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Osteosarcoma, a primary malignant bone tumor originating from mesenchymal cells, is the most prevalent 
bone malignancy in children and adolescents. Current standard treatment involves aggressive surgical 
resection aimed at maximal tumor removal; however, this inevitably creates extensive bone defects that 
substantially impair patients’ quality of life. Furthermore, the risks of postoperative tumor recurrence and 
metastasis critically influence therapeutic outcomes. With the continuous advancement of biomaterials, 
their applications in postsurgical osteosarcoma management have increased substantially. Biomaterial-
based strategies are enabling diverse antineoplastic function and bone regeneration strategies. However, 
previous biomaterial strategies have typically focused on osteogenic or antitumor functions in isolation. The 
current research frontier is shifting toward developing integrated strategies that simultaneously achieve 
both effective tumor suppression and functional bone regeneration. This review strategically categorizes 
these emerging strategies into 3 distinct approaches: (a) Traditional bifunctional strategies: Integrating 
coloaded osteogenic and antitumor agents within a carrier. (b) Enhanced antitumor bifunctional strategies: 
Incorporating components or designs that actively boost the potency of the antitumor modality beyond 
simple codelivery. (c) Temporally controlled sequential strategies: Engineered to perform antitumor 
and pro-regeneration functions in a defined, sequential order. By critically analyzing the cutting-edge 
biomaterials employed in these strategies, we assessed their potential for clinical translation, emphasized 
the ongoing technical barriers, and outlined the challenges for future development.

Introduction

  Osteosarcoma is the most common primary bone tumor, char-
acterized by rapid growth through the formation of tumor 
osteoid tissue and bone, either directly or indirectly via a car-
tilaginous stage. It predominantly affects children and adoles-
cents, with an annual incidence of 4.7 cases per million in 
individuals aged 0 to 19 years, accounting for 8.9% of cancer-
related deaths in this age group [  1 ]. Although osteosarcoma 
can develop in any bone, it most frequently occurs around the 
knee joint and proximal humerus [  2 ]. The primary clinical 
treatment for osteosarcoma involves surgical resection com-
bined with adjuvant chemotherapy (CMT), which includes 
preoperative CMT, surgical tumor excision, and postoperative 
CMT, achieving a 5-year survival rate of 60% to 70% [  3 ]. However, 
achieving complete surgical resection remains challenging due 

to the presence of microscopic satellite lesions, indistinct tumor 
margins, and the limitations of intraoperative frozen section 
analysis in hard surrounding tissues [  4 ]. Residual tumor cells 
may remain in adjacent bone regions or at the resection mar-
gins, leading to rapid proliferation, local recurrence of the osteo-
sarcoma, or metastasis. The 5-year survival rate for patients with 
metastatic or recurrent osteosarcoma is only 20% [  5 ].

  Current first-line CMT agents used in post-osteosarcoma 
surgery, such as doxorubicin (DOX), cisplatin (CDDP), gem-
citabine (GEM), and methotrexate (MTX), are predominantly 
administered systemically. However, poor intramedullary blood 
flow and the blood–bone marrow barrier keep tumor-site drug 
concentrations low, while systemically administered agents 
are rapidly metabolized by the liver and kidneys; the resulting 
short half-life and low bioavailability blunt their therapeutic 
impact [  6 ,  7 ]. Furthermore, this approach results in nonselective 
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cytotoxicity and adverse effects on healthy tissues, including 
cardiomyopathy, vomiting, and alopecia [ 6 ,  8 ]. Turning to radio-
therapy (RDT), most osteosarcomas have low radiosensitivity; 
thus, RDT is relatively ineffective for tumor control. Even with 
high-dose irradiation, many patients still have tumor rem-
nants. Combined with the risk of normal tissue damage, RDT’s 
clinical use is limited to palliative or adjuvant treatment. In 
recent years, immunotherapy (IMT) for osteosarcoma has gar-
nered increasing attention. The immune checkpoint molecule 
programmed cell death protein 1 (PD-1) is highly expressed 
in osteosarcoma. It exerts its effect by binding to programmed 
cell death ligand 1 (PD-L1) on the surface of T cells—this interac-
tion inhibits T cell activation and proliferation, and ultimately 
impairs T cells’ cytotoxic capacity against tumor cells [  9 ]. For this 
reason, PD-1/PD-L1 inhibitors are regarded as promising thera-
peutic agents for osteosarcoma. However, the response rates in 
phase II clinical trials of PD-1 monoclonal antibodies in osteo-
sarcoma patients have been disappointing [  10 ]. To address these 
therapeutic challenges, the application of biomaterials in osteo-
sarcoma treatment has achieved remarkable progress. For 
example, they enable localized delivery of antineoplastic drugs, 
checkpoint inhibitors, and radioactive substances. This not 
only increases drug concentrations at the tumor site but also 
reduces systemic toxicity. Additionally, a number of novel anti-
tumor therapeutic modalities have emerged. Traditional hyper-
thermia lacks selectivity between target and surrounding healthy 
tissues, often leading to burns in normal tissue [  11 ]. Biomaterials 
enhance hyperthermia therapy by providing better targeting and 
precise temperature control. In brief, these methods induce heat 
generation in the materials upon exposure to external light 
sources, microwaves, or electromagnetic fields, thereby effec-
tively destroying tumor cells. Photothermal therapy (PTT) 
materials primarily absorb light in the near-infrared (NIR) 
region [  12 –  15 ], which limits their tissue penetration depth. 
Magnetic hyperthermia therapy (MHT) and microwave thermal 
therapy (MTT) offer deeper tissue penetration, enabling effective 
treatment of tumors located within deeper bone structures 
[  16 ,  17 ]. Chemodynamic therapy (CDT) leverages the acidic, 
H2O2-rich tumor microenvironment to catalyze Fenton or 
Fenton-like reactions by biomaterials, spawning reactive oxygen 
species (ROS) to eradicate cancer cells [  18 ]. Photodynamic ther-
apy (PDT) and sonodynamic therapy (SDT) generate products 
similar to those of CDT, triggered by light and ultrasound, 
respectively, all aiming to induce tumor cell death via ROS 
production [  19 –  21 ].

  For patients, osteosarcoma resection often leaves critical 
bone defects that impair mobility and quality of life, especially 
in adolescents who are still growing and highly physically 
active. Therefore, in addition to preventing recurrence, restor-
ing bone structure and function is a central objective of post-
operative management. Bone regeneration is a complex process 
involving the recruitment, proliferation, and osteogenic differ-
entiation of bone marrow stem cells (BMSCs), as well as the 
regeneration and ingrowth of blood vessels and nerves and 
immune modulation, among other processes [  22 –  29 ]. Autologous 
bone is the gold standard for bone repair, but the quantity of 
donor bone available in patients is limited, and harvesting it 
can lead to various complications [  30 ,  31 ]. Allogeneic bone, as 
a substitute, can address the issue of limited bone availability 
but carries risks of disease transmission, immune response, and 
bone resorption [  32 ,  33 ]. In light of these challenges, various 
biomaterials have been developed for clinical bone tissue repair 

that are not only used as structural scaffolds but also increas-
ingly designed to actively participate in the healing process 
[  34 ]. Metallic biomaterials are among the first to be utilized 
for the repair of bone defects due to their superior mechanical 
properties and biocompatibility [  35 ]. Many metal ions, such as 
Mg and Zn, not only can drive osteogenic differentiation but 
also can synergistically enhance vascularization via endothelial 
activation, while initiating neurogenesis at the implantation 
site [  27 ,  36 –  38 ]. Inorganic nonmetallic materials, primarily 
including calcium phosphate ceramics and bioactive glass (BG), 
inherently possess excellent osteoconductive and osteoinduc-
tive properties [  39 ,  40 ]. The release of their degradation prod-
ucts exerts a promoting effect on osteoblast differentiation and 
extracellular matrix (ECM) formation. Organic materials are 
categorized into natural polymers and synthetic organic materi-
als, where natural polymers possess superior biocompatibility 
and biomimetic structures, while synthetic polymers exhibit 
distinct advantages in terms of mechanical properties and 
processability [  41 ]. Combinations of multiple materials form 
hydrogels, scaffolds, coatings, and films, providing an optimal 
environment for osteoblast adhesion and proliferation while 
also serving as delivery systems for the targeted release of osteo-
genic drugs, cytokines, or mesenchymal stem cells [  42 ,  43 ]. 
However, the pursuit of complete tumor eradication often 
directly opposes the conditions required for effective bone 
regeneration. CMT, IMT, and other adjuvant treatments, while 
essential for preventing recurrence, can simultaneously inhibit 
osteoblast activity and angiogenesis, thereby impeding bone 
repair. Conversely, the growth factors and cell-friendly micro-
environments that promote regeneration may inadvertently 
support the survival of residual tumor cells. Against this critical 
backdrop, there is an urgent need for biomaterials to evolve 
into versatile strategies that can simultaneously meet this dual 
requirement: effectively supporting bone regeneration while 
mitigating the risk of tumor recurrence.

  Currently, bifunctional biomaterials for osteosarcoma treat-
ment mainly focus on nanomaterials, hydrogels, and hard scaf-
folds. Nanomaterials, defined as materials and structures with 
dimensions ranging from 1 to 100 nm, can be specifically 
designed or precisely controlled, possessing controllable sur-
face properties, specific surface area, mechanical properties, 
and optical properties [  44 ]. Common types of nanomaterials 
include nanoparticles, nanofilms, nanocomposites, and nano-
porous materials, which have been widely applied in both osteo-
sarcoma treatment and bone regeneration [  45 ,  46 ]. Hydrogels 
are 3-dimensional (3D) porous network gels with excellent 
biocompatibility that can mimic the ECM. They are structurally 
degradable and highly adaptable in shape, making them suit-
able for fitting irregular bone defects. Additionally, hydrogels 
have strong drug-loading capabilities, allowing them to serve 
as carriers for antitumor and osteogenic components [  47 ,  48 ]. 
Advancements in technologies such as 3D printing, coating 
techniques, and electrospinning have substantially enhanced 
the flexibility in assembling hard scaffolds, providing more 
diverse assembly strategies. Notably, 3D printing technology 
enables precise control over the shape of implants according 
to the anatomical structure of post-tumor resection defects, 
thereby achieving personalized customization to meet the 
needs of post-resection repair. 3D-printed prostheses have been 
widely used clinically to match the irregular shapes of bone 
defects resulting from tumor surgery [  49 ]. However, stand-
alone nanomaterials often struggle to conform to irregular bone 
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defects, and hydrogels typically exhibit poor mechanical 
strength. Hard scaffolds, while generally more mechanically 
robust, often lack the biocompatibility of hydrogels. Therefore, 
these materials are often combined to leverage their comple-
mentary properties. This review systematically synthesizes the 
latest research advances in the development of such bifunc-
tional biomaterials. For the first time, it innovatively proposes 
a tripartite classification system grounded in the core charac-
teristics of bifunctional strategies, specifically encompassing 
(a) traditional bifunctional strategies, (b) enhanced antitumor 
strategies, and (c) temporal regulation strategies (Fig.  1 ). 
Building on this framework, the review further delineates the 
developmental trajectory of these materials—from the design 
of traditional simple composite structures to the evolution of 
complex temporal control systems (Fig.  2 ). Furthermore, this 
paper focuses on preliminary discussions regarding the key 
pain points in the clinical translation of these materials—such 
as biosafety and infection risks—and provides preliminary 
insights into future research directions, in the hope of offering 
some theoretical references for the subsequent advancement 
of this field.                   

Traditional Bifunctional Strategies
  In the present research context, we offer a formal classification 
and definition of traditional bifunctional therapeutic strategies. 

These are constructs that are systematically integrated, combin-
ing a single antitumor component with bone regeneration ele-
ment (Table  1 ).   

PTT-based traditional bifunctional  
strategic materials
  PTT has emerged as a pivotal modality for osteosarcoma treat-
ment, where advanced biomaterials address dual imperatives: 
effective tumor ablation and osteogenic microenvironment 
orchestration. Common photothermal materials include noble 
metal nanoparticles, carbon nanotubes, black phosphorus (BP), 
MXenes, sulfides, polydopamine (PDA), indocyanine green, 
Prussian blue, and polypyrrole (Ppy), among others [  50 ]. A 
fundamental challenge in their application lies in the inher-
ent contradiction between biodegradability and stability. 
Biodegradability demands that the material gradually decom-
poses and is cleared in the biological environment to avoid 
long-term accumulation, while stability requires it to maintain 
structural integrity and photothermal conversion efficiency 
throughout the therapeutic cycle. A prime example is BP, which 
stands out due to its intrinsic osteogenic by-products but suffers 
from rapid oxidative degradation in internal environments, 
hindering its clinical translation [  51 , 52 ]. To address the stabil-
ity issue of photothermal materials in degrading biological 
environments, a key strategy has been developed: physical 
encapsulation and confinement, which works by isolating 

Fig. 1. Biomaterial-based bifunctional strategies for antitumor and bone regeneration.
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photothermal materials from the degrading environment. For 
example, Bigham et al. [ 52 ] synthesized a BG (BG-BP) com-
posite material via evaporation-induced self-assembly (Fig.  3 A). 
Using the amphiphilic nonionic surfactant Pluronic F127 as a 
protective agent during the drying process, BP was encapsu-
lated within the hydrophobic core of micelles, followed by the 
formation of the BG component around the core. Subsequent 
irradiation transformed the composite into BP quantum dots 
(BPQDs). The micelles not only shielded BP during scaffold 
synthesis but also confined the BP fragments into quantum 
dots upon NIR irradiation, whose small size further slowed 
oxidative degradation. Similarly, hydrogels can act as protective 
matrices for photothermal nanomaterials. Li et al. [ 53 ] devel-
oped bioactive nanoparticles comprising magnesium oxide 
nanoparticle cores and poly(2-aminoethyl methacrylate)-
grafted PDA (PDAM-2AM) shells. These nanoparticles were 
subsequently incorporated into a pre-gel system composed of 
phosphonate-modified meth acrylamide chitosan (CMP) and 
polyacrylamide (PAM). The resultant 5NP/CMP@PAM hydro-
gel demonstrated complete suppression of osteosarcoma recur-
rence both in vitro and in vivo when activated by NIR laser 
irradiation. Furthermore, in critical-sized rat calva rial defect 
models, the hydrogel exhibited superior bone regeneration 
capabilities, demonstrating its dual functionality in oncologi-
cal therapy and bone tissue engineering. Incorporating or 

physically impregnating photothermal-responsive nanoma-
terials directly into the bone scaffold fabrication process pro-
vides a convenient method for stabilizing photothermal 
materials and creating a dual-functional platform [ 54 – 61 ]. 
Long et al. [ 62 ] used low-temperature rapid prototyping 
to 3D print porous poly lactic-co-glycolic acid (PLGA) scaf-
folds doped with Mg particles, thus the ability of composite 
scaffolds to obtain the photothermal effect of magnesium 
particles and promote bone regeneration. Wang et al. [ 63 ] 
combined flexible BG nanofibers and genipin-crosslinked gelatin 
(GNP) to fabricate porous 3D scaffolds via ice-templating and 
freeze-drying techniques. The resulting scaffolds exhibited a 
nanofibrous structure, closely mimicking the ECM. The GNP 
gel acted as a photothermal agent, endowing the GNP gel/
BGNF 3D scaffolds with potent photothermal antitumor and 
antibacterial properties. Creating photothermal coatings 
directly on bone scaffold surfaces presents another convenient 
strategy. Examples include bismuth coatings on BG scaffolds 
[ 64 ], molybdenum disulfide (MoS2)/PDA or carbon aerogel 
coatings on β-tricalcium phosphate (β-TCP) scaffolds [ 65 , 66 ], 
and TiO2 (H-TiO2) coatings on 3D-printed titanium scaffolds 
[ 67 , 68 ].        

  The evolution of dual-functional strategies has underscored 
the rising importance of theranostic materials, which are 
designed for both treatment and diagnostic monitoring, thus 

Fig. 2. Sankey diagram-based bibliometric analysis of bifunctional strategic materials (2015 to present).

https://doi.org/10.34133/research.0978


Dong et al. 2025 | https://doi.org/10.34133/research.0978 5

Table 1. Traditional bifunctional strategic materials

Strategy Biological materials Antitumor Osteogenesis Specific details Ref.

 PTT-based 
materials

 Pluronic F127/BG/BPQDs  BP (808 nm)  BPQDs/BG  Pluronic F127 encapsulates BP in BG-modified 
micellar cores, triggering microwave-driven 
BPNSs→BPQDs conversion.

[52]

 NAGA/GelMA/Gd/MOS2﻿  MOS2 (808 nm, 
26.26%)

 Gd  NAGA/GelMA hydrogel incorporated with 
MOS2 and Gd. Gd allows additional MRI.

[70]

 CMP/PAM/MgO/PDAM  PDAM (808 nm)  MgO  CMP/PAM hydrogel incorporated with MgO 
and PDAM nanoparticles.

[53]

 PEEK/MOS2/nHA  MOS2 (808 nm)  nHA  PEEK scaffold incorporated with MOS2 and 
nHA.

[55]

﻿β-TCP/Cu-TCPP  Cu-TCPP (808 nm)  Cu/β-TCP ﻿β-TCP scaffold incorporated with Cu-TCPP. [54]

 BP/BG  BP (808 nm)  BP/BG  BG scaffold incorporated with BP. [56]

 CS/nHA/CD  CD (808 nm)  CS/nHA/CD  CS scaffold incorporated with nHA and CD. [57]

 PCL/SrCuSi4O10﻿  SrCuSi4O10 (1,064 
nm, 46.3%)

 Sr/Cu/SI  PCL scaffold incorporated with SrCuSi4O10. [58]

 Ti3C2 MXene/BG  Ti3C2 MXene  
(808 nm)

 Ti3C2  
MXene/BG

 BG scaffold incorporated with Ti3C2 MXene. [59]

 Nb (2)C MXene/BG  Nb (2)C MXene 
(1,064 nm)

 Nb (2)C 
MXene/BG

 BG scaffold incorporated with Nb (2)C MXene. [60]

 CaCO3/PCL/CaCuSi4O10﻿  SrCuSi4O10  
(1,064 nm)

 CaCO3/ 
Ca SrCuSi4O10﻿

 PCL scaffold with CaCO3 and CaCSrCuSi4O10 
loaded surface coating.

[61]

 PLGA/Mg  Mg (808 nm)  Mg  Porous PLGA scaffold incorporated with Mg. [62]

 BG/GNP  GNP (808 nm)  BG  BGNF crosslinked by GNP-Gel into a stable 3D 
network.

[63]

 BG/bismuth  Bismuth (808 nm)  BG  BG scaffold with bismuth loaded surface coating. [64]

﻿β-TCP/MoS2/PDA/BMP2/
IGF-1

 MoS2/PDA (808 
nm)

 BMP2/IGF-1 ﻿β-TCP scaffold with MoS2, PDA, BMP2, and 
IGF-1 loaded surface coating.

[65]

﻿β-TCP/carbon aerogel  Carbon aerogel 
(808 nm)

﻿β-TCP/carbon 
aerogel

﻿β-TCP scaffold with carbon aerogel loaded 
surface coating.

[66]

 Ti6Al4V/TiO2﻿  TiO2 (808 nm)  TiO2﻿  Ti6Al4V scaffold with TiO2 loaded surface coating. [67]

 Ti6Al4V/TiO2/TiP/Gel/HA/
Alendronate

 TiO2 (808 nm)  TiO2/HA/
Alendronate

 Ti6Al4V scaffold with TiO2, TiP, Gel, HA, and 
alendronate loaded surface coating.

[68]

 Nd/Mn/whitlockite/SA  Nd (808 nm)  Nd/Mn/
whitlockite

 Nd10%Mn10%WH-SA hydrogel formed via 
SA-Ca2+ electrostatic and H-bond crosslinking. 
 Nd10% Mn10% WHSA can additionally 
monitor the temperature.

[72]

 MB/CMB  CMB (1,064, 
29.50%)

 MB/CMB  BG scaffold incorporated with CMB.CMB 
additionally has ROS scavenging capacity.

[78]

 MHT-based 
materials

 MeCFO/GelMA  CFO  MeCFO  GelMA hydrogel incorporated with MeCFO. [80]

 SPION/HA/CS/PVA  SPION  HA/CS  HA/CS hydrogel incorporated with SPION. [81]

 Fe3O4/Goβ-TCP  Fe3O4﻿  Go/β-TCP ﻿β-TCP scaffold with Go and Fe3O4 loaded 
surface coating.

[82]

 CMT-based 
materials

 HEMA/MMA/DOX  DOX  HEMA/MMA  HEMA/MMA scaffold with DOX loaded surface 
coating.

[83]

 Sr/CaPo4/MTX/DOX  MTX/DOX  Sr/CaPo4﻿  CaPo4 scaffold incorporated with Sr, MTX and DOX. [84]

 PLGA-PEG-PLGA/Ti6Al4V 
simvastatin

 Simvastatin  Simvastatin  Ti6Al4V scaffold with simvastatin loaded 
PLGA-PEG-PLGA hydrogel coating.

[87]

 RDT-based 
materials

 Poloxamer 407 hydrogel/
BG/holmium

 BG/holmium  BG  Poloxamer 407 hydrogel incorporated BG 
loaded holmium.

[88]

 CB/SA/gelatin  CB  SA/gelatin  SA/gelatin hydrogel incorporated CB. [89]
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expanding their functional capabilities. N-acryloyl glycin-
amide (NAGA) possesses desirable mechanical properties 
suitable for providing mechanical support during bone regen-
eration; however, its nondegradable nature limits its applica-
tion. Gadolinium (Gd), exhibiting osteogenic activity, also 
functions as a highly effective contrast agent for magnetic 
resonance imaging (MRI) [  69 ]. Huang et al. [ 70 ] developed 
a multifunctional hydrogel comprising Gd and MoS2 codoped 
NAGA/gelatin methacryloyl (GelMA). The addition of GelMA 
makes this hydrogel exhibit favorable mechanical properties 
and controllable degradation. This hydrogel possessed excel-
lent photothermal capabilities due to MoS2, enabling tumor 
cell ablation and bacterial growth inhibition both in vitro and 
in vivo. The Gd complex enabled MRI monitoring of hydrogel 
location and degradation. Furthermore, the gradual release of 
Gd3+ during GMNG hydrogel degradation promoted osteo-
genesis in vivo. PTT based on conventional photothermal 
agents suffers from the inability to monitor in situ tempera-
ture. This limitation can lead to overheating, causing damage 
to surrounding healthy tissues, or insufficient heating, result-
ing in incomplete tumor ablation. Neodymium (Nd) ions, 
belonging to the rare-earth family, exhibit photothermal 
properties and fluorescence upon 808-nm laser excitation 
[  71 ]. Heng et al. [ 72 ] synthesized composite nanoparticles 
by incorporating Nd and manganese (Mn) ions into whit-
lockite nanoparticles (a calcium and phosphate-containing 
inorganic mineral). These nanoparticles were then conjugated 
with sodium alginate (SA) via hydrogen bonding to form 
Nd10%Mn10%WH-SA (Fig.  3 B). Upon implantation of 
Nd10%Mn10%WH-SA into the tumor site, the PTT tempera-
ture could be controlled by monitoring changes in fluorescence 

intensity. In vivo experiments demonstrated that optimal anti-
tumor efficacy was achieved at 50 °C without causing sub-
stantial skin burns (Fig.  3 C). Moreover, the presence of Mn 
and whitlockite contributed to substantial bone regeneration 
in a rabbit femoral defect model.

  With more in-depth research into PTT, a groundbreaking 
theory has emerged suggesting that PTT, which utilizes near-
infrared lasers to induce heat treatment, could be a double-edged 
sword. While it effectively eliminates tumor cells, it can also 
trigger adverse inflammatory responses [  73 ,  74 ]. Although it is 
generally believed that ROS can eliminate tumor cells, it has 
also been suggested that ROS production causes a local inflam-
matory microenvironment that promotes tumor recurrence and 
should be removed [  75 ,  76 ]. Polyoxometalates, a unique class of 
molecular clusters composed of one or more transition metals 
and oxygen atoms, exhibit enhanced NIR absorption proper-
ties [  77 ]. Lu et al. [ 78 ] doped molybdenum blue (MB) nanoclu-
sters, which possess a well-defined cyclic structure, with cerium 
ions, forming a mixed-valence state of Mo6+/5+ and stable Ce3+. 
The substitution of Ce3+ enhanced SPR performance, thereby 
augmenting the capability of PTT-induced tumor ablation. The 
multivalent states of Mo endowed it with ROS scavenging abil-
ity, while the Ce3+ substitution led to an increase in the adsorp-
tion energy of the intermediates, consequently enhancing the 
ROS scavenging capability. This modification preserved the sym-
metrical ring structure and photothermal effect while imparting 
ROS scavenging ability to it. The resulting Ce-doped MB nano-
clusters were loaded onto 3D-printed BG (CMB@BG) scaffolds, 
creating a novel trimodal therapeutic approach for osteosarcoma, 
combining antitumor, anti-inflammatory, and bone regenerative 
properties (Fig.  3 D and E).   

Fig. 3. PTT-based traditional bifunctional strategic materials. (A) Synthetic procedure for the preparation of F127-BG-BPQDs for bone cancer therapy and regeneration. 
Reproduced with permission [52]. Copyright 2024, Elsevier. (B) The mechanism of preparing NdxMnyWH-SA, followed by their application. (C) Photothermal antitumor effects 
of the composite hydrogel at different temperatures in vivo. Reproduced with permission [72]. Copyright 2024, Elsevier. (D) Schematic illustration of CMB@BG scaffolds 
equipped with self-assembling CMB nanowheel crystals with photothermal catalytic effects as a 3-in-1 solution for osteosarcoma. (E) The 3-in-1 therapeutic effect of CMB@
BG scaffolds in an orthotopic osteosarcoma animal model. Reproduced with permission [78]. Copyright 2024, John Wiley and Sons.
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Non-PTT-based traditional bifunctional  
strategic materials
MHT-based traditional bifunctional strategic materials
  While dual-functional strategies based on PTT have brought 
much promise and are flourishing, they are limited by the shal-
low tissue penetration depth. MHT, which leverages the deep 
tissue penetration of alternating magnetic fields, can overcome 
this limitation [  79 ]. Shi et al. [ 80 ] grafted methacrylate groups 
onto the surface of cobalt ferrite (CoFe2O4 [CFO]) magnetic 
nanoparticles to reduce cytotoxicity and improve biocompat-
ibility. These modified CFO nanoparticles (MeCFO) were then 
incorporated into a GelMA hydrogel, resulting in a high-
performance magnetic hydrogel (Fig.  4 A). This hydrogel facili-
tated osteogenic differentiation of bone marrow mesenchymal 
stem cells while enabling magnetothermal therapy for the ablation 
of osteosarcoma cells. Tavares et al. [ 81 ] integrated hydroxy-
apatite (HA) particles into a polymer matrix composed of chi-
tosan (CS) and polyvinyl alcohol (PVA). Superparamagnetic 
iron oxide nanoparticles (pSPIONs) were then added to the 
CS/PVA/HA paste at 3 different concentrations (1.92, 3.77, and 
5.54 wt%) prior to scaffold fabrication. Scaffolds containing 
3.77 and 5.54 wt% pSPIONs achieved temperature increases 
of 6.6 and 7.5 °C, respectively, during magnetothermal testing, 
demonstrating inhibitory effects on osteosarcoma. Further
more, the presence of CS and HA promoted bone formation 
and integration. Similar to photothermal coatings, magneto-
thermal nanomaterials have also been employed as coatings 
on bone scaffolds. Zhang et al. [ 82 ] fabricated a 3D-printed 
β-TCP bioceramic scaffold coated with an Fe3O4 nanoparti-
cle/graphene oxide (GO) nanocomposite layer. This coating 
conferred magnetothermal properties and enhanced osteogen-
esis to the β-TCP scaffold.           

CMT-based traditional bifunctional strategic materials
  Localized chemotherapeutic delivery systems represent a piv-
otal strategy for synchronizing osteosarcoma eradication and 
bone regeneration. These strategies overcome systemic limita-
tions through targeted drug release. Sreeja et al. [ 83 ] fabricated 
layered porous scaffolds (HEMA/MMA) through free radical 
copolymerization of hydroxyethyl methacrylate (HEMA) and 
methyl methacrylate (MMA) and obtained an antitumor 
capability by immersing in DOX. The scaffold significantly 
promoted the osteogenic differentiation of rat BMSCs, while 
its special structure delayed the release of DOX for better 
tumor eradication. Lanzillotti et al. [ 84 ] synthesized inject-
able strontium-doped calcium phosphate self-hardening scaf-
folds, combining the osteoinductive capability of Sr and the 
well-recognized osteointegrative properties of calcium phosphate 
to maintain bone tissue regeneration. It could also serve as a drug 
delivery system, combining bone tissue regeneration and antican-
cer treatment by loading MTX and DOX. Beyond conventional 
chemotherapeutics, drug repurposing has yielded promising 
candidates with emerging antitumor efficacy. Simvastatin, a 
clinically established lipid-modulating agent, further exhibits 
osteogenic, antibacterial, and antitumor activities in preclini-
cal studies; however, subtherapeutic concentrations at osseous 
and tumor sites due to first-pass metabolism markedly com-
promise its therapeutic efficacy for bone regeneration and 
oncological interventions [  85 ,  86 ]. Jing et al. [ 87 ] addressed 
this limitation by encapsulating simvastatin in thermosensitive 
PLGA-PEG-PLGA hydrogels and injecting the formulation 
into 3D titanium scaffolds for localized delivery, They dem-
onstrated that it could effectively inhibit osteosarcoma and 
promote bone formation, and the anti-osteosarcoma mecha-
nism was through up-regulating ferritin and nicotinamide 

Fig. 4. Non-PTT-based traditional bifunctional strategic materials. (A) Schematic diagram of synthetic routes and application of MeCFO/GelMA hydrogels. Reproduced with 
permission [80]. Copyright 2023, Frontiers. (B) Schematic diagram of synthetic routes, application, and mechanism of composite hydrogels. Reproduced with permission 
[87]. Copyright 2024, Elsevier. (C) Design of the composite materials considered in the study. Reproduced with permission [89]. Copyright 2022, MDPI.
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adenine dinucleotide phosphate oxidase 2 levels to induce fer-
roptosis (Fig.  4 B).   

RDT-based traditional bifunctional strategic materials
  Shifting the focus to radiotherapeutic modalities, biomaterial-
mediated brachytherapy exhibits distinct advantages in terms 
of spatial control. Zambanini et al. [ 88 ] encapsulated holmium-
containing BG particles in Poloxamer 407 hydrogel. Their study 
demonstrated that brachytherapy using this composite effec-
tively induced osteosarcoma cell death. The optimal concentra-
tion of holmium was determined to be 5 wt.%, at which the 
highest efficacy was observed. Additionally, the BG promoted 
the proliferation of osteoprogenitor cells, further supporting 
bone regeneration. Stepanova et al. [ 89 ] encapsulated 3D-printed 
matrices of aliphatic polyesters containing cyclic borate (CB) 
within a composite hydrogel composed of SA and gelatin (Fig. 
 4 C). This innovative approach proposes a novel strategy for 
integrating boron neutron capture therapy with bone regenera-
tion, offering new possibilities for the treatment of bone-related 
malignancies.

  Traditional bifunctional strategies, which centered on the 
direct codelivery of antitumor and osteogenic components, 
provided a foundational concept for postoperative osteosar-
coma management. However, the therapeutic efficacy of this 
approach was ultimately limited by insufficient tumor eradica-
tion and an unresolved conflict in the timing between tumor 
elimination and bone regeneration.     

Bifunctional Strategies Based on Enhanced 
Antitumor Effect
  Successful antitumor treatment post-osteosarcoma surgery is the 
most pivotal factor in patient prognosis. Therefore, researchers 
have been focusing on enhancing tumor eradication efficiency 
within the framework of dual-function strategies (Table  2 ).   

Unitary anticancer optimization-based bifunctional 
strategic materials
Unitary hyperthermia optimization-based bifunctional 
strategic materials
  Hyperthermia has emerged as a promising antitumor modality; 
however, in response to the important damage induced by 
hyperthermia, tumor cells may substantially up-regulate their 
metabolism, particularly glycolysis. This metabolic shift gener-
ates an abundance of energy that supports the expression of 
heat shock proteins (HSPs), triggering a cytoprotective response 
that shields tumor cells from the effects of elevated tempera-
tures [  90 ]. To address this, photothermal antitumor therapy can 
be employed in conjunction with HSP70 inhibitors. However, 
the clinical application of HSP inhibitors is hindered by their 
low solubility, marked cytotoxicity, and rapid clearance [  91 ].

  The primary proposed mechanism involves suppressing 
HSP expression through metabolic modulation to disrupt 
energy supply for HSP synthesis. The alleviation of oxygen 
deficiency may suppress PTT-induced HSP expression, based 
on the fact that glycolysis occurs primarily under hypoxic condi-
tions. Xu et al. [ 92 ] developed a polycaprolactone (PCL)/nano-
hydroxyapatite (nHA)/MgO2/PDA scaffold using 3D printing 
technology, which uniformly distributed MgO2 powder throughout 
the scaffold material. The MgO2 underwent a slow reaction with 
water, enabling the continuous release of oxygen. The provision 

of oxygen serves a dual purpose: it potentiates PDA-based PTT 
by inhibiting HSP expression and ameliorates the hypoxic 
tumor microenvironment to facilitate subsequent repair pro-
cesses. Additionally, PCL, nHA, and magnesium ions provide 
sufficient mechanical support and induce osteogenesis. However, 
studies have found that tumors can also undergo glycolysis in 
an oxygen-rich environment, particularly in the case of solid 
tumors such as osteosarcoma [  93 ,  94 ]. Therefore, more effective 
methods are still needed to inhibit the expression of HSPs and 
thereby enhance the therapeutic efficacy of PTT. The funda-
mental mechanism underlying glucose oxidase (GOx)-mediated 
starvation therapy involves converting intratumoral glucose and 
oxygen into gluconic acid and hydrogen peroxide, aiming to 
reduce the tumor’s energy supply and inhibit the production of 
HSPs. However, this process is substantially hindered by the 
tumor’s hypoxic microenvironment. To address this challenge, 
Yu et al. [ 95 ] developed a novel multifunctional hydrogel by 
encapsulating magnetic Fe3O4 nanoparticles, MgCO3 particles, 
and GOx within an injectable PLGA hydrogel (Fig.  5 A). In order 
to prevent potential damage to surrounding healthy tissues and 
to mitigate GOx inactivation due to high temperatures, the 
therapeutic temperature was maintained between 40 and 45 °C. 
The presence of Fe3+ ions, along with the controlled tempera-
ture, acted as a catalyst to facilitate the breakdown of H2O2 into 
H2O and O2. This catalytic reaction not only generated positive 
feedback by replenishing oxygen but also consumed substantial 
amounts of glucose. This method successfully creates a syner-
gistic effect between mild hyperthermia and starvation therapy 
(Fig.  5 B), while additional components such as magnesium ions 
further promote bone regeneration.        

  An alternative strategy involves direct structural disruption 
of HSP proteins. Single-atom nanozymes (SAzymes) are capa-
ble of generating large amounts of ROS, which react with the 
primary amines of HSPs, disrupting their structure and func-
tion [  96 ]. Yan et al. [ 97 ] synthesized a single-atom copper nano-
zyme by selectively etching the atomic-level mixed A-layers (Al 
and Cu) from a quaternary MAX phase [Ti3(Al1-xCux) C2]. 
The SA-Cu-MXene was then incorporated into a poly-L-lactic 
acid (PLLA)/BG matrix to create a novel composite artificial 
bone scaffold. This scaffold exhibits photothermal conversion 
properties and can enhance lipid peroxidation and ROS pro-
duction, ultimately leading to ferroptosis and the inactivation 
of HSP70. The composite bone scaffold promotes bone regen-
eration under physiological conditions through the sustained 
release of bioactive ions (Ca2+, P5+, Si4+, and Cu2+).

  A third strategy employs epigenetic modulation to enhance 
tumor susceptibility to therapy. The lysine demethylase KDM3A 
can demethylate p53-K372me1, inhibiting the tumor-suppres-
sive functions of p53, which, in turn, down-regulates the expression 
of phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1) 
and p53 up-regulated modulator of apoptosis (PUMA), leading to 
tumor resistance to PTT [  98 ]. Consequently, the down-regulation 
of KDM3A increases the epigenetic sensitivity of tumors to PTT. 
5-Carboxy-8-hydroxyquinoline (IOX1), an inhibitor of histone 
demethylase KDM3A, has been explored to achieve this effect. 
Liang et al. [ 99 ] modified ultrathin silicene nanosheets (NS) onto 
a 3D-printed BG scaffold and administered an intraperitoneal 
injection of IOX1 20 h before scaffold implantation surgery in mice, 
which substantially enhanced the efficacy of PTT. Calcium, silicon, 
and phosphates released during the degradation of scaffolds pro-
mote osteogenesis by stimulating the proliferation, differentiation, 
and mineralization of bone marrow mesenchymal stem cells.   
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Table 2. Bifunctional strategic materials based on enhanced anti-osteosarcoma effect

Strategy Biological materials Antitumor Osteogenesis Specific details Ref.

 Unitary anticancer 
optimization

 PCL/nHA/MgO2/PDA  PDA—PTT 
 MgO2—Increase 
photothermal 
sensitivity

 nHA/MgO2﻿  PC scaffold incorporated with nHA, MgO2, 
and PDA. 
 MgO2 releases oxygen via hydrolysis, 
suppresses hypoxia-driven glycolysis and 
HSPs, enhancing tumor heat sensitivity.

[92]

 Fe3O4/MgCO3/GOx/
PLGA

 Fe3O4—MHT 
 Fe3O4/GOx—Increase 
photothermal 
sensitivity

 Mg  PLGA hydrogel incorporated Fe3O4, 
MgCO3, and Gox. 
 GOx depletes glucose to block glycolysis/
HSPs; Fe3O4 recycles H2O2 into O2, 
intensifying starvation therapy.

[95]

 SA-Cu-MXene/PLLA/
BG

 MXene—PTT 
 SA-Cu—Increase 
photothermal 
sensitivity 
 SA-Cu—CDT

 Cu/MXene//
BG

 PLLA/BG hydrogel incorporated 
SA-Cu-MXene. 
 SAzymes generate abundant ROS to disrupt 
HSPs’ structure and function, thereby 
enhancing tumor thermal sensitivity.

[97]

 BG/NS/IOX1  NS—PTT 
 IOX1—Increase PTT 
sensitivity

 BG  BG scaffold with NS loaded surface coating. 
 IOX1 suppresses KDM3A to boost tumor 
epigenetic sensitivity to PTT.

[99]

 Se/Mg/Fe/LDH/BG  Fe—CDT 
 Se—Increased CDT 
efficiency and 
sensitivity

 Mg/Fe/BG  BG scaffold incorporated with MgFe-LDH/
Se nanocomposite. 
 SeNPs deplete GSH and elevate H2O2 levels, 
supplying precursors for enhanced CDT.

[105]

 Vanadium/BG/PLGA  Vanadium—CDT 
 Vanadium—Increase 
CDT sensitivity

 BG  BG/PLGA scaffold incorporated mixed-
valence vanadium. 
 Vanadium depletes GSH, enhancing  
CDT sensitivity.

[102]

 Multiple anticancer 
therapeutics

 BP/DOX/CS  BP—PTT 
 DOX—CMT

 BP  CS hydrogel incorporated with BP and DOX. [109]

﻿  GelMA/oxidized 
dextran/MMT-Sr/
Ppy/DOX

 Ppy—PTT 
 DOX—CMT

 MMT-Sr  GOMP hydrogel incorporated with Ppy, 
DOX, and MMT-Sr.

[110]

﻿  GelAGE/Sr/PDA/
DOX

 PDA—PTT 
 DOX—CMT

 Sr  GelAGE hydrogel incorporated with PDA, 
DOX, and Sr.

[111]

﻿  PEEK/Graphene/
DDP/HA

 Graphene—PTT 
 DDP—CMT

 HA  3D-printed PEEK scaffold with internal 
graphene and surface HA@DDP coating.

[113]

﻿  HA/PCL/DOX/PDA  PDA—PTT 
 DOX—CMT

 nHA  PCL scaffold with HA/DOX-PDA loaded 
surface coating.

[114]

﻿  DCM/PLGA/β-TCP/
BP/DOX/P24

 BP—PTT 
 DOX—CMT

 TCP/BP/P24  DCM/PLGA/β-TCP/BP scaffold incorpo-
rated with BP and DOX.

[115]

﻿  CDHA/DOX/PDA  PDA—PTT 
 DOX—CMT

 CDHA  CDHA scaffold with DOX-PDA loaded 
surface coating.

[116]

﻿  Whitlockite/Go/DOX  Go—PTT 
 DOX—CMT

 Go/
Whitlockite

 Whitlockite scaffold incorporated with Go 
and DOX.

[117]

﻿  Se/Mg/nHA/PDA/
Sericin/Oxidized 
chondroitin sulfate/
CaO2﻿

 PDA—PTT 
 Se—CMT

 Mg/Ca/nHA  Hydrothermal Se/Mg-HAp nanorods, 
self-polymerized PDA-CaO2 nanospheres, 
and hydrazide-crosslinked Ser/OCS 
hydrogel.

[112]

﻿  PDA/Pt (II)/PLLA/
BG

 PDA—PTT 
 Pt (II)—CMT

 BG  Pt (II) amidated to PDA, then laser-sin-
tered into PLLA/BG.

[118]

﻿  Au/CA  Au—PTT 
 CA—CMT

 CA  CA-conjugated Au nanorods via 
Au-catechol bonds

[121]

(Continued)
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Unitary CDT optimization-based bifunctional  
strategic materials
  While CDT efficacy critically depends on ROS accumulation, 
2 fundamental barriers compromise its potency: (a) antioxidant 
defense via glutathione (GSH)-mediated ROS scavenging [  100 ], 

and (b) insufficient intratumoral H2O2 substrate [  101 ]. Liu et al. 
[ 102 ] pioneered mixed-valence vanadium (IV/V)-doped meso-
porous BG nanoparticles synthesized via microemulsion-assisted 
sol-gel, establishing self-circulating ROS amplification for 
tumor therapy. The vanadium (V)/vanadium (IV) redox cycle 

Strategy Biological materials Antitumor Osteogenesis Specific details Ref.

﻿  MSN/PDA/Qr/Col  PDA—PTT 
 Qr—CMT

 Qr  Qr and PDA coloaded MSNs [125]

﻿  Methylcellulose/
PLGA/CM/IR820

 IR820—PTT 
 CM—CMT

 CM  CM-PLGA microspheres and IR820 
coloaded methylcellulose hydrogel

[128]

﻿  CM/PDA/SF/nHA  PDA—PTT 
 CM—CMT

 CM/SF/nHA  SF/nHA scaffold with CM-modified PDA 
nanoparticles

[129]

﻿  AKT/SA/Pluronic 
F-127/Fe3S4﻿

 Fe3S4—MHT 
 Fe—CDT

 AKT/SA  AKT scaffold with Fe3S4 loaded surface 
coating.

[131]

﻿  BG/FeSAC  FeSAC—PTT 
 FeSAC—CDT

 BG  BG scaffold incorporated with FeSAC [134]

﻿  MSN/Cu2S/oDEX  Cu2S—PTT 
 Cu—CDT 
 Cu—Copper death

 Cu  Cu2S@BSA-loaded MSN/oDEX nanopar-
ticles via Schiff base bonding.

[138]

﻿  Cu-HHTP/PCL  Cu-HHTP—PTT 
 Cu—CDT

 Cu  PCL scaffold with Cu-HHTP loaded 
surface coating.

[137]

﻿  Fe3O4/HA/SiO2/
PLMC

 Fe3O4—PTT 
 Fe3O4—MHT 
 Fe—CDT

 HA  HA/SiO2/PLMC scaffold with Fe3O4 
loaded surface coating.

[16]

﻿  Ti/LDH/MgO-FeOx  FeOx—PTT 
 FeOx—PDT

 MgO  Ti with MgO/FeOx nanosheet loaded 
surface coating.

[20]

﻿  IR780/HMnO2﻿  IR780—PTT 
 IR780—PDT 
 Mn4+—Deplete 
glutathione

 HMnO2﻿  IR780-loaded hollow HMnO2 nanopar-
ticles camouflaged with M1 macrophage 
membrane.

[141]

﻿  MS/g-C3N4/ 
MXenes/nHA

 g-C3N4/MXenes—PTT 
 g-C3N4/MXenes—PDT 
 nHA—Mitochondrial 
dysfunction induction

 nHA  MS scaffold incorporated with g-C3N4, 
MXenes and nHA.

[143]

﻿  nHA/Au/CSMA/
GelMA

 Au—PTT 
 nHA—Mitochondrial 
dysfunction induction

 nHA  CSMA/GelMA hydrogel incorporated with 
nHA and Au nanorods.

[145]

﻿  CR780-PEG/SA/
PLLA/nHA

 CR780-PEG—PTT 
 nHA—Mitochondrial 
dysfunction induction

 nHA  Bilayered hydrogel comprising an 
SA-based composite upper layer 
embedded with CR780-PEG/nHA and a 
PLLA-based lower layer loaded with nHA.

[144]

﻿  ZIF-8/Ti6Al4V/DOX/
IDO

 ZIF-8—MTT 
 DOX—CMT 
 IDO—IMT

 ZIF-8  Ti scaffold incorporated with IDO 
inhibitor-loaded ZIF-8@DOX.

[146]

﻿  Nb2C MXene/
MSN/R-SNO/BG

 Nb2C MXene—PTT 
 R-SNO—DNA damage 
induction

 R-SNO/BG  BG scaffold incorporated with R-SNO-
loaded MSNs silica-coated 2D Nb2C 
MXene.

[149]

﻿  Zn/Li/Ti  Zn—CMT 
 Li+—Blocking GSK-3 
activation

 Zn/Li  Ti scaffold incorporated with Zn and Li. [150]

﻿  CS/ZIF-8/DOX/
PD-L1 siRNA/PCL

 DOX—CMT 
 PD-L1—siRNA IMT

 ZIF-8  CS/PCL hydrogel incorporated with 
ZIF-8/DOX/PD-L1 siRNA/PCL

[151]

Table 2. (Continued)
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consumes GSH to generate cytotoxic ROS and regenerate pen-
tavalent vanadium, disrupting tumor redox homeostasis while 
released silicon/calcium/phosphorus/vanadium ions synergis-
tically promote bone marrow mesenchymal stem cell prolifera-
tion, osteogenic protein secretion, and mineralization.

  Selenium nanoparticles (SeNPs) can activate superoxide 
dismutase, converting superoxide anion radicals (·O2−) into 
H2O2, thereby increasing H2O2 levels [  103 ]. Layered double 
hydroxides (LDHs) are a class of 2-dimensional (2D) layered 
nanomaterials that have found extensive applications in bio-
medical fields such as drug delivery, cancer therapy, and tissue 
engineering due to their unique layered structure, large specific 
surface area, good biocompatibility, and biodegradability [  104 ]. 
Bian et al. [ 105 ] developed a self-renewing H2O2 supply strat-
egy by synthesizing SeNPs/MgFe-LDH nanosheets via copre-
cipitation and integrating them onto 3D-printed BG scaffolds 
(Fig.  5 C). In this system, Fe3+ is reduced to Fe2+ by consuming 
GSH in the TME, triggering the Fenton reaction and generat-
ing ROS. Meanwhile, SeNPs supply additional precursors for 
the Fenton reaction, enhancing CDT efficiency and improv-
ing tumor cell killing. Additionally, the sustained release of 
Mg2+, Fe3+, and BG components promote increased bone 
mass (Fig.  5 D).    

Multiple anticancer therapeutics-based bifunctional 
strategic materials
  Beyond optimizing monotherapies, the synergistic integration 
of multiple antitumor treatment modalities represents another 

crucial strategy to enhance therapeutic efficacy and overcome 
drug resistance. This is not a mere superposition of treatments, 
but rather a synergistic effect where “1 + 1 > 2” [  106 ].  

PTT + CMT-based bifunctional strategic materials
  The synergistic effect of combining PTT and CMT is multilevel, 
primarily manifested in these aspects: First, local hyperthermia 
enhances the fluidity of tumor cell membranes, promotes the 
endocytosis of chemotherapeutic drugs, and thereby increases 
intracellular drug concentrations [  107 ]. Second, the high tem-
perature generated by PTT can inhibit the DNA repair mecha-
nism of cancer cells, making them more susceptible to the 
cytotoxic effects of chemotherapeutic drugs. Third, this com-
bined treatment approach strengthens the body’s immune 
response, activating the immune system’s capacity to recognize 
and eliminate cancer cells [  108 ]. In hydrogel systems, Li et al. 
[ 109 ] loaded BP nanosheets (photothermal agents) and DOX 
into injectable CS hydrogels, achieving enhanced tumor kill-
ing via PTT-CMT synergy and bone regeneration through 
BP-derived phosphate ions. Liu et al. [ 110 ] developed GelMA/
oxidized dextran/MMT-Sr/Ppy hydrogels: their dual-network 
structure sustained DOX release, Ppy enabled high photother-
mal conversion, and MMT-Sr improved mechanics and osteo-
genesis. Chen et al. [ 111 ] coloaded PDA-encapsulated DOX 
and Sr ions in alginate/GelAGE hydrogels, utilizing CMT-PTT 
synergy for osteosarcoma elimination and Sr ions for bone for-
mation. Yao et al. [ 112 ] developed an injectable SOH1(CP)1 
hydrogel system—composed of sericin, oxidized chondroitin 

Fig. 5. Unitary anticancer optimization-based bifunctional strategic materials. (A) Schematic illustration of the mechanism by which injectable multifunctional magnetic bone 
repair hydrogels (MBRs). (B) Evaluation of the MBRs’ antitumor ability for bone tumor in situ. Reproduced with permission [95]. Copyright 2023, Springer Nature. 
(C) A multifunctional SeNPs-incorporated MgFe-LDH nanosheets platform for a “one-stop-shop” strategy. (D) In vitro osteogenic efficacy evaluation of the composite material. 
Reproduced with permission [105]. Copyright 2024, John Wiley and Sons.
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sulfate, Se/Mg-doped HAp nanorods, and PDA-coated CaO₂ 
nanospheres—to address incomplete osteosarcoma resection 
and bone defects. The hydrogel eradicates tumors through mild 
PTT and SeO3 

2- CMT (achieving 100% inhibition at 18 days), 
while its degradation–matching repair cycle releases osteogenic 
ions (Ca2+, Mg2+, and PO₄3−) to fully repair bone defects within 
12 weeks. This dual-functional system provides a new solution 
for osteosarcoma-related bone reconstruction.

  Scaffold platforms integrate advanced fabrication with mul-
tifunctionality. Zhu et al. [ 113 ] 3D-printed polyetheretherketone 
(PEEK)/graphene scaffolds coated with CDDP-loaded HA, com-
bining graphene-mediated PTT with chemo-bioactive antitu-
mor effects. Rezk et al. [ 114 ] conjugated DOX with nHA via 
solution intercalation, electrospun DOX-loaded nHA/PCL 
nanofibers, and PDA-coated scaffold, yielding multifunctional 
photothermal/chemotherapeutic/osteogenic properties. Wang 
et al. [ 115 ] used low-temperature printing with a nano-emulsion 
(PLGA/β-TCP/BP/DOX/P24 peptide), where BP prolonged 
degradation for sustained PTT and P24 peptide synergized with 
degrading BP/β-TCP for bone repair. Bioinspired designs like 
Wang et al.’s [ 116 ] PDA/CDHA/DOX scaffolds achieved NIR-
responsive PTT, controlled CMT, and bone-mimetic osteogenesis/
angiogenesis. Rezk et al. [ 117 ] engineered GO-doxorubicin-
whitlockite composites (WG@DOX) with pH/NIR-responsive 
release and photothermal properties. The platform synergized 
DOX CMT and GO hyperthermia to eradicate osteosarcoma 
cells, while GO/Mg2+ enhanced osteogenic activity via up-
regulated protein expression. To address chemo-induced 
immunosuppression, Yan et al. [ 118 ] grafted low-toxic Pt (IV) 
onto PDA (PDA@Pt) and incorporated it into PLLA/BG scaf-
folds. This enabled on-demand Pt (II) release for low-toxic 
CMT, synergizing with PTT to eradicate tumors, activate 
cGAS-STING (converting “cold” to “hot” tumors), and pro-
mote osteogenesis.

  Compared to traditional chemotherapeutic drugs, natural 
compounds with antitumor properties have gained important 
attention due to their reduced side effects. However, given their 
limited efficacy when used alone, they are frequently adminis-
tered in combination with hyperthermia therapy. Chlorogenic 
acid (CA), a typical phenolic acid, exhibits not only antitumor 
activity but also osteogenic potential [  119 ,  120 ]. Yang et al. [ 121 ] 
grafted CA onto gold (Au) nanorods via gold-catechol bonds, 
which demonstrated significant osteosarcoma inhibition and 
bone regeneration activity under controlled hyperthermic con-
ditions. Quercetin (Qr), a flavonoid compound, exhibits anti-
tumor growth and bone regeneration-promoting activities 
[  122 ,  123 ]. Mesoporous silica nanoparticles (MSNs) possess 
excellent biocompatibility, high drug loading capacity, and con-
trolled drug release properties [  124 ]. Shi et al. [ 125 ] synthesized 
a multifunctional nanomaterial using MSN as a platform, incor-
porating Qr, collagen (Col), and PDA modifications. PDA’s 
photothermal effect synergizes with Qr’s antitumor activity, 
while Qr collaboratively promote bone regeneration. Curcumin 
(CM), a natural phenolic compound prevalent in rhizomes such 
as turmeric, mustard, curry, and saffron, has demonstrated anti-
osteosarcoma activity and bone regeneration-promoting effects 
[  126 ,  127 ]. Tan et al. [ 128 ] encapsulated CM microspheres within 
an IR820-conjugated methylcellulose hydrogel, while Han et al. 
[ 129 ] developed a fibrous scaffold composed of CM, PDA nano
particles, silk fibroin (SF), and nHA. Both systems exhibit chemo-
photothermal synergistic anti-osteosarcoma effects and induce 
bone defect regeneration.   

PTT or MHT + CDT-based bifunctional strategic materials
  Hyperthermia combined with CDT represents another highly 
promising therapeutic paradigm. High temperature plays mul-
tiple complementary roles in enhancing CDT. First, elevated 
temperature substantially accelerates the kinetics of Fenton 
or Fenton-like reactions catalyzed by transition metal ions, 
thereby boosting the generation of highly cytotoxic hydroxyl 
radicals. Second, high temperature has been shown to sensitize 
intracellular organelles such as lysosomes and endoplasmic 
reticula, rendering them more vulnerable to ROS-induced 
damage [  130 ]. Iron-based and copper-based systems have 
emerged as 2 major strategies to achieve synergistic antitumor 
effects through distinct mechanisms. Zhuang et al. [ 131 ] devel-
oped a novel approach by coating 3D-printed akermanite 
(AKT) bioceramic scaffolds with a layer of ferromagnetic Fe3S4 
nanoparticles possessing a tunable microstructure. This Fe3S4 
layer exhibits a magnetothermal effect, allowing for localized 
heating under an applied magnetic field. Simultaneously, the 
Fe3+ ions facilitate Fenton-like reactions, contributing to the 
cytotoxic effects. Importantly, the appropriate thermal energy 
generated by the magnetic hyperthermia also enhances the 
efficacy of the CDT, resulting in a synergistic elimination of 
residual tumor cells by the combined magnetic hyperthermia 
and CDT approach. Single-atom iron catalysts, composed of 
an amorphous carbon matrix anchoring individual iron atoms, 
exhibit multifaceted functionalities, including prominent light 
absorption in the NIR-I window and Fenton-like activity 
[  132 ,  133 ]. Wang et al. [ 134 ] incorporated highly active single-
atom iron catalysts (FeSACs) into a BG scaffold, endowing it 
with unique capabilities. This design endows the scaffold with 
dual capabilities: ROS generation for CDT and NIR photothermal 
conversion for tumor ablation, while simultaneously enhancing 
antibacterial efficacy to create a favorable microenvironment 
for bone repair.

  Copper ions can directly disrupt the tricarboxylic acid 
(TCA) cycle, thus persistently impairing mitochondrial meta
bolism [  135 ]. Furthermore, copper ions can generate ROS 
through Fenton-like reactions [  136 ]. Huang et al. [ 137 ] fabri-
cated a 3D-printed PCL scaffold engineered with a nanostruc-
tured 2D copper-based conjugated metal-organic framework 
(MOF) composed of copper ions (Cu2+) and the conjugated 
organic ligand 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) 
for synergistic PTT and CDT treatment of osteosarcoma. 
Ye et al. [ 138 ] electrostatically decorated dendritic MSN with 
ultrasmall Cu2S@BSA hybrid nanoparticles. Subsequently, a 
Schiff base conjugation with oxidized dextran (oDEX) con-
ferred pH-responsiveness to the material. The Cu2S nanopar-
ticles induce mitochondrial dysfunction, ultimately leading to 
copper-mediated toxicity in tumor cells while simultaneously 
generating ROS. The material also exhibits photothermal thera-
peutic properties under NIR-II laser irradiation. Importantly, 
this composite nanomaterial promotes BMSC osteogenic dif-
ferentiation while inhibiting osteoclastogenesis by suppress-
ing the expression of FDX1, LIAS, and DALT proteins in the 
TCA cycle (Fig.  6 B). Four-dimensional (4D) printing is an 
advanced manufacturing technology that builds upon 3D 
printing by introducing the dimension of time. It enables 
printed objects to autonomously change their shape, properties, 
or functions over time in response to specific external stimuli 
[  139 ]. Wang et al. [ 16 ] further advanced this field porous Fe3O4 
scaffold via Pickering emulsion templating, enabling multi-
modal therapy (CDT/PTT/MHT) and bone regeneration. Its 
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photothermal-responsive shape memory effect allows precise 
adaptation to complex bone defects for minimally invasive 
implantation, while interconnected pores facilitate osteogenic 
differentiation.           

PTT + PDT-based bifunctional strategic materials
  Similar to the hyperthermia-CDT paradigm, the combination 
of PDT and PTT importantly enhances tumoricidal efficacy by 
inducing severe organelle dysfunction, mitochondrial collapse, 
and activation of both apoptotic and immunogenic cell death 
pathways [  140 ]. Bimetallic oxide systems, for instance, effec-
tively integrate multimodal therapy with bone repair: Zhang 
et al. [ 20 ] constructed bilayer MgO/FeOx nanosheets on tita-
nium implants, where the bimetallic structure endows dual 
capabilities of efficient photothermal conversion (for hyper-
thermia) and ROS generation (for PDT) to synergistically kill 
tumor cells, while releasing OH- to neutralize acidic microen-
vironments and Mg2+ ions to enhance antitumor/antibacterial 
effects and promote angiogenesis and bone regeneration. 
Nanocarrier-based platforms further optimize targeted delivery 
and therapeutic synergy: Ma et al. [ 141 ] encapsulated IR780 in 
hollow manganese dioxide (HMnO2) nanocarriers modified 
with M1 macrophage-derived cell membranes for tumor site-
specific accumulation (Fig.  6 C), where IR780 mediates both 
PTT and PDT, Mn4+ depletes intracellular GSH to amplify ROS 
production and induce ferroptosis, and degraded Mn2+﻿ by-
products contribute to osteogenic regeneration. MXene-based 
composites, leveraging intrinsic photothermal activity and high 
electrical conductivity to facilitate photogenerated charge sepa-
ration [  142 ], represent another promising category: Zhang et al. 
[ 143 ] utilized melamine sponge (MS) as a framework to incor-
porate g-C3N4/MXenes composites with nHA, constructing a 
dual-functional scaffold where g-C3N4/MXenes drive synergis-
tic PTT-PDT, while nHA enhances antitumor efficacy via mito-
chondrial dysfunction and promotes osteogenesis, thus realizing 
dual therapeutic and regenerative goals.   

Other multiple anticancer therapeutics-based bifunctional 
strategic materials
  Beyond the more common combinations like PTT + CMT or 
PTT + CDT, the strategy of “enhanced antitumor effect” is fur-
ther exemplified by innovative material designs that integrate 
distinct therapeutic modalities with unique synergistic mecha-
nisms. These approaches often leverage the intrinsic properties 
of biomaterials to create multifaceted antitumor microenviron-
ments or engage novel cell death pathways, thereby achieving a 
more potent and comprehensive eradication of residual tumor 
cells. Gong et al. [ 144 ] developed a biomimetic bilayer scaffold 
composed of a top layer of CR780-polyethylene glycol (PEG) 
conjugated SA composite hydrogel and a bottom layer of PLLA 
and nHA. The layers were interconnected via hydrogen bond-
ing and interfacial reactions. This biomimetic bilayer scaffold 
provided a porous structure and sufficient mechanical strength 
for osteoblasts and chondrocytes, while the photothermal effect 
and nHA-induced mitochondrial dysfunction synergistically 
induced apoptosis of residual tumor cells. Liao et al. [ 145 ] 
incorporated gold nanorods and nHA into a mixed hydrogel 
composed of GelMA and chondroitin sulfate methacryloyl 
(CSMA). The composite hydrogel, under dual stimuli of photo-
thermal irradiation and nHA, eliminated residual tumor cells after 
surgery. Simultaneously, the hydrogel filled the bone defect and, 
in conjunction with nHA, effectively promoted bone formation. 

Ma et al. [ 146 ] developed a multifunctional scaffold for com-
bined MTT, CMT, IMT, and bone integration. ZIF-8, an MOF 
with microwave chemosensitivity, was used as a delivery vehicle 
for DOX and indoleamine 2,3-dioxygenase (IDO) inhibitors, 
and integrated into a 3D-printed porous titanium scaffold. This 
synergistic approach not only effectively eliminates tumor cells 
but also accelerates bone regeneration through ZIF-8 degrada-
tion products. The scaffold provides sufficient mechanical sup-
port, and its porous structure creates space for bone growth. 
High concentrations of nitric oxide (NO) exhibit direct anti-
cancer effects through multiple mechanisms, primarily involv-
ing DNA damage and the inhibition of DNA repair enzymes 
[  147 ,  148 ]. Yang et al. [ 149 ] coated 2D Nb2C MXene with MSN 
loaded with S-nitrosothiols (R-SNO) and then integrated this 
composite into a glass scaffold (Fig.  6 D). The MXene component 
endowed the scaffold with PTT capabilities while simultaneously 
releasing high concentrations of NO, thereby synergistically 
killing tumor cells. On the other hand, at lower concentrations, 
NO can promote angiogenesis and, in conjunction with BG, 
facilitate bone regeneration. Lu et al. [ 150 ] developed 3D-printed 
Zn-0.8Li porous scaffolds that synergistically combat residual 
osteosarcoma while promoting bone regeneration post-resec-
tion. Through controlled corelease of Zn2+ (inhibiting tumor 
proliferation/migration via proteasome ubiquitination, ER stress, 
and DNase silencing) and Li+ (blocking GSK-3 activation), the 
scaffolds eliminate tumor cells while enhancing osteoblast dif-
ferentiation. Zhou et al. [ 151 ] engineered a catechol-modified 
CS hydrogel (Gel@RDZ) encapsulating ZIF-8 nanoparticles 
coloaded with DOX and PD-L1 siRNA for postoperative maxil-
lofacial osteosarcoma management. The hydrogel enables sus-
tained local release of therapeutic agents to eradicate residual 
tumor cells via DOX CMT and PD-L1 blockade-enhanced 
CD8+ T cell immunity, while simultaneously promoting bone 
regeneration through scaffold-functionalized osteogenesis in 
critical-sized defects.

  To address the clinical challenges of high malignancy and 
recurrence rates in osteosarcoma, this dual-function strategy 
prioritizes the enhancement of tumor-killing efficacy. By improv-
ing the thermal sensitivity of materials, boosting ROS genera-
tion efficiency, or synergistic multiple modalities such as CMT 
and PTT, it substantially strengthens the ability to eliminate 
residual tumor cells. However, while optimizing tumor eradica-
tion, careful consideration must be given to whether excessively 
potent antitumor effects may cause damage to surrounding tis-
sues, thereby adversely impacting bone healing.     

Bifunctional Strategies Based  
on Temporal Regulation
  The prevailing research currently focuses on the direct integra-
tion of multifunctional materials with antitumor and osteo-
genic properties, often neglecting the temporal dimension of 
therapeutic needs. Premature promotion of bone tissue regen-
eration increases the risk of tumor recurrence and metastasis. 
Activation of bone formation-related pathways such as Wnt, 
Hedgehog, and Tgf-β is intimately linked to the progression of 
osteosarcoma [  152 –  154 ]. In contrast, prolonged antitumor treat-
ments can cause excessive damage to normal cells, adversely 
affecting bone healing in later stages of therapy. Therefore, a 
sequenced therapeutic strategy based on temporal regulation 
antitumor promotion and osteogenesis is garnering increasing 
attention (Table  3 ).   
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Chronotherapeutic bone regeneration outlasts 
oncotherapeutic efficacy-based bifunctional 
strategic materials
  A straightforward approach to achieve temporal control is by 
extending the release duration of osteoinductive substances. 
Indeed, numerous studies employ this strategy, such as bone 
bio-scaffolds loaded with antitumor drugs, where scaffold deg-
radation occurs at a substantially slower rate than drug release. 
However, most of these studies fail to clearly define and distin-
guish between the antitumor phase and the osteoinductive 
phase, and therefore are not included in this section. Here, we 
select a few representative examples for presentation. Clinically, 
the efficacy of PD-1 monoclonal antibody treatment is subopti-
mal. One possible factor is that cancer-associated mesenchymal 

stem cells (CA-MSCs) drive CD8+ T cell tumor immune exclu-
sion and reduce the response to anti-PD-L1 therapy. However, 
research has demonstrated that hedgehog pathway antagonists 
can reverse the effects of CA-MSCs, restore responsiveness to 
immune checkpoint blockade (ICB) treatment, and modulate 
antitumor immunity [  155 ]. Chu et al. [ 156 ] engineered a 
bisphosphonate-modified hyaluronic acid (BP-HyA) hydrogel to 
sequentially deliver αPD-L1 and the hedgehog pathway antago-
nist vismodegib in the early IMT phase, followed by sustained 
release of Mg2+ ions during the subsequent bone formation 
phase. This strategy leverages differential molecular interactions 
and diffusion kinetics within the hydrogel network to achieve 
temporally controlled therapeutic actions (Fig.  7 A). The hydrogel, 
injected into the bone defect after primary tumor resection, 

Fig. 6. Multiple anticancer therapeutics-based bifunctional strategic materials. (A) Schematic illustration of PDA-coated 3D printed CDHA scaffolds with NIR-triggered drug 
release of DOX for synergistic PTT/CMT of osteosarcoma. Reproduced with permission [116]. Copyright 2024, Elsevier. (B) Schematic illustration of the MCD nanoparticles 
for therapy of osteosarcoma. Reproduced with permission [138]. Copyright 2024, Elsevier. (C) Synthesis concept of HMn-IR@M1 and applied in tumor targeted therapy and 
tissue regeneration of tumor bone defect. Reproduced with permission [141]. Copyright 2024, American Chemical Society. (D) Schematic of a multifunctional scaffold enabling 
controlled NO release, synergistic photothermal conversion, and osteogenic activation for combinatorial bone tumor therapy and regeneration. Reproduced with permission 
[149]. Copyright 2020, John Wiley and Sons.
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Table 3. Bifunctional strategic materials based on temporal regulation

Strategy
Biological 
materials Antitumor Osteogenesis Specific details Ref.

 Prolonged 
osteogenesis 
time

 BP-HyA/
αPD-L1/
vismodegib/Mg

﻿αPD-L1—IMT 
 Vismodegib—IMT

 Mg  HA-BP-Mg hydrogel incorporated with vismodegib and 
αPD-L1. 
﻿α PD-L1/vismodegib release ends in 2 weeks. Mg ion 
release >3 weeks.

[156]

 nHA/Cu/PLA/
Sa/GelMA

 CU—CDT  nHA/Cu  Acidic TME rapidly releases CCP, depleting GSH and 
generating lethal ROS via Cu+-mediated Fenton 
reaction. 
 Post-eradication, normalized pH enables sustained 
Cu2+/nHA release, stimulating osteogenic 
differentiation.

[157]

 MgO2/PLGA  MgO2—CDT  Mg  PLGA hydrogel incorporated with 20 wt% MgO2. 
 ROS release ends in 3 weeks. Mg ion release in 12 weeks.

[158]

 Gel/PDA/MgO2﻿  PDA—PTT 
 MgO2—CDT

 Mg  GelDA hydrogel incorporated with 10 mg/ml MgO2. 
 H2O2 release ends in 3 days. PTT for 7 days. Mg ion 
release >7 weeks.

[159]

 Core–shell  HyAMel/
F127DA/
GelMA/
Melatonin

 Melatonin—CMT  Melatonin  HyAMel/F127DA core hydrogel incorporated with 
high-concentration melatonin, GelMA shell hydrogel 
with low-concentration melatonin. 
 The shell releases high-concentration melatonin first, 
then the core releases low-concentration after shell 
degradation.

[165]

 CHW/PEGDA/
GT/GG/DOX/
magnesium-
iron LDH

 Magnesium-iron 
LDH—PTT 
 DOX—CMT

 CHW/
PEGDA/
magnesium-
iron LDH

 GT/GG shell hydrogel incorporated with LDOX, CHW/
PEGDA core hydrogel with LDH. 
 The shell hydrogel eliminates tumors via PTT/DOX 
synergy; after degradation, the core hydrogel promotes 
osteogenesis through mild photothermal, liquid crystal 
properties, and metal ions.

[167]

 External 
switch 
controls

 GA/cell-free 
bone matrix

 GA—PTT  GA/cell-free 
bone matrix

 GA-chemically modified cell-free bone matrix. 
 High-power NIR induces thermal ablation for tumor 
eradication; reduced power enables mild photothermal 
activation to enhance osteogenesis

[173]

 GeSe/PLA/TCP  GeSe—PTT  GeSe/TCP  TCP scaffold with PLA/GeSe nanofiber films loaded 
surface coating. 
 Sequential NIR-photothermal tumor ablation followed 
by ultrasound - electro stimulated osteogenesis.

[178]

 Bi/SrTiO3/
Gelatin/OCS

 Bi/SrTiO3—PDT 
 Bi/SrTiO3—
Increased PDT 
efficiency

 Bi/SrTiO3﻿  Gelatin/OCS hydrogel incorporated with Bi/SrTiO3 
nanoheterostructure. 
 US-NIR-boosted PDT rapidly ablates osteosarcoma via 
ROS storm, followed by NIR-off ultrasound-activated 
piezoelectric osteogenesis.

[181]

 BP/GSNO/BG  BP—SDT 
 GSNO—DNA damage 
induction

 BP/BG  US-activated and EGCG-induced pyroptosis and ROS. 
 US off, phosphate and NO boost angiogenesis and bone 
repair.

[21]

 TiO-Ir/HA  TiO-Ir—SDT 
 TiO-Ir—
Mitochondrial 
damage

﻿  US-activated ROS in tumors, depletes GSH. 
 Post-eradication, it converts H2O2→O2 in bone defects, 
suppressing oxidative stress and promoting 
osteogenesis.

[182]

 EGCG/ 
SrTiO3/BG

 SrTiO3—SDT 
 SrTiO3—PANoptosis 
 ECGG—DNA 
methylation 
reversal.

 Sr/BG  US-activated and EGCG-induced pyroptosis and ROS. 
 Sr in BG scaffolds post-US enhances BMSC osteogen-
esis for bone repair.

[183]

(Continued)
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can sustainably prolong the release of αPD-L1 and vismodegib 
for up to 2 weeks, enhancing the activity of activated CD8+ 
T cells that have been suppressed by invading tumor cells. 
Simultaneously, the release duration of magnesium ions is lon-
ger than that of αPD-L1 and vismodegib, lasting for more than 
3 weeks (Fig.  7 B), and the initially released Mg2+ contributes 
to the enhancement of CD8+ T cell activation.        

  Xie et al. [ 157 ] engineered a time-sequential 3D-printed poly 
lactic acid (PLA)/nHA scaffold integrated with pH-responsive 
hydrogel to deliver tumor-targeting Cu–Cys–PEG nanoparticles 
(CCP). During the initial phase, the acidic tumor microenviron-
ment triggers hydrogel disintegration and rapid release of cop-
per nanoparticles, inducing CDT. In the subsequent phase, 
following tumor elimination and pH normalization, the system 
switches to sustained copper ion release that synergizes with 
nHA to promote osteogenic differentiation, thereby enabling 
continuous bone regeneration. Li et al. [ 158 ] utilized low-tem-
perature 3D printing to fabricate a layered porous nanocom-
posite scaffold composed of magnesium peroxide (MgO2) and 
PLGA, enabling the controlled sequential release of ROS and 
magnesium ions (Mg2+) (Fig.  7 C). The degradation of MgO2 
occurs in 2 stages: first, MgO2 decomposes into magnesium 
hydroxide [Mg (OH)2] and hydrogen peroxide (H2O2) accord-
ing to the reaction MgO2 + 2H2O → Mg(OH)2↓ + H2O2↑; next, 
Mg (OH)2 undergoes hydrolysis to release Mg2+ and hydroxide 
ions (OH−) following the reaction Mg(OH)2 → Mg2+ + 2OH−. 
MgO2 provides sufficient H2O2 for CDT while simultaneously 
releasing osteogenic Mg2+. The second stage of Mg2+ release is 
substantially slower than the first. Additionally, there is an initial 
burst release of Mg2+ due to the rapid degradation of Mg(OH)2 
near the scaffold’s surface, while the Mg(OH)2 encapsulated 
deeper within the scaffold is gradually released as the PLGA 
degrades over time. This system achieves temporal control: dur-
ing the first 3 weeks, H2O2 is released to initiate CDT in the 
antitumor phase, while from weeks 3 to 12, prolonged release 
of Mg2+ activates the Wnt3a/GSK-3β/β-catenin signaling path-
way and creates an osteoinductive immune microenvironment 
through M2 macrophage polarization, thereby enhancing bone 
regeneration. The team also developed another spatiotemporally 
controlled hydrogel based on a similar principle. This innovative 
hydrogel leverages the reactivity of MgO₂ (which generates 
H2O2): in the presence of HRP, H2O2 triggers the oxidative 
polymerization of dopamine moieties on GelDA chains, thereby 
enabling hydrogel crosslinking and formation [ 159 ]. In addition 
to its PTT effects, the hydrogel releases H2O2 to trigger CDT, 
achieving synergistic tumor killing. Moreover, the sustained 
release of Mg2+ endows the hydrogel with time-controlled prop-
erties, further enhancing its therapeutic functionality.   

Core–shell sequential therapy-based bifunctional 
strategic materials
  Another more effective approach to achieve temporal regulation 
is the core–shell structure. The core–shell structure provides 
sequential release: agents in the faster-degrading shell release 
first, followed by those in the slower-degrading core [  160 –  162 ]. 
Melatonin is an endogenous neurohormone that has garnered 
attention for its dual role in inhibiting osteosarcoma and pro-
moting osteogenesis [  163 ]. However, while melatonin exhibits 
antitumor effects at high concentrations, it also inhibits bone 
regeneration at these levels. Only at low concentrations does 
melatonin promote bone regeneration [  164 ]. This raises the ques-
tion: how can melatonin’s concentration be modulated in osteo-
sarcoma treatment to achieve temporal control for sequential 
antitumor and osteogenic therapy? Huang et al. [ 165 ] designed 
a core–shell hydrogel bone scaffold to address this issue. The core 
is composed of a composite of hyaluronic acid methacrylate 
(HyAMel) hydrogel and F127DA hydrogel, loaded with low con-
centrations of melatonin. After ultraviolet (UV) curing, the core 
forms a cubic structure. The shell, made of GelMA and contain-
ing high concentrations of melatonin, is slowly injected around 
the core. Following UV curing, it forms a shell encapsulating the 
core (Fig.  8 A). The core–shell structure precisely controls mela-
tonin release: high concentrations of melatonin are rapidly 
released in the early postoperative period (within 7 days) to elimi-
nate residual tumor cells, while low concentrations are gradually 
released over the mid-to-late phase (up to 30 days) to promote 
osteogenesis (Fig.  8 B). The viscoelastic and liquid crystal (LC) 
properties of bone-like materials play a critical role in osteogen-
esis. Liu et al. [  166 ] developed a chitin whisker/polyethylene 
glycol diacrylate (CHW/PEGDA) LC hydrogel mimicking these 
characteristics and demonstrated its osteogenic potential in vivo. 
Building on this, Li et al. [ 167 ] designed a system where a 
UV-cured magnesium-iron LDH combined with an LC hydrogel 
formed the core, while a thermosensitive hydrogel shell—
comprising gelatin (GT), gellan gum (GG), and DOX-loaded 
magnesium-iron LDH—was uniformly applied around the core 
(Fig.  8 C). Magnesium-iron LDH is known for its excellent pho-
tothermal conversion efficiency in the NIR-II window [  168 ], 
enabling it to generate heat for tumor ablation. Concurrently, the 
thermosensitive shell disintegrates under the heat, releasing DOX 
to synergistically eliminate residual tumor cells and bacteria 
through a combination of PTT and CMT (Fig.  8 D). Recent 
studies have indicated that mild photothermal effects can 
enhance bone regeneration [  169 ,  170 ]. The core hydrogel, regu-
lated by LDH to maintain a temperature of 40 to 42 °C, works in 
conjunction with the LC hydrogel and magnesium-iron ions to 
promote osteogenesis in the later stages of treatment.           

Strategy
Biological 
materials Antitumor Osteogenesis Specific details Ref.

﻿  BaTiO3/Ti  BaTiO3—Disrupted 
tubulin

 BaTiO3﻿  Ti scaffold with BaTiO3 ferroelectric nanorod array 
loaded surface coating. 
 High-intensity US electrotherapy ablates tumors, 
followed by endogenous field-guided osteogenesis upon 
US cessation.

[185]

Table 3. (Continued)
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External control-based bifunctional  
strategic materials
  An additional sophisticated approach to temporal regulation 
leverages externally controllable stimuli as a “switch”, allowing 
for precise, on-demand control of the timing for both tumor 
suppression and bone regeneration. By precise temperature 
regulation, it is possible to sequentially achieve tumor abla-
tion followed by subsequent bone regeneration. Cell-free bone 
matrix is extensively employed for bone defects owing to its 
superior biocompatibility and osteogenic potential. However, 
the direct incorporation of photothermal agents imposes strin-
gent requirements on the composition and structural integrity 
of biomaterials. Decellularized bone matrix is incompatible 
with this therapeutic strategy, thereby limiting its applicability 
in osteosarcoma treatment. Gallagic acid (GA), abundant in 
plants such as Rheum palmatum, Eucalyptus robusta, and 
﻿Cornus officinalis, exhibits anti-inflammatory, antioxidant, 
and antitumor activities [  171 ,  172 ]. Its phenolic structure, fea-
turing 3 hydroxyl groups, enables coordination with metal 
ions. Hou et al. [ 173 ] devised a universal modification strategy 
utilizing GA-assisted coordination chemistry to fabricate cell-
free bone matrix with photothermal capabilities (Fig.  9 A). 
GA modification confers pronounced photothermal proper-
ties, and NIR power modulation enables controlled temporal 
regulation—early high-temperature tumor ablation and late 

mild hyperthermia for bone regeneration—overcoming the 
incompatibility of decellularized bone matrix with traditional 
photothermal agents.        

  Endogenous bioelectricity is pervasive throughout the body’s 
physiological activities, and an increasing body of research indi-
cates that modulating electrical signals through biomaterials 
can effectively stimulate the regeneration of bone, nerve, and 
other tissues [  174 ,  175 ]. Among these, piezoelectric materials—
which convert mechanical stress into electrical energy to stimu-
late cells or influence their surrounding electric fields—are 
gaining important attention [  176 ]. Ultrasound, with its excel-
lent tissue penetration and noninvasive properties, is particu-
larly well-suited as an external trigger for activating piezoelectric 
materials [  177 ]. Xu et al. [ 178 ] integrated GeSe nanosheets, 
known for their remarkable piezoelectric properties and pho-
tothermal effects, into PLA to enhance both piezoelectric per-
formance and photothermal functionality in a biomimetic 
periosteum (Fig.  9 B). Using electrospinning, the nanofiber 
membrane was then coated onto a porous TCP scaffold. In the 
antitumor phase, NIR light stimulation triggered a photother-
mal response and the release of Ge ions, effectively destroying 
tumor cells. In the bone repair phase, without NIR stimulation, 
ultrasound irradiation generated electrical stimulation, which 
enhanced early neurogenic differentiation of Schwann cells 
and promoted osteogenic differentiation (Fig.  9 C). This system 

Fig. 7. Chronotherapeutic bone regeneration outlasts oncotherapeutic efficacy-based bifunctional strategic materials. (A) Schematic illustration of bioactive nanocomposite 
hydrogel for enhanced bone tumor immunotherapy and bone regeneration. (B) The release profile of αPD-L1, vismodegib, and Mg2+ in vitro. Reproduced with permission 
[156]. Copyright 2024, Elsevier. (C) Schematic representation of the pathophysiology-based design concept of innovative MgO2/PLGA scaffolds. Reproduced with permission 
[158]. Copyright 2024, John Wiley and Sons.
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provides precise temporal control, facilitating both tumor 
eradication and bone regeneration.

  Piezoelectric materials also enhance PDT efficiency under 
ultrasound by accelerating photoinduced charge separation 
[  179 ,  180 ]. Xiao et al. [ 181 ] developed a piezoelectric–photonic 
nanostructure using ultrasmall bismuth/strontium titanate 
nanotubes (Bi/SrTiO3). These nanotubes exhibit localized sur-
face plasmon resonance effects and a narrow bandgap, allowing 
them to respond to a broader range of wavelengths while pos-
sessing piezoelectric properties. These nanoparticles were inte-
grated into a gelatin/sulfated chondroitin sulfate (OCS) injectable 
hydrogel. In the antitumor phase, when ultrasound and NIR 
light were simultaneously activated, the efficiency of PDT was 
importantly enhanced, leading to rapid production of ROS and 
effectively eradicating osteosarcoma cells. Furthermore, in the 
bone repair phase, the hydrogel exhibited excellent filling in 
the bone defect area. With the NIR light turned off, the hydrogel 
became polarized under ultrasound irradiation and transmitted 
electrical stimulation to cells, thereby exerting therapeutic 
effects on bone repair (Fig.  9 D).

  Piezoelectric materials can also be utilized for SDT to treat 
osteosarcoma. Fang et al. [ 21 ] engineered a 4D-bioactive BP- 
GSNO-BG scaffold, integrating black phosphorus nanosheets 
and NO donor GSNO for ultrasound-responsive osteosarcoma 
therapy. Ultrasound simultaneously triggers piezoelectric ROS 

generation from BP and bursts NO release from GSNO for tumor 
eradication, while later-stage degradation delivers phosphate ions 
and sustained low-dose NO to synergistically accelerate angio-
genesis and bone regeneration. This dynamically transforming 
platform embodies biomaterial principles—transitioning from 
initial antitumor activity to long-term osteogenic function—
enabling stepwise treatment of tumor resection defects. Rong 
et al. [ 182 ] developed intelligently sequential HS-ICTO scaf-
folds via 3D printing, integrating Ir-cluster-decorated TiO₂ 
(ICTO) biocatalysts on HA scaffolds for post-resection osteo-
sarcoma therapy. Initially, ICTO generates massive ROS through 
sono-activation under tumor microenvironment, depletes GSH 
to disrupt redox homeostasis, and alleviates hypoxia via catalase-
like O₂ production for enhanced tumor apoptosis. Following 
tumor elimination, as the acidic microenvironment shifts, the 
scaffold switches its function to catalyze H2O2 → O₂—suppressing 
oxidative stress while promoting stem-cell osteogenesis and 
inhibiting osteoclastogenesis—thereby enabling a seamless 
transition from tumor eradication to bone regeneration. Wang 
et al. [ 183 ] developed 3D-printed composite scaffolds featuring 
EGCG-loaded mesoporous SrTiO3 nanoparticles for logic-gated 
osteosarcoma therapy. The platform uses ultrasound-triggered 
piezoelectric ROS (“outer signal”) and tumor-acidity-activated 
EGCG-mediated DNA demethylation (“inner signal”) to induce 
PANoptosis, eradicating bacteria while activating antitumor 

Fig. 8. Core–shell sequential therapy-based bifunctional strategic materials. (A) Schematic illustration of Gel/HF for enhanced anti-osteosarcoma and bone regeneration. 
(B) Detection of melatonin loading and release as well as rheological properties of Mel@Gel/Mel@HF. Reproduced with permission [165]. Copyright 2023, American Chemical 
Society. (C) Schematic illustration of the construction of core–shell hydrogel of LCgel-L/gel-LDOX for achieving early antitumor and antibacterial and late osteogenic effects. 
(D) Hydrogel physicochemical and morphological properties under varying temperatures. Reproduced with permission [167].l Copyright 2024, Elsevier.
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Fig. 9. External control-based bifunctional strategic materials. (A) Schematic diagram of polyphenol-assisted modification strategy for bifunctional calcium-based materials 
preparation and of sequential PTT and osteogenesis. Reproduced with permission [173]. Copyright 2024, Elsevier. (B) Schematic illustration of the piezoelectric biomimetic 
bone-periosteum scaffold (TCP-PLA/GeSe) for spatiotemporal innervated bone regeneration and tumor ablation. (C) The neurogenic activity of SCs on TCP-PLA/GeSe 
scaffolds under US excitation. Reproduced with permission [178]. Copyright 2023, Springer Nature. (D) Piezoelectric field-driven fast charge separation coupling with surface 
plasmon resonance enhanced near-infrared photodynamic therapy for anti-osteosarcoma and osteogenesis. Reproduced with permission [181]. Copyright 2024, Elsevier. 
(E) One-dimensional ferroelectric nanoarrays with wireless switchable static and dynamic electrical stimulation for selective regulating osteogenesis and anti-osteosarcoma. 
(F) Dynamic electrical stimulation blocks the cell cycle and induces cell death in vitro. Reproduced with permission [185]. Copyright 2022, American Chemical Society.
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immunity via dendritic cell maturation. Simultaneously, Sr2+/
BG components promote bone regeneration through enhanced 
BMSC osteogenic differentiation.

  Emerging studies reveal that intense electric fields can selec-
tively exert direct cytotoxic effects on tumor cells [ 175 ,  184 ]. 
Xiao et al. [ 185 ] engineered a ferroelectric BaTiO3 nanorod 
array coating for titanium implants. When activated with ultra-
sound, this coating produces high-intensity dynamic electric 
fields, fluctuating between −237 and 139 mV (Fig.  9 E). These 
fields interfere with microtubule orientation, compromise 
spindle assembly, and halt mitosis at the G2/M phase, all of 
which contribute to tumor cell apoptosis (Fig.  9 F). In the 
absence of ultrasound, a static electric field emerges from the 
interaction between the positively charged PNBTiO surface 
and the negatively charged bone defect. This electrostatic envi-
ronment supports bone healing by fostering a conducive micro-
environment for osseointegration. The application of electrical 
stimulation in the treatment of osteosarcoma remains an 
underexplored area, and there is a pressing need for robust, 
high-quality experimental evidence to substantiate its potential 
efficacy and safety.

  This strategy achieves precise orchestration of the treatment 
sequence by modulating the release kinetics of osteogenic com-
ponents, employing core–shell structures for temporally seg-
regated functionality, or utilizing external remote-control switches 
to transition between “tumor-killing” and “bone-regeneration” 
phases. This temporal-control strategy ensures closer alignment 
with the pathophysiological process following surgery. Never
theless, a central challenge remains: determining the optimal 
timing to deactivate the antitumor function and initiate the 
pro-regenerative phase. Future designs should focus on ther-
anostic platforms integrating real-time diagnosis with thera-
peutic intervention for improved tumor surveillance.    

The Clinical Translation for Bifunctional 
Strategies
  Despite the promising potential of bifunctional strategies in 
simultaneously addressing tumor eradication and bone regen-
eration, getting them from the laboratory to the clinic is proving 
to be a difficult journey. Several major hurdles still stand in the 
way. First, there are concerns about the long-term safety of 
these new materials; we need to be absolutely sure that they are 
not toxic to the body’s healthy tissues over time [  186 ]. Besides 
long-term safety, another critical practical issue is closely linked 
to osteosarcoma surgery itself. Osteosarcoma surgery usually 
involves extensive resection and long operation time, which 
inherently raises the risk of postoperative infection. Similar to 
other orthopedic implants, implanting bifunctional materials 
may further increase this infection risk—this could not only 
affect treatment outcomes but also delay patient recovery [  187 ]. 
Overcoming these practical obstacles is the essential next step 
before these innovative strategies can become a routine and 
reliable option for patients.  

Material toxicity assessment
  Material toxicity is a major concern in biomedical applications, 
as toxic reactions can disrupt the body’s normal physiological 
balance, trigger inflammatory responses, and may even lead to 
long-term organ problems [  28 , 186 ,  188 ]. For instance, as fre-
quently mentioned earlier, multiple metal ions (e.g., Mg, Zn, 
and Cu) are used for CDT or osteogenesis/angiogenesis. 

However, excessively rapid release of these ions can still cause 
their accumulation, leading to cytotoxicity. This is counterpro-
ductive to tissue repair and may even induce hepatotoxicity and 
nephrotoxicity, ultimately endangering life [  189 ]. Degradation 
of PLGA/PCL releases acidic by-products such as lactic acid 
and glycolic acid, which lower pH and trigger chronic inflam-
mation. Additionally, the acidic environment directly damages 
cell membranes, inhibits the proliferation and differentiation 
of osteoblasts, and constitutes a high-risk factor for the recur-
rence of residual tumors [  190 ,  191 ]. When designing materials 
for clinical use, ensuring they are inherently safe is a must, 
especially for research aimed at real-world medical applica-
tions. This focus on safety is key to successfully moving from 
lab development to actual patient use, directly affecting how 
well treatments work and patients’ recovery outcomes. When 
evaluating the safety of materials made using bifunctional strat-
egies, a comprehensive assessment covering 4 main areas is 
used. First, cytocompatibility checks make sure the material 
does not harm cells, allowing normal cell attachment, growth, 
and development into a specific cell type. Second, hemocom-
patibility analysis is essential to study how the material interacts 
with blood components, aiming to avoid issues like blood cell 
damage, abnormal clotting, or immune system overreaction. 
Third, monitoring in vivo organ toxicity involves regularly 
checking major organs (such as the liver, kidneys, and heart) 
after the material is implanted, to ensure no structural or 
functional damage occurs over time. Together, this thorough 
evaluation approach provides a solid scientific foundation for 
confirming the safety of bifunctional strategy materials and 
serves as an important reference for advancing their use in real 
clinical settings.  

Cytocompatibility checks
  Cytocompatibility is fundamental to biomedical materials, 
as it ensures harmonious interactions with surrounding cells. 
Without good cytocompatibility, materials may cause cell dam-
age, inhibit growth, or trigger adverse inflammatory or immune 
responses—ultimately undermining their ability to support tis-
sue repair, promote implant integration, or exert therapeutic 
functions. This makes it a core prerequisite for ensuring the 
safety and clinical effectiveness of any biomaterial. Such assess-
ments typically involve coculturing either extracts derived from 
implants or the implants themselves with various functional cells 
closely related to bone repair processes. These cell types include 
human umbilical vein endothelial cells (HUVECs) responsible 
for angiogenesis, human bone marrow mesenchymal stem cells 
(hBMSCs), rat bone marrow mesenchymal stem cells (rBMSCs) 
with osteogenic potential, rat calvaria osteoblasts (ROBs), and 
mouse embryonic osteoblasts (MC3T3-E1) that directly partici-
pate in bone formation. Through these coculture models, key 
indicators such as cell morphology, viability, and functional activ-
ity are systematically evaluated to reflect cytocompatibility.

  Virtually all bifunctional strategies undergo rigorous cyto-
compatibility verification during the design process, with 
numerous studies providing compelling evidence. For instance, 
with the previously mentioned ZIF-8/DOX/IDO printed scaf-
fold [ 146 ], when rBMSCs were seeded onto the scaffold, the 
expression of cytoskeletal proteins (critical for cell adhesion 
and mechanical support) and the degree of cell spreading were 
higher than those in the negative control group, directly dem-
onstrating the scaffold’s excellent cytocompatibility. In another 
study, Yao et al. [ 112 ] cocultured the extract of SOH1(CP)1 
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injectable hydrogel with BMSCs; by adjusting the incorporation 
amount of inorganic nanoparticles, they achieved optimal cyto-
compatibility that benefited hBMSC proliferation. Similarly, 
the MoS₂/NAGA/GelMA hydrogel [ 70 ] with MRI functionality 
validated the optimal NAGA/GelMA ratio for cell viability 
using CCK-8 and live/dead cell assays prior to osteogenic dif-
ferentiation experiments (Fig.  10 A and B), while scanning 
electron microscope (SEM) images and cytoskeleton staining 
showed ROBs growing and spreading in a spindle-like mor-
phology with robust attachment (Fig.  10 C and D).           

Hemocompatibility
  The hemolysis assay serves as a fundamental in vitro method 
for evaluating the biocompatibility and hematological safety of 
biomaterials, particularly those intended for use in blood-
contacting applications such as implantable medical devices, 
drug delivery vehicles, and engineered nanomaterials. In this 
test, erythrocytes—commonly sourced from human donors or 
animal models such as rabbits or rats—are incubated with 
the test material or its extracts. The subsequent release of 
hemoglobin into the supernatant is quantitatively measured, 
providing an indicator of erythrocyte membrane disruption. 
A substantial level of hemolysis suggests membrane-destabilizing 
properties or cytotoxic effects, which may preclude clinical use. 
According to international standards including ISO 10993-4, 
a hemolysis ratio below 5% is generally considered acceptable, 
indicating that the material is nonhemolytic and compatible for 

biological applications [  192 ]. This threshold helps ensure that 
materials introduced into the bloodstream do not induce acute 
or chronic damage to blood cells.

  Building on these standardized evaluation protocols, the blood 
compatibility of 2 different biomaterial systems was assessed as 
examples. For the CS/nHA/CD scaffold [ 57 ], hemolysis testing 
revealed negligible erythrocyte damage, with the supernatant 
remaining optically clear and transparent after incubation with 
human red blood cells—visually indistinguishable from the 
phosphate buffered saline negative control. This stood in sharp 
contrast to the positive control group treated with deionized 
water, which exhibited a pronounced reddish hue indicative of 
substantial hemoglobin release from complete erythrocyte lysis. 
Extending these findings to nanoscale systems, concentration-
dependent hemolysis assays of Cu₂S@BSA-loaded MSN/oDEX 
nanoparticles [ 138 ] similarly demonstrated minimal hemolytic 
effects across a broad concentration range (Fig.  10 E). Quantitative 
analysis confirmed that both the macro-scaled CS/nHA/CD 
scaffold and nano-scaled MCD particles consistently exhibited 
hemolysis rates well below the 5% ISO 10993-4 threshold, affirm-
ing their potential for blood-contacting biomedical application.   

In vivo toxicity
  While the developed materials have demonstrated excellent 
biocompatibility and minimal cytotoxicity in standardized 
in vitro cell cultures, these findings cannot fully guarantee 
their absolute safety in biological systems. The physiological 

Fig. 10. Material toxicity assessment of bifunctional strategic materials. (A) Cell viability of ROBs seeded on NG hydrogels20% after culturing for 1, 3, and 5 days. n = 4. 
***P < 0.001. (B) Live/dead assay of ROBs seeded on different NG hydrogel (10:0, 8:2, 4:6, 2:8, and 0:10). (C) SEM image of ROBs seeded on 6:4 NG hydrogel. (D) Fluorescence 
images of β-actin protein and nucleus costained images of ROBs seeded on 6:4 NG hydrogel. Scale bar = 50 μm [70]. Copyright 2023, John Wiley and Sons. (E) Hemolysis 
assay of MCD with different concentrations and quantified results of hemolysis assay [138]. Copyright 2024, Elsevier. (F) 5NP/CMP@PAM hydrogel photos before and after 
removal from the skin and the residual weight of hydrogel after degradation [53]. Copyright 2022, Elsevier. (G) Time-dependent body weights of mice after BG@silicene 
scaffold treatments. (H) Hematological and biochemical indexes of the mice with the indicated treatments after 30 days. (I) H&E staining images of heart, liver, spleen, lung, 
and kidney obtained after mice were sacrificed [99]. Copyright 2023, Elsevier.
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environment in vivo is substantially more complex than con-
trolled laboratory conditions, involving dynamic interactions 
with immune components, metabolic processes, vascular sys-
tems, and neural networks—all of which may elicit unintended 
host responses not observed in cell-based assays. Furthermore, 
a comprehensive preclinical safety assessment must include 
careful examination of the material’s degradation kinetics, 
including the rate of degradation, the chemical composition of 
breakdown products, and how the body metabolizes and clears 
these residues to ensure that they are nontoxic and efficiently 
eliminated. Therefore, to fully evaluate the biosafety and func-
tional performance of these biomaterials, rigorous in vivo stud-
ies using appropriate animal models are essential.

  In simulated body fluid, the degradation behavior of the 
previously mentioned MoS₂/NAGA/GelMA hydrogel [ 70 ] was 
evaluated. Results indicated that the incorporation of Gel-MA 
enhanced the degradation capacity of the system. Specifically, 
for NG-20% and NG-30% hydrogels, an increase in the mass 
ratio of Gel-MA corresponded to an accelerated degradation 
rate. Although simulated body fluid provides a useful prelimi-
nary environment, it cannot fully replicate the complexities of 
the physiological conditions in living organisms. To better 
evaluate biodegradation in vivo, a subdermal implantation 
model in SD rats was employed for the 2.5NP/CMP@PAM 
hydrogel [ 53 ]. Observations indicated that the hydrogels tran-
sitioned from pure black to a lighter hue, suggesting progressive 
degradation of the embedded nanoparticles. After 6 weeks 
of implantation, the remaining weight of the hydrogel was 
69.33% ± 7.27%, attributed largely to the slow degradation 
profile of CS (Fig.  10 F).

  In a related study, Liang et al. [ 99 ] conducted a subcutane-
ous implantation of BG and BG@silicene scaffolds in ICR 
mice maintained under specific pathogen-free conditions for 
30 days. After the experimental period, the mice were eutha-
nized, and comprehensive analyses were performed on blood 
and major organs. The results showed no statistically signifi-
cant differences in body weight, hematological parameters, 
or blood biochemical markers between the experimental and 
control groups (Fig.  10 G and H). Furthermore, histopatho-
logical examination using hematoxylin and eosin (H&E) 
staining revealed no observable damage or abnormalities in 
the main organs (Fig.  10 I). Together, these hematological, 
biochemical, and histological results confirm that the BG and 
BG@silicene scaffolds exhibit excellent biocompatibility under 
in vivo conditions.    

Infection risk control
  Postoperative infections are a serious concern after osteosarcoma 
surgery. The first and most important step to prevent this is to 
make sure that any implant placed in the body is completely 
sterile. This means using strict factory cleaning methods that kill 
all germs on the material without damaging its ability to function 
inside the body. Following international safety standards during 
manufacturing is essential to ensure every implant is safe before 
it is used. Common sterilization methods include thermal 
approaches (e.g., steam and dry heat), suitable for heat-resistant 
materials like metals, PEEK, and polyethylene; chemical meth-
ods such as ethylene oxide (EO) and hydrogen peroxide plasma, 
which are compatible with temperature-sensitive biodegradable 
polymers (e.g., PLGA and PCL) though residual toxicity and 
material oxidation must be considered; and radiation techniques 
(e.g., gamma and e-beam) that offer broad applicability but 

may cause degradation in certain polymers. The selection of an 
appropriate sterilization protocol must achieve a sterility assur-
ance level of 10−6 while preserving the functional and structural 
properties of the implant material [  193 ].

  Beyond initial sterility, a second strategic direction involves 
engineering intrinsic antimicrobial functionality into the bio-
material to proactively defend against bacterial invasion dur-
ing and after surgery [  194 ]. Generally, therapeutic strategies 
designed to eliminate tumor cells, such as PTT and CDT, also 
exhibit potent antibacterial effects. The FeSAC/β-BG com-
posite demonstrated strong antibacterial properties through a 
combination of nanocatalytic and photothermal mechanisms 
[ 134 ]. In vitro experiments showed that a concentration of 
250 μg·ml−1 under NIR light irradiation completely eliminated 
both Staphylococcus aureus (Fig.  11 A) and Escherichia coli within 
4 h (Fig.  11 B). In a rat osteomyelitis model, local administration 
of FeSAC suspension for 4 weeks markedly reduced infection 
levels and bacterial load, supported by micro-CT and bacterio-
logical culture analyses (Fig.  11 C and D). These results confirm 
the material’s efficacy in controlling complex bacterial infec-
tions in biological settings.        

  However, implant-associated infections involving drug-
resistant bacteria further complicate treatment. The LDH/Se 
nanocomposite exhibited enhanced antibacterial performance, 
particularly against drug-resistant strains [ 105 ]. At 200 μg·ml−1, 
it achieved complete eradication of methicillin-resistant S. aureus 
(MRSA), outperforming LDH alone (Fig.  11 E). SEM imaging 
revealed severe morphological damage, including cell shrink-
age and membrane rupture in MRSA treated with LDH/Se 
(Fig.  11 F). In a rabbit implant-associated infection model, 
BGS@LDH/Se scaffolds effectively suppressed infection without 
inducing pathological bone changes, and surrounding tissues 
showed no bacterial growth (Fig.  11 G and H). Transcriptomic 
analysis indicated that the antibacterial activity originated 
from disruption of bacterial energy metabolism and redox 
homeostasis. Key mechanisms included inhibition of respiratory 
electron transport, adenosine triphosphate synthesis, amino acid 
metabolism, and carotenoid biosynthesis—compromising bac-
terial antioxidant defenses and membrane integrity (Fig.  11 I).    

Summary and Perspectives
  Postoperative osteosarcoma management has long been a clini-
cal challenge, rooted in 2 intertwined issues: eradicating resid-
ual tumor cells to prevent recurrence and repairing critical-sized 
bone defects to restore limb function. Dual-function biomateri-
als, which integrate both antitumor and bone-regenerative capa-
bilities into a single platform, have emerged as the most promising 
solution to this dilemma. To summary the field systematically, 
we compare 3 dual-function strategies, highlighting their strengths, 
weaknesses, and clinical alignment. Subsequently, we analyze 
basic research challenges and solutions, outline future trends 
for their development, and discuss clinical translation barriers 
and feasible resolutions.  

Systematic comparison of 3 dual-function strategies
  Building on the earlier classification, this section provides a 
systematic comparison of the 3 primary bifunctional strategies, 
analyzing their design concepts, advantages, drawbacks, and 
consistency with clinical needs. Initially, researchers simply inte-
grated antitumor materials with bone regeneration-promoting 
materials. However, this design was relatively simplistic and 
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crude, neglecting the complexity of the postoperative micro-
environment in osteosarcoma cases. Gradually, more sophis-
ticated designs were introduced into composite materials: How 
to minimize damage to surrounding tissues during tumor 
elimination? How to reconstruct a favorable local microenvi-
ronment after tumor eradication? At the same time, osteo-
sarcoma has a high degree of malignancy and a high chance 
of recurrence. Many bifunctional materials have also been 
designed to target stronger tumor killing effects in order to 
obtain the greatest benefit for patients. These strategies include 
enhancing tumor thermal sensitivity to thermogenic materials, 
enhancing generation efficiency for biomaterials that can pro-
duce ROS, the combined use of multiple antitumor modali-
ties, and so on. With increasing understanding of the complex 
postoperative microenvironment in osteosarcoma, research-
ers recognize that eliminating residual tumors inevitably affects 
surrounding normal tissues, while premature tissue regeneration 
promotion may adversely influence tumor recurrence. Therefore, 
there is a growing interest in temporal regulatory strategies 
designed to eradicate tumors prior to promoting bone regenera-
tion. The simplest strategy is to extend the time effect of contrib-
uting to bone function, while the time for antitumor duration is 
relatively short. However, the disadvantage of this strategy is 
that it still contributes to the release of bone components in the 
early antitumor stage and may adversely affect tumor killing. 
Another strategy is the core–shell structure, which achieves 
temporal regulation by first contacting the shell-antineoplastic 

structure and then contacting the nucleus-layer structure that 
promotes bone regeneration. At the same time, the time trajec-
tory of antitumor and bone regeneration after osteosarcoma 
surgery can be better matched by regulating the degradation 
rate of the putamen–core structure. The third strategy is to give 
the biomaterial an “external remote-control switch”, which arti-
ficially controls to turn off the antitumor stage or turn on the 
pro-bone regeneration stage when we believe the antitumor 
stage is over. This strategy has more freedom to artificially con-
trol antitumor and pro-bone regeneration time points and is 
more conducive to individualized treatment of clinical patients. 
These 3 strategies together show the field’s progress from simple 
codelivery to advanced, clinically useful designs.   

Current challenges in basic research
  Although bifunctional biomaterials hold substantial promise 
for post-osteosarcoma therapy, current experimental systems 
and design strategies face several critical challenges. Firstly, the 
discrepancy between experimental models and actual clinical 
scenarios needs to be addressed. Many studies have only veri-
fied the killing effect of materials on tumor cell lines in vitro, 
which ignores the intricate interactions and synergistic effects 
within the osteosarcoma microenvironment. The development 
of organoid technology offers hope for better studies of the 
osteosarcoma microenvironment, which provides highly bio-
mimetic 3D disease models to mimic the cellular composition 
and spatial structure of native tissues [  195 ,  196 ]. This model 

Fig. 11. Infection risk control of bifunctional strategic materials. (A) Digital photographs of S. aureus after FeSAC coincubation with or without biological H2O2 and calculated 
bacterial activity. (B) Digital photographs and corresponding bacterial activity profile of the remaining E. coli inoculated agar plates after treatment with FeSAC suspension 
with NIR irradiation (808 nm, 1.5 W cm−2, 8 min) in the presence (100 × 10−6 m) or absence of H2O2. (C) Micro-CT scanning was performed on thigh bones harvested from SD 
rats 4 weeks after indicated treatments, with images presented in sagittal and coronal views, along with the corresponding mean optical values of the micro-CT images for 
different treatment groups in both views. (D) Digital photographs of agar plates and corresponding colony counting of the muscle tissues collected near the marrow cavity 
of different treatment groups [134]. Copyright 2021, John Wiley and Sons. (E) Digital images and quantitative analysis of bacterial colonies formed by MRSA incubated with 
LDH or LDH/Se at different concentrations. (F) SEM images of MRSA inoculated on BGS, BGS@LDH, and BGS@LDH/Se. (G) Micro-CT images and quantitative analysis of the 
severity of periprosthetic infection treated with indicated therapies in rabbit upper tibia. (H) Quantitative analysis of the bacterial colonies formed by the periarticular tissues 
from BGS, BGS@LDH, and BGS@LDH/Se groups. (I) A heatmap shows the differential gene expression pattern between the LDH/Se group and the control group, while GO 
and KEGG analyses enrich down-regulated genes into key biological processes [105]. Copyright 2024, John Wiley and Sons.
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successfully simulates the invasive growth pattern of osteosar-
coma and shows unique advantages for studying the sensitivity 
of drugs loaded on materials and revealing the specific mecha-
nism of the tumor microenvironment [  197 ,  198 ]. Simultaneously, 
many animal studies employ experimental designs that indepen-
dently assess material anti-osteosarcoma efficacy and bone 
regeneration-promoting effects, failing to accurately replicate 
clinical scenarios. Future research should evaluate these dual 
functions in animal models better simulating post-osteosarcoma 
resection conditions, which raises another critical issue—the 
absence of standardized postoperative osteosarcoma models. 
Current research indicates substantial variations in tumor resec-
tion standards. Typically, an osteosarcoma model is first estab-
lished, followed by tumor resection, with the resection range 
varying from the complete removal of visible tumors to the 
removal of 90% of the tumor mass [ 145 , 156 , 158 ]. We propose 
a novel conceptual approach to model establishment: first, 
develop a standardized bone defect model at sites such as the 

tibia, femur, or other skeletal regions in animals; next, quanti-
tatively transplant tumor cells/tissues into the defect area; and 
subsequently administer interventions. This method enables 
precise control over the initial number of local residual tumor 
cells prior to intervention, potentially enhancing the simulation 
of post-resection scenarios for osteosarcoma while ensuring 
model consistency.   

Future prospects and challenges  
in clinical translation
  As mentioned above, dual-function strategies are gradually 
evolving toward 2 directions: those that enhance antitumor effi-
cacy (Fig.  12 A) and temporal strategies (Fig.  12 B). Meanwhile, 
personalized therapy is also gradually attracting increasing 
attention (Fig.  12 C). Unlike one-size-fits-all conventional scaf-
folds, personalized strategies begin with structural tailoring: 
3D printing uses patient-specific imaging data to create scaf-
folds that exactly fit the unique shape and size of irregular bone 

Fig. 12. Future trends of bifunctional biomaterials in postoperative osteosarcoma therapy. (A) Multimodal synergy integrates therapies such as PTT, MHT, CMT, chemodynamic 
and photodynamic approaches, and immunotherapy into single platforms. By combining complementary mechanisms—for example, PTT with CMT to enhance drug penetration 
and osteogenic ion release, or MHT with CDT to boost ROS—these systems maximize tumor suppression while promoting bone regeneration. (B) Temporal regulation addresses 
the conflict between tumor control and bone healing. Strategies such as sequential release profiles, core–shell architectures, and externally triggered switches (light, 
magnetic fields, and ultrasound) ensure early elimination of residual tumor cells followed by delayed osteogenesis, reducing recurrence risk and enhancing functional repair. 
(C) Personalized customization leverages 3D and 4D printing to fabricate scaffolds tailored to patient-specific defect geometries, with 4D systems adding dynamic shape or 
functional adaptation. These implants can be coupled with imaging-guided design and individualized drug release, aligning treatment with patient needs. (D) Substantial clinical 
translation challenges remain, including long-term safety and degradation toxicity, infection risk, manufacturing scalability, regulatory approval, and high costs. Overcoming 
these barriers will be essential for advancing dual-functional biomaterials from promising experimental concepts to reliable clinical solutions.
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defects, eliminating gaps where residual tumors might lurk. 4D 
printing takes this further by adding dynamic adaptability, 
enabling scaffolds to adjust their structure or function over 
time to match the patient’s treatment stages (e.g., shifting from 
tumor elimination to bone regeneration). Enhancing targeting 
precision is another core component of personalized therapy. 
Biomaterials can boost this precision through multiple mecha-
nisms: first is biomarker-mediated active targeting, which binds 
specifically to molecules overexpressed on osteosarcoma cells; 
second is passive targeting—a phenomenon where macromol-
ecules accumulate selectively and remain in tumor tissues for 
an extended period, all thanks to the unique structure of tumor 
blood vessels; third is tumor microenvironment responsive-
ness, which allows therapeutic agents to be released on demand 
in the tumor’s distinct physicochemical environment; and 
fourth is externally triggered regulation, which modulates the 
timing and intensity of treatment using physical stimuli. The 
integration of personalized structural carriers and these tar-
geted pathways not only solves the problem of incomplete 
tumor coverage with conventional scaffolds but also mitigates 
the off-target toxicity of traditional treatments. This makes it a 
key research priority for moving biomaterials from preclinical 
studies to clinical use.        

  The practical translation of biomaterials from laboratory to 
clinical practice still faces numerous challenges (Fig.  12 D). 
Although toxicity evaluations have confirmed the biosafety of 
these materials under laboratory conditions, safety assessment 
and long-term efficacy monitoring during clinical translation 
remain indispensable steps that cannot be overlooked. This pro-
cess requires interdisciplinary collaboration—bringing together 
materials science, oncology, orthopedics, and toxicology—
to address potential issues such as immunogenicity, accu-
mulation of metabolic by-products, and dynamic changes 
at the tissue–material interface during long-term implantation. 
Sterilization of implanted materials also poses a critical chal-
lenge. Common sterilization methods may impair the bio-
activity or functional performance of biomaterials. Balancing 
effective sterilization with the preservation of material func-
tionality remains an unresolved issue that demands further 
investigation. Additionally, preclinical antibacterial studies of 
implanted materials typically use single bacterial strains, yet 
clinical infections are often polymicrobial. This discrepancy 
means the actual antibacterial efficacy of materials in clinical 
settings may be lower than observed in preclinical tests, requir-
ing more realistic polymicrobial models to validate antibacte-
rial performance. Another pressing challenge lies in scalability 
and manufacturing. Consistently reproducing material properties 
on a large scale remains difficult, especially for complex systems 
integrating nanoparticles, growth factors, and controlled-release 
mechanisms. Few studies address industrial-scale production 
requirements, such as batch-to-batch uniformity, long-term 
storage stability, and cost-effectiveness—critical factors for 
commercialization. Moreover, the lack of universally accepted 
critical quality attributes for bifunctional biomaterials further 
complicates technology transfer from research laboratories to 
manufacturing facilities. A potential solution to these manu-
facturing challenges is the adoption of a modular material 
design strategy. By developing standardized, prevalidated func-
tional components—such as drug-loaded modules with well-
defined release kinetics or osteogenic modules with confirmed 
bioactivity—researchers and manufacturers can assemble tai-
lored biomaterial systems that are easier to produce, qualify, 

and regulate. This approach not only enhances reproducibility 
but also streamlines clinical adoption by reducing production 
complexity and quality variability. Finally, it is essential to 
establish and refine standards for bifunctional biomaterials. 
Clear guidelines covering performance benchmarks, safety 
thresholds, and clinical evaluation protocols will provide more 
effective guidance for their clinical application.    

Conclusion
  Dual-function biomaterials is a vital approach for postopera-
tive osteosarcoma management, addressing the key needs of 
this clinical challenge. Looking ahead, their development will 
keep advancing toward more synergistic, clinically adapted 
directions—prioritizing better alignment with treatment goals 
and individual patient needs. While there are still hurdles in 
translating these materials from research to clinical practice, 
these can be addressed through interdisciplinary collaboration 
and optimized design and ultimately advancing them to routine 
clinical use.   
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