal bio-safety and anti-
osteosarcoma. In the bone defect model of rabbit condyles and the
osteosarcoma-bearing model of nude mice, Sim-3DTi with rational
simvastatin concentration loading could upregulate BMP-2 expression,
increase osteogenesis and suppress osteosarcoma while ensuring good
biosafety. By proteomic sequencing, bioinformatics analysis, and in vivo
and in vitro verification, we proved that locally delivered simvastatin
could induce ferroptosis of osteosarcoma cells by upregulating TF/NOX2
expression, thus playing an anti-osteosarcoma role. As Sim-3DTi is
simple to construct and presents good biosafety and clear osteogenic and
anti-osteosarcoma activities, it should be a promising bone substitute for
repairing osteosarcoma-related critical bone defects.
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