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A B S T R A C T

The standard treatment for osteosarcoma combines surgery with chemotherapy, yet it is fraught with challenges
such as postoperative tumor recurrence and chemotherapy-induced side effects. Additionally, bone defects after
surgery often surpass the body’s regenerative ability, affecting patient recovery. Bioengineering offers a novel
approach through the use of bioactive scaffolds crafted from metals, ceramics, and hydrogels for bone defect
repair. However, these scaffolds are typically devoid of antitumor properties, necessitating the integration of
therapeutic agents. The development of a multifunctional therapeutic platform incorporating chemotherapeutic
drugs, photothermal agents (PTAs), photosensitizers (PIs), sound sensitizers (SSs), magnetic thermotherapeutic
agents (MTAs), and naturally occurring antitumor compounds addresses this limitation. This platform is engi-
neered to target osteosarcoma cells while also facilitating bone tissue repair and regeneration. This review
synthesizes recent advancements in integrated bioactive scaffolds (IBSs), underscoring their dual role in
combating osteosarcoma and enhancing bone regeneration. We also examine the current limitations of IBSs and
propose future research trajectories to overcome these hurdles.

1. Introduction

Osteosarcoma, an uncommon yet highly aggressive malignancy,
predominantly affects children and adolescents, with a notable preva-
lence in those aged 10–20 years [1]. The global incidence of this tumor is
estimated to be 2 to 3 cases per million individuals, a rate that varies
among different geographical regions and populations. The etiology of

osteosarcoma remains elusive, although it is hypothesized to be asso-
ciated with genetic predispositions, radiation exposure, certain chemical
exposures, and aberrant osseous growth. In its initial phases, the con-
dition typically manifests as localized pain, which may evolve to include
a palpable mass in the affected region, accompanied by significant
discomfort. In untreated patients, osteosarcoma can metastasize rapidly,
with a propensity for lung involvement, potentially leading to
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respiratory failure and posing a grave risk to patient survival [2].
Prognostic factors influencing osteosarcoma outcomes include tumor
stage, size, location, patient age, and histological subtype [3]. Despite
therapeutic advancements, the 5-year survival rate for osteosarcoma
remains suboptimal, particularly in patients with distant metastasis.
Consequently, there is an imperative need for the development of more
efficacious therapeutic strategies to increase patient survival rates and
overall quality of life.

In contemporary oncology, the management of osteosarcoma has
transitioned toward a multimodal therapeutic approach, encompassing
surgical intervention, chemotherapeutic regimens, radiotherapy, and
the burgeoning fields of targeted and immunotherapies. This integrated
model has demonstrated significant efficacy in mitigating disease pro-
gression and alleviating patient symptoms. Surgical resection, as the
cornerstone of treatment, offers the distinct advantage of directly
excising tumor tissue, thereby substantially diminishing the tumor
burden and establishing a robust platform for subsequent adjuvant
therapies. Chemotherapy, particularly in the neoadjuvant and adjuvant
settings, has been instrumental in reducing tumor volume and eradi-
cating microscopic metastatic deposits, consequently increasing 5-year
survival rates [4,5]. Radiotherapy, as a localized treatment modality,
disrupts tumor cell DNA and curbs proliferation through high-energy
irradiation, presenting a viable alternative for patients who are surgi-
cally ineligible or at elevated surgical risk [6]. Furthermore, targeted
therapy and immunotherapy represent innovative frontiers in osteo-
sarcoma treatment. Targeted therapy precisely targets specific molecu-
lar aberrations within tumor cells, thereby inhibiting their proliferation
and dissemination [7]. Conversely, immunotherapy leverages the host
immune system to combat tumor cells, encompassing strategies such as
tumor vaccines, immune checkpoint inhibitors, and adoptive cell
transfer [8]. Notably, mivacaftide, an immunomodulatory agent that
activates the antitumor functions of monocytes and macrophages, has
received European Union approval for combination chemotherapy in
nonmetastatic osteosarcoma, heralding a novel dimension in its
comprehensive management [9]. As medical research advances, the
refinement and innovation of these therapeutic strategies continue to
offer renewed hope and improved quality of life for osteosarcoma
patients.

Following the establishment of a tumor-free environment via a
multidisciplinary treatment approach, postoperative bone healing is
initiated through the activation of bone marrow stem cells (BMSCs), the
promotion of neovascularization, and the regulation of growth factors,
all of which are essential for the regeneration of compromised bone
tissue [10]. However, the surgical management of osteosarcoma
frequently necessitates the removal of healthy bone margins to ensure
complete tumor excision, leading to substantial bone defects. Addi-
tionally, while chemotherapy and radiotherapy are instrumental in
eradicating neoplastic cells, they can concurrently exert detrimental
effects on normal osseous tissue and osteoblasts, thereby hindering the
natural bone repair process postoperatively [11]. The magnitude of
bone defects, coupled with the potential side effects of adjunct therapies,
often surpasses the body’s innate regenerative capacity. This scenario
underscores the need for innovative therapeutic strategies aimed at
enhancing bone regeneration and optimizing patient outcomes
following osteosarcoma treatment.

Traditionally, postoperative bone defects have been addressed with
autologous or allogeneic bone grafts intended to reconstruct bone
structure and function. However, this approach has limitations,
including the scarcity of appropriate graft sources, especially for larger
defects [12]. The risk of immune rejection associated with allogeneic
grafts can hinder integration and recovery and potentially lead to
chronic pain and infection [13]. To overcome these obstacles, re-
searchers have sought more effective and safer alternatives, such as
bioactive scaffolds. These synthetic substitutes are valued for their me-
chanical properties, biodegradability, and biocompatibility [14,15].
However, their inherent lack of antitumor properties necessitates the

integration of therapeutic agents to enhance their effectiveness against
osteosarcoma. Potential additives include chemotherapeutic agents,
photothermal agents (PTAs), photosensitizers (PIs), sound sensitizers
(SSs), magnetic thermotherapeutic agents (MTAs), and other natural
compounds with established antitumor effects. By incorporating these
materials into a biocompatible scaffold, a versatile therapeutic platform
that targets osteosarcoma cell destruction while promoting bone repair
and regeneration can be developed. This dual-functional approach is a
promising strategy for the holistic management of osteosarcoma and the
restoration of bone integrity.

In recent years, the therapeutic integration of scaffolds has become a
focal point in osteosarcoma treatment, presenting new opportunities for
accurate tumor removal and subsequent bone regeneration. Pioneering
preclinical research, exemplified by the work of Dai et al. [16], has
demonstrated the therapeutic potential of polyether ether ketone
(PEEK) composite scaffolds, particularly their photothermal capabil-
ities, in both osteosarcoma management and bone repair. In a parallel
study, Chen et al. [17] explored the therapeutic application of
three-dimensional (3D)-printed polycaprolactone (PCL) composite
scaffolds in osteosarcoma therapy and the remediation of postoperative
bone defects. Despite the growing body of literature on the convergence
of osteosarcoma therapeutics and bone regeneration, a consolidated
analysis of the current landscape of integrated bioactive scaffolds (IBSs)
is lacking.

This review begins with an overview of advancements in metallic,
ceramic, and hydrogel scaffolds, underscoring their critical role in os-
teosarcoma treatment and postoperative bone defect repair, as illus-
trated in Fig. 1 and detailed in Tables 1–3. We then proceed to examine
the engineering strategies behind the development of IBSs, including
biomaterial-directed strategies, drug delivery strategies, environmental
response strategies, and multimodal therapeutic strategies, as depicted
in Scheme 1. Furthermore, we present a systematic review of the prep-
aration and modification techniques for IBSs, elucidating the effects of
various methodologies on scaffold performance. The review concludes
with an assessment of the clinical potential of IBSs, considering the
challenges and limitations that could arise in future developmental
trajectories.

Fig. 1. Summary diagram of the use of IBSs for osteosarcoma treatment and
bone regeneration (Created with Biorender.com).
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2. Metal scaffolds in the integrated treatment of anti-
osteosarcoma and promotion of bone regeneration

Metal scaffolds play pivotal roles in osteosarcoma treatment and
bone regeneration. Owing to their exceptional mechanical properties
and structural stability, these scaffolds provide substantial mechanical
support for bone defects. The degradation of metal scaffolds releases
ions that are instrumental in enhancing osteoblast adhesion, prolifera-
tion, and differentiation, thus accelerating the reconstruction and repair
of bone tissue [18]. The field categorizes metal scaffolds into two
principal types on the basis of their degradation profiles: nondegradable
and degradable scaffolds, each serving distinct clinical applications
(Table 1).

2.1. Nondegradable metal scaffolds

In the realm of osteosarcoma management, the deployment of
nonbiodegradable metallic scaffolds is essential for providing enduring
and robust mechanical support to osseous defects that arise subsequent
to surgical removal of the tumor. These scaffolds play pivotal roles in
maintaining the structural integrity and functionality of the bone. Ti-
tanium alloys and nitinol have emerged as the materials of choice for
scaffold construction due to their exceptional biocompatibility, superior
mechanical strength, and significant resistance to corrosion.

2.1.1. Titanium alloy scaffolds
Titanium alloys are esteemed in the field of biomedical engineering

for their superior mechanical properties and notable resistance to
corrosion. Medical-grade titanium alloys, exemplified by Ti6Al4V, are
particularly favored for applications involving bone contact due to their
elastic modulus, which closely approximates that of human bone. This
congruence is pivotal in mitigating stress shielding effects on sur-
rounding healthy tissues [19].

Despite these advantages, the inherent bioinertness of titanium al-
loys poses a challenge in osteosarcoma treatment and bone tissue
regeneration. To overcome this limitation, researchers have introduced
innovative strategies, with surface modification technologies standing
out as highly effective. These techniques are designed to augment the
bioactivity of titanium alloys, conferring properties that can suppress
osteosarcoma cells while simultaneously promoting osteoblast adhe-
sion, proliferation, and differentiation, thus significantly enhancing
their role in bone tissue engineering. In a pioneering study, Zhang et al.
[20] utilized induced suspension plasma spraying (ISPS) to deposit a
novel hydrogenated black TiO2 (H-TiO2) coating on titanium alloy im-
plants. This coating not only replicated the laminar structure of natural
bone at the macroscopic level and surface roughness at the microscopic
level, facilitating superior osseointegration but also enhanced the
adhesion, proliferation, and differentiation of BMSCs. Moreover, the
H-TiO2 coating displayed exceptional photothermal properties, signifi-
cantly reducing tumor cell viability following exposure to near-infrared

Scheme 1. This paper provides a systematic overview of the utilization of IBSs as a multifaceted platform for osteosarcoma treatment and the facilitation of bone
tissue regeneration. This review encompasses a range of strategic approaches, including biomaterial-directed strategies that leverage the inherent properties of
scaffold materials, drug delivery strategies that aim to optimize the release of therapeutic agents, environmental response strategies that adapt to the local biological
environment, and multimodal therapeutic strategies that combine various treatment modalities to increase overall efficacy. (Created with Biorender.com).
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(NIR) laser irradiation. Building on this research, Zhang et al. [21]
developed a novel nanoflake layer of MgO/FeOx (rLDO) on titanium
alloy surfaces through a hydrothermal process followed by reductive
calcination. This rLDO nanosheet layer demonstrated remarkable pho-
tothermal conversion efficiency and peroxidase activity, achieving
potent antitumor effects through the synergistic action of photothermal
therapy (PTT) and chemodynamic therapy (CDT) (Fig. 2A). Addition-
ally, the nanosheet layer generated a local alkaline microenvironment,
which not only suppressed bacterial energy metabolism and enhanced
the photothermal antibacterial effect but also promoted the differenti-
ation andmigration of osteoblasts and vascular endothelial cells in vitro,
suggesting a promising avenue for stimulating bone formation through
the release of magnesium ions (Mg2+) and inducing alkaline conditions.

Surface modification techniques have significantly enhanced the
bioactivity and therapeutic potential of titanium alloys, particularly
those with smooth surfaces, which are traditionally limited in bone
tissue engineering applications. Owing to their distinctive 3D structures,
porous titanium alloy scaffolds have attracted considerable attention.
The porosity of these scaffolds expands the surface area, facilitating cell
attachment and proliferation, and more closely mimics the micro-
architecture of natural bone, thereby enhancing bone tissue regenera-
tion [22]. Capitalizing on 3D printing technology, Jin et al. [23]
fabricated a porous titanium alloy scaffold and seamlessly integrated it
with a thermosensitive hydrogel (PLGA-PEG-PLGA) to develop an
innovative bone substitute material. This material was designed to fulfill
dual roles: exerting anti-osteosarcoma activity and promoting bone
repair (Fig. 2B). A hydrogel loaded with the chemotherapeutic agent
cisplatin has been shown to markedly reduce tumor size while avoiding
systemic side effects through targeted local administration. This method
has yielded more precise and safer antitumor effects. Although the
incorporation of cisplatin initially appeared to delay bone repair at the
4-week postoperative assessment, by the 8-week mark, the long-term
stability and osseointegration of all implants were comparable, with
no significant differences observed in bone growth. Collectively, these
findings suggest that 3D-printed titanium implants combined with
cisplatin-loaded hydrogels demonstrate promising profiles of safety and
efficacy in addressing bone defects induced by osteosarcoma, posi-
tioning them as a viable option for clinical use.

2.1.2. Nitinol scaffolds
Nitinol, a nickel-titanium (Ni-Ti) shape memory alloy, is renowned

for its dual properties of shape memory effect and superelasticity, which
make it a superior candidate for implant materials in bone tissue engi-
neering. The shape memory effect enables Nitinol to be plastically
deformed at higher temperatures and then return to its original shape
upon cooling to body temperature, a phenomenon that greatly facilitates
the precision and efficiency of surgical implantation procedures [24].
Additionally, the mechanical properties of nitinol, including its high
tensile strength and fatigue resistance, provide the robust structural
support required to withstand the physiological loads encountered in the
human body, thus fostering bone repair and regeneration.

In addition to their structural utility, Ni-Ti alloys have been the
subject of research because of their potential synergy with advanced
surface modification techniques to augment osseointegration and
impede tumor cell proliferation. Yao et al. [25] illustrated that the in situ
growth of nickel (Ni) nanoparticle-doped nickel-titanium oxide (NiTiO3)
films on Ni-Ti alloy surfaces yielded a stable and economical photo-
thermal thin film (Fig. 2C). This film not only sustained the integrity of
the embedded Ni nanoparticles and their photothermal effect over time
but also ensured the sustained release of Ni ions. The gradual release of
these ions cultivated a microenvironment reminiscent of hypoxia, which

in turn stimulated the expression of angiogenic factors, thereby accel-
erating both vascularization and bone tissue formation processes.
Furthermore, the nanostructured surface topography of the Ni-Ti alloy
was instrumental in osteoblast adhesion and differentiation, processes
that were essential for bone tissue regeneration. These attributes
significantly influenced the orthopedic field, especially in the advance-
ment of implants for osteosarcoma treatment and bone repair. In a
complementary study, Ma et al. [26] successfully engineered a multi-
scale hierarchical structure (Fs-NFs) by integrating 3D micro-
nanostructures (Fs-Ni-Ti) with nanoflower-like structures (NFs),
utilizing a combination of laser ablation and hydrothermal synthesis
techniques. The structure was further enhanced by rapidly depositing a
layer of AuPt nanoparticles onto the Fs-NFs via UV reduction, yielding a
bimetallic nanomaterial with superior PCE and biocompatibility
compared with its monometallic counterparts, which was highly effec-
tive for tumor cell ablation. The unique honeycomb porous structure of
the coating also enhanced cell contact guidance, promoting cell
adsorption, anchoring, and proliferation. Additionally, researchers have
decorated Fs-NFs with black scale nanosheets (BPs) [27] and anchored
an NIR/pH dual-responsive drug delivery system loaded with the
chemotherapeutic drug doxorubicin (DOX) to their surface via poly-
dopamine (PDA). This innovative approach achieved a synergistic effect
between PTT and chemotherapy, significantly amplifying antitumor
efficacy, and demonstrated excellent photothermal antimicrobial prop-
erties, thereby fostering a more conducive microenvironment for bone
tissue regeneration (Fig. 2D).

2.2. Degradable metal scaffolds

Biodegradable metal stents represent a groundbreaking innovation
in osteosarcoma therapy, revolutionizing traditional approaches to bone
repair. In contrast to nonbiodegradable alternatives, these metal scaf-
folds are engineered to progressively degrade postimplantation, culmi-
nating in their safe replacement by the patient’s native tissue. This
orchestrated biodegradation effectively circumvents a myriad of com-
plications inherent to long-term implants, such as infection, mechanical
wear, and material fatigue [28]. Concurrently, the byproducts of this
degradation actively participate in the innate regenerative processes of
bone, robustly promoting bone tissue formation and repair.

When selecting scaffold materials, biodegradable metals, including
magnesium, zinc, or iron alloys, are often favored. Magnesium alloys,
known for their swift degradation rate, are especially well suited to meet
the dynamic needs of bone healing. Zinc alloys, which are characterized
by a moderate degradation rate, mitigate the risk of tissue irritation and
structural instability that rapid degradation might induce. On the other
hand, iron alloys, with a more gradual degradation profile, provide
enduring mechanical support throughout the bone healing process.
These metals are biocompatible and release ions—magnesium, zinc, and
iron—that are beneficial for osteoblast growth, proliferation, and dif-
ferentiation during the degradation process. Notably, Mg2+ ions are
recognized for nurturing a favorable immune microenvironment for
bone tissue regeneration by enhancing monocyte-macrophage recruit-
ment and polarization [29]. Zinc ions (Zn2+) modulate osteoclast ac-
tivity, thus contributing to the regulation of bone resorption and
formation [30]. Iron ions (Fe3+), essential trace elements, are integral to
key physiological processes such as cellular metabolism and oxygen
transport and are equally vital for maintaining healthy bone tissue [31].

2.2.1. Magnesium alloy scaffolds
In the context of bone tissue engineering, biodegradable magnesium

alloys have emerged as pivotal agents that facilitate bone repair and
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exhibit promising antitumor properties. Recent studies have shown that
the degradation products of magnesium alloys, including magnesium
hydroxide, hydrogen and Mg2+, have significant antitumor activity.
These degradation products act through multiple mechanisms: magne-
sium hydroxide can alkalize the tumor microenvironment (TME), inhibit
tumor cell proliferation and activate antitumor immunity [32];
hydrogen can regulate inflammation, inhibit cellular mitochondrial
respiration, and disrupt redox homeostasis, which can lead to the
apoptosis and injury of cancer cells [33]; and Mg2+ can promote tumor
cell apoptosis and damage by affecting intracellular signaling pathways,
such as by inhibiting the AKT/mTOR signaling pathway and promoting
tumor cell apoptosis while inhibiting tumor cell proliferation [34].
Therefore, although the rapid degradation of magnesium alloys may
produce an acidic environment locally, the antitumor effect of their
degradation products far outweighs this potential side effect. Philipp
Globig [35] and other researchers further confirmed this idea experi-
mentally. They reported that the degradation of magnesium alloy was
able to increase the pH around tumors, prompting cancer cells to enter a
dormant state, thus effectively inhibiting tumor growth. These findings
provide a new perspective on the application of magnesium alloys in the
treatment of osteosarcoma and lay the foundation for future research
and clinical applications.

Building upon these foundational insights, Zhang et al. [36] made a
significant stride in the application of magnesium alloys, introducing a
novel strategy that integrates manganese (Mn)-containing layered
double hydroxide (LDH) nanosheets into the alloy matrix. This inno-
vative design augmented the photothermal effect, facilitating the syn-
ergistic eradication of tumor cells through the generation of reactive
oxygen species (ROS) catalyzed by the peroxidase activity of Mn ions
(Mn2+). The deliberate release of Mn2+ has been shown to enhance
cellular adhesion, spreading, and proliferation, thereby accelerating in
vivo bone regeneration. The black LDH-coated magnesium alloy also
had photothermal bacteriostatic properties, significantly reducing the
risk of implant-associated infections, which was imperative for bone
tissue repair. Concurrently, Ge et al. [37] developed a biodegradable
magnesium rod (MGR) that leverages a vortex effect to synergize mag-
netic hyperthermia (MHT) with immunotherapy. Their research
underscored the potential of MHT to induce immunogenic cell death
(ICD) in tumor cells and to mature dendritic cells (DCs), thereby acti-
vating the immune response. To mitigate the increase in PD-L1 expres-
sion triggered by the vortex effect of MGR, the team has integrated
anti-PD-L1 immunotherapy, thereby increasing therapeutic efficacy.
Furthermore, MHT combination therapy has been shown to promote the
polarization of M1-type macrophages and the infiltration of T cells,
fostering a therapeutically advantageous immune milieu. As the MGR
degrades, the alkaline microenvironment that ensued was conducive to
osteoblast differentiation, presenting a promising avenue for the treat-
ment of bone tumors and pioneering innovative approaches to bone
tissue regeneration.

2.2.2. Zinc alloy scaffolds
Although research in this area is nascent, zinc alloys have begun to

attract attention within the fields of biomaterials and oncology owing to
their potential advantages in the treatment of osteosarcoma and the
promotion of bone regeneration. The biocompatibility of zinc alloys,
their controlled degradation kinetics, and the osteogenic activity of Zn2+

make them promising candidates for facilitating bone repair and
regrowth. Additionally, the antimicrobial and antitumor properties of
Zn2+ present innovative therapeutic avenues for the inclusion of zinc
alloys in osteosarcoma treatment protocols [38].

Recent studies have elucidated the impact of Zn2+ on tumor cell
dynamics, showing that Zn2+ can impede cell proliferation, trigger
apoptosis, and impede angiogenesis [39]. Specifically, in the context of
osteosarcoma therapy, zinc oxide nanoparticles (ZnO NPs) have been
found to modulate the expression of β-catenin via the mitochondrial
autophagy pathway. This modulation effectively curbs cell migration,
invasion, and epithelial-mesenchymal transition (EMT), processes that
are pivotal in the prevention of tumor metastasis [40]. The therapeutic
potential of ZnO NPs is further enhanced when they are combined with
the β-catenin inhibitor ICG-001, a strategy that has been shown to have a
synergistic effect on suppressing osteosarcoma lung metastasis and
prolonging patient survival rates. Tissue microarray (TMA) analyses
have corroborated the significance of β-catenin in osteosarcoma, with
elevated levels observed in tumor samples, underscoring its contribution
to disease progression.

2.2.3. Iron alloy scaffolds
The burgeoning role of iron alloys in bone regeneration is note-

worthy, primarily due to their mechanical robustness and biocompati-
bility. These alloys exhibit elasticity akin to that of bone, which
effectively reduces stress shielding and facilitates more harmonious
integration with osseous tissue. The controlled degradation of these
ferrous materials liberates Fe3+, which, when present at optimal con-
centrations, promotes osteoblast proliferation and differentiation and
stimulates angiogenesis—a critical process for bone repair and healing
[41].

While the exploration of ferroalloys in osteosarcoma therapy is still
in its nascent phase, the preliminary findings are encouraging. The
magnetic attributes of these alloys allow for the precise application of
MHT, a technique that selectively targets and damages tumor cells with
minimal collateral damage to the surrounding healthy tissue [42].
Additionally, Fe3+ has been implicated in the modulation of osteosar-
coma cell behavior, influencing cellular metabolism and signaling
pathways. Notably, the accumulation of iron ions and ROS can lead to
lipid peroxidation and subsequent tumor cell death, a phenomenon
known as "iron death." The induction of this form of cell death in oste-
osarcoma is a multifaceted process that can be achieved through phar-
macological agents that increase intracellular iron levels or by
modulating cellular antioxidant defenses [43]. Jiang et al. [44] reported
a correlation between reduced expression of miR-144-3p in osteosar-
coma cells and disease progression, suggesting that upregulation of this
microRNA could suppress tumor growth by triggering iron death
through the targeting of ZEB1. This hypothesis has been supported by in
vivo studies in a nude mouse model, which demonstrated the inhibitory
effects of miR-144-3p on osteosarcoma cell proliferation and lung
metastasis.

In conclusion, although metallic scaffolds are conventionally
employed for their mechanical strength and stability in the repair of
load-bearing bones, their inert characteristics can result in stress
shielding and hinder osseointegration [45]. Consequently, interest in the
development of ceramic scaffolds has increased. These scaffolds, known
for their superior biocompatibility and osteoconductive properties, are
pivotal in fostering osteoblast proliferation and hastening the process of
bone regeneration. By closely mimicking the mineral composition of
natural bone, ceramic scaffolds have emerged as promising therapeutic
options for osteosarcoma treatment and bone repair.
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3. Ceramic scaffolds in the integrated treatment of anti-
osteosarcoma and promotion of bone regeneration

Ceramic scaffolds, akin to their metallic counterparts, offer stable
structural support and serve as templates for bone repair, fostering bone
regeneration. They possess unique properties that extend their utility
beyond traditional metallic options. Notably, the chemical composition
of ceramic scaffolds closely mirrors that of human bone, allowing them
to emulate the physical and chemical attributes of natural tissue. This
resemblance fosters an environment conducive to bone cell proliferation

and differentiation [48]. Additionally, ceramic scaffolds are distin-
guished by their exceptional biocompatibility and resistance to corro-
sion, significantly reducing the risk of adverse tissue reactions and
postoperative complications such as infections and inflammation, thus
increasing treatment safety and efficacy [49].

Researchers classify ceramic scaffolds into two principal categories
on the basis of their interaction with surrounding tissues: bioinert and
bioactive. Initially, bioinert ceramic scaffolds, prized for their strength
and chemical stability, were the preferred choice for human implanta-
tion in tissue replacement. However, with an evolving understanding of
the mechanisms of interaction between implanted materials and the
human body, bioactive ceramic scaffolds have come to the forefront.
These scaffolds preserve the stability of their predecessors and exhibit
osteoinductivity, stimulating cell growth, proliferation, and differenti-
ation without the need for exogenous growth factors. They are also
known as tissue-inductive biomaterials [50]. In this discussion, we
concentrate on the latter category, which includes a spectrum of
bioactive ceramic scaffolds. These scaffolds can be further divided into
calcium phosphate (CaP), bioactive glass (BG), calcium silicate (CaS),
and akermanite (AKT) scaffolds on the basis of their composition
(Table 2).

3.1. CaP ceramic scaffolds

To date, a wide array of bioceramic products have been successfully
commercialized, with extensive applications in the medical field. The
cornerstone of these bioceramics is typically composed of calcium
phosphate (CaP)-based materials, with hydroxyapatite (HA) and trical-
cium phosphate (TCP) being particularly prominent. These materials
have been the focus of significant research advancements, yielding
substantial insight [51]. The ongoing evolution of biphasic calcium
phosphate (BCP), which integrates HA and TCP, has expanded the scope
of ceramic scaffolds, increasing their utility in various medical
applications.

3.1.1. HA scaffolds
HA, which is known for its biocompatibility, biodegradability, and

chemical similarity to the inorganic components of human bone, has
become a pivotal material in osteosarcoma treatment and bone tissue
regeneration. In the biomedical field, the 3D structure of HA scaffolds
not only replicates the microstructure of natural bone, providing an
optimal environment for cell attachment, proliferation, and differenti-
ation but also their porous nature offers an ideal conduit for the delivery
of trace elements and therapeutic drugs. This dual functionality is
instrumental in curbing osteosarcoma cell growth and repairing bone
defects [52]. Huang et al. [53] developed composite scaffolds of sele-
nium (Se), strontium (Sr), and zinc (Zn)-doped HA through a hydro-
thermal method (Fig. 3A). These elements were essential for bone tissue
growth and development. Selenium oxide (SeO32− ) has shown significant
antitumor activity, whereas strontium iron (Sr2+) and Zn2+ have
demonstrated the potential to enhance osteogenic differentiation, with
Zn2+ also displaying notable antibacterial properties. This
three-element-doped HA composite scaffold achieved the multifunc-
tional integration of antitumor, osteogenic, and antibacterial properties.
Liu et al. [54] further designed a novel biphasic calcium sulfate/HA
(CaS/HA) carrier for the localized, sustained, and controlled release of
the chemotherapeutic drug DOX, aiming to improve outcomes for highly
proliferative human osteosarcoma. In vitro drug release studies indi-
cated that approximately 28 % and 36 % of the drug was released within
4 weeks at physiological pH (7.4) and acidic pH (5), respectively. The
released drug maintained its efficacy against two human osteosarcoma
cell lines, MG-63 and 143B. This targeted delivery system could halt the
progression of aggressive osteosarcoma by inhibiting angiogenesis and
cell proliferation while minimizing systemic side effects. Additionally,
HA can be combined with PTAs or MTAs for the in situ eradication of
osteosarcoma via advanced techniques such as 3D printing or surface

Table 1
Summary of metal-based scaffolds.

Compositions Treatment of
osteosarcoma

Bone tissue regeneration Ref.

H-TiO2/Ti6Al4V Photothermal
therapy

Hierarchical micro/
nanotopography of H-TiO2
coatings improves adhesion,
proliferation and osteogenic
differentiation of rBMSCs in
vitro.

[20]

Cisplatin/PLGA-
PEG-PLGA
hydrogel/
Ti6Al4V

Chemotherapy Porous titanium alloys
promote adhesion of rBMSCs
and thus promote
osseointegration.

[23]

rLDO/Ti Photothermal
therapy and
Chemodynamic
therapy

Degradation of rLDO
nanosheets generates Mg2+

and an alkaline
microenvironment, which
effectively promotes ALP
activity and osteogenic gene
expression in osteoblasts and
enhances migration of
vascular endothelial cells.

[21]

F-TiO2/PC/Ti Photothermal
therapy and
Photodynamic
therapy

PDA and collagen enhance
the proliferation and
differentiation of BMSCs.

[46]

LDH-H2/NiTi Photothermal
therapy

The nanostructures on the
surface of Ni-Ti alloy can
promote the adhesion and
differentiation of osteoblasts.
Ni2+ can promote the
expression of angiogenic
factors and accelerate the
process of vascular
neovascularization and bone
tissue formation.

[25]

Fs-NFs-AuPt/NiTi Photothermal
therapy

The unique honeycomb
porous structure of the Ni-Ti
alloy surface promotes cell
adsorption, anchoring, and
value addition.

[26]

FS-BP-
DOX@PDA/
NiTi

Photothermal
therapy and
Chemotherapy

The multiscale layered
structure of the Ni-Ti alloy
surface promotes cell
adsorption, anchoring, and
value-addition. The
formation of calcium
phosphate by BP degradation
contributes to osteoblast
differentiation.

[27]

LDH-Mn/Mg Photothermal
therapy and
Photodynamic
therapy

Mg2+ and Mn2+ are able to
induce adhesion, spreading,
proliferation and osteogenic
differentiation of osteoblasts
and accelerate osteogenesis
in vivo.

[36]

MgR Magnetic
hyperthermia and
Immunotherapy

Mg2+ and alkaline
microenvironment formed by
MgR degradation can induce
osteoblast differentiation and
mineralization.

[37]

LDH-C/Mg Chemotherapy Celastrol inhibited osteoclast
formation and activation by
reducing RANKL expression.

[47]
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modification. Employing this strategy, Zhang et al. [55] created a
multifunctional nanohydroxyapatite (n-HA)/MXene/g-C3N4 composite
scaffold that leveraged the properties of PTT and photodynamic therapy
(PDT) to rapidly eliminate osteosarcoma cells at a mild temperature of
45 ◦C within 10 min. The scaffold also exhibited excellent cyto-
compatibility and the capacity to induce the osteogenic differentiation
of BMSCs, thereby not only suppressing the proliferation of bone tumor
cells but also enhancing their osteogenic activity.

n-HA has been recognized not only for its indirect effects on inhib-
iting osteosarcoma cells but also for its direct anti-proliferative impact
on a variety of cancer cells [56]. This duality presents a novel thera-
peutic strategy for osteosarcoma. Capitalizing on these insights, Zhang
et al. [57] developed a controlled-release n-HA scaffold, which was
implanted into a rabbit tumor model to assess its efficacy in bone defect
repair within a simulated tumor setting. After a 5-week period, the
n-HA-coated scaffolds significantly diminished the in situ tumor volume
by up to 73.8 %, outperforming their uncoated counterparts. Moreover,
the n-HA scaffolds were correlated with weight gain, improved health
status, and a notable lack of lung metastases in the treated subjects.
Microcomputed tomography (micro-CT) analyses revealed that the
n-HA scaffolds alleviated tumor-induced osteolysis, and new bone for-
mation was observed on the pore surfaces of the scaffolds. These findings
suggest that n-HA coatings potentially inhibit tumor growth while
concurrently promoting bone regeneration.

In summary, the distinctive antitumor characteristics of HA, coupled
with its osteointegrative properties, make it a prime candidate for os-
teosarcoma intervention. However, the inherent limitations of these

materials, such as their low strength and high brittleness, somewhat
restrict their widespread clinical application [58]. To overcome these
obstacles, researchers have proposed innovative solutions. For example,
the amalgamation of HA with metals or other ceramics, which possess
enhanced mechanical attributes, can offer additional structural support,
making it more viable for load-bearing applications [59]. Additionally,
the incorporation of HA with pliable organic polymers can augment the
overall flexibility of the scaffold, enabling it to adapt to diverse
biomechanical contexts [60].

3.1.2. TCP scaffolds
In addition to HA, TCP also has significant potential in bone recon-

struction because of its superior biocompatibility and controllable
degradation rate [61]. Scaffolds made from TCP are mainly divided into
α-TCP and β-TCP types, each characterized by distinct structural prop-
erties and degradation kinetics to address a variety of clinical needs.
Notably, α-TCP scaffolds, characterized by a more rapid degradation
profile, are particularly well suited for applications requiring swift bone
regeneration. On the other hand, β-TCP scaffolds, with their slower
degradation rate and enhanced stability, are more appropriate for
providing long-term structural support and facilitating the gradual
process of bone regeneration.

Advancements in 3D printing technology have increased the appli-
cation of TCP scaffolds in bone tissue engineering. However, traditional
manufacturing methods, which often necessitate high temperatures, risk
thermal degradation of temperature-sensitive materials, potentially
undermining the bioactivity of embedded drugs or growth factors. To

Fig. 2. Metal scaffold. (A) Antitumor mechanism of the rLDO samples. Reproduced with permission from Ref. [21], Copyright @ 2022 Small. [B) Schematic structure
of a 3D printed porous titanium alloy scaffold loaded with cisplatin/hydrogel. Reproduced with permission from Ref. [23], Copyright @ 2021 Bioactive Materials. (C)
Schematic of the preparation process of LDH-H2 and its in vivo antitumor and bone-binding properties. Reproduced with permission from Ref. [25], Copyright @
2022 ACS Applied Materials @Interfaces. (D) Fs-BP-DOX@PDA for synergistic photothermal chemotherapy of osteosarcoma in mice. Reproduced with permission
from Ref. [27], copyright @ 2022 ACS Applied Materials @Interfaces.
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counteract this issue, cryogenic 3D printing has been introduced,
enabling printing at lower temperatures, thus circumventing thermal
degradation and reducing thermal stress. This technique importantly
maintains the activity of biologically active molecules, a critical factor
for tissue engineering and drug delivery applications. For example,
α-TCP-based self-setting inks solidify at room temperature through a
gelling reaction, eschewing the need for high-temperature processing.
Nevertheless, Xu et al. [62] integrated FePSe3 nanosheets onto
3D-printed α-TCP scaffolds to fabricate a bifunctional TCP-FePSe3
scaffold for the synergistic treatment of osteosarcoma (Fig. 3B). This
scaffold possessed photothermal properties that rapidly eliminated
tumor cells under NIR irradiation, while its rapid degradation released
selenium, inhibiting tumor recurrence by activating caspase-dependent
apoptosis pathways. In a rat cranial defect model, the scaffold showed
osteogenic potential by promoting angiogenesis and bone tissue regen-
eration through the release of biologically active ions such as iron (Fe),
calcium (Ca), and phosphorus (P), thereby enhancing bone defect repair.
Moreover, the porous structure of the TCP scaffolds acted as an efficient
carrier for drugs and growth factors, facilitating bone defect repair
through the localized release of these bioactive molecules. Lu et al. [63]
prepared β-TCP scaffolds via 3D printing and incorporated osteogenic
factors such as molybdenum disulfide (MoS2), bone morphogenetic
protein-2 (BMP-2), and insulin-like growth factor-1 (IGF-1) onto their
surface via PDA. Compared with the control group, the MPBI@β-TCP
scaffold group presented increased mineralization and alkaline phos-
phatase (ALP) activity, promoting the adhesion, proliferation, and dif-
ferentiation of BMSCs, as evidenced by gene (Runx-2, Col-I, and OCN)
and protein (ALP and collagen) analyses. Additionally, the composite
scaffolds demonstrated proangiogenic effects in vitro, primarily by
promoting the secretion of platelet-derived growth factor (PDGF), a
growth factor vital for bone tissue regeneration. Notably, under NIR
laser irradiation, the composite scaffolds also produced a photothermal
effect, with tumor cell viability significantly reduced to 25 % as the
photothermal temperature of the MPBI@β-TCP scaffolds rose from 37 ◦C
to 50 ◦C.

In addition to 3D printing, advancements in surface modification
techniques are garnering increased attention. Dong et al. [64] developed
a method for osteosarcoma treatment and bone regeneration that in-
volves coating the surface of β-TCP scaffolds with a carbon aerogel (CA)
layer. The CA coating, which was endowed with photothermal proper-
ties, could increase the temperature under NIR irradiation, effectively
abating osteosarcoma tumors. Its biocompatibility, expansive surface
area, high porosity, and tunable nanostructure offered considerable
benefits for bone regeneration. The experimental data indicated that the
β-TCP-CA scaffolds markedly enhanced the adhesion and proliferation of
BMSCs, as well as ALP activity and the expression of genes associated
with osteogenesis. This promoted extracellular mineralization and the
formation of calcium nodules. These results underscore the potential of
CA coating to augment bone regeneration and repair bone defects,
suggesting a novel therapeutic strategy for osteosarcoma.

3.1.3. BCP scaffolds
HA scaffolds are renowned for their exceptional biocompatibility

and osseointegration capabilities, which stem from their chemical
composition closely resembling that of bone minerals. This resemblance
facilitates effective integration with the host bone, promoting osteoblast
adhesion and proliferation. On the other hand, TCP scaffolds are
preferred for their controlled degradation rate and bioresorbability,
allowing for gradual resorption that coincides with new bone tissue
formation, thus paving the way for bone regeneration. However, the

slower degradation rate of HA scaffolds may extend the osseointegration
process, whereas the rapid degradation of TCP scaffolds, despite their
benefits, may compromise the necessary mechanical strength required
for early bone repair.

To harness the combined advantages of HA and TCP while mitigating
their individual limitations, researchers have engineered BCP scaffolds.
These scaffolds are designed to retain bioactivity and ensure degrad-
ability, both of which are crucial for bone tissue engineering [65].
Compared with single-component HA or TCP scaffolds, BCP scaffolds
have shown improved biocompatibility and enhanced promotion of
bone regeneration. The compressive strength, elastic modulus, degra-
dation profile, and biocompatibility of BCP scaffolds are influenced by
the ratio of their composition and macropore architecture. Furthermore,
the macropore architecture and pore size significantly impact fluid ex-
change, ion transport, nutrient supply, and cell migration. An increased
macropore architecture can increase the scaffold degradation rate,
thereby increasing the osteoinductive potential, but this may also reduce
the compressive strength. In a study by Zhao et al. [48], BCP scaffolds
with varying macropore architectures (0 %, 30 %, and 50 %) and HA
weight ratios (0, 0.20, 0.40, 0.60, 0.80, and 1.00) were fabricated via 3D
printing technology to determine the optimal macropore configuration.
The study revealed that the degradation rate of the scaffolds decreased
with increasing HA content, whereas increased macropore architecture
accelerated the degradation process. Scaffolds containing 40 % HA and
50 % macropore architecture were the most effective at supporting cell
proliferation, whereas those with 60 % HA and 30 % macropore archi-
tecture were the most conducive to osteogenic differentiation. These
findings provide valuable insights for in vitro studies on the mechanical
properties and biocompatibility of BCP scaffolds and establish a solid
foundation for future in vivo research.

In the context of osteosarcoma treatment, Liu et al. [66] introduced
an innovative strategy employing BCP as a carrier for a novel polymeric
composite. This composite was developed through a layer-by-layer
self-assembly process, in which recombinant fibronectin/calmodulin
fusion protein (rFN-CDH) and hydrophobically modified chitosan
(CS)/paclitaxel nanoparticles (HGC-PTX) were incorporated. This so-
phisticated material design ensures stable, one-week release of the
chemotherapeutic agent paclitaxel (PTX), effectively targeting and
neutralizing residual tumor cells postsurgery. Moreover, it provided
sustained release of the rFN-CDH fusion protein, which was crucial for
osteogenesis and significantly promoted the growth and proliferation of
osteoblasts. The successful implementation of this approach presents
groundbreaking concepts for the holistic management of osteosarcoma,
holding promise for enhancing patient outcomes and quality of life.

3.2. BG scaffolds

The term BG was first introduced by Professor Larry Hench in 1969
and originally referred to a specific class of silicate bioactive glass (SBG).
The classic formulation of SBG includes approximately 45 % silica
(SiO2), 24.5 % calcium oxide (CaO), 24.5 % sodium oxide (Na2O), and 6
% phosphorus pentoxide (P2O5) [67]. Since its development, BG has
garnered considerable acclaim in the biomedical sector, particularly for
bone defect repair and tissue engineering. With the growing demand for
bioactive materials and an enhanced understanding of their properties,
the scientific community has ventured beyond traditional BG formula-
tions. This exploration has yielded phosphate bioactive glass (PBG) and
borate bioactive glass (BBG), each with distinct advantages. PBG,
featuring phosphate as a principal component, exhibits superior
biocompatibility and a regulated degradation rate, making it an ideal
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candidate for bone tissue engineering. Conversely, BBG incorporates
borates to strengthen the material’s mechanical properties, making it
well suited for bone repair scenarios requiring greater mechanical
endurance. Additionally, the introduction of mesoporous bioactive glass
(MBG) has further broadened the application spectrum of BG. MBG in-
troduces new material options, expanding the potential for bone defect
repair, tissue engineering, and drug delivery systems.

Research confirms that BG outperforms other bioactive ceramics in
stimulating bone regeneration owing to its unique ability to rapidly
induce mineralization and form hydroxyapatite (HCA), which closely
resembles the osteocarbon-like composition of bone tissue. This simi-
larity ensures a strong bond with bone tissue, facilitating osteoclast
attachment and the formation of new bone [68]. Furthermore, the
degradation of BG releases essential elements such as silicon (Si), cal-
cium (Ca), and phosphorus (P), which modulate the genetic pathways of
BMSCs, thereby regulating their proliferation and differentiation. These
findings demonstrate the significant potential of the BG in repairing
bone defects and promoting regeneration. Despite the remarkable effi-
cacy of BG in enhancing bone tissue regeneration, its application as a
standalone therapy is often insufficient for treating osteosarcoma, a
highly aggressive bone tumor. Effective osteosarcoma treatment re-
quires not only the promotion of bone regeneration but also the critical
inhibition of tumor cell growth and metastasis. To overcome these
challenges, researchers are exploring the combination of BG with other
therapeutic agents or materials, including the incorporation of specific
functional groups or bioactive molecules, and their combination with
other biocompatible materials to achieve more comprehensive thera-
peutic outcomes [69,70]. A prevalent strategy involves modifying BGs
with metallic materials to bestow them with new functionalities. These
modifications allow BGs to retain their original bone tissue regeneration
capabilities while acquiring additional antitumor properties. For
example, Gu et al. [71] developed transition metal element (Fe,
Cu)-doped PBG scaffolds that rapidly increased in temperature and
exhibited excellent photothermal stability at a laser power density of
0.48 W/cm2, effectively killing tumor cells. Over time, PBG scaffolds
spontaneously degraded, releasing elements such as P, Ca, Na, and Fe,
which further promoted osteoblast proliferation and differentiation.
Metallic elements not only directly target tumor tissues through PTT but
also generate antioxidant and antimicrobial effects via the Fenton re-
action. Wang et al. [72] integrated a highly active single-atom iron
catalyst (FeSAC) into a 3D-printed BG scaffold for osteosarcoma treat-
ment, antimicrobial action, and bone defect regeneration. The
FeSAC-BG composite scaffold utilized dispersed iron atoms in the cata-
lyst to generate toxic hydroxyl radicals (•OH) in the
osteosarcoma-specific microenvironment, achieving effective ablation
of osteosarcoma through nanocatalytic therapy augmented by local
thermotherapy. Additionally, this scaffold has demonstrated excellent
antibacterial properties in ex vivo experiments, effectively inhibiting
and eliminating bacteria to prevent chronic osteomyelitis. In bone defect
repair, composite scaffolds served multiple functions, providing struc-
tural support and promoting BMSCs proliferation and differentiation
after implantation into bone defects, thus accelerating bone tissue
regeneration.

The utility of BG in osteosarcoma treatment is not limited to its
combination with metallic materials; it also extends to its integration
with a variety of materials to address the complex challenges of the
treatment process. MXenes, a class of two-dimensional materials
composed of transition metal carbides or nitrides, have attracted
considerable attention because of their exceptional electrical conduc-
tivity, biocompatibility, mechanical properties, and thermal stability

[73,74]. Pan et al. [75] synthesized Ti3C2 MXene nanosheets through a
process that involved hydrofluoric acid etching and tetrapropylammo-
nium hydroxide stripping. These nanosheets were integrated with
3D-printed BG scaffolds to fabricate composite scaffolds (TBGSs)
(Fig. 3C). TBGS exhibited excellent PCE under NIR irradiation, effec-
tively eliminating bone cancer cells through photothermal ablation. In
vivo experiments using a mouse osteosarcoma model demonstrated
complete tumor elimination with TBGS. Moreover, the composite scaf-
fold progressively degraded over time, supplying essential minerals and
space for new bone tissue formation. The formation of mineralized
nodules around the degrading scaffold indicated a dynamic balance
between scaffold degradation and new bone tissue growth. In addition to
MXenes, semiconductor materials have also become a focal point of
research. For instance, Dang et al. [76] employed 3D printing technol-
ogy in conjunction with a solvothermal method to incorporate CuFeSe2
nanocrystals onto BG scaffold surfaces. This integration endowed the
composite scaffolds with superior photothermal properties, which could
be adjusted by varying the concentration of the CuFeSe2 nanocrystals
and the laser power density. The BG-5CFS composite scaffold was
capable of achieving rapid and controlled temperature increases even
under low-power-density laser irradiation, effectively eradicating tumor
cells. Furthermore, the short-term photothermal effect could stimulate
the expression of osteogenic genes in BMSCs, ultimately promoting new
bone formation at bone defect sites. This innovative approach represents
the first instance of combining the photothermal properties of semi-
conducting CuFeSe2 nanocrystals with the osteogenic potential of BG
scaffolds, offering a novel perspective for the development of bio-
materials with dual functionalities in bone tumor therapy and bone
regeneration.

3.2.1. MBG scaffolds
MBG is a silicate material characterized by its highly ordered mes-

oporous structure. This distinctive architecture substantially increases
the specific surface area, providing an abundance of attachment sites for
cells and thereby enhancing cell adhesion, proliferation, and differen-
tiation. Moreover, the porous framework of MBG can accommodate a
variety of functional ions, drugs, or growth factors. This versatility al-
lows MBG to serve not only as a drug delivery platform for controlled
and sustained release but also as a multifunctional biomaterial that in-
creases the efficacy of cancer therapy and tissue regeneration [77]. For
example, Ravanbakhsh et al. [78] synthesized MBG nanoparticles with a
uniform spherical morphology via the sol-gel method, yielding particles
with a pore size of 4 nm and an exceptional specific surface area of 354
m2/g. To improve drug bioavailability and minimize side effects, re-
searchers have employed MBG and aminomethylated MBG (AMBG) as
carriers for alendronate (AL). The study revealed that MBG and AMBG
achieved high encapsulation efficiencies of 75 % and 85 %, respectively,
along with loading efficiencies of 60 % and 63 %. Notably, AMBG dis-
played a more favorable sustained and controlled release profile for AL.
In vitro studies further confirmed that AL released fromMBG and AMBG
significantly inhibited the proliferation of MG63 cells, even at lower
concentrations. Interestingly, in the absence of osteogenic supplements,
an increased density of red mineralized nodules was observed with
increasing concentrations of MBG and AMBG, suggesting their potential
to promote bone regeneration. Additionally, Zhang et al. [79] prepared
MBG/PCL composite scaffolds reinforced with magnetic Fe3O4 nano-
particles through 3D printing. These composite scaffolds were distin-
guished by their uniform macroporous structure, high porosity, and
remarkable compressive strength. The incorporation of Fe3O4 nano-
particles endowed the scaffolds with remarkable magnetic heating
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capabilities and upregulated the expression of genes associated with
osteogenic differentiation (Runx-2, OCN, BSP, MBP-2, and Col-1), thus
promoting the proliferation and differentiation of BMSCs. Furthermore,
when DOX was used as a model anticancer drug, the composite scaffold
exhibited sustained drug release properties, making it suitable for
localized drug delivery therapy. Owing to its enhanced osteogenic ac-
tivity, localized anticancer drug delivery, and MHT therapeutic capa-
bilities, this 3D-printed Fe3O4/MBG/PCL scaffold represents a promising
strategy for the regeneration of bone defects following bone tumor
resection.

3.3. CaS ceramic scaffolds

CaS, a bioactive material with significant potential, has garnered
considerable research interest in the field of bone regeneration [80].
However, CaS faces challenges in practical applications, particularly in
meeting the clinical needs of osteosarcoma patients, where its me-
chanical properties and bone regeneration-promoting effects have yet to
meet the desired standards. To address these limitations, researchers are
employing various strategies to increase the overall performance of CaS
ceramic scaffolds. This includes the exploration of doping with elements
such as gadolinium or lithium and the integration of other biocompat-
ible materials such as CS and PCL to bolster the mechanical strength,
bioactivity and potentially stimulate angiogenesis.

Recent studies have underscored the role of gadolinium accumula-
tion in human bones and its active contribution to bone tissue regen-
eration, thereby offering novel perspectives for enhancing the properties
of calcium silicate [81,82]. Liao et al. [83] crafted gadolinium-doped
mesoporous calcium silicate/chitosan (Gd-MCS/CTS) scaffolds through
lyophilization, resulting in superior performance in modulating the
expression of osteogenic genes, including ALP, Runx-2, and Col-1. The
regulatory impact was positively correlated with the level of gadolinium
doping. In vitro studies indicated that Gd doping effectively activated
the Wnt/β-catenin signaling pathway, promoting cell proliferation and
osteogenic differentiation and thus introducing new possibilities for
bone regeneration. Moreover, the integration of exogenous materials
not only enhances the osteogenic properties of calcium silicate scaffolds
but also paves new avenues for osteosarcoma treatment. Yang et al. [84]
designed a multifunctional magnetic mesoporous calcium silicate/chi-
tosan (MCSC) porous scaffold, incorporating M-type ferrite particles
(SrFe12O19), mesoporous calcium silicate (CaSiO3), and CS. This scaffold
demonstrated potent antitumor and bone regeneration capabilities. The
mesoporous structure of calcium silicate, in conjunction with the high
PCE of the SrFe12O19 particles under NIR irradiation, facilitated drug
release. Both in vitro and in vivo assays confirmed the excellent anti-
tumor efficacy of the MCSC scaffold through the synergistic effects of
DOX drug release and hyperthermia ablation. Additionally, MCSC
scaffolds promoted the proliferation and osteogenic differentiation of
BMSCs by activating the BMP-2/Smad/Runx-2 pathway. Fu et al. [85]
reported on a 3D-printed porous silicone-derived carbon
larnite/C-containing scaffold for potential tumor therapy and bone
regeneration. This scaffold exhibited notable photothermal effects,
effectively targeting human osteosarcoma cells and inhibiting tumor
growth in nude mice. Furthermore, the larnite/C scaffold stimulated the
expression of osteogenesis-related genes (ALP, OCN, and Runx-2) in rat
BMSCs and promoted new bone formation in a rat cranial defect model.
The convergence of 3D printing with polymer-derived ceramic strategies
enables the fabrication of multifunctional bioceramic scaffolds with
promising applications in the treatment of tumor-related bone defects.

3.4. AKT ceramic scaffolds

AKT, a bioceramic material abundant in calcium, magnesium, and
silicon, is gaining recognition as a potential candidate for bone tissue
engineering because of its excellent biocompatibility, biodegradability,
and proangiogenic properties [86]. However, the current bioactivity of

AKT and the absence of inherent antitumor characteristics present the
main obstacles to its wider application in bone tissue engineering. To
overcome these challenges, researchers are concentrating on optimizing
the physical and biological attributes of bioceramic scaffolds through
the incorporation of exogenous substances [87]. Zhuang et al. [88]
successfully incorporated iron (Fe) into AKT scaffolds, thereby
increasing their mechanical resilience. In vitro studies have demon-
strated that these composite scaffolds exhibited significant PTT and
MHT effects under the combined influence of laser irradiation and a
magnetic field, achieving a synergistic therapeutic outcome and effec-
tively eliminating tumor cells. Moreover, the release of Fe3+ ions from
degraded scaffolds has been shown to markedly promote the prolifera-
tion and differentiation of BMSCs. In this work, the research team
further explored the combined effect of MHT and CDT. Compared with
that of the control group, cell viability progressively decreased with
increasing temperature induced by MHT, plummeting to as low as 1.54
% in a lower pH (pH 6.5) culture environment, underscoring the ther-
apeutic potential of integrating MHT and CDT in cancer treatment [89].

In addition to the introduction of novel materials, surface modifi-
cation stands out as an effective strategy for enhancing the physical and
chemical attributes of bioceramics [90,91]. MoS2, as an emerging PTA,
has attracted significant interest due to its high absorbance in the NIR
region. The absorbance of MoS2 is approximately 7.8 times greater than
that of graphene oxide, enabling it to generate a more potent photo-
thermal effect at lower laser energies and more efficiently achieve
thermal ablation of tumor cells. Wang et al. [92] successfully utilized
hydrothermal technology to coat the surface of 3D-printed AKT scaffolds
with MoS2 nanosheets. This modification enabled the MS-AKT scaffolds
to rapidly increase in temperature to 45 ◦C within 60 s, effectively
inhibiting the viability of tumor cells both in vitro and in vivo.
Compared with the original AKT scaffold, the MS-AKT scaffold also
promoted in vitro osteogenesis through the release of Mo ions, indi-
cating greater osteogenic potential. Similarly, Zhao et al. [93] intro-
duced 2D boron carbonitride (BCN) nanosheets as a functional coating
on AKT scaffolds, creating BCN@AKT scaffolds with dual functionalities
(Fig. 3D). The BCN nanosheets not only displayed superior photothermal
properties, allowing the composite scaffold to effectively eradicate
tumor cells at lower laser power but also the hydroxyl-functional groups
(e.g., -OH and -COOH) and boron (B) on their surface promoted the
expression of adhesion proteins and the deposition of calcium phosphate
(Ca-P), significantly enhancing the osteogenic capacity of the AKT
scaffolds. These studies present new insights and opportunities for the
application of AKT scaffolds in osteosarcoma treatment and bone tissue
regeneration.

In summary, ceramic scaffolds exhibit significant potential for ap-
plications in osteosarcoma treatment and the regeneration of bone tis-
sue. They offer several advantages, including exceptional
biocompatibility, enhanced osteoconductivity, and a chemical compo-
sition akin to that of natural bone minerals. These characteristics
collectively facilitate osteoblast adhesion, proliferation, and differenti-
ation, thereby expediting the repair and regeneration of osseous tissue.
However, ceramic scaffolds possess relatively inferior mechanical
strength, rendering them less suitable for load-bearing applications, and
their brittle nature predisposes them to fracture and complicates their
customization [94]. In light of these constraints, the scientific commu-
nity has turned its attention to alternative materials. Owing to their high
water content and biocompatibility hydrogel scaffolds, in particular,
have emerged as promising candidates. These scaffolds effectively
emulate the natural microenvironment of biological tissues, creating
conducive conditions for cellular growth. Moreover, their high mallea-
bility allows precise shaping and sizing to match damaged tissue, of-
fering tailored and personalized therapeutic solutions [95].
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4. Hydrogel scaffolds in the integrated treatment of anti-
osteosarcoma and promotion of bone regeneration

Hydrogel scaffolds represent a unique class of polymeric constructs
synthesized from hydrophilic polymers that are cross-linked through
covalent or physical bonds to create a porous, 3D matrix. These scaffolds
are renowned for their exceptional biocompatibility and hydrophilicity,
as well as their ability to maintain structural integrity upon hydration
and swelling. These characteristics render hydrogel scaffolds particu-
larly efficacious in the context of bone defect repair [101,102]. The

Table 2
Summary of ceramic-based scaffolds.

Compositions Treatment of
osteosarcoma

Bone tissue regeneration Ref.

CaS/HA Chemotherapy HA is able to mimic the
structure and composition
of human bone tissue, thus
promoting the adhesion,
proliferation and
differentiation of
osteoblasts and
accelerating the repair and
regeneration of bone defect
areas.

[54]

CS/HA Chemotherapy HA has a similar structure
and composition to human
bone and promotes
adhesion, proliferation and
differentiation of
osteoblasts.

[96]

n-HA/g-C3N4/
Mxene

Photothermal therapy
and Photodynamic
therapy

The presence of n-HA
promotes the proliferation
and osteogenic
differentiation of BMSCs,
thereby facilitating the
formation of new bone.

[55]

FePSe3/α-TCP Photothermal therapy
and Chemotherapy

Bioactive ions such as Fe,
Ca and P released by the
degradation of composite
scaffolds enhance
angiogenesis, which in turn
promotes bone
regeneration.

[62]

MPBI@β-TCP Photothermal therapy Composite scaffolds can
promote adhesion, value-
addition and
differentiation of BMSCs as
well as angiogenesis,
thereby promoting bone
regeneration.

[63]

CA/β-TCP Photothermal therapy The CA coating provided
additional roughness and
high surface area
stimulated osteogenic
differentiation of BMSCs
through FN-mediated
signaling pathways, further
enhancing bone
regeneration.

[64]

Cu-TCPP/β-TCP Photothermal therapy Cu2+ released from Cu-
TCPP nanosheets can play a
synergistic role in
stimulating new bone
formation by stimulating
angiogenesis in HUVECs
and osteogenesis in
HBMSCs.

[97]

rFN-CDH/HGC-
PTX/BCP

Chemotherapy The rFN-CDH fusion
protein significantly
promoted the growth and
proliferation of osteoblasts.

[66]

Fe/PBG or Mn/
PBG

Photothermal therapy P, Ca, Na, Fe and other ions
released by PBG
degradation can promote
the proliferation and
differentiation of
osteoblasts.

[54

FeSAC/BG Photothermal therapy
and Chemodynamic
therapy

The enhanced roughness of
the composite scaffold
surface contributes to the
adhesion, value addition
and differentiation of
BMSCs.

[72]

2DTi3C2MXene/B Photothermal therapy TBGS promotes the
adhesion and value
addition of BMSCs.

[75]

G ​ ​ ​

Table 2 (continued )

Compositions Treatment of
osteosarcoma

Bone tissue regeneration Ref.

CuFeSe2/BG Photothermal therapy BG-CFS contributes to the
adhesion and value-
addition of BMSCs, and its
degradation releases Ca, Si,
and P plasma that can
further stimulate
osteogenesis and
angiogenesis.

[76]

Bi-BG Photothermal therapy Bi coating on the surface of
BG scaffolds significantly
promoted the proliferation
of rBMSCs.

[69]

DTC@BG Photothermal therapy DTC co-crystals enhance
the surface roughness of
BG, thus facilitating the
attachment and
proliferation of hBMSCs.

[98]

MS/MXene-SNO/
BG

Photothermal therapy
and NO gas therapy

Low concentrations of NO
further promote
angiogenesis and bone
regeneration on top of BG
scaffolds.

[99]

AL/MBG Chemotherapy The high specific surface
area of MBG contributes to
the adhesion and value-
addition of BMSCs, and its
Ca, Si and P further induced
osteogenesis.

[78]

Fe3O4/MBG/PCL Magnetic
hyperthermia and
Chemotherapy

Under the effect of
magnetic field, Fe3O4 was
able to further promote the
value-added and
differentiation of hBMSCs
on the basis of MBG.

[79]

SrFe12O19/CS/
CaSiO3

Photothermal therapy
and Chemotherapy

The porous structure of
MCSC scaffolds facilitates
the adhesion and diffusion
of hBMSCs.

[84]

larnite/C Photothermal therapy Free carbon upregulated
the expression of
osteogenesis-related genes,
thereby further enhancing
osteogenesis.

[85]

Fe/AKT Photothermal therapy
and Magnetic
hyperthermia

Fe doping further promoted
the proliferation and
differentiation of rBMSCs.

[88]

Fe3S4/AKT Magnetic
hyperthermia and
Chemodynamic
therapy

The microstructure of the
composite scaffold surface
contributes to the adhesion
and value-addition of
hBMSCs, and the bioactive
ions released by their
degradation further
promote bone
regeneration.

[89]

B-AKT Photothermal therapy The micro- and
nanostructures on the
surface of B-AKT scaffolds
contribute to the
proliferation,
differentiation and
differentiation of rBMSCs.

[100]
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hydrophilic nature and porous architecture of hydrogel scaffolds facili-
tate replication of the native microenvironment of biological tissues.
This biomimetic design is instrumental in promoting cell infiltration and
the proliferation of nascent bone tissues. Additionally, the scaffolds
serve as conduits for the controlled release of bioactive molecules, such
as growth factors and cytokines, which are pivotal for accelerating
osteoblast proliferation and the deposition of the bone matrix [103].
Moreover, the porous framework of the scaffolds can be strategically
engineered to function as a delivery system for a variety of antitumor
agents. This targeted approach ensures the precise release of therapeu-
tics while minimizing collateral damage to surrounding healthy tissues
[104]. The versatility of hydrogel scaffolds is further underscored by the
distinction between environmentally responsive and nonresponsive
variants. The former undergoes property alterations in response to
external stimuli, such as temperature, pH, or light, whereas the latter
remains inert to such influences. This categorical distinction is pivotal
for the development of hydrogel scaffolds that are tailored to specific
therapeutic applications. By harnessing the inherent properties of each
hydrogel type, researchers can optimize scaffolds to enhance thera-
peutic efficacy and precision in treatment regimens (Table 3).

4.1. Environmentally responsive hydrogel scaffolds

Hydrogels with environmental responsiveness are a class of
advanced, intelligent polymers that exhibit a remarkable capacity to
modulate their physical or chemical attributes in response to specific
environmental stimuli. The triggers for these alterations can encompass

a spectrum of factors, such as temperature fluctuations, pH variations,
exposure to light, and the influence of electromagnetic fields. This
adaptive behavior endows these hydrogels with a high degree of sensi-
tivity and selectivity, making them highly versatile for applications in
fields ranging from biomedical engineering to environmental
monitoring.

4.1.1. Photothermo-responsive hydrogel scaffolds
Photothermo-responsive hydrogels represent a breakthrough in

smart materials science and are capable of absorbing light at specific
wavelengths and converting it into heat. This process induces reversible
alterations in their shape, volume, and physicochemical properties,
which are highly useful in bone defect repair [105]. The adaptability of
these hydrogels to the contours of a defect, facilitated by the precise
manipulation of an external light source, is instrumental in enhancing
bone tissue regeneration. In a notable study, Wei et al. [106] harnessed
biocompatible materials such as CS, hyaluronic acid, and sodium
β-glycerophosphate (GP) to formulate an injectable composite hydrogel
system (Gel/CPs) embedded with large carbon particles (CPs). This
composite system exhibited temperature sensitivity, transitioning from
a sol to a gel state at body temperature, which simplified its application
in irregular bone defects, offering a conformal therapeutic approach.
Furthermore, the CPs within the composite hydrogel demonstrated su-
perior photothermal conversion capabilities, indicating promise for
oncology treatments. By effectively converting NIR laser energy into
thermal energy, the system achieved an impressive in vivo tumor inhi-
bition rate, reaching up to 98.4 % following five cycles of laser

Fig. 3. Ceramic scaffold. (A) Schematic representation of the preparation and function of Se/Sr/Zn-HA and Se/Sr/Zn-HA-PCLs for tumor therapy, bone defect repair
and antibacterial treatment. Reproduced with permission from Ref. [53], Copyright @ 2024 Bioactive Materials. (B) A 3D-printed TCP-FePSe3 scaffold was used as an
all-in-one platform to inhibit osteosarcoma recurrence and promote bone regeneration after surgery Reproduced with permission from Ref. [62], Copyright @ 2023
Small. (C) Schematic representation of TBGS fabrication, ablation of bone cancer and regeneration of bone tissue. Reproduced with permission from Ref. [75],
Copyright @ 2019 Advanced Science. (D) BCN@AKT scaffolds for osteosarcoma cell photothermal therapy and subsequent repair of tumor-induced bone defects as
an integrated strategy. Reproduced with permission from Ref. [93], Copyright @ 2020 Chemical Engineering journal.
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irradiation. The CPs are distinguished by their abundant surface func-
tional groups, including hydroxyl (-OH) and carboxyl (-COOH) groups,
which not only increased the biocompatibility of the material but also
provided optimal sites for the nucleation and growth of apatite micro-
crystals, thereby significantly advancing bone tissue regeneration.

Moreover, the use of photothermal responsive hydrogels represents a
paradigm shift in drug delivery systems, offering the potential for on-
demand release of therapeutic agents at specific times and locations.
By manipulating the light source, these hydrogels can achieve controlled
drug release, optimizing therapeutic outcomes while minimizing harm
to healthy tissues. Li et al. [107] exemplified this concept by integrating
an injectable chitosan (CS)-based hydrogel composite system
(BPNS/DOX/CS), which rapidly increased in temperature under NIR
radiation (Fig. 4A). This photothermal effect facilitated the initial
release of the chemotherapeutic drug DOX, promoting a swift and potent
therapeutic response. In vitro assays demonstrated a significant reduc-
tion in tumor cell viability to 8.9 %, as corroborated by live/dead
staining, underscoring the efficacy of the combined chemotherapy and
PTT approach. Furthermore, the capacity of the hydrogel to transition
from a sol to a gel at physiological temperatures was advantageous for
filling bone defects. Over time, the BPNS component degraded, forming
a biocompatible and nontoxic phosphate that enhanced the biominer-
alization process through a calcium trapping mechanism, thereby pro-
moting bone tissue regeneration. Curcumin (CM), a natural compound
with potential inhibitory effects on tumor stem cells [108], faces clinical
challenges because of its rapid metabolism and excretion. To overcome
this, Tang et al. [109] encapsulated CM with poly(lactic
acid)-hydroxyacetic acid copolymer (PLGA), which was then hybridized
with methylcellulose and IR820 to create a composite hydrogel
(Cur-MPs/IR820 gel). IR820, an indocyanine green derivative, is valued
in biomedicine for its NIR absorption efficiency, thermal responsiveness,
and biocompatibility [110]. IR820-induced local PTT not only inhibited
local tumor growth but also promoted the release of CM from the mi-
crospheres, achieving a synergistic effect between PTT and chemo-
therapy andmaximizing the elimination of tumor cells. Additionally, the
hydrogel carrier mitigated the metabolic rate of CM, extending its in
vivo half-life, effectively targeting residual tumor cells and inducing
osteogenic differentiation of BMSCs, thereby providing robust support
for bone tissue reconstruction.

4.1.2. Magnetothermo-responsive hydrogel scaffolds
Magnetothermo-responsive hydrogels stand out for their unique

physical mechanism, which utilizes an external magnetic field to
modulate their properties [111]. This feature allows for effective
penetration of biological tissues, enabling precise control over targets
that are not easily accessible by light-based systems. This addresses a key
limitation of photothermo-responsive hydrogels, which struggle with
light penetration depth, thereby positioning magnetothermo-responsive
hydrogels as a preferred option for treating deeper tissue damage or
tumors. Yu et al. [112] developed a magnetic bone repair hydrogel
(MBR) with a liquid-solid phase change capability and triple function-
ality, demonstrating significant potential in bone defect repair (Fig. 4B).
Upon injection into tumor tissue, these fluid MBRs rapidly solidified due
to the presence of PLGA, effectively filling bone defect areas and
establishing a foundation for bone tissue regeneration. The MBRs
contain Fe3O4 nanoparticles that could initiate MHT under an alter-
nating magnetic field (AMF), promoting the release of glucose oxidase
(GOx). GOx enhanced the thermotherapy sensitivity of osteosarcoma
cells by inhibiting ATP production through the oxidation of glucose and
reducing the expression of heat shock proteins (HSPs). This approach
combined MHT with starvation therapy, offering a novel strategy to
increase cancer treatment efficacy. Furthermore, the Mg2+ ions released
from the degraded MBRs help to regulate the local microenvironment,
enhancing bone tissue formation and mineralization through a syner-
gistic effect with the magnetic field, thus accelerating the healing of
bone defect areas. In addition, Shi [113] et al. also successfully

formulated a composite hydrogel system based on gelatin methacrylate
(GelMA) and highly magnetic esterified cobalt ferrite (MECFO)
(Fig. 4C). This system exhibited a pronounced MHT effect under the
influence of an external magnetic field, effectively targeting osteosar-
coma cells. The incorporation of MECFO not only increased the mag-
netic responsiveness of the hydrogel but also significantly improved the
mechanical properties of the composite system, which was crucial for
mimicking the mechanical properties of natural bone tissue. Addition-
ally, the internal pore and channel-like structures of the composite
hydrogel provided an optimal microenvironment for osteoblasts, facil-
itating cell migration and nutrient exchange and thereby effectively
promoting the bone reconstruction process following osteosarcoma
resection.

4.1.3. pH-responsive hydrogel scaffolds
Despite their intelligent material properties, thermo-responsive

hydrogels face significant challenges, particularly in terms of their
thermal stability [114]. For effective practical application, these
hydrogels must maintain their integrity across a broad temperature
range. However, existing thermo-responsive formulations often fall
short of the necessary performance benchmarks. A critical issue arises
when the hydrogel transition temperature surpasses the thermal sta-
bility threshold of encapsulated medications, risking drug degradation
and efficacy loss.

To address these hurdles, the research community has focused on
pH-responsive hydrogels, an emerging class of smart materials. These
hydrogels offer enhanced controllability and adaptability, responding
sensitively to pH variations in the local environment. This sensitivity
allows for precise modulation of the physical and chemical attributes of
the hydrogel. Yu et al. [115] introduced an innovative pH-responsive
hydrogel scaffold, a composite of N-(2-hydroxyethyl)methacrylamide
(HAMA) and silk-filament protein (SF), interspersed with CS nano-
particles encapsulating CM, termed CCNPs. This composite was engi-
neered for efficient CM release at acidic pH values (4–6), which was
characteristic of the TME, facilitating targeted cancer therapy. The
distinctive 3D network structure of the hydrogel supports a controlled
drug release profile, aligns with the prolonged therapeutic requirements
of osteosarcoma treatment and enhances its swelling properties. This
attribute fostered robust adhesion to surrounding tissues and promoted
the adhesion and proliferation of MC3T3-E1 osteoblasts, thereby facil-
itating bone reconstruction. In parallel, Zhu et al. [116] developed a
pH-responsive natriuretic peptide hydrogel featuring the P1 peptide for
targeted delivery of the chemotherapeutic agent DOX. The DOX-P1
hydrogel was demonstrated to enable sustained and selective DOX
release within the TME, with accumulative release rate of 36.4 % over
120 h at pH 5.8. In vivo experiments confirmed the remarkable efficacy
of the DOX-P1 hydrogel in treating in situ osteosarcoma, significantly
mitigating the side effects of the drug and effectively curbing tumor
growth, with a tumor inhibition rate of 68.11 % relative to that of the
nontreatment group. These results underscore the high efficiency of the
DOX-P1 hydrogel in targeted drug delivery within tumor tissues and its
significant potential as an antitumor therapeutic.

4.1.4. Multi-responsive hydrogel scaffolds
Despite their notable benefits in the realm of smart materials,

thermo-responsive and pH-responsive hydrogels have limitations owing
to their reactivity to a single external stimulus. Such reactivity can
restrict their adaptability and controllability in environments with
fluctuating conditions. To address these limitations, the research com-
munity is now directing efforts toward hydrogels with dual or multiple
responsive properties, enabling more nuanced functional modulation
under diverse environmental conditions. In a notable development, Sun
et al. [117] introduced composite scaffolds with dual responsiveness
(CCPNPs), utilizing CS as a carrier for CM and enhancing the scaffold
with both pH-responsive and NIR-responsive properties through PDA
functionalization. These CCPNPs exhibited pronounced pH-responsive
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release of CM, which was notably augmented by NIR irradiation,
particularly at a pH of 5.5. This dual-responsiveness was highly effective
against osteosarcoma cells, significantly reducing tumor cell viability
within a mere 10 min. Moreover, an optimal concentration of CM was
identified to stimulate the proliferation and differentiation of osteogenic
stem cells, a critical process for bone regeneration. In parallel with this
advancement, Liu et al. [118] developed a dual-responsive GOMP
hydrogel that integrated GelMA and the antitumor drug adriamycin. The
incorporation of polypyrrole (PPy) endowed the GOMP hydrogel with
the ability to efficiently convert light energy into heat, increasing the
temperature of the hydrogel for precise thermotherapy of tumor cells.
This thermotherapy not only inflicted direct damage to tumor cells but
also enhanced cell membrane permeability, facilitating the penetration
of chemotherapeutic agents such as adriamycin. The sustained and
controlled release of adriamycin from the GOMP hydrogel, in conjunc-
tion with the photothermal effect of PPy, suggested a synergistic ther-
apeutic approach. This approach capitalized on the immediacy of
thermotherapy and the longevity of chemotherapy for the efficient
elimination of tumor cells. Furthermore, the addition of
montmorillonite-strontium (MMT-Sr) significantly bolstered the me-
chanical properties of the hydrogel, enhancing its adaptability to com-
plex in vivo environments and effectively promoting bone tissue
regeneration.

In summary, despite the distinct advantages that single-response
hydrogels offer in specialized applications, they encounter limitations
concerning versatility, adaptability, and controllability. These con-
straints become particularly evident in complex and dynamic applica-
tion settings. Consequently, researchers are compelled to meticulously
evaluate the merits and demerits of monoresponsive hydrogels in com-
parison with their multiresponsive counterparts. This assessment must
be guided by the specific demands and goals of the application at hand to
ensure a judicious selection of material.

4.2. Nonenvironmentally responsive hydrogel scaffolds

In the context of bone tissue engineering, hydrogels that exhibit
environmental responsiveness are limited in their adaptability to
external stimuli, thereby catering to a spectrum of applications.
Conversely, their nonresponsive counterparts are esteemed for their
enduring structural integrity and functionality, especially in scenarios
necessitating prolonged drug delivery or enduring support frameworks.
These hydrogels are renowned for their unwavering efficacy, thereby
underpinning the predictability and dependability of their therapeutic
impacts. Expanding upon this groundwork, Mahshid Monavari et al.
[119] pioneered the fabrication of a multifaceted nanocomposite scaf-
fold, harnessing the precision of 3D printing technology. This innovation
integrated lysozyme-laden mesoporous cerium-doped silica-calcium
nanoparticles (Lys-Ce-MSNs) within an alginate dialdehyde-gelatin
composite matrix (ADA-GELs) (Fig. 4D). In vitro assays have illus-
trated the progressive degradation of the scaffold, coupled with the
sustained release of lysozyme, which not only manifested robust anti-
bacterial properties but also hinted at its antitumor potential. Notably,
the inclusion of lysozyme increased the structural integrity of the scaf-
fold, enabling the deposition of an HA layer, thereby catalyzing the
osteogenic process. Concurrently, Huang et al. [120] have revealed a
groundbreaking core-shell structured hydrogel bone scaffold, termed
Mel@Gel/Mel@HF, inspired by the stratified architecture of Janus
particles. This scaffold was masterfully crafted to encapsulate melatonin
uniformly throughout its core-shell configuration, thereby facilitating
the eradication of residual neoplastic cells from the postsurgical site
through an initial surge of melatoni. Subsequently, the scaffold sus-
tained a lower concentration release of melatonin, functioning as a

potent and enduring catalyst for the osseous repair process, thus
markedly propelling the regeneration of osseous tissue. This intricately
engineered drug delivery framework encapsulates the synergistic ther-
apeutic advantages of melatonin, presenting a pioneering and promising
therapeutic strategy for osteosarcoma management and the revitaliza-
tion of bone tissue.

Hydrogels hold great potential in the field of bioengineering, with
applications ranging from drug delivery to tissue engineering and
cellular scaffolding. However, they are not without their challenges,
such as inadequate mechanical properties, insufficient tissue integra-
tion, and the propensity for rapid payload release, which can lead to
suboptimal therapeutic outcomes [121]. To overcome these obstacles,
researchers have explored various enhancement strategies. These
include the reinforcement of hydrogel matrices through physical
cross-linking or the integration of nanoscale materials to increase their
strength and resilience [122]. Additionally, the incorporation of bioac-
tive molecules, such as RGD peptides, has been shown to enhance the
adhesion of hydrogels to biological tissues [123]. Furthermore, the
development of sophisticated controlled-release mechanisms for drugs
and bioactive molecules is critical for mitigating the issue of burst
release and ensuring a sustained therapeutic effect [124]. Surface
modification techniques have also been instrumental in enhancing the
biocompatibility and stability of hydrogels, thereby broadening their
applicability in biomedical settings without compromising their
inherent softness. Notably, Fabian Obregon-Miano et al. [125] con-
structed an injectable polymer network (SIPN) that exhibited superior
physicochemical characteristics. This was achieved by blending porcine
bone extracellular matrix (pddECM) with polyethylene glycol diacrylate
(PEGDA), yielding a hybrid material that surpasses the limitations of
traditional natural polymers in terms of structural integrity and degra-
dation kinetics. The pddECM/PEGDA hydrogel has enhanced porosity
and a more intricate porous architecture, which were conducive to cell
attachment, proliferation, and the efficient exchange of nutrients and
metabolic waste. These features were particularly advantageous for cell
engraftment and the promotion of tissue regeneration in the context of
tissue engineering. Similarly, inspired by the extracellular matrix
(ECM), Wu et al. [126] employed the natural polymer gelatin (GEL) and
hydrazide-modified alginate (HAlg) to emulate the structural compo-
nents of collagen and glycosaminoglycans, respectively. Through a
combination of physical and chemical cross-linking methods, they
fabricated a high-strength composite hydrogel (GEL-HAlg-DN). This
hydrogel not only exhibited remarkable mechanical properties, with a
tensile strength of 0.9 MPa and an elongation at break of 177 % but also
demonstrated commendable biodegradability and swelling stability.
These attributes created an environment that is highly conducive to cell
adhesion and proliferation. Collectively, these advancements in hydro-
gel technology are paving the way for the creation of materials that more
closely mimic the native tissue microenvironment, thereby fostering an
optimal setting for cell growth and tissue repair.

Overall, in the domain of osteosarcoma therapy, environmentally
responsive hydrogels have garnered significant attention owing to their
capacity to modulate drug release in accordance with environmental
stimuli, thereby facilitating precise therapeutic interventions.
Conversely, nonenvironmentally responsive hydrogels, characterized by
their straightforward nature, economic viability, and ability to maintain
a stable drug release profile, present distinct advantages in specific
medical contexts. This makes them a viable alternative for certain
treatment modalities. The ongoing pursuit of enhancement and the
introduction of novel design paradigms by researchers are propelling the
evolution of hydrogel technology. This progress is instrumental in
delivering more dependable and efficacious solutions for forthcoming
biomedical endeavors.
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5. Design strategy for IBSs

Osteosarcoma, a malignant bone tumor, poses significant therapeutic
challenges. Traditional treatments, including surgical resection, radio-
therapy, and chemotherapy, are pivotal in managing tumor growth but
have inherent limitations. Surgical resection, despite its effectiveness,
may not completely eradicate tumor cells and can result in substantial
bone loss. Additionally, the systemic side effects of chemotherapy and
radiotherapy can adversely affect patients’ quality of life and impede the
natural processes of bone regeneration and repair. In response to these
limitations, a spectrum of innovative therapeutic strategies has been
developed. These include biomaterial-based approaches, advanced drug
delivery systems, environmentally responsive therapies, and multi-
modal treatment regimens. The overarching aim of these strategies is to
provide more targeted and individualized care, thereby reducing
adverse effects and improving the clinical outcomes of osteosarcoma
patients.

5.1. Biomaterial-directed strategies

In the therapeutic landscape of osteosarcoma, biomaterial-directed
scaffolds have emerged as a significant advancement. These scaffolds
fulfill the dual role of providing temporary structural support for bone
defects and actively contribute to the healing process through their
intrinsic characteristics. Their biocompatibility is a key attribute, as it
reduces the likelihood of adverse immune reactions upon contact with
human tissues, thus mitigating inflammation and the risk of tumori-
genesis. The distinctive porous architecture of these scaffolds further
aids in the exchange of nutrients and oxygen, creating a conducive
milieu for bone regeneration. Notably, these scaffolds exhibit a dual
therapeutic effect, inhibiting the proliferation of osteosarcoma cells
while concurrently fostering the regeneration of osteoblasts, all without
necessitating supplementary treatments. A case in point is the n-HA
controlled-release scaffold, which, upon implantation into bone defects,
has been shown to effectively curb the growth of osteosarcoma cells. HA,
which closely mimics the mineralized matrix of natural bone, was
instrumental in creating a favorable environment for osteoblasts,
thereby hastening the repair and regeneration of bone tissue [57]
(Fig. 5A). Furthermore, Caitlin Koski et al. [96] underscored the thera-
peutic potential of biomaterial-guided scaffolds in osteosarcoma treat-
ment by incorporating CS directly onto HA discs. The subsequent
degradation and release of CS have been shown to markedly curtail the
proliferative capacity of osteosarcoma cells, with a significant reduction
in cell viability—up to 96 % compared with that of untreated controls
(Fig. 5B). Additionally, the presence of free CS has been found to
augment osteoblast adhesion, proliferation, and differentiation, as evi-
denced by the upregulation of osteoblast bridging protein (OPN) and

Table 3
Summary of hydrogel-based scaffolds.

Compositions Treatment of
osteosarcoma

Bone tissue regeneration Ref.

CP/HA/GP/CS Photothermal
therapy and
Chemotherapy

The porous structure of the gel
facilitates the exchange of
nutrients and promotes the
proliferation of osteoblasts;
CS, GP, and HA, as active
substances, support cell
attachment and promote the
growth of osteoblasts; and CP
improves the deposition of
apatite microcrystals and
accelerates the formation of
new bone.

[106]

BP/DOX/CS Photothermal
therapy and
Chemotherapy

BP can promote bone
regeneration by forming
calcium phosphate deposits
through in situ phosphorus
driving and subsequent
calcium trapping.

[107]

PHA-DDP/OSA/
CS

Photothermal
therapy and
Chemotherapy

PHA particles adhered to cells
via PDA and promoted the
proliferation and
differentiation of BMSCs.

128]

MDA-NPs/
CMP@PAM

Photothermal
therapy

Mg2+ released by degradation
of MDA-NPs can upregulate
the expression of osteogenic
genes, thus promoting
osteogenic differentiation of
cells.

[127]

PDA@DOX-Alg/
GelAGE

Photothermal
therapy and
Chemotherapy

PDA contributes to the
adhesion and value-addition of
BMSCs; Sr2+ is able to induce
osteogenic differentiation and
angiogenesis.

[128]

IR820/Cur-MPs Photothermal
therapy and
Chemotherapy

The slow release of CM was
able to induce value addition
and differentiation of BMSCs.

[109]

Fe3O4/GOx/
MgCO3@PLGA

Magnetic
hyperthermia

The Mg2+ released from the
degradation of MBRs not only
help to regulate the local
microenvironment, but also
enhance the formation and
mineralization of bone tissues
through synergistic effects
with the magnetic field, thus
accelerating the healing of the
bone defect area.

[112]

MeCFO/GelMA Magnetic
hyperthermia

MeCFO promotes the value-
addition, differentiation, and
mineralization of BMSCs,
which in turn promotes bone
regeneration.

[113]

GNRs/n-HA/
GelMA

Photothermal
therapy

n-HA mimics the natural
structure of the ECM in bone,
thereby promoting osteoblast
proliferation, differentiation
and mineralization.

[129]

Odex/MMT-Sr/
PPy-PVP/
GelMA

Photothermal
therapy and
Chemotherapy

Sr2+ released by MMT-Sr
degradation was able to induce
the value-added and
differentiation of BMSCs.

[118]

SP@MX-TOB/
GelMA

Photothermal
therapy

GelMA hydrogels have RGD
sequences that significantly
induce osteogenic
differentiation of BMSCs.

[130]

CCNPs-SF/
HAMA

Chemotherapy The porous structure of the gel
facilitates the exchange of
nutrients and promotes the
proliferation of osteoblasts;

[115]

CCPNPs Photothermal
therapy and
Chemotherapy

The slow release of CM was
able to induce value addition
and differentiation of BMSCs.

[117]

Mel@Gel/
Mel@HF

Chemotherapy Low concentrations of
melatonin can effectively

[120]

Table 3 (continued )

Compositions Treatment of
osteosarcoma

Bone tissue regeneration Ref.

promote osteogenic
differentiation of BMSCs.

ZA/BG/PL Photothermal
therapy and
Chemotherapy

Free ZA induces osteoblasts to
increase in value, differentiate
and mineralize.

[131]

BPQD/WW/RSF Photothermal
therapy

BPQD has an inhibitory effect
on osteoclastogenesis and
protein expression; parallel
implantation of RSF
contributes to osseointegration
and vascular regeneration.

[102]

UCNP-Au/Alg Photothermal
therapy

Ca2+ supports bone structure
and repairs defects

[132]

Nd10%Mn10%-
WH-SA-Ca2+

Photothermal
therapy

Mn2+ andWH can promote the
value-added and
differentiation of BMSCs.

[133]
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collagen I (Col I). While biomaterial-directed scaffolds have demon-
strated impressive therapeutic efficacy and a broad scope for application
in osteosarcoma treatment, the range of biomaterials suitable for scaf-
fold fabrication is currently constrained. To broaden the clinical utility
of these scaffolds, ongoing research is focused on refining existing de-
signs, with a particular emphasis on the development of porous scaffolds
for drug delivery, thereby catering to a spectrum of therapeutic needs.

5.2. Drug delivery strategies

Drug delivery strategies represent pivotal advancements in thera-
peutics and are designed to augment treatment efficacy and concur-
rently curtail systemic side effects. The core principle involves the
encapsulation of pharmaceutical agents within scaffold materials,
facilitating localized and sustained release at the disease site [134]. With
respect to osteosarcoma management, these strategies have been
designed to harness the potential of small-molecule drugs,
large-molecule monoclonal antibodies, and traditional chemothera-
peutic agents. The overarching objective is to refine the spatial and
temporal control of drug delivery, either through targeted systems that
release agents in proximity to tumor cells or by activating the patient’s
immune response to engage in immunotherapy [135]. In the context of
bone regeneration, these systems are adept at the continuous dispen-
sation of growth factors and cytokines, which are instrumental in
orchestrating bone repair processes, fostering osteoblast proliferation
and differentiation and thus accelerating the resolution of bone defects
[136].

3D scaffolding in drug delivery systems represents a superior

alternative to systemic administration, providing a controlled release
mechanism that ensures a consistent drug delivery rate. This method is
instrumental in preventing extreme variations in drug concentrations,
which in turn minimizes the risk of toxicity to healthy tissues. In an
exemplary study, Yao et al. [137] fabricated an innovative chitosan and
n-HA (CS/n-HA) composite scaffold for the targeted delivery of zole-
dronic acid (Zol). Zoledronic acid has been demonstrated to markedly
inhibit tumor cell activity, promote apoptosis and curtail osteoclast ac-
tivity. The integration of n-HAwithin the scaffold not only replicated the
natural bone microenvironment but also augmented the osteogenic
differentiation of the BMSCs. Additionally, the chitosan component
endowed the scaffold with potent antimicrobial capabilities, signifi-
cantly reducing the risk of postoperative infection associated with bone
grafts. Furthermore, bioactive scaffolds have been utilized for the pre-
cise delivery of immunotherapeutic agents, including immunomodula-
tors, vaccines, and immune cells, directly to the tumor site. Zhang et al.
[138] developed an avant-garde, implantable 3D-printed scaffold with a
distinctive porous architecture. This design facilitated vaccine loading
and effectively recruited a variety of naive immune cells. Upon activa-
tion within the scaffold by tumor antigens and adjuvants, these cells
were poised to accurately target and neutralize tumor cells systemically
(Fig. 6A). The porous structure of the scaffold also aided in nutrient
delivery and osteoblast adhesion, thus fostering bone tissue regenera-
tion. Gas therapy (GT) has emerged as a promising therapeutic modality
for the treatment of deep-seated tumors such as osteosarcoma. This
approach utilizes biological scaffolds as a platform for materials that
generate bioactive gases, such as nitric oxide (NO), oxygen (O2), or
carbon monoxide (CO). These gases have the capacity to impair the

Fig. 4. Hydrogel scaffold. (A) Schematic illustration of synergistic photothermal chemotherapy of bone tumors and enhancement of osteogenesis with the injectable
BPNS/DOX/CS hydrogel. Reproduced with permission from Ref. [107], Copyright @ 2023 International Journal of Biological Macromolecules. (B) MBRs induced
mild hyperthermia-starvation therapy to treat bone tumors and accelerate bone defect repair. Reproduced with permission from Ref. [112], Copyright @ 2023
Journal of Nanobiotechnology. (C) Synthesis route of the MeCFO/GelMA hydrogel and schematic diagram of magnetothermal therapy. Reproduced with permission
from Ref. [113], Copyright @ 2023 Frontiers. (D) 3D-printed ADA-GEL/Lys-Ce-MSN Holder. Reproduced with permission from Ref. [119], Copyright @ 2022
Macromolecular Bioscience.
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physiological functions of tumor tissues, triggering tumor cell apoptosis
[139]. Moreover, they can modulate cellular behavior, stimulate oste-
oblast proliferation, differentiation, and migration and expedite the
repair of bone defects. Sanika Suvarnapathak et al. [140] engineered a
scaffold capable of controlled oxygen release by incorporating micro-
encapsulated calcium peroxide (CaO2) into PCL and blending it with a
GelMA hydrogel (Fig. 6B). This scaffold was designed to progressively
release oxygen through the reaction of CaO2 with water in an
oxygen-deprived environment, meeting the oxygen demands of bone
tissue and enhancing cellular vitality and tissue development. The me-
chanical properties, porosity, and biocompatibility of these scaffolds
have been meticulously optimized to create a microenvironment
conducive to cell growth and the proliferation and osteogenic differen-
tiation of osteoblast precursors. In vivo experimental outcomes have
been highly encouraging, with the scaffold demonstrating a substantial
improvement in bone regeneration, particularly in the context of
critical-size cranial defects. The regenerated bone tissue was found to be
comparable to natural bone in volume and density, suggesting the effi-
cacy of the scaffold in bone repair and restoration. Although the appli-
cation of GT in osteosarcoma treatment and bone regeneration is in its
nascent stages, its targeted and minimally invasive nature presents sig-
nificant advantages over conventional therapies. Future research should
investigate the potential of combining GT with other therapeutic stra-
tegies to augment treatment efficacy [141].

5.3. Environmental responsive strategies

While drug delivery scaffolds provide a targeted approach to osteo-
sarcoma treatment, prolonged administration of chemotherapeutic and
immunotherapeutic agents can engender adverse side effects. Conse-
quently, the scientific community is pivoting toward biomaterials as a
viable alternative to conventional pharmaceuticals. This paradigm shift
has led to the emergence of a novel category of environmentally
responsive scaffolds. These state-of-the-art scaffolds are meticulously
designed to detect and react to distinct stimuli present in the TME,
including an acidic pH, heightened levels of hydrogen peroxide (H2O2),
and conditions of oxygen deprivation. Furthermore, they are capable of
responding to external stimuli, such as light irradiation, ultrasonic
waves, and magnetic fields. Upon activation by these triggers, the
physical properties of the scaffold can be dynamically adjusted to meet
the precise demands of therapeutic interventions.

5.3.1. Internal environmental responsive strategies
Internally responsive scaffolds have emerged as promising modal-

ities for osteosarcoma therapy and bone tissue engineering. These so-
phisticated systems are designed to deliver drugs with precision,
harnessing the ability to detect and react intelligently to particular
stimuli present within the TME. This refined targeting significantly di-
minishes the proliferation of osteosarcoma cells, concurrently reducing
the adverse impact on adjacent healthy tissues. Moreover, these scaf-
folds are bioengineered to expedite the process of bone regeneration.
They are imbued with growth factors and molecules that promote cell
adhesion, which collectively cultivate an environment conducive to
osteoblast proliferation and the efficient healing of osseous defects.

The integration of CDT with bioactive scaffolds represents a novel
therapeutic approach for osteosarcoma treatment and the repair of bone
defects. CDT capitalizes on the unique chemical milieu within the TME,
particularly the presence of Fe3+ and H2O2, to initiate the Fenton re-
action. This reaction generates a high concentration of -OH, which is
capable of damaging DNA, proteins, and other essential cellular com-
ponents of tumor cells, thereby inducing apoptosis and exerting anti-
tumor effects [142]. Once tumor activity is effectively suppressed, the
emphasis transitions to bone defect repair. In this context, bioactive
scaffolds play a crucial role in providing structural support akin to the
natural 3D framework of bone tissue. These scaffolds are engineered to
incorporate growth factors, cell adhesion molecules, and additional

bioactive elements that promote bone regeneration. These elements
enhance the proliferation and differentiation of osteoblasts, accelerating
the formation of new bone tissue and effectively repairing bone defects
caused by tumor excision or radiotherapy. Furthermore, the ROS pro-
duced during the Fenton reaction in CDT serve dual functions, offering
both antitumor and antibacterial capabilities. These capabilities are
instrumental in preventing postoperative infections, thereby enhancing
the safety of bone repair procedures. An illustrative example is the work
of Li et al. [143], who developed an innovative multifunctional nano-
composite scaffold utilizing low-temperature 3D printing technology.
This scaffold was designed for a phased therapeutic approach, delivering
initial antitumor and antibacterial effects, followed by sustained bone
enhancement (Fig. 7A). Notably, the scaffold was capable of the
controlled release of H2O2 over the first three weeks, triggering
apoptosis and ferroptotic cell death in tumor cells through CDT, thus
inhibiting the recurrence of osteosarcoma. This process also promoted
the polarization of macrophages to the M1 phenotype, activating an
antitumor immune response. Over the next 12 weeks, the sustained
release of Mg2+ from the scaffold stimulated the osteogenic differenti-
ation of the BMSCs by activating the Wnt3a/GSK-3β/β-catenin signaling
pathway. This signaling also fostered an osteogenic immune environ-
ment through the polarization of macrophages to the M2 phenotype,
further supporting bone repair. Additionally, the composite scaffolds
exhibited significant antibacterial activity, effectively inhibiting the
growth of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus),
both in vitro and in vivo. This antibacterial effect was mediated by the
release of H2O2, which mitigated the risk of bacterial infections and
aided in the healing of bone defects.

In summary, the synergistic application of CDT and bioactive scaf-
folds offers a potent antitumor tool for osteosarcoma treatment and lays
a robust foundation for subsequent bone tissue regeneration.

5.3.2. External environmental responsive strategies
Scaffolds that respond to external environmental cues present a

unique advantage, as their response mechanisms are not intricately tied
to the organism’s complex internal milieu. These scaffolds facilitate the
exact control of drug release or structural alterations through externally
applied, modifiable physical triggers, including light irradiation, elec-
tromagnetic fields, and ultrasonic waves. This precise external modu-
lation allows for the strategic and timed delivery of therapeutic agents,
enhancing the utility of the scaffold in a clinical setting.

In the therapeutic realm of osteosarcoma, light-responsive scaffolds
have become increasingly prominent, offering distinctive advantages for
their targeted applications. These scaffolds, integrated with PTAs or PIs,
are capable of producing localized hyperthermia or highly reactive free
radicals upon exposure to NIR irradiation. Induced hyperthermia can
directly inflict thermal injury and induce cell death in tumor cells
through photothermal effects, whereas highly reactive free radicals can
infiltrate and compromise the integrity of DNA, proteins, and other
essential cellular components, thereby instigating apoptosis [144].
Compared with traditional treatment modalities, PTT and PDT are
characterized by precision and resistance to conventional drug thera-
pies, enabling accurate targeting of tumor tissues while sparing adjacent
healthy tissues [145]. A notable contribution to this area is the work of
Liao et al. [129], who engineered a bifunctional hybrid hydrogel con-
sisting of gold nanorods (GNRs) and n-HA. This hydrogel exhibited su-
perior photothermal effects, effectively neutralizing residual
postoperative tumor cells and preventing tumor reoccurrence while
simultaneously minimizing collateral damage to surrounding healthy
tissues due to its localized therapeutic action. This localized approach
was particularly advantageous in bone tumor treatments, as it preserved
the structural integrity of bone tissue and the surrounding microenvi-
ronment to maintain functionality and foster the healing process.
Additionally, the heat generated by PTT not only aids in minimally
invasive cancer treatment but also enhances blood circulation, which
can promote the sustained delivery of therapeutic agents and the
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provision of essential nutrients and oxygen to nascent bone tissues, thus
further facilitating postoperative bone repair [146].

The challenge of limited light penetration depth for treating deep-
seated tissues has prompted researchers to investigate alternative
responsive scaffolds. Among these are ultrasound-responsive and
magneto-responsive scaffolds, which offer distinctive benefits for ther-
apeutic interventions in deeper tissues. Ultrasound-responsive scaffolds,
for example, harness the synergy between ultrasound energy and
chemotherapy, particularly through the interaction of ultrasound waves
with sensitizing agents within tumor cells. This interaction induces the
vibration of sensitizer molecules, enhancing their reactive collisions
with neighboring molecules and resulting in the generation of ROS that
suppress osteosarcoma cells [147]. A study by He et al. [148] demon-
strated that protoporphyrin IX (PpIX) can produce ROS upon ultrasound
stimulation, which disrupts the mitochondrial membrane potential of
tumor cells, thereby triggering apoptosis (Fig. 7B). Additionally, the
mild thermal effect associated with SDT facilitated the degradation of
the outer shell of the scaffold and enhanced the release of HA from its
inner layer, which was crucial for the precise repair of bone defects.
Furthermore, the targeted action of SDT against deep-seated tumors was
complemented by its ability to generate ROS that inhibited bacterial
growth, thus preventing osteomyelitis and supporting bone tissue
regeneration.

Magnetic response scaffolds offer a distinct therapeutic approach by
harnessing the capabilities of an external magnetic field to induce
thermotherapy through MHT. This method activates MTAs, generating
localized heat within the TME, which effectively targets and eliminates
tumor cells. The profound tissue penetration capacity of the magnetic
field enables MHT to engage deep-seated tissues, presenting a notable
advantage over phototherapeutic techniques such as PTT and PDT
[149]. Moreover, the influence of a magnetic field aids in the modula-
tion of the bone tissue microenvironment, sustaining osteoblast prolif-
eration and differentiation, fostering the expression of growth factors
pivotal for osteogenesis, and thereby hastening the process of new bone
formation [150]. Cao et al. [151] reported the successful synthesis of a
nanocomposite hydrogel by integrating magnetic Fe3O4 nanoparticles
within a chitosan/poly(ethylene glycol) (PEG) matrix. This innovative
hydrogel demonstrated the ability to safely and efficiently increase the
temperature under an AMF, selectively neutralizing tumor cells through
magnetic field-induced hyperthermia while sparing adjacent healthy
tissues. Notably, compared with traditional heat treatments, this
nanoparticle-mediated magnetic thermal therapy markedly augmented
the osteogenic differentiation of BMSCs at equivalent temperatures,
thereby providing substantial support for the regeneration of bone
tissue.

5.3.3. Combined responsive strategies
Despite the efficacy of single-stimuli responsive scaffolds in tailoring

drug delivery and cellular responses within defined conditions, they
may face challenges arising from the inherent unpredictability of an
organism’s internal milieu or the limitations imposed by the penetration
and accuracy of external stimuli. Such challenges have the potential to
lead to therapeutic outcomes that may not align with anticipated results,
thereby affecting the precision and effectiveness of the treatment.

In response to the limitations faced by single-stimuli responsive
scaffolds, the scientific community has advanced a multifaceted strategy
that enlists combined-responsive scaffolds. This innovative approach
embeds various responsive mechanisms into a unified scaffold, capable
of detecting and reacting to an array of internal biological cues—such as
acidic pH, heightened H2O2 levels, and hypoxic conditions—as well as
external triggers such as light, ultrasound, and magnetic fields. The
resulting multi-responsive scaffolds provide a heightened degree of
adaptability and specificity, enabling more nuanced modulation of drug
delivery and cellular responses in accordance with the intricate micro-
environments present within biological systems [152]. A case in point is
the work of Wu et al. [46], who crafted a titanium-based bioactive

implant enriched with fluorine-doped titanium dioxide (F-TiO2) nano-
particles, PDA, and collagen. Upon exposure to NIR radiation, the F-TiO2
nanoparticles exhibited exceptional photothermal and photocatalytic
activities. This dual capability facilitated synergistic therapeutic inter-
vention, harnessing localized thermal effects in tandem with ROS pro-
duction to swiftly neutralize osteosarcoma cells within a mere 10 min.
Furthermore, the incorporation of PDA and collagen into the titanium
matrix endows it with enhanced osteoconductive characteristics,
thereby promoting bone tissue regeneration.

5.4. Multimodal therapeutic strategies

Despite significant progress in osteosarcoma therapeutics, the prac-
tical implementation of these treatments faces considerable challenges.
Tumors represent intricate biological systems marked by pronounced
heterogeneity and adaptability, attributes that hinder the effective
management of their multifaceted nature via a one-size-fits-all thera-
peutic strategy. PTT, for example, is adept at eliminating tumor cells but
confronts limitations due to the finite depth of light penetration, which
may result in inadequate treatment of deeper or more extensive tumors
[112]; conversely, immunotherapy, especially immune checkpoint
blockade (ICB) therapy, leverages the patient’s immune system to
combat the tumor but can produce substandard outcomes in certain
individuals and may also elicit a spectrum of immune-mediated adverse
effects [153].

To counter the complexities of osteosarcoma, the field of oncology is
witnessing a paradigm shift toward multimodal treatment strategies,
often termed integrative therapy. This innovative therapeutic paradigm
encompasses the concurrent deployment of phototherapeutic tech-
niques, chemotherapy, immunotherapy, and other modalities, which
converge to increase therapeutic efficacy. The crux of this strategy lies in
the synergistic amalgamation of diverse treatments, which, when inte-
grated, target the tumor from multiple angles. This multifaceted
approach not only bolsters the potency and scope of treatment but also
mitigates the emergence of drug resistance. A pioneering example is the
work of Li et al. [154], who engineered a multifunctional therapeutic
scaffold integrating microwave (MW)-responsive zeolitic imidazolium
salt framework 8 (ZIF-8) nanomaterials, the chemotherapeutic agent
DOX, and an indoleamine 2,3-dioxygenase (IDO) inhibitor. These ele-
ments were ingeniously embedded into a 3D-printed titanium scaffold,
resulting in a composite scaffold designated TZDI. ZIF-8 assumes dual
functionality as both a drug vehicle and a thermosensitive agent under
MW irradiation, allowing for the precise release of DOX in response to
the TME and MW activation. This orchestrated release induces ICD in
cancer cells. Simultaneously, the incorporation of IDO inhibitors invig-
orated an antitumor immune response, complementing MW thermo-
therapy and chemotherapy to develop a cohesive antitumor strategy.
Moreover, the degradation of ZIF-8 and the subsequent release of Zn2+

over time enhanced the osteogenic differentiation of stem cells, thus
assisting in bone regeneration. The TZDI scaffold, which encapsulated a
myriad of therapeutic functions—MW thermotherapy, chemotherapy,
immunotherapy, and bone regeneration promotion—constituted a more
holistic therapeutic solution for osteosarcoma treatment.

6. Preparation and modification of IBSs

The fabrication of integrated bioactive scaffolds is an interdisci-
plinary endeavor involving principles from materials science, engi-
neering, and biological research. This domain is devoted to crafting 3D
constructs that replicate the ECMwith precision. The initial phase of this
process involves the meticulous selection of biomaterials, such as
metals, ceramics, or hydrogels, which are renowned for their biocom-
patibility, to constitute the scaffold matrix. Following this, state-of-the-
art techniques, ranging from traditional fabrication approaches to avant-
garde 3D and 4D printing technologies, are harnessed to mold the
scaffolds into intricate, porous 3D architectures. These architectures are
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intricately designed to serve dual roles: enabling the targeted delivery of
antitumor medications or growth factors and furnishing an expanded
array of cellular attachment sites, thereby fostering cell adhesion and
proliferation. This multifunctional design is intended to elicit anti-
osteosarcoma responses while simultaneously promoting osseointegra-
tion, effectively utilizing the scaffolds as a robust foundation [155].
After fabrication, numerous bioactive scaffolds are subjected to addi-
tional surface modifications to further enhance their biocompatibility
and bioactivity. For example, physical alterations, such as increasing
surface roughness, are implemented to bolster cell attachment and
proliferation [156]. Chemical modifications might encompass the co-
valent bonding of antitumor drugs onto the surface of the scaffold,
facilitating the controlled and targeted release of therapeutic agents
[157].

6.1. Preparation of IBSs

The evolution of integrated bioactive scaffolds is propelled by an

array of fabrication techniques, which are generally categorized into
three distinct approaches: traditional methods, 3D printing, and 4D
printing technologies.

Traditional fabrication methods rely on established material pro-
cessing technologies, enabling the creation of scaffolds with adequate
porosity and biocompatibility. These methods have been pivotal in the
nascent phase of tissue engineering, laying the groundwork for subse-
quent innovations in scaffold design and function. With the advent of
advanced manufacturing technologies, 3D printing has become a pre-
eminent fabrication technique. It permits the customized design of
scaffold microarchitectures and intricate geometries through an addi-
tive, layer-by-layer assembly process. This precision manufacturing
significantly broadens the design possibilities and meets the complex
specifications of advanced tissue engineering endeavors [158]. Pro-
gressing from the foundation laid by 3D printing, 4D printing introduces
a transformative temporal element. This cutting-edge technology in-
tegrates materials that exhibit stimuli-responsive properties and react to
environmental cues such as temperature, pH, and humidity.

Fig. 5. Biomaterial-directed strategies. (A) Antitumor and segmental bone defect healing capacity of n-HA-loaded titanium scaffolds. Reproduced with permission
from Ref. [57], Copyright @ 2019 Science Advances. (B) Mechanism of action of chitosan in tumor suppression. Reproduced with permission from Ref. [96],
Copyright @ 2020 Materials Science and Engineering: C.
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Consequently, 4D-printed scaffolds possess the unique ability to undergo
morphological changes or self-adaptation postimplantation, in real time
because of the body’s dynamic tissue growth and healing mechanisms.
This adaptive feature enhances the biomimicry of scaffolds, marking a
notable progress in the domain of bioactive scaffold development [159].

6.1.1. Conventional preparation techniques
Bioactive scaffolds play crucial roles in the field of tissue engineering

because of their ability to promote cell proliferation and regeneration of
new tissue. The manner in which these scaffolds are prepared has a
profound impact on their biocompatibility and bioactivity, which are
critical determinants of their success in facilitating tissue repair. We
present a synopsis of established preparation techniques: solution cast-
ing, a method that involves dissolution of the biomaterial in an appro-
priate solvent and subsequent casting into a mold, leads to solidification
of the biomaterial, thereby forming the scaffold structure. The solvent is
then eliminated, typically through particle leaching or solvent evapo-
ration, culminating in a scaffold with a porous architecture [160]
(Fig. 8A). Phase separation is another technique that initiates a
two-phase system within a solution by meticulously controlling the
temperature, resulting in the formation of a porous structure from one
phase while the other nonporous phase is removed [161] (Fig. 8B).
Freeze-drying, or lyophilization, involves the freezing of aqueous bio-
materials followed by sublimation under vacuum conditions, yielding a
scaffold with an interconnected porous network conducive to cell
migration and nutrient transport [162]. These methodologies can be
customized and refined to confer the necessary attributes to the scaffold,
aligning with the precise demands of diverse biomedical applications.

6.1.2. 3D printing technology
In addition to conventional fabrication techniques, 3D printing has

become a transformative innovation in the creation of bioactive scaf-
folds, providing exceptional precision and the capacity for highly
tailored designs. This advanced technology empowers researchers to
craft customized scaffolds that are uniquely tailored to address an in-
dividual patient’s bone defect. These scaffolds not only precisely
duplicate the macroscopic geometry of the bone but also replicate its
microscopic porous architecture, thereby fostering an environment
conducive to cell permeation, adhesion, proliferation, and differentia-
tion [163]. An additional advantage of 3D printing lies in its ability to
integrate pharmaceutical agents or growth factors into the scaffolds,
with precise spatial control over their distribution during the printing

process. This enables targeted and controlled release of bioactive mol-
ecules, which can significantly enhance the regeneration of bone tissue
[164]. The integration of these therapeutic agents can be executed
through two principal methodologies: direct 3D printing, which involves
the immediate incorporation of cells and bioactive agents, and indirect
3D printing, which may involve additional steps postprinting for cell
seeding or agent incorporation.

The technique of direct 3D printing integrates the preprocessing of
bioactive molecules with the printing medium, followed by extrusion
through a print nozzle. This method affords exact control over the
spatial distribution and temporal release of bioactive agents throughout
the fabrication process. A notable benefit of direct 3D printing is its
operational simplicity and real-time adjustability, which allows for the
meticulous calibration of therapeutic outcomes. Jin et al. [165]
demonstrated the efficacy of this method by extruding a composite of
PLGA and magnesium (Mg), thereby achieving intricate control over the
scaffold’s microarchitecture (Fig. 8C). The resulting scaffolds featured
biomimetic, hierarchical porosity with optimized pore dimensions,
porosity levels, and interconnectivity, all of which were conducive to
osteoblast proliferation and the efficient transport of nutrients. More-
over, these scaffolds provided a dual therapeutic mechanism: the Mg
particles, when undegraded, produced pronounced photothermal effects
that effectively targeted and eliminated residual tumor cells. Concur-
rently, the release of Mg2+ from biodegrading particles contributed
positively to the regeneration of bone tissue, playing an essential role in
the prevention of osteosarcoma recurrence and the repair of bone
defects.

Indirect 3D printing has emerged as a versatile methodology in
scaffold fabrication, wherein the structural framework is initially con-
structed, followed by the targeted infusion of bioactive agents in a
subsequent step [166]. This approach enhances flexibility, allowing for
postfabrication chemical and biological modifications. Moreover, it
enables the incorporation of complex drug delivery systems, such as
pulsatile or gradient release profiles, tailored to accommodate the dy-
namic stages of osteosarcoma treatment. Lu et al. [167] exemplified this
by developing a self-assembled cerium-substituted molybdenum blue
(CMB) nanowheel crystal. This crystal was integrated into 3D-printed
BG scaffolds, resulting in the formation of the CMB@BG scaffold
(Fig. 8D). During the early phases of osteosarcoma management, the
CMB@BG scaffold rapidly released antitumor agents through photo-
thermal effects, effectively curbing tumor cell recurrence and prolifer-
ation. Concurrently, the photothermal catalytic action of CMB expedited

Fig. 6. Drug delivery strategies. (A) Schematic illustration of the in vivo specific antitumor immune response to an implanted 3D scaffolded vaccine. Reproduced
with permission from Ref. [138], Copyright @ 2021 Advanced Materials. (B) Schematic of the oxygen-producing hydrogel (GHCAC) used to overcome tumor hypoxia
to enhance synergistic photodynamic/gas therapy. Reproduced with permission from Ref. [140], Copyright @ 2020 ACS Applied Materials & Interfaces.
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the elimination of ROS, mitigating inflammation and safeguarding
adjacent healthy tissues. In the later stages, the scaffold contributed to
bone defect repair by progressively releasing osteogenic biomolecules.
This scaffold design addressed the multifaceted requirements of osteo-
sarcoma treatment, including tumor ablation, tissue preservation, and
bone regeneration, thereby offering an innovative therapeutic strategy
for the comprehensive management of osteosarcoma.

In conclusion, both direct and indirect 3D printing methodologies
present groundbreaking therapeutic modalities within the realm of bone
tissue engineering. These advanced techniques, through the meticulous
regulation of bioactive molecule release, hold the promise of markedly
increasing the efficacy of bone regenerative therapies and enhancing
patient prognoses.

6.1.3. 4D printing technology
While 3D bioprinting has made significant strides in the custom-

ization of personalized bioactive scaffolds, the existing technology faces
constraints in creating dynamic scaffolds that can meet the sophisticated
demands of bone tissue repair dynamics. The process of bone repair
transcends the mere establishment of a complex 3D structural frame-
work. It encompasses the intricate and evolving regeneration of diverse
heterogeneous tissues, including nerves and blood vessels. These tissues
are characterized by their capacity for ongoing property alterations in
response to temporal progression and a spectrum of environmental
stimuli, thereby highlighting their inherently dynamic and adaptive
nature.

The introduction and ongoing evolution of 4D printing technology
represent significant advancements in the realm of bioactive scaffolds,
addressing the dynamic complexities of tissue repair. This innovative
approach augments the capabilities of 3D printing by incorporating a
temporal element, allowing for the transformation or adaptation of
structures in response to environmental stimuli [159]. The foundation of
4D printing lies in the utilization of intelligent materials, including
shape memory alloys, hydrogels, and polymers that exhibit
stimulus-responsive behavior, adjusting their form or characteristics in

response to conditions such as temperature, humidity, light, or pH. Once
implanted, 4D-printed bioactive scaffolds are engineered to evolve in
concert with the tissue healing timeline, seamlessly aligning with the
developmental and reparative demands of the host tissue. For this pur-
pose, Du et al. [168] have harnessed a biodegradable polyester copol-
ymer to fabricate an innovative bone scaffold through 4D printing
techniques. This scaffold integrates a PCL segment with a phase transi-
tion temperature close to physiological levels, serving as a molecular
switch to initiate the shape memory response. To further augment the
scaffold’s osteogenic potential, a polypropylene fumarate (PPF) copol-
ymer segment was integrated, allowing for postfabrication cross-linking.
In vitro assays revealed that, compared with standard PCL, this
copolymer-based scaffold notably enhanced the adhesion and osteo-
genic differentiation of MC3T3-E1 cells. Subsequent in vivo studies
substantiated the capacity of bioactive shape memory scaffolds to
swiftly conform to the geometry of bone defects postimplantation,
thereby markedly advancing bone regeneration. These findings under-
score the potential of 4D printing as a clinically viable strategy for bone
defect intervention. Moreover, 4D printing holds the promise of exerting
fine-tuned control over drug delivery through the engineering of specific
stimulus-response mechanisms, enabling the timed and targeted release
of therapeutics, which could substantially iincrease treatment efficacy
[169]. While 4D printing remains in the nascent stages of conceptual
validation and exploratory research, it has already catalyzed trans-
formative progress in scaffold design and fabrication. This technology
facilitates a more sophisticated interaction between scaffolds and host
tissues, fostering superior tissue regeneration and functional restoration.

In summary, the progression from traditional scaffold fabrication
methods to innovative 3D and 4D printing methods is indicative of the
relentless advancements in the technologies underpinning bioactive
scaffold preparation. Each technological leap presents distinctive ben-
efits and specific applications, collectively propelling the field of
regenerative medicine forward with unprecedented momentum and
expansive potential. As these technologies continue to converge and
evolve, the anticipation is that they will yield increasingly personalized

Fig. 7. Environmental response strategy. (A) Schematic of the MgO2/PLGA composite scaffold preparation and its postoperative antimicrobial, anti-osteosarcoma
and bone regeneration mechanisms. Reproduced with permission from Ref. [143], Copyright @ 2023 Advanced Materials. (B) 3D-printed bilayer PGPC-PGPH
porous scaffolds and their anti-osteosarcoma and bone-enhancing mechanisms. Reproduced with permission from Ref. [148], Copyright @ 2024 Bioactive Materials.
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and efficacious treatment modalities, catering to the unique needs of
individual patients.

6.2. Modification of IBSs

Surface modification of bioactive scaffolds is a pivotal aspect of os-
teosarcoma therapy, significantly influencing the efficacy of the scaffold
in bone tissue repair and regeneration. The objective of these strategies
is to refine the chemical composition, physical architecture, and bio-
logical characteristics of the scaffold, thereby augmenting its integrative
potential with the host bone tissue. This optimization is designed to
promote the attachment, proliferation, and differentiation of osteo-
blasts, which are fundamental to the bone healing process. The preva-
lent approaches to surface modification include physical, chemical, and
biological techniques, each serving to tailor the surface of the scaffold to
meet specific therapeutic objectives.

6.2.1. Physical modification
Physical modification techniques enhance the surface topography of

bioactive scaffolds, preserving the inherent chemical composition of the
material. The primary methodologies involve the creation of microscale
pores, nanoscale fibers, and tailored surface topographies [170]. Ac-
cording to research by Chinmaya Mahapatra et al. [171], nanofibrous
scaffolds that incorporated specific topographical features enhanced
cell-substrate interactions, potentially reducing cell-cell contact. This
modification significantly facilitated the adhesion and regeneration of
BMSCs, thereby augmenting their differentiation and mineralization
processes, which were critical for osteogenic activity.

6.2.2. Chemical modification
Chemical modification of scaffolds is a strategic approach that in-

volves altering their surface chemistry by introducing novel chemical
groups or modifying existing groups, thereby enhancing interactions
with osteocellular components and facilitating cell adhesion. This
technique is prevalent in bone tissue engineering, where it is employed
to bolster scaffold cytocompatibility and osteoinductive properties
[172]. One example is the work of Li et al. [173], who fabricated
RGD/GS composite scaffolds. They immobilized RGD peptides onto
gelatin (GEL) scaffolds through enzymatic catalysis, leveraging the
peptides’ cell adhesion sequences to increase the affinity of the scaffold
for host cells (Fig. 9A). This specific binding to integrins on the cell
surface significantly promoted the recruitment and migration of
mesenchymal stem cells (MSCs) in vivo, leading to a robust and evenly
distributed cell population with high osteogenic differentiation poten-
tial. Subsequent in vivo studies revealed that the implantation of these
MSC-enriched RGD/GS scaffolds into a mouse model with critical-size
cranial defects markedly stimulated bone regeneration. Moreover, the
surface coating of biologically inert scaffolds with bioactive materials
represents an effective method for increasing their bioactivity without
compromising the scaffold matrix. This approach not only improves the
scaffold’s biocompatibility but also endows it with additional func-
tionalities, such as the selective promotion of the growth of specific cell
types or the provision of localized drug delivery. Bigham et al. [174]
exemplified this by employing poly-3-hydroxybutyric acid (P3HB) and
orderedmesoporous magnesium silicate (OMMS) composites to enhance
the scaffold surface. The ordered mesoporous structure of the
OMMS/P3HB coating expanded the surface area of the scaffold,
increasing the number of attachment sites for cells and thus promoting
cell attachment and spreading. Furthermore, it enhanced the drug

Fig. 8. Preparation of IBSs. (A)Schematic representation of ZA functionalized polycaprolactone scaffold preparation and biological studies. Reproduced with
permission from Ref. [160], Copyright @ 2023 International Journal of Biological Macromolecules. (B) Schematic of the design and preparation of a multiphase
bone-ligament-osteointegration branch (BLB) for ACL repair. Reproduced with permission from Ref. [161], Copyright @ 2024 Bioactive Materials. (C) Schematic of
3D printed PLGA/Mg scaffolds as an integrated platform for postoperative osteosarcoma recurrence inhibition and bone regeneration. Reproduced with permission
from Ref. [165], Copyright @ 2021 Biomaterials. (D) Schematic representation of a CMB@BG scaffold equipped with self-assembled CMB nanowheel crystals with
photothermal catalysis as a three-in-one solution for osteosarcoma. Reproduced with permission from Ref. [167], Copyright @ 2023 Advanced Materials.
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release profile of the scaffolds, which was pivotal for effective thera-
peutic intervention in bone defects. The thermogenic properties of the
OMMS/P3HB-coated scaffolds highlighted the potential of magneto-
thermal therapy for bone cancer treatment. The ability of these scaffolds
to generate heat in response to an external magnetic field could increase
the sensitivity of tumor cells to thermal ablation, thereby increasing the
therapeutic efficacy of magnetothermal therapy.

6.2.3. Biomodification
Biomodification is a strategic approach that significantly augments

the biocompatibility and biofunctionality of scaffolds through the inte-
gration of various biomolecules such as proteins, peptides, and growth
factors onto the scaffold surface [175]. A pioneering example is the work
of Li et al. [176], who developed a novel 3D nanofiber scaffold fabri-
cated via electrostatic spinning and further enhanced it by immobilizing
BMP-2 peptides on its surface using PDA as a facilitator (Fig. 9B). This
innovative strategy not only enhanced the immobilization efficiency of
BMP-2 peptides but also ensured stable bioactive signaling to cells by
regulating the release kinetics of the peptides. Such regulation was
critical for promoting cell adhesion, proliferation, and differentiation. In
vitro studies demonstrated that these modified scaffolds markedly
improved the osteogenic differentiation potential of BMSCs compared
with their unmodified counterparts. Furthermore, by integrating genetic
engineering techniques, scaffolds can be imbued with specific genes that
promote bone formation, enabling gene-level regulation of the bone
repair process. This dual-functionality allowed the scaffold to act as both
a structural support and a vector for gene therapy, providing continuous
biological cues essential for bone regeneration [177]. Collectively,
physical, chemical, and biomodification techniques each present unique
advantage and often synergize with one another. For example, physical
modifications that increase surface roughness can enhance the adher-
ence of chemical modifiers, whereas chemical modifications can

introduce functional groups necessary for the immobilization of bio-
molecules. The integrated application of these techniques enables the
design of scaffolds with tailored biological functions, addressing the
sophisticated requirements of bone tissue engineering, drug delivery,
and other biomedical applications.

7. Conclusions

Osteosarcoma, an aggressive malignant bone tumor, is a profound
threat to patient health and life. Conventional therapeutic approaches,
including surgical resection, radiotherapy, and chemotherapy, are
effective at preventing tumor progression but fail to address postsurgical
bone defects and are associated with significant side effects [178]. These
adverse effects can impose a physical burden on patients and negatively
influence their treatment outcomes and quality of life. In the ccontext of
bone defect repair, autologous and allogeneic bone grafts are often
regarded as the gold standard. Nevertheless, these grafting methods
present challenges, such as pain and donor site dysfunction for autolo-
gous grafts and the scarcity of donor bone for allogeneic grafts. More-
over, the risk of immune rejection is a concern that may impede the
efficacy of bone healing and result in further complications [179].
Consequently, there is an imperative demand for synthetic bone grafts
that are capable of treating osteosarcoma effectively while also facili-
tating bone defect repair—a task that is notably complex. The advent of
tissue engineering has brought integrated scaffold-based therapeutic
strategies to the forefront of research. These scaffolds are designed to
target both the eradication of osteosarcoma cells and the restoration of
tissues or organs impaired by tumorigenesis or therapeutic in-
terventions. This review offers a comprehensive examination of the
latest advancements in the fabrication of bioactive scaffolds that possess
dual functionalities—combating osteosarcoma and fostering bone
regeneration—and explores their design methodologies and

Fig. 9. Modification of IBSs. (A) RGD/GS scaffolds functionalized by site-specific enzymatic reactions were used to recruit MSCs from skeletal muscle, which were
then implanted into bone defects. Reproduced with permission from Ref. [173], Copyright @ 2022 Journal of Colloid and Interface Science. (B) Schematic of 3D
nanofiber scaffold preparation. Reproduced with permission from Ref. [176], Copyright @ 2019 Journal of Colloid and Interface Science.
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manufacturing processes (see Fig. 10).
Addressing the reparative challenges of bone defects post-

osteosarcoma surgery, the scientific community is advancing the
development of bioactive scaffolds crafted from an array of biocom-
patible materials, encompassing metals, ceramics, and hydrogels. These
scaffolds are considered a viable solution to the intricate demands of
postsurgical bone reconstruction. Notably, metal scaffolds, renowned
for their exceptional mechanical strength, play a pivotal role in fracture
fixation and the repair of bone defects. They offer critical structural
support, with the metal ions liberated during their degradation process
known to stimulate bone tissue regeneration [180]. However, the
inherent biological inertness of metallic scaffolds can hinder their
assimilation with native bone tissue, potentially resulting in a
stress-masking phenomenon that may decelerate intrinsic healing
mechanisms. Ceramic scaffolds, which have a composition akin to that
of human bone, are recognized for their capacity to promote bone tissue
regeneration [181]. Nonetheless, their fragility and the intricacy of their
fabrication processes restrict their utility in regions that endure sub-
stantial mechanical stress. On the other hand, hydrogel scaffolds, Owing
to their low mass, high moldability, and superior biodegradability, have
the potential to be imbued with a spectrum of pharmaceuticals and
bioactive molecules, thereby increasing their utility in the treatment of
osteosarcoma and the repair of bone defects [182]. Despite these attri-
butes, the mechanical resilience of hydrogels is frequently inadequate

for applications requiring the support of substantial loads. Importantly,
while metal, ceramic, and hydrogel scaffolds each possess distinctive
benefits, their standalone use may not be sufficient to catalyze bone
healing and the formation of new bone, especially in instances of
extensive bone defects following osteosarcoma surgery. Additionally,
the absence of inherent anticancer properties in rudimentary scaffolds
may impede their effectiveness in the therapeutic management of
osteosarcoma.

Researchers are advancing the frontier of osteosarcoma management
and postoperative bone repair through the development of biocompat-
ible scaffolds, integrated with a suite of therapeutic strategies. These
strategies are designed to achieve dual therapeutic goals: inhibiting
osteosarcoma progression and promoting bone regeneration. The
emerging modalities encompass biomaterial-directed, drug delivery,
environmental responsive, and multimodal therapeutic approaches.
Biomaterial-directed strategies focus on the integration of anti-
osteosarcoma and osteoinductive substances within 3D scaffolds.
These scaffolds, when implanted, serve the dual purpose of providing
mechanical support and actively combat osteosarcoma while simulta-
neously stimulating bone tissue regeneration. The controlled release of
biologically active components from biodegrading scaffolds contributes
to the healing process, ensuring a natural transition from temporary
structural support to long-term bioremediation. Drug delivery strategies
prioritize the targeted and efficient conveyance of therapeutic agents,

Fig. 10. Summary of IBSs. By carefully selecting and processing a variety of bioactive materials, researchers have successfully developed IBSs. These scaffolds
employ a variety of ingenious design strategies that combine anti-osteosarcoma efficacy with the ability to promote bone regeneration, effectively addressing the
challenges of tumor cell retention and bone defect repair after osteosarcoma surgery. In the future, research and development of IBSs will focus on three main
directions: in situ, precision and long-term treatment (Created with Biorender.com).
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such as chemotherapeutics and growth factors, to the site of interest
within the patient’s body. This targeted approach not only heightens the
therapeutic impact but also mitigates the adverse effects on surrounding
healthy tissues. The scaffold’s capacity to modulate drug release kinetics
extends the therapeutic window, offering sustained suppression of os-
teosarcoma cells and preventing tumor relapse [183]. Moreover, to
address the side effects associated with the systemic administration of
chemotherapeutic and immunotherapeutic drugs, researchers have
developed environmentally responsive biomaterials [184]. These ma-
terials are sensitive to changes in the biological milieu, such as changes
in pH and the presence of ROS, and can be tailored to respond to
endogenous (e.g., TME) or exogenous (e.g., light, magnetic fields)
stimuli. Internal environment-responsive materials exploit the unique
characteristics of the TME to selectively target cancer cells [185],
whereas external environment-responsive materials leverage external
stimuli to induce localized hyperthermia or generate ROS, thereby
eradicating tumor cells [186]. Induced thermotherapy not only en-
hances blood circulation and bone tissue regeneration but also syner-
gizes with ROS to suppress bacterial growth, creating a favorable
microenvironment for bone repair [187]. As cancer treatment research
progresses, the integration of these diverse therapeutic strategies is
anticipated to yield a more holistic and personalized approach to cancer
therapy, with the potential to significantly improve patient outcomes
and quality of life.

The integration of bioactive scaffolds has shown considerable
promise in preclinical studies; however, translating this success into
clinical practice presents several hurdles. A common limitation in cur-
rent research is the isolated investigation of subcutaneous antitumor
effects and bone regeneration, which overlooks the intricate interplay
and synergistic effects between these processes within the bone micro-
environment. This multifaceted complexity poses a significant challenge
for researchers. Additionally, the biocompatibility of scaffolds and their
potential to elicit immune rejection are pivotal concerns for their clinical
viability. For optimal integration, scaffolds must harmonize with host
tissues, facilitating the proliferation and regeneration of damaged tissue.
The quest for high biocompatibility is driving researchers to select ma-
terials that naturally complement the host’s physiological milieu and to
refine scaffold surfaces to augment compatibility, thereby ensuring their
in vivo safety and effectiveness [188]. Another critical aspect is the
regulation of scaffold degradation rates, which should ideally align with
the pace of new bone tissue formation. Striking a balance is essential;
scaffolds that degrade too quickly may compromise structural integrity,
whereas those that degrade too slowly could impede the formation of
new bone tissue [189]. Furthermore, the enduring efficacy and safety
profiles of these integrated bioactive scaffolds necessitate extensive
validation. Prolonged implantation of nondegradable scaffolds could
provoke persistent inflammation and a chronic inflammatory response,
potentially detracting from therapeutic efficacy [190]. Thorough clin-
ical surveillance and exhaustive research are imperative to evaluate
these risks and guarantee the longevity and safety of such treatments.
While challenges persist, the field of bone tissue engineering continues
to evolve, and it is anticipated that bioactive scaffolds will undergo
substantial refinement. Future advancements are likely to focus on
enhancing biocompatibility, modulating degradation rates, and miti-
gating immune rejection, thereby tailoring these scaffolds to the
nuanced demands of clinical applications.
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