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Abstract: Cancer treatment often causes significant damage to human tissue, creating an inflam-
matory environment that complicates post-surgical care and wound healing. Current therapeutic
approaches primarily focus on either preventing cancer recurrence or restoring the function of dam-
aged tissue. However, since tissue regeneration can significantly aid post-cancer recovery, there is
an urgent need for dual-purpose materials that integrate both functions. Injectable bioimplants have
emerged as a promising solution, offering localized and sustained delivery of therapeutic agents while
simultaneously supporting structural tissue repair. This review highlights recent advancements in
multifunctional injectable bioimplants that both inhibit tumor growth and enhance tissue regeneration.
Additionally, we discuss the challenges of clinical translation and explore the future potential of
AI-driven innovations to optimize their therapeutic efficacy.
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1. Introduction
Bioimplants, which are designed to treat, repair, support or replace part of biological structure

or function, are revolutionizing healthcare.[1] By mimicking native state of biological systems, these
implants exhibit seamless human integration and mechanical excellence.[2]

Despite the success of load-bearing bioimplants made from metals and ceramics, which possess
mechanical strength, they often require complicated and advanced manufacturing, such as 3D printing
scaffold.[3] The hard implants may necessitate invasive surgical procedure, increasing the risk of infec-
tion and patient discomfort.[4] These limitations have led to the emergence of injectable bioimplants, a
material that can be managed to add room temperature and solidify your response to body temperature
injection. Prepared just before application, they are extruded through a syringe and injected at the
target site, where they form a scaffold to support tissue regeneration.[5] The approach is considered as
an ideal delivery system of drug, cells or bioactive factors in minimally invasive manner, conforming
to the shape of the local tissue. The injectable bioimplants designed to be biodegradable would be
degraded into non-toxic smaller units, which are then eliminated from the body via metabolism,
eliminating the need for invasive surgery after therapy completion.[6]

Surgical removal of tumors, such as osteosarcomas or glioblastomas, often results in large tissue
defects due to the invasive nature of these malignancies, making self-repair challenging. Injectable
bioimplants have been successfully utilized for post-surgical cavity regeneration, including applica-
tions in orthopedic and soft tissue repair. [7][8][9] However, this approach alone is insufficient due
to the high risk of tumor recurrence. Surgical resection often fails to completely eliminate tumor
cells, leaving behind residual cells that pose a risk of local recurrence and distant metastasis. [10] To
address this, post-surgical adjuvant therapies such as chemotherapy and radiotherapy are commonly
employed. However, these treatments come with severe side effects, including nausea, hair loss,
immunosuppression, and nephrotoxicity, which can further hinder tissue repair and regeneration.
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Therefore, simultaneously eliminating residual tumor cells and promoting post-surgical tissue repair
is crucial. Injectable bioimplants offer a promising dual approach solution to achieve both objectives.

This review explores the application of injectable bioimplants as dual-purpose materials in both
tissue engineering and cancer treatment. By examining various materials utilized in these fields, we
seek to highlight the potential of combining therapeutic interventions with regenerative strategies.
(Figure 1) This dual approach not only impose cancer treatment but also promotes the restoration of
normal tissue function, offering a comprehensive solution to complex medical conditions.

Figure 1. Scheme of injectable bioimplants for combined cancer treatment and tissue regeneration.

2. Injectable Bioimplants for Tissue Engineering
Tissue engineering (TE) aims to restore defective tissues or organs by modifying damaged cells or

tissues. Since the first concept of TE was proposed for organ replacement, a variety of materials have
been developed to meet the requirement of TE. These materials are broadly categorized into natural
and synthetic types. Natural materials, such as chitosan, gelatin, collagen, cellulose, and alginates,
offer high biocompatibility and biodegradability. Their structural similarity to native extracellular
matrices facilitates cell adhesion, proliferation, and differentiation, making them widely used in TE. On
the other hand, synthetic materials, prepared by chemical processes, include polylactide-co-glycolide
(PLGA), polycaprolactone (PCL), polylactic acid (PLA), fibronectin, and polyurethane. The tunable
nature allows customization of mechanical properties and degradation rates to meet specific TE
requirement.[11]

In the realm of hard tissue repair, injectable bone cements have become a cornerstone. These
materials, typically comprising a mixture of powder and liquid components, solidify upon admin-
istration to fill fracture sites, thereby providing essential mechanical support.[12] Common types
include acrylic bone cements (ABCs), calcium phosphate cements (CPCs), and calcium sulfate cements
(CSCs).[13][14] [15] Recent advancements have focused on enhancing the mechanical strength and
biological performance of these cements by incorporating bioactive agents, nanoparticles, and growth
factors, thereby improving their clinical efficacy.[16][17]

For soft tissue engineering, injectable hydrogels have gained significant attention due to their
unique biomimetic properties. Composed of crosslinked hydrophilic polymers, these hydrogels retain
substantial amounts of water, mimicking the natural extracellular matrix.[18] The porous network
facilitates the encapsulation and sustained release of therapeutic agents, including drugs, proteins, and
cells, thereby promoting tissue repair and regeneration.[19] A notable advancement in this field is the
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development of self-healing injectable hydrogels.[20] These hydrogels have the capacity to restore their
original structure and mechanical properties after damage. This feature allows the broken hydrogels to
regenerate the integral network and ensures functionality in dynamic physiological environments.[21]
For instance, Zhang et al. proposed a chitosan based dynamic hydrogel composed of chitosan and
benzaldehydes functionalized poly(ethylene glycol) (DF-PEG). The aldehyde groups of DF-PEG and
the amino groups in chitosan form Schiff base linkages, which endowed the self-healing ability. Upon
mixing DF-PEG and chitosan, hydrogels were generated within one minute.[22]

Hydrogels loaded with biological factors is exploited for local drug delivery, resulting in increased
retention, more sustained effective dosage, and reduction of off target side effect. The integration
of functional nanoparticles into hydrogel networks has expanded their utility. Magnetic nanoparti-
cles, when embedded within hydrogels, confer responsiveness to external magnetic fields.[23] These
magnetic hydrogels are prepared by mixing Fe3O4 nanoparticles into chitosan solution, followed
by adding DF-PEG into the ferrofluid. The gelation process takes less than 2 minutes, resulting in a
hydrogel capable of recovering its structure after mechanical disruption. The presence of uniformly
distributed magnetic nanoparticles allows the hydrogel to be manipulated under an external mag-
netic field. Moreover, when subjected to an alternating magnetic field (AMF), the embedded Fe3O4

nanoparticles generate localized heat, which can be utilized to induce hyperthermia for cancer therapy
or to stimulate cellular activities. Studies have demonstrated that mesenchymal stem cells (MSCs)
encapsulated within such magnetic hydrogels enhanced osteogenic differentiation when exposed to
nanoparticle-generated heat, compared to conventional direct heating methods by metal bath.[24]

Overall, injectable bioimplants have been extensively studied for tissue engineering, offering solu-
tion for both hard and soft tissue.Their capacity to incorporate biological factors and nanocomposites
endows them with additional functional properties, such as responsiveness to external stimuli. Collec-
tively, recent advancements have led to the development of multifunctional composite bioimplants,
paving the way for more effective tissue engineering therapies.

3. Injectable Bioimplants for Cancer Therapy
Injectable bioimplants have emerged as a promising approach in cancer therapy, enabling local-

ized and sustained treatment modalities. These systems utilize various materials to deliver therapies
such as chemotherapy, thermotherapy, immunotherapy, and combination treatments directly to tumor
sites. Microparticles, typically ranging from 1 to 1,000 micrometers in size, have been applied for
cancer therapy. For example, researchers have engineered microhydrogels that serve as microwave-
sensitive agents, incorporating anti-cancer drugs and magnetic nanoparticles (Fe3O4@DOX/CAM)
for multimodal treatment and imaging.[25] In this system, calcium alginate microhydrogels act as
microwave susceptible agent. Upon microwave irradiation, the embedded Fe3O4 nanoparticles gener-
ate localized heating, enhancing drug release and therapeutic efficacy. In vivo studies demonstrated
that intratumoral injection of this composite combined with microwave thermotherapy and sustained
chemotherapy, resulting in suppressed tumor growth. Additionally, the magnetic nanoparticles fa-
cilitated T2-weighted magnetic resonance imaging (MRI) during treatment, allowing for real-time
monitoring of therapeutic progress.

Nanoparticles (NPs) offer unique advantages in multifunctional cancer treatment due to their
ability to deliver therapeutic agents directly to tumor sites. However, studies have demonstrated
that the clinical application of nanoparticles (NPs) in cancer therapy faces significant challenges,
primarily due to low bioavailability. A meta-analysis revealed that less than 0.7% of administered
NPs reach solid tumors, leading to suboptimal therapeutic effects and potential side effects.[26] To
address this limitation, incorporating NPs into scaffolds has become a prevalent strategy. Hydrogels,
in particular, are widely used as scaffolds in cancer treatment. These hydrogels can be engineered
with various components and mechanical properties. For example, by loading hydrogels with anti-
cancer drugs, the resulting hybrid systems can achieve localized chemotherapy, enhancing drug
concentration at the tumor site while minimizing systemic exposure.[27] Additionally, hydrogels
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can be integrated with photothermal agents or photosensitizers, enabling photothermal therapy
(PTT) or photodynamic therapy (PDT). In PTT, the hydrogel-embedded photothermal agents convert
light energy into heat upon irradiation, inducing localized hyperthermia that selectively kills cancer
cells.[28] In PDT, photosensitizers within the hydrogel generate reactive oxygen species upon light
exposure, leading to targeted cancer cell destruction.[29] Therefore, by combining NPs with hydrogels,
these hybrid systems can enhance the retention and controlled release of therapeutic agents, improve
targeting efficiency, and reduce off-target effects, thereby offering a multifaceted approach to cancer
therapy.

In recent years, hydrogels have been extensively studied for their potential in cancer immunother-
apy. These injectable bioimplants can be engineered to provide controlled release of immunotherapeu-
tic agents—including checkpoint inhibitors, stimulatory adjuvants, cancer antigens, and adoptive T
cells—thereby enhancing treatment outcomes when applied to solid tumors or resection sites. This
approach addresses traditional limitations by improving delivery kinetics, enhancing patient response
profiles, and reducing side effects. The self-assembling nature of DNA has facilitated the development
of injectable DNA hydrogels.[30] For instance, DNA hydrogels containing cytosine-phosphate-guanine
(CpG) motifs can stimulate innate immunity through Toll-like receptors. In one study, ethylenediamine-
conjugated cationized ovalbumin (ED-OVA) was complexed within a DNA hydrogel, allowing for
sustained release. Following intratumoral injection, this hydrogel formulation effectively delayed the
growth of OVA-expressing EG7 tumors in mice.[31]

Advancements in cancer therapy have introduced innovative bioimplants designed to enhance
treatment efficacy.[32] Researchers have developed bioimplants utilizing liquid metals, specifically
gallium–indium eutectic alloys, which remain fluid at room temperature. These materials possess self-
healing properties, water-like fluidity, and biocompatibility.[33] By incorporating doxorubicin-loaded
mesoporous silica into PEGylated liquid metal, a hybrid platform has been created. (Figure 2) This
platform combines the chemotherapeutic effects of doxorubicin with magnetic hyperthermia of the
liquid metal, eliminating tumors in MCF-7 bearing mice.[34]

Recent research has focused on developing multifunctional bioimplants that offer combinational
therapeutic effects. Studies have shown that integrating immunotherapy with other treatments—such
as chemotherapy, phototherapy, and radiotherapy—can provide synergistic effects, leading to im-
proved therapeutic outcomes for various malignancies. For instance, combining phototherapy with
immunotherapy has been found to prevent tumor metastasis and recurrence.[35] In summary, the de-
velopment of injectable bioimplants, particularly those that are multifunctional, represents a promising
advancement in cancer therapy. These bioimplants, through combinational therapeutic approaches,
have the potential to significantly improve treatment efficacy and patient outcomes.
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Figure 2. Figure 2 (A) Schematic of liquid metal based injectable bioimplants. PEGylated liquid metal was loaded
with doxorubicin (DOX)-loaded mesoporous silica (DOX-MS). After injection into tumor bearing mice, this hybrid
bioimplant platform achieved pH/AFM dual stimuli-responsive drug release and magnetic thermochemotherapy.
(B) Comparison of heat generation of liquid metal (LM) and iron oxide nanoparticle (Fe3O4) under alternating
magnetic field (AMF. (C) cumulative drug release with or without exposure to AMF. (D) Cytotoxicity of cells
treated with DOX-MS alone, LM alone or DOX-MS/LM. (E) relative tumor volume change after treating with
different conditions in the nude mice xenografted model of breast cancer cells (MCF-7). Reproduced with
permission. Copyright 2019, John Wiley and Sons.[36]

4. Dual Functions of Injectable Bioimplants for Regeneration and Treatment
Innovative therapies now aim to address both tumor eradication and tissue regeneration simulta-

neously. This approach is particularly relevant for conditions like osteosarcoma, which is often not
sensitive to standard treatments such as radiotherapy and chemotherapy. Traditional approaches to
managing bone tumors involve a two-step process. First, residual tumors are restrained. Second, bone
defects are reconstructed. Surgical resection often failed to completely remove tumors, leading to a
high risk of postoperative recurrence. Moreover, bone defects resulting from surgery do not naturally
heal, necessitating interventions that concurrently support tissue regeneration and eliminate remaining
cancer cells.[36] In addition, the tumor microenvironment is a crucial factor to consider. Surgical
resection can alter the tumor microenvironment, suppressing anti-tumor immunity and increasing
the likelihood of cancer cells entering circulation. Furthermore, the production of reactive oxygen
species (ROS) following radiotherapy and chemotherapy induces damage to normal cells, triggering
apoptosis, inflammatory responses, and fibrosis. This, in turn, leads to chronic inflammation, which
can further promote tumorigenesis. Multifunctional injectable bioimplants have been developed to
tackle tumor-associated bone defects following surgical resection. By incorporating both growth factors
and anticancer drugs, these bioimplants serve dual purposes: they facilitate soft tissue regeneration
and target residual cancer cells. In this regard, the “two birds, one stone” strategy is designed to
prevent tumor recurrence while promoting new tissue formation.

Various bioimplants have been developed. For example, Cai et al. proposed a closed loop hydrogel
composed of methotrexate (MTX) loaded mesoporous nanoparticle (MBGN), gelatin and chondroitin
sulfate (OCS). After injection, the hydrogel filled into the irregular shape of postoperative region. In the
early stage, the hydrogel served as therapeutic platform to deliver nanoparticles to tumor cells, which
subsequently released MTX in tumor cells. In the late stage, the hydrogel transitioned into regenerative
scaffolds for long term osteogenesis, while nanoparticles gradually released bioactive ions to promote
bone formation. In the orthotopic osteosarcoma postoperative mice model, the hydrogel demonstrated
tumor suppression, reduced metastasis, and enhanced bone integrity. Additionally, the long term
osteogenesis and biosafety were validated in a non-tumor calvarial bone defects rat model.[37] Beyond
drug release, hydrogel platform integrate other therapeutic strategies to achieve tumor ablation and
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tissue regeneration. For example, an injectable bifunctional hydrogel (denoted “OSA-CS-PHA-DDP”)
was synthesized from sodium alginate (OSA) and chitosan (CS), which was then loaded with cisplatin
(DDP) and polydopamine (PDA). In tumor bearing mice model, this hydrogel effectively inhibited
tumor growth through the combined photothermal effect of PDA and the chemotherapeutic action of
DDP. Meanwhile, in a bone defect rabbit model, PDA nanoparticles enhanced osteogenesis, leading to
superior bone tissue formation compared to a blank hydrogel lacking PDA particles.[38]

Nano-implants have led to the development of nanoparticle-infused scaffolds that integrate
therapeutic and regenerative functions. have led to the development of nanoparticle-infused scaf-
folds that integrate therapeutic and regenerative functions.[39] Upon injection into tumor-bearing
rabbits, the PMMA-Fe3O4 transitions to a solid state, conforming to the irregular contours of the bone
defect and providing essential mechanical support for recovery. When subjected to an alternating
magnetic field (AMF), the embedded Fe3O4 nanoparticles generate localized heat, effectively ablating
bone tumors without causing significant side effects. This dual-function approach not only ensures
structural integrity but also offers a minimally invasive method for targeted tumor treatment and
bone regeneration. In another example, nanoformulations enable bioimplants to promote wound
healing.[40] These injectable nano-implants consist of a polymer matrix loaded with allantoin and
copper oxide (CuO) nanosheets. Allantoin facilitates wound healing by reducing skin irritation and
exerting anti-inflammatory effects, while CuO nanosheets serve as photothermal agents. Additionally,
the released Cu ions contribute to tissue regeneration by enhancing vascular endothelial growth factor
(VEGF) expression, activating copper-dependent enzymes, and promoting integrin expression. When
these CuO-loaded polymeric hydrogels were injected into B16–F10 tumor-bearing female BALB/c
mice, they effectively suppressed tumor growth compared to unloaded hydrogels. Furthermore, in
a methicillin-resistant Staphylococcus aureus (MRSA)-infected subcutaneous abscess murine model,
these hydrogels, under laser irradiation, significantly reduced bacterial growth and minimized inflam-
matory exudates.

In summary, injectable bioimplants represent a versatile and effective approach for applications
requiring both cancer treatment and tissue regeneration. Ongoing research and clinical trials are
expected to further refine these materials, expanding their therapeutic potential across various medical
disciplines.

5. Future Perspective
The primary advantage of injectable bioimplants is less invasive, which comfort patients. This is

particularly advantageous especially when the target sites are difficult to access, as it avoids surgery,
minimizes scar formation and reduces the risk of infection.[41] Despite these advantages, the necessity
for these biomaterials to be in a liquid or gel state to pass through a needle limits the choice of
materials. Suitable materials must not only balance low viscosity for injectability with appropriate
rheological properties, but also provide desired biological functions.[42] Moreover, the potential risk
associated with these bioimplants warrant careful consideration. One notable concern is the possibility
of material migration from the target site, especially when the injectable components are too soft or
lack sufficient structural integrity. Such migration can lead to unintended consequences. If the material
moves near critical structures like blood vessels, it may increase the risk of complications such as
stroke. Ensuring the mechanical stability and appropriate viscosity of injectable materials is essential
to prevent displacement and maintain therapeutic efficacy.[43]

The future of injectable bioimplants lies in personalized treatment, tailoring materials to meet the
specific requirement of each disease conditions. For example, bone repair need materials that provide
prolonged mechanical support due to the extended healing period, while breast tissue reconstruction
require modulus of scaffolds that closely mimic the native tissue. While significant progress has been
made in bone-related applications, similar strategies can also be extended to other areas, including
breast and oral/facial engineering. However, special attention must be taken when selecting materials,
as certain materials, like hyaluronic acid, widely used for their biocompatibility and regenerative
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properties, may inadvertently promote tumor growth. Due to the aforementioned challenges, research
on injectable bioimplants remains limited, as injectable hydrogels often lack sufficient mechanical
properties. While bone cement offers structural support, its ability to incorporate tumor therapy is
constrained by its limited drug-loading capacity. Artificial intelligence (AI) has emerged as a powerful
tool in the design and optimization of bioimplants, enabling rapid prediction and refinement of material
properties while expanding the available material space. By leveraging existing data, materials with
specific chemical and physical properties can be systematically developed and tested. The resulting
data is then integrated into machine learning pipelines to assist in designing or optimizing materials
with targeted functions. [44]

In one study, AI was employed to learn structure–property relationships, enhancing the under-
standing of hydrogel-forming capabilities and guiding the identification of potential gelators. By
analyzing 71 nucleoside derivative structures obtained from published literature—using 4,175 molecu-
lar descriptors—the optimal machine learning model selected 24 nucleotide derivatives, two of which
were experimentally validated as hydrogel-forming agents.[45] This AI-driven approach significantly
accelerates the development of bioimplants with tailored properties and novel functionalities.

Beyond material design, AI has also been useful in unraveling complex biological interactions by
identifying patterns that conventional methods often overlook. [46] Biocompatibility and biosafety are
critical considerations, as some bioimplants—despite being designed for safety—may elicit unintended
immune responses or have unforeseen long-term effects. AI holds the potential to address these
challenges by guiding the development of bioimplants that seamlessly integrate with host tissues.[47]
Machine learning algorithms can analyze vast datasets to predict how specific materials will behave in
various biological environments, facilitating the design of bioimplants optimized for individual patient
needs. For example, AI-driven analysis of genomic and proteomic data can help identify potential
allergies to specific bioimplant materials, enabling the selection of suitable alternatives.[48] This
personalized approach not only enhances therapeutic outcomes but also reduces the risk of adverse
reactions. Moreover, AI contributes to the development of bioimplants that align with patient-specific
anatomical and physiological requirements, paving the way for highly effective and customized
medical solutions.

From clinical perspective, the injectability of these bioimplants offers numerous advantages.
Firstly, they minimize patient discomfort and the risk of infection by avoiding incisions and wound
exposure associated with traditional procedure. Secondly, they shorten the duration of intervention
and accelerates postoperative recovery. Thirdly, they reduce treatment costs by excluding utilization
of instrument associated with invasive procedure.[13] Despite these advantages, several challenges
persist in translating injectable bioimplants from the laboratory to clinical practice. Biocompatibility
and Biosafety are most important consideration. While designed for safety, some bioimplants may
trigger undesired reactions or have unforeseen effects over time. Moreover, animal models often fail
to accurately predict human responses, especially when addressing rare or new cases. To overcome
these challenges, a deeper understanding of their interactions with biological systems is crucial. The
knowledge will guide the development of bioimplants that integrate with host tissues.[47]

6. Conclusion
In conclusion, the integration of injectable bioimplants into cancer therapy and tissue regeneration

has shown significant promise. Among them, injectable hydrogel have gained interest as versatile
platform for localized and sustained drug delivery, effectively incorporating various therapeutic
agents such as growth factors and nanoparticles to enhance cell proliferation and tissue repair. Their
injectability facilitates minimally invasive administration and in situ gelation, ensuring precise delivery
and spatial confinement of therapeutics. Notably, the development of bifunctional biomaterials that
simultaneously inhibit tumor growth and promote tissue regeneration offers a dual therapeutic ap-
proach, potentially improving clinical outcomes and patient quality of life. However, further research is
necessary to optimize these systems for widespread clinical application, addressing challenges such as
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biocompatibility, biosafety, mechanical properties, and controlled release kinetics and biodegradability.
AI is poised to transform the field of bioimplants by providing sophisticated tools for design, optimiza-
tion, and personalization. As AI technologies continue to evolve, their integration into bioimplant
development is expected to lead to more effective and tailored therapeutic solutions.
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