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ARTICLE INFO ABSTRACT
Keywords: Background: Osteosarcoma (OS) is a malignant tumor originating from primitive mesenchymal cells, character-
Bioactive glass ized by rapid metastasis, high invasiveness, and significant mortality. The primary challenges in OS management

3D-printed scaffold
2D nanosheet
Ferroptosis
Sequential treatment

include the effective elimination of residual tumor cells to prevent recurrence and the repair of extensive bone
defects caused by surgical intervention.

Objective: This study aims to develop an innovative biomimetic 3D-printed bioactive glass ceramic (BGC) scaffold
modified with two-dimensional nanosheets to address both tumor ablation and bone tissue repair.

Materials and methods: The nanosheets were constructed via ellagic acid (EA) and ruthenium (Ru) coordination,
leveraging the non-topological adhesion properties of catechol in EA to deposit the nanosheets onto the BGC
scaffold (EARu-BGC). The therapeutic effects of EARu-BGC were evaluated in vitro and in vivo.

Results: EARu-BGC sequentially responds to the local microenvironment during OS treatment. During the tumor
ablation phase, EARu-BGC induced ferroptosis through the synergistic effects of photothermal and chemo-
dynamic therapy, achieving over 90 % tumor cell ablation and significantly inhibiting tumor volume and weight.
In the bone tissue repair phase, EARu-BGC exhibited adaptive ROS scavenging and facilitated a pro-healing
microenvironment, promoting osteogenic differentiation. The gradual degradation of the BGC scaffold pro-
vided essential minerals and space for new bone formation. In vivo experiments demonstrated that EARu-BGC
significantly enhanced osteogenesis, increasing the trabecular number to 1.51 + 0.15/mm and reducing
trabecular separation to 1.50 + 0.04 mm.

Conclusion: The EARu-BGC scaffold presents a promising multifunctional platform for OS treatment by effectively
balancing antitumor efficacy with bone repair capabilities.

1. Introduction 4]. Currently, the standard clinical treatment for OS involves surgical
resection combined with chemotherapy [5,6]. However, the aggressive

Osteosarcoma (OS) is a highly aggressive malignant tumor origi- nature of OS combined with the complex anatomy of bone structures
nating from primitive transformed mesenchymal cells and is charac- typically precludes complete radical resection, leading to a considerable
terized by the production of neoplastic osteoids [1,2]. OS is known for its risk of local recurrence. Furthermore, extensive bone defects caused by
pronounced invasiveness, rapid metastasis, and high mortality rates [3, surgery frequently exceed the intrinsic capacity of bone tissue for repair
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and regeneration [7-9]. This scenario not only exposes patients to
prolonged pain and physical discomfort but also imposes severe psy-
chological stress in addition to the societal burden. Consequently,
multifunctional tissue-engineered biomaterials capable of eliminating
bone tumors and promoting bone tissue regeneration are urgently
needed.

Recent research has revealed that ferroptosis is a novel form of
regulated cell death that has emerged as a promising avenue for cancer
therapy [10]. Ferroptosis is driven by the iron-dependent accumulation
of reactive oxygen species (ROS) and lipid peroxides along with the
inactivation of key antioxidant systems such as glutathione peroxidase 4
(GPX4) [11,12]. Unlike apoptosis, which typically exhibits dysregula-
tion in cancer cells, ferroptosis appears inducible across a broad spec-
trum of cancer types, including those resistant to conventional therapies
[13,14]. Moreover, ferroptosis operates through unique signaling
pathways and cellular mechanisms, offering the prospect of overcoming
treatment resistance while selectively targeting malignant cells and
sparing normal tissues [15,16]. Given these characteristics, the induc-
tion of ferroptosis is a potentially effective therapeutic strategy for OS.

Previous studies have demonstrated that therapies such as chemo-
dynamic therapy (CDT), radiotherapy, photothermal therapy (PTT), and
photodynamic therapy (PDT) can enhance the therapeutic efficacy
against tumor [17]. Among these, CDT has gained considerable atten-
tion for its ability to induce ferroptosis by converting endogenous
hydrogen peroxide (H205) in the tumor microenvironment into highly
reactive hydroxyl radicals (-OH) through Fenton or Fenton-like re-
actions [18]. The ROS generated by CDT subsequently damages cell
membranes, cellular lipids, proteins, and DNA, leading to ferroptosis
[19]. CDT offers the advantages of being minimally invasive and highly
specific to tumor cells while minimizing off-target effects in normal
tissues owing to the relatively low levels of H,O5 in non-tumorous en-
vironments [20,21]. However, the therapeutic efficacy of CDT is typi-
cally limited by elevated levels of intracellular glutathione (GSH), which
neutralizes ROS and maintains redox homeostasis [22]. Consequently,
the combination of CDT with other therapies is necessary to overcome
the limitations of single-treatment approaches. PTT is a promising tumor
ablation strategy that employs photothermal agents to generate local-
ized hyperthermia under near-infrared (NIR) laser irradiation [23]. By
elevating the localized temperature, PTT accelerates Fenton-like re-
actions, enhancing -OH production, amplifying oxidative stress, and
then disrupting redox homeostasis [24]. Although PTT alone may lead
to cellular thermotolerance via heat shock proteins (HSPs) over-
expression, ROS-induced oxidative damage can inhibit the expression
and function of HSPs, thereby enhancing the efficacy of PTT [25]. Thus,
the combination of PTT and CDT can amplify each other’s effects, syn-
ergistically enhancing ferroptosis and achieving multiple effects on OS.

Following bone tumor ablation, effective bone tissue remodeling
remains a significant challenge, particularly in addressing the structural
and compositional complexity of the bone. Recent advancements in
three-dimensional (3D)-printed bioactive glass ceramic (BGC) scaffolds
present a promising solution because of their ability to mimic the
intricate architecture and chemical profile of the bone tissue [26,27].
Studies have shown that the interconnected macroporous structure of
3D-printed BGC scaffolds, along with key constituent elements such as
calcium (Ca), silicon (Si), and phosphorus (P), supports the attachment
and proliferation of bone marrow mesenchymal stem cells (BMSCs),
stimulates osteogenic differentiation, enhances angiogenesis in vitro
[28], and initiates bone regeneration in vivo [29-31]. In addition,
combined with advanced 3D printing technology, 3D-printed BGC
scaffolds can be shaped longitudinally to meet the customization re-
quirements for irregularly shaped bone defects [20,32,33]. Therefore,
the combination of 3D-printed BGC scaffolds with PTT and CDT not only
allows for precise tumor treatment but also facilitates the simultaneous
repair of bone defects at the tumor site. This integrated approach pro-
vides a novel, multifunctional treatment strategy for OS.

In this study, we developed a multifunctional 3D-printed BGC

541

Bioactive Materials 50 (2025) 540-555

scaffold with sequential capabilities for bone tumor ablation and bone
tissue remodeling. This scaffold enhanced tumor ablation by inducing
ferroptosis through the synergistic effects of PTT and CDT, while also
facilitating subsequent bone tissue repair through microenvironmental
adaptation and the osteogenic properties of the BGC scaffold (Fig. 1).
Specifically, two-dimensional (2D) metal-polyphenol network (MPN)
nanosheets, formed by coordinating ellagic acid (EA) with the transition
metal ruthenium (Ru), were deposited onto 3D-printed BGC scaffolds.
The scaffold enabled a tumor microenvironment-responsive mechanism,
where PTT and CDT synergistically amplified ROS production and GSH
depletion, effectively inducing ferroptosis to ablate the tumor. In addi-
tion, in a neutral microenvironment, the scaffold exhibited adaptive
ROS-scavenging capabilities and supported the osteogenic differentia-
tion of BMSCs, thereby aiding bone tissue regeneration. Additionally,
EA, a biodegradable component within the nanosheet coating, acceler-
ated new bone formation, whereas gradual degradation of the BGC
scaffold provided essential minerals and structural support for the re-
generated bone tissue. This multifunctional 3D-printed scaffold repre-
sents an innovative therapeutic approach for OS, offering both effective
tumor eradication and enhanced bone regeneration.

2. Materials and Methods
2.1. Synthesis of EARu

EA (Purchased from Aladdin, China) was weighed and dissolved in
distilled water to obtain a concentration of 24 mM, followed by vigorous
shaking for 30 s. Then, 24 mL of RuClze3H50 (24 mM, Purchased from
Aladdin, China) was added to 25 mL of the EA solution. After mixing,
sodium hydroxide (1 M, Purchased from Aladdin, China) was slowly
added to adjust the pH to 8.0. The mixture was vortexed vigorously at
room temperature to ensure thorough mixing. Finally, the products were
collected by centrifugation at 5000 revolutions per minute (rpm) for 15
min, washed thrice with ultrapure water, and placed in a freeze dryer
overnight to obtain pure EARu.

2.2. Synthesis of BGC scaffolds

The BGC scaffolds were fabricated using a Digital Light Processing
(DLP)-based additive manufacturing system under a UV light source at A
= 405 nm. The photosensitive ceramic resin composite material (slurry)
consisted of a mixture of apatite/wollastonite (A-W) bioactive glass
ceramic, purchased from Naton Medical Group (Beijing, China), and a
proprietary resin formula. The nominal and real chemical composition
of the A-W bioactive glass ceramic is shown in Table S1. Each sliced
layer in the DLP process was set to a thickness of 30 pm, with an
exposure time of 5 s. After completing the printing process, the scaffolds
were detached from the support plate and thoroughly rinsed with suf-
ficient distilled water to remove the residual liquid slurry. Subsequently,
the samples were then heated to 600 °C at a rate of 2 °C/min and
maintained at this temperature for 120 min. Following this, they were
further heated to 1100 °C at a heating rate of 1 °C/min and held at this
higher temperature for an additional 120 min. Subsequently, sintered
BGC scaffolds were obtained.

2.3. Synthesis of EARu-BGC scaffolds

During the synthesis process of EARu, BGC scaffolds were immersed
into the reaction solution for the deposition of nanosheets, followed by
drying at 60 °C for 30 min. This procedure was repeated 1, 5, and 10
times to obtain the final EARu-BGC scaffolds, which were designated 1
EARu-BGC, 5 EARu-BGC, and 10 EARu-BGC, respectively.
2.4. Characterization of EARu and EARu-BGC scaffolds

To confirm the size and morphology of EARu, transmission electron
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Fig. 1. Schematic illustrating the construction of the EARu-BGC scaffold and its sequential bone tumor ablation and bone tissue remodeling capabilities. First, EARu-
BGC promotes ferroptosis through the synergistic enhancement of PTT and CDT to ablate OS, and then, it releases bioactive ions to achieve osteogenesis after

OS ablation.

microscopy (TEM) images were obtained using a JEOL JEM 2100F
(JEOL Ltd., Tokyo, Japan). Scanning electron microscopy (SEM) images,
energy-dispersive X-ray spectroscopy (EDS), and elemental mapping
were obtained using a ZEISS Sigma 300 (Carl Zeiss AG, Oberkochen,
Germany). Atomic force microscopy (AFM) images were captured using
a Bruker Dimension Icon (Bruker Corporation, Billerica, MA, USA). To
verify the successful synthesis of EARu, Fourier transform infrared
(FTIR) spectra were collected using a Nicolet IS 50 spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). X-ray diffraction (XRD)
patterns were characterized using an X'Pert PRO MPD (PANalytical,
Almelo, Netherlands), and X-ray photoelectron spectroscopy (XPS)
analysis was conducted using a K-Alpha spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA).After micro-CT scanning, the porosity
and average pore size of BGC, 1EARu-BGC, 5EARu-BGC, and 10EARu-
BGC were analyzed using Materialise Mimics software (Materialise
NV, Leuven, Belgium).
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2.5. TGA analysis of EA, EA + Ru, EARu and BGC, 1EARu-BGC,
5EARu-BGC, 10EARu-BGC

Thermogravimetric analysis (TGA) was performed using a Netzsch
STA 449F3 thermal analyzer (Netzsch-Geratebau GmbH, Selb, Ger-
many) to assess the thermal stability and decomposition behavior of the
samples. Approximately 100 mg of each sample (EA, EA + Ru (Ru 50 %),
and EARu) was placed in an alumina crucible and heated from 30 °C to
1000 °C at a heating rate of 20 °C/min under a controlled atmosphere.
The weight loss of the samples was continuously recorded as a function
of temperature. The obtained TGA curves were analyzed to determine
the thermal degradation profile, decomposition stages, and residual
mass at elevated temperatures. The TGA analysis method for BGC, 1
EARu-BGC, 5 EARu-BGC, and 10 EARu-BGC was conducted following
the same procedure as described above.
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2.6. Ions release profile of EARu-BGC scaffolds

EARu-BGC scaffolds were immersed in buffer solutions at pH 5.5 and
pH 7.0 and incubated at 37 °C with continuous shaking at 100 rpm to
evaluate ion release. At predetermined time points, supernatants were
collected and analyzed for Ru concentrations using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) and for Ca and Si ion concentra-
tions using Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). Ru ion concentrations were determined using an Agilent
7850 ICP-MS (Agilent Technologies, Santa Clara, CA, USA), while Ca
and Si ion concentrations were measured using an Agilent 5110 ICP-OES
(Agilent Technologies, Santa Clara, CA, USA). The collected superna-
tants were filtered through a 0.22 pm membrane and diluted with
deionized water to ensure compliance with the calibration range.
Standard solutions were prepared for calibration, and internal standards
were used to enhance measurement accuracy. The results were analyzed
based on the calibration curve and reported in ppm.

2.7. In vitro photothermal performance of EARu-BGC scaffolds

The different scaffolds were individually subjected to 1064 nm laser
irradiation at a power density of 0.5 W/cm?, and the surface tempera-
ture of the scaffolds was monitored using an infrared thermal imager.
Five "off-on" laser cycles were performed to evaluate the photothermal
stabilities of the scaffolds. Subsequently, the photothermal performance
of EARu-BGC was assessed at various power densities (0.25, 0.5, 0.75,
and 1.0 W/cm?) to identify the optimal laser power density for tumor
ablation. Finally, the photothermal conversion efficiency of EARu was
calculated.

2.8. 10, and -OH generation

The peroxidase (POD)-like activity of EARu was assessed using a
3,3,5,5-tetramethylbenzidine (TMB) assay in a sodium acetate/acetic
acid (NaAC/HAC) buffer solution (pH 4.5). The reaction system con-
tained H,O5, and EARu was added at concentrations of 0, 100, 200, 500,
and 1000 pg/mL in the presence of 10 mM H305. Additionally, HoO, was
introduced into a 200 pg/mL EARu solution at concentrations of 0, 1, 2,
5, 10, and 20 mM. Subsequently, 100 pL of TMB (10 mmol/L) was
added, and the system was allowed to react for 10 min. Color changes in
the solution were recorded using a camera, and the absorbance spectra
of the reacted solutions were measured at 370 nm using a PerkinElmer
EnSpire multifunctional microplate luminescence detector (Perki-
nElmer, Waltham, MA, USA). For 102 detection, a NaAC/HAC buffer
solution (pH 4.5) containing 20 pg/mL of 1,3-diphenylisobenzofuran
(DPBF), 10 mM H,0,, and varying concentrations of EARu (0, 50,
100, 200, 500, and 1000 pg/mL) was prepared in a total volume of 2 mL.
The reaction was allowed to proceed for 0, 2, 5, 10, and 20 min, and the
absorbance spectra of the reacted solutions were measured at 410 nm to
assess the changes over time. TMB and DPBF was purchased from Sigma-
Aldrich (St. Louis, MO, USA), and NaAC/HAC buffer was obtained from
Macklin (Shanghai, China).

2.9. Evaluation of scavenging ability of -OH and RNS

The scavenging abilities of these compounds were also evaluated.
-OH and RNS, 50 pL of EARu solutions at various concentrations were
mixed with 13 pL of 5 mmol/L Hy05 solution (prepared from 30 %
H203), 13 pL FeSO4 (1 mM) and 13 pL of 0.1 mg/mL TMB solution
(prepared in DMSO) in 900 pL of phosphate-buffered saline (PBS) buffer
(pH 7.4). The final concentration of EARu was determined as previously
described. After incubation at room temperature (25 °C) for 15 min, the
absorbance at 370 nm was measured using a multifunctional microplate
luminescence detector.

For the DPPH assay, DPPH was dissolved in anhydrous ethanol, and
EARu solutions at the same concentrations (0, 100, 200, 500, and 1000
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pg/mL) were prepared in anhydrous ethanol. DPPH was added to a final
concentration of 0.1 mmol/L. The reaction mixture was incubated at
room temperature in the dark for 15 min, following which absorbance
was measured at 517 nm using a multifunctional microplate lumines-
cence detector. FeSO4 and DPPH was purchased from Sigma-Aldrich (St.
Louis, MO, USA).

2.10. Electron spin resonance (ESR) measurement

Following the protocol outlined in Method 4.6, 900 pL of NaAC/HAC
buffer solution was added to a reaction vessel, followed by the addition
of 100 pL of EARu to achieve a final concentration of 500 pg/mL. Sub-
sequently, 20 pL of HyO, was introduced, resulting in a final concen-
tration of 10 mM. The reaction was allowed to proceed for
approximately 15 min at ambient temperature under NIR irradiation.To
capture -OH, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, 0.1 M) was
employed, while 2,2,6,6-tetramethylpiperidine (TEMP, 50 mM) was
used to capture 10,. Electron spin resonance (ESR) spectra were recor-
ded using a Bruker EMXplus ESR spectrometer (Bruker, Karlsruhe,
Germany) to confirm the generation of reactive oxygen specie.

2.11. GSH depletion

GSH consumption was quantified using 5,5-dithiobis-(2-nitro-
benzoic acid) (DTNB, Sigma-Aldrich, USA). The experiment was orga-
nized into four groups: 1) GSH, 2) GSH + DTNB + H302, 3) GSH +
DTNB + EARu, and 4) GSH + DTNB + EARu + H50». A total of 2 mL of
the reaction mixture, which included GSH (10 mM), DTNB (100 pg/mL),
EARu (500 pg/mL), and H305 (10 mM), was prepared. After allowing
the reaction to proceed for 1 min, the absorbance spectra of the reacted
solutions were measured at 412 nm to assess the changes.

2.12. Invitro cell culture study

143B (ATCC, Manassas, USA) and rBMSC were incubated in Dul-
becco’s Modified Eagle’s medium (DMEM, Corning, USA) supplemented
with 10 % fetal bovine serum (FBS, Gibco, USA), 1 % penicillin-
streptomycin (HyClone, USA) in a humidified incubator (37 °C, 5 %
COy). To examine rBMSC osteo-differentiation, we supplemented the
growth medium with p-glycerophosphate (10 mM), L-ascorbic acid (50
g/mL), and dexamethasone (10 nM) (osteogenic medium, OM).

2.13. Invitro cytotoxicity and tumor cell ablation assays

rBMSCs (1 x 104 per well) were seeded in a 48-well plate and
incubated for 24 h. The culture medium was then replaced with fresh
medium containing varying concentrations of EARu (0, 50, 100, 200,
and 500 pg/mL). After an additional 24-h incubation, the cells were
gently washed twice with PBS, and 200 pL of CCK-8 medium diluent was
added to each well. Following a further 1-h incubation, optical density
was measured at 450 nm using a microplate reader.

For the tumor cell ablation experiment, 143B cells (1 x 10* per well)
were seeded in a 48-well plate and divided into seven groups: 1) Ctrl
group, 2) H,0, group, 3) NIR II group, 4) EARu group, 5) EARu + NIR II
group, 6) EARu + H,03 group, and 7) EARu + H205 + NIR II group. The
NIR II laser was operated at 1064 nm with an irradiation time of 5 min at
a power density of 1.0 W/cm?. The concentration of HyO, was 100 M.
After 24 h of incubation, cell viability was assessed using a previously
described method.

2.14. Live/dead cell staining and intracellular ROS detection

In accordance with Method 4.10: Tumor Cell Ablation Experiment, 4
h post-stimulation, the cells were washed twice with PBS and subse-
quently stained with calcein-AM/PI working solution for 30 min. After
staining, the cells were washed twice with PBS, and fluorescence images
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were acquired using confocal laser scanning microscopy (CLSM, Leica
Microsystems, Wetzlar, Germany). For flow cytometric analysis, the
procedure was the same, except that 143 B cells were seeded in a 24-well
plate. To determine endogenous ROS, after 4 h, the cells were washed
twice with PBS and stained with DCFH-DA (Beyotime, Shanghai, China)
working solution for 30 min. Finally, the cells were washed twice with
PBS and fluorescence images were obtained using CLSM.

2.15. Intracellular GSH level assessment

Adherent 143B cells (2.5 x 10* per well) were incubated with the
following treatments in the 24-well plate for 24 h: 1) Ctrl group, 2) H,O,
group, 3) NIR II group, 4) EARu group, 5) EARu + NIR II group, 6) EARu
+ Hy04 group, and 7) EARu + Hz0; + NIR II group. Subsequently, the
amount of GSH was evaluated using a GSH assay kit, according to the
manufacturer’s instructions.

2.16. Transcriptome sequencing

The 143B cells (5.0 x 10* per well) were incubated with 500 pg/mL
EARu and 200 pM H505 under NIR II laser irradiation for 5 min (1.0 W/
cm?). RNA samples were thermally denatured, and mRNA was enriched
using oligo(dT) beads. The mRNA was fragmented, followed by the
synthesis of first- and second-strand cDNA. cDNA ends were repaired,
adenine bases were added, and adapters were ligated. Subsequently,
PCR amplification was performed. The quality of the sequencing library
was checked, and the PCR products were denatured and circularized
using linear DNA digestion. Finally, rolling circle replication generated
DNA nanoballs (DNBs) for sequencing using combinatorial probe-
anchor synthesis (cPAS) technology on a high-density nanochip, and
the raw data obtained from sequencing were filtered using Fastp
(v0.23.4), which removed reads containing adapters and low-quality
reads. The clean data were aligned to the reference genome (http://a
sia.ensembl.org/Homo_sapiens/Info/Index) using the Tophat2 soft-
ware (v2.1.1). Subsequently, read quantification of gene expression was
performed using HTSeq (v2.0.5). Differential gene expression analysis
was conducted using DESeq2 (v1.4.5), with the criteria of P value < 0.05
and log2FoldChange > |1|. Kyoto Encyclopedia of Genes and Genomes
(KEGG), Gene Ontology (GO) enrichment analyses, and Gene Set
Enrichment Analysis (GSEA) were performed using ClusterProfiler
(v4.12.6) and annotated with org.hs.eg.db (v3.19.1). GSVA analysis was
conducted using R software GSVA (v 2.0.0), annotated with Reactome
gene sets from the MSigDB database (www.gsea-msigdb.org/gsea/msi
gdb).

2.17. Ferroptosis-related protein expression evaluated by Western blot

Adhered 143B cells (2.5 x 10* per well) were incubated in a 24-well
plate for 24 h. Following incubation, the cells were lysed using RIPA
lysis buffer, and the total protein content was determined using a BCA
Protein Assay Kit (Beyotime, Shanghai, China), followed by analysis
using 12 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE, Epizyme, Shanghai, China). Subsequently, the proteins
were incubated with primary antibodies of interest. After incubation
with the primary antibody, the proteins were washed to remove un-
bound antibodies. Subsequently, the cells were incubated with an
appropriate secondary antibody conjugated to the detection enzyme or
fluorophore. The resulting signals were visualized using enhanced
chemiluminescence.

2.18. In vivo tumor ablation therapy

All animal experiments were approved by the Animal Experiment
Ethics Committee of the Stomatological Hospital of Chongqing Medical
University. In this study, a heterotopic OS model was established using
four-week-old female nude mice weighing 20 g. Fluorescently labeled
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143 B cells (1 x 107 cells per site) were subcutaneously injected into the
right hind limb of each mouse. When the tumor volume reached
approximately 100 mm?, the mice were randomly divided into four
groups (n = 5): 1) control, 2) NIR II, 3) EARu, and 4) EARu + NIR II.
EARu (100 pL, 1 mg/mL) was injected into the tumor margin, and the
tumor site was irradiated with a 1064 nm infrared laser for 5 min.
Infrared thermal imaging was employed to monitor real-time tempera-
ture changes and thermal mapping during treatment with two irradia-
tions. The tumor volume and body weight of the mice were monitored
every two days, and in vivo fluorescence imaging was performed on days
0, 3, 7, and 10 to assess the tumor size. Tumor Volume was calculated
using a digital caliper according to the following formula: tumor volume
= (tumor length) x (Width of Tumor)2/2, corrected for volume folding.
On day 10, the tumors were collected, sectioned, and stained with he-
matoxylin and eosin, Ki-67 antibody, and TUNEL assay. Additionally,
major organs (heart, liver, spleen, lungs, and kidneys) were dissected
and subjected to histological analysis using hematoxylin and eosin
staining.

2.19. Cell adhesion

To observe cellular morphology, rBMSCs were seeded onto 3D-
printed scaffolds and cultured for 3 d. Initially, the culture medium
from each group was aspirated and the cells were washed twice with
PBS. Subsequently, 4 % paraformaldehyde was added to fix the cells at
37 °C for 15 min, followed by two additional washes with PBS. For
cellular permeabilization, 0.2 % TritonX-100 solution (Beyotime,
Shanghai, China)was added and incubated at room temperature for 20
min, after which the cells were washed twice with PBS. Next, a 1:200
dilution of FITC-labeled phalloidin (Beyotime, Shanghai, China) was
added to each well, and the cells were incubated in the dark at room
temperature for 1 h. Upon completion of the incubation, the cells were
washed twice with PBS, and the nuclei were stained with DAPI solution
for 5 min. After two PBS washes, images were captured using a multi-
functional fluorescence microscope.

2.20. ALP staining

rBMSCs were seeded onto 3D-printed scaffolds and induced with an
osteogenic medium for 7 d. The osteogenic activity of the rBMSCs was
determined by staining with a BCIP/NBT Alkaline Phosphatase Color
Development Kit (Roche, Switzerland). After 30 min of staining, the
solution was aspirated, and the cells were washed with PBS to terminate
the color development reaction. Finally, the staining intensity in the
plates was recorded using a camera, and microscopic images were
captured using a multifunctional fluorescence microscope for further
analysis.

2.21. Cranial defect in New Zealand rabbits

Eighteen male New Zealand rabbits, aged 8 weeks, were obtained
from the Animal Experiment Center of Chongqing Medical University.
The rabbits were randomly assigned to three groups (n = 3) for the
construction of cranial defect models: 1) control, 2) BGC, and 3) EARu-
BGC. Anesthesia was induced by the intravenous injection of pento-
barbital sodium via the marginal ear vein, followed by a full-thickness
skin incision on the cranial vault and periosteal stripping. Two de-
fects, each with a diameter of 10 mm, were created on either side of the
skull using a trephine. Scaffolds (® 10 x 10 x 2 mm?) were then
implanted into the defects, and the incisions were sutured. No adverse
reactions were observed during the study period. At 4- and 8-weeks post-
surgery, the rabbits were euthanized and their skulls were collected.

2.22. Micro-CT analysis of bone defects

The collected specimens were analyzed and reconstructed using a
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micro-CT system (Bruker Corporation, Billerica, MA, USA). Quantitative
analyses were performed to assess bone volume/tissue volume (BV/TV),

trabecular separation (Tb.Sp), and trabecular number (Tb.N).

2.23. Hard tissue section preparation and histological staining

system.

Following micro-CT examination, the dehydrated specimens were
embedded in methyl methacrylate, and 30 pm thick sections were
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prepared using a hard tissue cutting and grinding system (E200CP,
EXAKT Verteriebs, Germany). To evaluate the newly formed bone tissue,
the sections were stained with methylene blue-acid magenta and Mas-
son’s trichrome, and observations were made using an Olympus VS200
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2.24. Sequential fluorescent labeling

Based on previous studies, a multicolor sequential fluorescent la-
beling approach was employed to elucidate the processes of new bone
formation and mineralization. Alizarin Red, tetracycline hydrochloride,
and calcein (each at a dose of 30 mg/kg) were injected subcutaneously
into the rabbit neck at 1-, 2-, and 3-weeks post-surgery, followed by
additional injections at 2-, 4-, and 6-weeks post-surgery. Fluorescence
was observed using a confocal microscope.

2.25. Statistical analysis

Data are presented as means + standard deviation (n > 3). All ex-
periments were performed in triplicates. Prior to performing one-way
analysis of variance (ANOVA), the assumptions of normality and ho-
mogeneity of variance were tested using the Shapiro-Wilk test and
Levene’s test, respectively. These tests confirmed that the data met the
requirements for ANOVA. Multiple comparisons were assessed using
GraphPad Prism 10.2.0, with the statistical significance level set at p <
0.05. The results are denoted as follows: ns indicates not significant, *p
< 0.05, **p < 0.01, and ***p < 0.001.

3. Results and discussion
3.1. Synthesis and characterization of EARu nanosheets

In this study, a strategy based on the MPN method was employed,
where EA and Ru were coordinated to form 2D nanosheets (EARu). The
detailed synthesis process is illustrated in Fig. 2A. During this process,
EA and RuCl; reacted through the chelation of Ru ions with the catechol
groups of EA, accompanied by covalent bonding between EA molecules,
resulting in the formation of an organic-inorganic hybrid material with a
unique structure. TEM images revealed that EARu exhibited a nanoscale
sheet-like morphology with a width of approximately 100 nm and was
relatively thin (Fig. 2B). EDS further confirmed the elemental distribu-
tion within the EARu, demonstrating that the characteristic elements EA
(G, O, and N) and Ru were uniformly distributed across the nanosheets
(Fig. 2C). AFM was employed to accurately assess EARu thickness. The
results indicate that the EARu nanosheets reached a maximum thickness
of approximately 5 nm, demonstrating a typical 2D layered structure,
which suggests that the material possesses a high surface area and
enhanced functional characteristic potential (Fig. 2D).

FTIR, XRD, and XPS were used to further characterize the structural
and chemical bonding properties of the EARu. As shown in Fig. 2E, the
FTIR spectrum revealed that within the wavenumber range of
3800-3000 cm ™}, EA exhibits two distinct absorption peaks at 3477 and
3154 cm !, whereas the EARu showed only one peak at 3437 cm ™. This
variation suggested the presence of —-OH stretching vibrations, indi-
cating the potential chelation reaction between EA and Ru. Further-
more, in the wavenumber range of 1900-1500 em ™}, notable alterations
in the C=0 and C=C vibrational modes in EARu compared to EA implied
a transformation of the carboxylic acid groups in EA to aromatic ester
groups, thereby indicating the formation of possible covalent bonds
between EA molecules. In the wavenumber range of 1200-400 cm ™}, the
emergence of a new peak at 573 cm ™! in EARu suggested the formation
of coordination bonds between metal and oxygen, while the multiple
peaks observed in EA at 1116, 1003, and 755 cm™~! further corroborate
this change. This new peak can be attributed to the characteristic vi-
brations of Ru-O bonds. The XRD results indicate that the cross-linking
process in EARu leads to significant changes in the crystal structure, and
the cross-linking of ruthenium ions disrupts the original crystal sequence
of EA (Fig. S1). As shown in Fig. 2F, XPS analysis revealed that,
compared to EA, EARu exhibited Ru3p and Ru3d peaks, confirming the
presence of ruthenium within EARu. Furthermore, peak splitting anal-
ysis of the Ols signal in the 540-526 eV energy range revealed the
characteristic features of a newly formed Ru-O bond in EARu. Notably,
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in the 490-495 eV range, the peak splitting analysis of the Ru3p signal
indicated that ruthenium in EARu exists in mixed oxidation states of
Ru?* and Ru®", thereby providing promising potential for the applica-
tion of EARu in simulating redox enzyme reactions. The thermogravi-
metric analysis (TGA) results showed the thermal stability of EA, EA +
Ru and EARu. Although there is a more significant weight loss at lower
temperatures, which may be due to the unstable functional group
structure, EARu exhibits higher thermal stability above 600 °C (Fig. S1).

3.2. Chemodynamic performance of EARu

The tumor microenvironment (TME) is a complex and dynamic
physiological system composed of tumor cells, surrounding non-tumor
cells, their components, and stroma. Notably, TME is characterized by
acidic conditions, hypoxia, and elevated concentrations of HyO, [34,
35]. These features provide unique therapeutic opportunities for CDT.
Specifically, CDT leverages the acidic and HyOs-enriched conditions
within the TME to catalyze reactions that generate highly reactive free
radicals, selectively killing tumor cells while sparing normal tissues
[36].

To assess whether EARu could induce tumor cell death through CDT,
we evaluated its ability to generate -OH and singlet oxygen (10,) under
an acidic and HyO»-rich condition, mimicking the TME. TMB was used
as a probe for -OH detection (Fig. 3A). When TMB and -OH interact, the
colorless TMB is oxidized and becomes blue [37]. Varying concentra-
tions of EARu were added to solutions containing TMB and H305. After
10 min of reaction, the solution became bluer as the concentration of
EARu increased. The absorbance peaks of the solutions were detected.
As shown in Fig. 3B, the absorbance peak of oxidized TMB at 370 nm
increased in a concentration-dependent manner in response to EARu.
Similarly, at a fixed concentration of EARu, the absorbance peak at 370
nm increased proportionally with HyO, concentration (Fig. S2). To
detect 10, 1,3-diphenylisobenzofuran (DPBF) was used as the probe
(Fig. 3D). 10, reacts with the conjugated double bonds of DPBF, causing
a decrease in its absorbance at 410 nm [38]. The absorbance peak of
DPBF at 410 nm decreased in a time-and EARu concentration-dependent
manner (Fig. 3E and Fig. S3).

Additionally, the production of -OH and 10, was confirmed quali-
tatively using ESR spectroscopy. For -OH, no significant ESR signal was
observed in the HyO5 group alone, while a characteristic four-line signal
(1:2:2:1), corresponding to the DMPO-OH radical adduct, was detected
in the EARu + H20; group, confirming the generation of -OH (Fig. 3C).
Similarly, the EARu + H20, group showed a characteristic three-line
signal indicative of the TEMP-'0, radical adduct, confirming the pro-
duction of 102 (Fig. 3F). Notably, under NIR stimulation, both -OH and
10, signals were significantly enhanced. This enhancement was likely
owing to EARu absorbing NIR light and converting it into heat energy
(Fig. S4), which increases the local temperature and accelerates the
reaction, thereby promoting radical generation. Furthermore, EARu
may promote electron transfer through the ligand-metal charge transfer
effect under NIR stimulation, thereby accelerating the redox cycle of
multivalent Ru ions [39,40]. This effect ensured the continuous progress
of the Fenton-like reaction, thereby generating more free radicals.
Meanwhile, 5,5-dithiobis (2-nitrobenzoic acid) (DTNB), a frequently
used indicator of GSH, turned yellow after reacting with GSH (Fig. 3G).
As shown in Fig. 3H, compared with the other groups, the (EARu + GSH
+ Hy02) group indicated a significantly lower absorption peak at 412
nm, suggesting that the EARu-mediated catalytic reaction can deplete
GSH. Therefore, EARu can effectively disrupt redox homeostasis in the
tumor microenvironment.

However, tissue repair may be affected by ongoing free radical
generation following tumor ablation [41]. Therefore, we explored the
free radical-scavenging ability of EARu under neutral conditions to
mimic the tissue repair microenvironment. TMB and DPPH were used to
measure -OH and reactive nitrogen (RNS), respectively. As shown in
Fig. 31, the EARu solution effectively scavenged the -OH generated by
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FeSO4 and reduced the absorbance at the characteristic 370 nm. The
scavenging of -OH by EARu was concentration-dependent, and 500
pg/mL EARu reaction system could almost completely eliminate -OH.
Simultaneously, EARu also exhibited concentration-dependent RNS
scavenging ability (Fig. 3J).

In summary, EARu exhibited switchable and controllable enzyme-
mimicking activity, which can generate -OH and 'O, in the acidic
microenvironment of tumors, and scavenge excess ROS under neutral
conditions. This switching effect matches the sequential treatment mode
of OS, which tends to ablate tumors in the tumor ablation stage (acidic
conditions) and promote tissue regeneration in the bone tissue repair
phase (neutral conditions) (Fig. 3K).

3.3. Fabrication and characterization of EARu-BGC scaffolds

The trabecular microstructure of natural bone, characterized by an
intricate 3D network, effectively facilitates vascular infiltration, cellular
adhesion and proliferation [42]. This structure ensures an adequate
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nutrient supply and efficient removal of metabolic waste, thereby
maintaining the functionality and health of the bone tissue [43,44].
Inspired by the trabecular architecture, we developed a 3D-printed
bioceramic scaffold featuring biomimetic multiscale porous structures
and interconnected channel networks designed to replicate the function
of natural trabeculae and promote tissue regeneration and repair
(Fig. 4A). The non-topology-dependent adhesion properties of EA cate-
chol were utilized to immobilize EARu onto 3D-printed bioglass ceramic
scaffolds to form a composite material named EARu-BGC. The main
component of BGC is A-W bioglass ceramic, XRD results show that the
AW bioglass powder is in an amorphous glass state before sintering, and
obvious characteristic peaks of wollastonite and apatite can be seen after
sintering. (Fig. S5). The chemical composition of AW is similar to the
nominal composition of A-W bioglass ceramic (Table S1), consisting of
approximately 33.2 % SiO», 15.1 % P05, 46.3 % CaO, and 4 % MgO.
However, since XRF reports data in the form of oxides, the presence of
CaF; cannot be confirmed, though it may still exist. During the synthesis
of EARu, the BGC scaffold was immersed in the reaction solution to



G. Jian et al.

o /

DLP printing

v

Biomimetic
Trabecularbone

EARU
Modifying

Bioactive Materials 50 (2025) 540-555

B

BGC 1EARu-BGC

&

5 EARU-BGC10 EARU-BGC

EARu-BGC

D

L]
]
®
10

W
™~
=
<
wo
O
e
e | A
<
W
=
™~
« 10 EARu-BGC
~807 = 5 EARu-BGC  P=0.5 Wiem’
’g— 1 EARu-BGC b
el
Se0 BGC
.
‘; ]
o
£ a0
-
- .f"
20 . ] 0 1
G Tlme (mm) H
1004 0.25 Wiem?  0.50 chm
&~
o #* 0.75 Wicm? + VE
e S
e 804 £
2 2
s g
g 60+ 3
£ 3
= 404 §
[
2C 0
Time(mm)

80
uua 10 EARu-BGC p = 0.5 W/icm?
3
o 604
2
o
s
(-8
B -
@
.- - ]
TR N TN )
Time (min) J Time ?minj
0 2 4 -Ln ()
60 A
£ 4
EIEIE]|: ' £
2 E
g . E
< 404 -
EIEIE) | ¢
© =
fid
R . ;
5 0o 2 4 & 8 A0
Time (min)

Time (min)
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I) Temperature cycling curves of 10 EARu-BGC scaffolds within 5 cycles of turning on and off the 1064 nm laser. J) Photothermal-heating curve and the corre-
sponding calculation of the photothermal conversion efficiency between time and -1n6.

deposit nanosheets and then dried at 60 °C for 30 min. This procedure
was repeated one, five, and ten times to obtain the final EARu-BGC
scaffolds, which were named 1 EARu-BGC, 5 EARu-BGC, and 10
EARu-BGC, respectively. Digital photographs showed that the obtained
scaffold structure was well designed and staggered evenly, and the color
of the scaffold gradually deepened with an increase in the number of
reactions (Fig. 4B). The FTIR results showed that with the increase of
EARu modification times (from 1 to 10 times), more obvious absorption
peak fluctuations consistent with EARu appeared in the wavenumber
range of 1900-1500 cm™!.The XRD results demonstrate that increasing
the number of EARu modifications on BGC leads to progressive changes
in the crystalline structure. The TGA results also showed that as the
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number of EARu modifications increased, the weight loss became more
pronounced (Fig. S6). SEM images indicated that the BGC scaffold
possessed well-defined macropores and a rough surface, with modifi-
cation by EARu further increasing the surface roughness. Additionally,
the elemental mapping images confirmed the uniform distribution of Si,
Ca, and Ru across the scaffold, with the intensity of the Ru signal
increasing with the number of deposition cycles (Fig. 4C and D). These
results indicate that EARu was successfully integrated into the BGC
scaffold. At the same time, the porosity and pore size of BGC, 1 EARu
BGC, 5 EARu BGC, and 10 EARu BGC scaffolds were specified. The re-
sults showed that the porosity and average pore size of BGC were 70.84
+ 2.76 % and 0.36 + 0.02 mm, respectively, while the modification of
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EARu did not cause significant differences (Fig. S7).

Recent research indicates that the second near-infrared region (NIR-
II, wavelength range of 1000-1700 nm) offers enhanced tissue pene-
tration and elevated laser safety thresholds compared with the first near-
infrared region (NIR-I, wavelength range of 700-900 nm) [45]. The
attributes of NIR-II render it especially appropriate for PTT in OS, as it
can efficiently penetrate deep tissues while substantially reducing
possible harm to the surrounding healthy tissues [46]. Consequently, we
conducted a detailed examination of the photothermal conversion effi-
ciency of the EARu-BGC scaffold under NIR-II irradiation to evaluate its
suitability for OS treatment. After 5 min of irradiation at 1064 nm with a
power density of 0.5 W/cm?, the pure BGC scaffold exhibited no sig-
nificant temperature change, while the temperature of the 10 EARu-BGC
scaffold increased to 66 °C, confirming the efficiency and rapidity of the
scaffold’s photothermal conversion (Fig. 4E and F). Furthermore, the
photothermal effect was found to be dependent on the laser irradiation
power density, with temperatures rising in correlation with increased
power, ranging from 0.25 to 1 W/em? (Fig. 4G and H). To assess the
photothermal stability of the 10 EARu-BGC scaffolds, they were
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subjected to five cycles of 1064 nm laser irradiation (laser irradiation for
5 min, followed by natural cooling to room temperature). The results
demonstrated stable photothermal performance across the five "on-off"
cycles, with no significant change in peak temperature. Under 1064 nm
laser irradiation at 1 W/cm? (Fig. 4I). The photothermal conversion
efficiency (PCE) of EARu reached an ultrahigh of 61.07 % (Fig. 4J),
significantly surpassing that of most other reported NIR-II photothermal
agents, such as NbSey nanosheets (48.3 %) [47], FePS3 nanosheets (43.3
%) [48], and bismuth-doped iron selenide nanoparticles (31.9 %) [49],
highlighting its potential as an efficient NIR-II photothermal agent. The
remarkable PCE and superior CDT capabilities of the EARu nanosheets,
along with the biocompatibility and bone-regenerative qualities of the
BGC scaffold, establish the EARu-BGC composite as a highly attractive
candidate for OS treatment.

In addition, since the ion release ability of the scaffold largely de-
termines its anti-tumor efficiency and later osteogenesis, the release
kinetics of the EARu-BGC scaffold was studied. As shown in Fig. S7, the
ion release rate of the EARu-BGC scaffold in an acidic environment (pH
= 5.5) was faster than that in a neutral environment (pH = 7.4),
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Fig. 5. EARu mediates tumor cell ablation in vitro through the mutual amplification effect of PTT and CDT. A) Relative survival rate of 143B cells incubated with
different concentrations of EARu for 24 h. B) Relative survival rate of 143B cells after different treatments. C) Live-dead staining of 143B cells after different
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G. Jian et al.

confirming the sensitivity of the scaffold to the acidic tumor microen-
vironment. First, the acidic environment accelerated the disintegration
of the metal-polyphenol network, allowing EARu-BGC to release Ru ions
faster. On the other hand, in the bioglass scaffold, the hydrogen ions in
the acidic environment interacted with the calcium-oxygen bonds,
promoting the dissolution of Ca ions, while the silicon-oxygen network
was relatively stable and the Si ions were stably released. In general,
more Ru and Ca ions were released in the acidic microenvironment,
which was conducive to enhancing tumor ablation, inducing tumor cell
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death and promoting later osteogenesis.

3.4. In vitro antitumor effect of EARu

The premise of EARu as a superior option for OS treatment lies in the
absence of a significant killing effect on normal cells and its ability to
selectively kill tumor cells. To validate this premise, we initially con-
ducted a thorough investigation into the cytocompatibility of EARu with
BMSC. The experimental results demonstrated that even at doses of up to
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500 pg/mL, the cell survival rate remained at 90 % after 24 h of treat-
ment, hence confirming the excellent biocompatibility of EARu
(Fig. 5A). To further verify that EARu can kill tumor cells through the
synergistic effect of PTT and CDT, 143 B cells were treated with NIR II
and Hy0,5. As expected, Hy0,, NIR-II, and EARu alone showed no
obvious cytotoxicity. The survival rates of tumor cells for EARu + Hy09
and EARu + NIR II were 63.44 + 3.91 % and 34.87 + 3.08 %. However,
under co-stimulation with the NIR-II laser and Hy0,, EARu triggered
>90 % ablation of 143 B cells, which was much better than single
stimulation (Fig. 5B). In addition, cell live/death staining and apoptosis
flow cytometry analyses corroborated these findings (Fig. 5C-E). The
results showed that tumor cells were almost completely ablated under
the co-stimulation of NIR-II and H20,, thus validating the remarkable
potential of EARu in the field of OS treatment via the synergistic effects
of CDT and PTT. In addition, EARu-BGCs effectively induced apoptosis
through photothermal ablation (Fig. S9).

To investigate the killing mechanism, we performed a 2,7-dichloro-
fluorescein diacetate (DCFH-DA, green) assay using CLSM to verify the
generation of intracellular ROS. Compared to the control and NIR II
groups, only the Hy0O» group showed weak green fluorescence. In
contrast, a strong green fluorescence was observed in cells incubated
with EARu and H,05, which was significantly enhanced under NIR-II
laser irradiation (Fig. 5D). These results indicated that PTT-enhanced
CDT produces a large amount of ROS, leading to cell death. Gluta-
thione (GSH) is necessary for maintaining redox homeostasis in cancer
cells. It directly removes ROS and alleviates oxidative stress through the
cycle between the reduced form (GSH) and oxidized form (GSSG).
Simultaneously, GSH binds to oxidative molecules to prevent oxidative
damage to proteins, lipids, and DNA [50]. Among the treatment groups,
the GSH content in the EARu + H203 + NIR II group was the lowest (only
41.47 + 6.19 %). In contrast, in the presence of EARu + H305 and EARu
+ NIR II, the GSH content increased to 73.87 + 8.16 % and 64.81 +
9.67 %, respectively, demonstrating that EARu-mediated PTT synergizes
with CDT to consume intracellular GSH and disrupt redox homeostasis
in tumor cells (Fig. 5F and G).

3.5. Therapeutic mechanisms of EARu nanosheets

To further analyze the potential mechanism of EARu-mediated syn-
ergistic killing of OS, mRNA transcriptome analysis was performed to
analyze the differences in gene expression. Treatment with EARu +
H»02 + NIRII significantly induced transcriptomic changes in the cells,
which exhibited stable consistency and demonstrated good two-
dimensional clustering in UMAP analysis (Fig. 6A). EARu treatment
upregulated the expression of 2439 genes and downregulated the
expression of 702 genes (Fig. 6B and C). We performed GO enrichment
and KEGG pathway analyses of the differentially expressed genes. The
CDT and PTT effects of EARu induced transcriptional changes in OS cells
associated with ferroptosis and cellular responses to heat (Fig. 6D and
E). The cellular heat response is a protective mechanism activated in
response to high temperatures, and HSPs are representative functional
proteins that help tumor cells resist the thermal effects of PTT. As shown
in Fig. 6H, EARu significantly diminished the protective heat response of
OS cells, potentially related to the interaction between Ru and HSPs,
which has been the focus of existing studies exploring the use of Ru
complexes to target HSPs in cancer therapy [51]. Simultaneously, the
large amount of ROS generated by EARU-mediated CDT can inhibit the
expression and function of HSPs.

Ferroptosis is an iron-dependent form of regulated cell death process.
In the GO enrichment analysis, we observed an enrichment associated
with iron coordination entity transport, which may be related to intra-
cellular iron accumulation linked to ferroptosis. Furthermore, in the
GSEA, we found that under the influence of EARu + H;05 + NIR, 143B
cells exhibited an activated state of responsiveness to metal ions, sug-
gesting their potential involvement in apoptotic and ferroptotic pro-
cesses of programmed cell death (Fig. 6F and G). We further detected
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key molecules in multiple pathways that regulate ferroptosis, such as the
cystine/glutamate antiporter SLC7A11 (also known as xCT), GPX4, and
the transferrin receptor protein in the iron ion transport pathway 1
(TFR1). Compared to the control group, the expression levels of xCT and
GPX4 were significantly downregulated and the expression of TFR1 was
significantly upregulated in cells treated with EARu + H02+NIR I
However, no significant changes were found in the protein levels of xCT,
GPX4 and TFR1 among the Ctrl group, HoO5 group, NIR II group, and
EARu group (Fig. 6I). In addition, Nrf2 is an important transcription
factor for cells to combat oxidative stress and plays a crucial role in
cancer cell survival and treatment resistance by regulating downstream
antioxidant genes to combat ferroptosis [52]. As shown in Fig. 6],
EARu-mediated PTT and CDT effect downregulated the expression of
Nrf2. In summary, the synergistic effects of CDT and PTT led to pro-
nounced modifications and promoted ferroptosis in tumor cells.

3.6. In vivo antitumor effects of EARu nanosheets

Given the promising tumor cell-killing effect of EARu in vitro, we
further investigated its’ in vivo antitumor effects in an ectopic OS mouse
model. First, we constructed a 143 B cell tumor mouse model expressing
luciferase (143B-luc). Using bioluminescence imaging, tumor volume
monitoring, and histological staining, we evaluated the antitumor ac-
tivity and potential mechanisms of EARu under different treatment
conditions (Fig. 7A).

After EARu was injected locally into the tumor, irradiation was
performed with a laser at a wavelength of 1064 nm and power of 1.0 W/
cm? and the temperature was recorded in real time using an infrared
imaging camera. As shown in Fig. 7C and D, the tumor temperature in
the EARu + NIR II group rapidly increased from 33.7 °C to 53.2 °C
within 5 min, while the temperature change in the NIR group was
negligible, indicating that EARu still has excellent photothermal con-
version ability when applied in vivo. Bioluminescence imaging was used
to noninvasively monitor the degree of tumor infiltration and the
number of tumor cells, and the results showed that in the EARu + NIR II
group, the tumor fluorescence signal almost completely disappeared
after two treatments (Fig. 7B). Moreover, regular monitoring of the
tumor volume showed that EARu combined with NIR II irradiation
significantly inhibited tumor growth and ultimately eradicated the tu-
mors within 10 days, whereas the tumor volume in the other treatment
groups increased rapidly (Fig. 7E and F). This was supported by the
tumor weights (Fig. 7G) and images of the excised tumors (Fig. 7H),
demonstrating similar results. Notably, despite the significant antitumor
effect of EARu, the body weight of the mice did not change significantly
during the treatment period, suggesting that the systemic toxicity of
EARu was low (Fig. S10). H&E staining experiments further confirmed
the low cytotoxicity of EARu, and histological changes in the major
organs of mice were not obvious (Fig. S11). These results not only
provide strong support for the clinical application of EARu but also lay a
solid foundation for its wide application in the field of tumor therapy.

To further validate the antitumor mechanism of the combined
treatment with EARu and NIR-II, we employed H&E, Ki67, and TUNEL
staining to assess cell proliferation and apoptosis at the tumor sites
(Fig. 71). As shown in the H&E-staining image, the EARu + NIR II group
exhibited significantly enlarged intercellular spaces along with nuclear
shrinkage, implying severe damage to the tumors after photothermal
tumor ablation. Ki67, a nuclear antigen, is a direct marker of cell pro-
liferation. Both the control and NIR II groups exhibited significant Ki67-
positive staining in tumor cells, indicating high proliferative activity. In
contrast, the number of Ki67-positive cells decreased in the EARu
treatment group, whereas a marked reduction was observed in the
EARu + NIR-II group, indicating that combined treatment with EARu
and NIR-II significantly inhibited the proliferative activity of tumor
cells. Consistent with the Ki67 staining results, the EARu + NIR-II group
displayed the strongest TUNEL-positive signal, demonstrating a pro-
nounced apoptotic response in the tumor cells. In summary, under NIRII
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irradiation, EARu, in conjunction with CDT and PTT, exerted superior 3.7. Invitro and in vivo bone regeneration by EARu-BGC scaffolds

antitumor activity by inhibiting tumor cell proliferation and inducing

apoptosis. Considering the potential for adverse inflammatory responses in
healthy tissues surrounding tumors owing to the effects of PTT and CDT,
we evaluated the anti-inflammatory properties of EARu on macrophages
in a neutral environment. The results demonstrated that EARu

552



G. Jian et al.

significantly reduced the ROS levels in macrophages under inflamma-
tory conditions in a dose-dependent manner. Immunofluorescence
analysis indicated that EARu decreased iNOS expression while upregu-
lating CD206, suggesting inhibition of M1 macrophage polarization and
promotion of the M2 phenotype. PCR analysis further confirmed these
findings, showing that EARu upregulated Arg 1 expression while
downregulating TNF-a and IL-6 (Fig. S12). Collectively, these results
indicate that EARu effectively controls local inflammatory responses
following tumor ablation, thereby promoting tissue repair.

Next, we investigated the osteogenic potential of EARu-BGC to assess
its suitability for repairing bone defects following tumor ablation

A
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(Fig. 8A). rBMSCs were seeded onto the EARu-BGC scaffold, and cell
adhesion was evaluated using cytoskeletal staining. The results
demonstrate that the cells were evenly distributed on the surface of the
BGC scaffold and exhibited strong adhesion (Fig. 8B). Cytoskeletal fibers
were clearly visible, and the cells displayed a stretched morphology with
an intact cytoskeletal structure. Similarly, 1 EARu-BGC and 5 EARu-BGC
exhibited comparable cell adhesion, whereas the cells on 10 EARu-BGC
showed irregular morphology, with some failing to fully stretch, indi-
cating poor adhesion. This suggests that as the number of EARu deposits
increased, the cell response to the scaffold became more negative, likely
owing to the increased coating thickness and cytotoxicity. These
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findings were further supported by Alkaline phosphatase (ALP) staining.
ALP, a key enzyme involved in early osteogenic differentiation, serves as
a marker of cell function and osteogenic activity. EARu exhibited a
concentration-dependent enhancement of ALP expression (Fig. S13).
Compared to the BGC scaffold, one EARu-BGC and five EARu-BGC
scaffolds showed significantly higher ALP expression (Fig. 8C). Previ-
ous studies have established that the macroporous structure of 3D-
printed BGC scaffolds, along with the interconnection of elements
such as Ca, Si, and P, effectively supports rBMSC attachment, prolifer-
ation, and osteogenic differentiation. Additionally, ellagic acid, a natu-
ral polyphenolic compound, promotes osteogenic differentiation by
activating the SMAD2/3 signaling pathway [53,54]. Therefore,
EARu-BGCs hold considerable promise for the repair of bone defects
after OS ablation.

In in vivo studies, 5 EARu-BGC was selected to repair the cranial bone
defects in New Zealand rabbits. The results demonstrated that EARu-
BGC significantly enhanced new bone formation compared to the
blank control and BGC scaffold groups. Specifically, the EARu-BGC
group exhibited a greater volume of new bone nearly fully covering
the defect area (Fig. 8D). Bone mass analysis revealed that the func-
tionalized scaffold group exhibited a higher bone volume fraction (BV/
TV), increased trabecular number (Tb.N), and reduced trabecular sep-
aration (Tb.Sp). These findings were corroborated by histological
staining (Fig. 8E). Methylene blue acid magenta staining indicated
denser new bone tissue and an intact trabecular structure in the func-
tionalized scaffold group, suggesting more mature bone formation
(Fig. 8F). Additionally, Masson’s staining revealed a significant increase
in collagen fiber content and uniform collagen deposition, indicating
that matrix formation and mineralization in the new bone were mark-
edly improved (Fig. 8G).

To further investigate the spatiotemporal dynamics of bone regen-
eration, a series of fluorescent mineral dyes was administered subcuta-
neously at predetermined intervals. New bone was labeled with alizarin
red (red), tetracycline hydrochloride (blue), and calcein AM (green),
with each color representing a different stage of osteogenesis. At both 4
and 8 weeks, the fluorescence intensity of EARu-BGC was significantly
higher than that of the BGC, suggesting that EARu-BGC stimulates
osteogenic activity more effectively. Furthermore, compared to the
blank group, in which fluorescence was confined to osteogenesis around
the defect margin, both BGC and EARu-BGC demonstrated new bone
tissue attachment at the scaffold in the defect center, with the EARu-BGC
signal being notably stronger (Fig. 8H). These findings confirmed that
EARu-BGCs exhibited superior performance in promoting bone defect
repair and demonstrated excellent bone regeneration potential.

4. Conclusions

This study addressed two significant challenges in the treatment of
OS: the high recurrence rate post-surgery and the complex reconstruc-
tion of extensive bone defects. To solve such issues, we developed an 2D
EARu nanosheet-modified BGC scaffold, a novel strategy not previously
reported in the literature. This modified scaffold demonstrated excep-
tional adaptability to the tumor microenvironment, exhibiting enzyme-
mimetic activities that dynamically shift in response to different thera-
peutic phases, thereby enabling a sequential treatment approach for
tumor ablation and bone regeneration. During the tumor ablation phase,
the EARu nanosheets demonstrated superior PTT and enhanced CDT
under NIR-II irradiation. The synergistic effects of PTT and CDT signif-
icantly increased ROS production and depleted GSH, thereby triggering
a lipid peroxidation cascade that effectively induces ferroptosis in tumor
cells. In the subsequent bone-repair phase, the enzyme-mimetic prop-
erties of EARu nanosheets shifted to an antioxidative function, scav-
enging excess ROS, and promoting the anti-inflammatory polarization of
macrophages. This transformation reprogrammed the microenviron-
ment from a pathological state detrimental to tissue repair into one
conducive to healing. Furthermore, the BGC scaffold was designed with
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biomimetic porosity, inspired by the microstructural features of natural
trabecular bone. Its customizable structure ensured seamless integration
with the patient’s native bone, while also providing an optimized
framework for new bone formation. The controlled degradation of the
BGC scaffold released mineral components essential for osteogenesis,
including calcium, silicon, and phosphorus, which accelerated the repair
of bone defects. In conclusion, the EARu-BGC scaffold successfully in-
tegrates antitumor and bone-repair functions into a single platform,
making it a promising candidate for OS treatment. This study provides
valuable insights into the application of 3D-printed BGC in bone tissue
engineering and offer a reference for future research in the field. How-
ever, further studies are required to evaluate their clinical efficacy and

safety.
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