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Bone cancer remains a significant challenge in oncology, with limited success in

current therapeutic approaches, particularly immunotherapy. Emerging research

highlights the potential of integrating metal ions and nanomaterials for targeted

immunotherapy in bone cancer. Metal ions, including calcium, magnesium, and

zinc, play a significant role in modulating immune responses within the tumor

microenvironment, affecting essential pathways necessary for immune

activation. Meanwhile, nanomaterials, particularly metallic nanoparticles, offer

precise drug delivery and immune system modulation, improving the efficacy of

immunotherapeutic agents. This review explores the synergistic effects of metal

ion-nanomaterial conjugates, discussing their role in enhancing immune cell

activation, particularly T-cells and macrophages, and their potential for

controlled drug release. We highlight preclinical advancements in bone cancer

treatment using metal ion-responsive nanoparticles, and address current

challenges such as biocompatibility and toxicity. Finally, we discuss the future

prospects of these technologies in personalized and precision medicine, aiming

to revolutionize bone cancer immunotherapy.
KEYWORDS
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1 Introduction

Bone cancer is a rare but aggressive form of malignancy that originates in the bone

tissue, affecting both children and adults (1, 2). The two most common types of primary

bone cancers are osteosarcoma and chondrosarcoma. Osteosarcoma, the most frequent,

typically affects adolescents and young adults, primarily manifesting in areas of rapid bone

growth, such as the distal femur, proximal tibia, and humerus (3). Osteosarcoma is highly

malignant, with a propensity for early metastasis, particularly to the lungs, significantly

complicating treatment (4, 5). Chondrosarcoma, in contrast, is more common in adults,

typically originating in the cartilage cells and growing slowly, although certain subtypes

exhibit more aggressive behavior (6, 7). The global incidence of primary bone cancers is
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relatively low, accounting for less than 1% of all cancers, yet the

morbidity associated with these malignancies is substantial due to

their aggressive nature and the likelihood of metastasis. Secondary

or metastatic bone cancers, which occur when cancers from other

parts of the body (like breast, prostate, or lung) spread to the bone,

are more common than primary bone cancers and pose unique

treatment challenges (8, 9).

Treatment of bone cancer involves a multidisciplinary approach,

typically comprising surgery, chemotherapy, and radiation therapy

(10–12). Bone cancer remains a significant challenge in oncology,

with limited success in current therapeutic approaches, particularly

immunotherapy. Traditional immunotherapy strategies, such as

immune checkpoint inhibitors and monoclonal antibodies, have

shown promise in various cancers. However, their application in

bone cancer has been limited due to factors like poor tumor

penetration, systemic toxicity, and immune resistance within the

bone tumor microenvironment. Emerging research highlights the

potential of integrating metal ions and nanomaterials for targeted

immunotherapy in bone cancer, offering a novel approach to

overcome these challenges. Metal ions, including calcium,

magnesium, and zinc, play a significant role in modulating

immune responses within the tumor microenvironment, and

nanomaterials can enhance drug delivery and immune cell

targeting. Surgical resection remains the cornerstone of treatment,

especially in cases of localized osteosarcoma, where limb-sparing

surgery or amputation is often required. However, despite advances

in surgical techniques, recurrence rates remain high, particularly in

cases of incomplete resection or microscopic residual disease. The

prognosis for individuals with metastatic or recurrent disease

continues to be unfavorable, despite significant improvements in

survival rates among patients with localized disease due to

chemotherapy, particularly with the administration of agents like

doxorubicin, cisplatin, and methotrexate. Radiation therapy,

although less commonly used in osteosarcoma due to its relative

radioresistance, is an essential treatment modality for other types of

bone cancers, such as Ewing sarcoma. One of the primary challenges

in treating bone cancer is its propensity for metastasis. Osteosarcoma,

in particular, has a high rate of early metastasis, with approximately

20% of patients presenting with metastases at diagnosis, primarily in

the lungs (4, 13). Metastatic bone cancer is notoriously difficult to

treat, and current therapeutic strategies often fall short in improving

survival rates. Recurrence is another significant hurdle; even after

seemingly successful treatment, bone cancer often recurs, leading to

worsened prognosis (14). The limitations of conventional treatments

underscore the need for innovative therapeutic approaches, such as

immunotherapy, to improve outcomes for patients with bone cancer.

Immunotherapy has revolutionized the treatment of several

cancers, most notably melanoma, lung cancer, and renal cell

carcinoma, by harnessing the body’s immune system to recognize

and destroy cancer cells. In recent years, researchers have turned their

attention to the potential application of immunotherapy in the

treatment of bone cancers, where traditional therapies have reached

a therapeutic plateau. Tumor immunity denotes the body’s inherent
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capability to identify and eliminate cancerous cells. Nevertheless,

cancer cells, such as those found in bone malignancies, frequently

establish strategies to avoid being detected by the immune system, a

phenomenon termed immune evasion. Tumor cells can manipulate

the immune system through various means, such as altering the

expression of immune checkpoint proteins (e.g., PD-1/PD-L1), which

inhibit T-cell activity, or by creating an immunosuppressive tumor

microenvironment (TME) that hinders immune cell infiltration and

activation (15–17). The TME in bone cancer is particularly

challenging due to the presence of bone-derived growth factors and

immune-suppressive cytokines, which facilitate tumor progression

and resistance to immune-based therapies (11, 18, 19).

Current immunotherapeutic strategies for bone cancer aim to

counter these immune evasion tactics. One of the most promising

strategies involves utilizing immune checkpoint inhibitors like PD-1

or PD-L1 inhibitors. These agents have demonstrated effectiveness in

various cancer types by easing the restrictions on the immune system,

thereby enabling T-cells to launch a more robust anti-tumor

response. However, their efficacy in bone cancers remains limited

due to the unique characteristics of the bone TME and the relatively

low immunogenicity of bone cancer cells. Chimeric antigen receptor

T-cell (CAR-T) therapy, which involves engineering T-cells to

specifically target tumor-associated antigens, is another area of

active investigation (20, 21). Although CAR-T therapy has shown

impressive outcomes in specific blood malignancies, applying these

achievements to solid tumors, like bone cancers, poses significant

obstacles, including the necessity for efficient transport of CAR-T

cells into the compact microenvironment of bone tumors (22).

Despite these challenges, preclinical studies have demonstrated the

potential of immunotherapy in bone cancer. For instance, dendritic

cell vaccines and adoptive T-cell transfer therapies are being explored

as ways to enhance immune recognition of bone cancer cells.

Moreover, therapies involving cytokines that enhance the activation

and multiplication of immune cells, including interleukin-2 (IL-2)

and interleukin-12 (IL-12), are currently under investigation for their

potential to trigger immune responses in bone cancer. While

immunotherapy is still in its early stages in bone cancer, these

approaches offer promising avenues for improving outcomes,

particularly when combined with emerging technologies such as

metal ions and nanomaterials.

Nanotechnology has emerged as a transformative field in cancer

treatment, offering new possibilities for drug delivery, imaging, and

immunomodulation (23, 24). Nanomaterials, due to their small size

and large surface area-to-volume ratio, possess unique

physicochemical properties that can be exploited for therapeutic

purposes. In cancer therapy, nanoparticles can be functionalized to

target specific tumor cells, deliver therapeutic agents more

efficiently, and reduce systemic toxicity compared to conventional

treatments. In the realm of immunotherapy for bone cancer, there

has been a notable interest in metal-based nanomaterials, such as

gold, silver, and iron oxide nanoparticles, because of their potential

to boost immune responses, optimize drug delivery, and modify the

tumor microenvironment (25, 26). These nanostructures can be
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specifically designed to transport immune-stimulating drugs,

antigens, or metal ions directly to the location of the tumor,

which helps reduce off-target effects while maximizing the

effectiveness of treatments. A case in point is gold nanoparticles,

which have been extensively researched for their role as carriers for

both anticancer medications and immune checkpoint inhibitors.

With their excellent biocompatibility and customizable

characteristics, gold nanoparticles can be modified with particular

ligands to enhance their absorption by both tumor and immune

cells (27, 28).

Metal ions like calcium, magnesium, and zinc are essential for

cellular signaling and the regulation of the immune system (29–31).

These ions can directly impact the tumor microenvironment,

affecting the growth of cancer cells and the functionality of

immune cells. For example, zinc ions play a role in signaling within

immune cells and have demonstrated an influence on the activities of

important immune cell types, including T-cells and macrophages

(32–34). Magnesium ions, on the other hand, are critical for

maintaining the integrity of the immune system and have been

implicated in T-cell activation and proliferation (35, 36). In bone

cancer, metal ions can modulate the immune response, either

promoting or inhibiting tumor progression depending on their

concentration and interaction with the tumor microenvironment.

The combination of metal ions and nanomaterials offers a synergistic

approach to targeted bone cancer immunotherapy. By integrating

metal ions into nanomaterial-based systems, researchers can develop

innovative therapies that not only target cancer cells but also

modulate immune responses. Metal ion-doped nanoparticles, for

example, can be designed to release specific metal ions in response

to the acidic tumor microenvironment, thus enhancing the immune

system’s ability to recognize and attack cancer cells. Furthermore,

these systems have the potential to transport immunostimulatory

agents or immune checkpoint inhibitors straight to the tumor

location, which enhances the body’s inherent immune reaction to

bone cancer.

Metal ions and nanomaterials show great potential in the field

of bone cancer immunotherapy. By utilizing the unique properties

of these materials, researchers can develop more effective and

targeted therapies to tackle challenges such as metastasis,

recurrence, and immune evasion in bone cancer. As research

advances, the integration of nanotechnology with immunotherapy

brings new hope for combating this aggressive disease.
2 Metal ions in cancer immunotherapy

2.1 Biological functions of metal ions in
tumor microenvironment

Metal ions play pivotal roles in maintaining cellular function,

and their involvement in signaling pathways is essential for

numerous physiological processes, including immune regulation.

In the TME, the levels and availability of metal ions can significantly

affect tumor progression and immune responses. Crucial metal
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ions, including calcium, magnesium, and zinc, play a vital role in the

regulation of various processes such as cell division, gene

expression, and apoptosis. In the context of cancer, these metal

ions influence both tumor cells and immune cells, thereby

impacting tumor growth and the efficacy of immunotherapies.

Calcium ions (Ca2+) are vital for cellular signaling, including the

activation of immune cells like T-cells. Upon activation, T-cells

experience a rapid influx of calcium ions, which facilitates signal

transduction necessary for cytokine production and cell

proliferation (37, 38). Calcium signaling also modulates the

activity of key transcription factors such as NFAT (Nuclear

Factor of Activated T-cells), which is crucial for T-cell activation

and immune responses. However, in cancer, calcium dysregulation

can promote tumor survival and metastasis. Elevated intracellular

calcium levels in cancer cells are linked to increased proliferation,

angiogenesis, and resistance to apoptosis, all of which contribute to

cancer progression (39, 40).

Magnesium ions (Mg2+) are another essential component of

cellular function, playing a crucial role in DNA repair, ATP

metabolism, and protein synthesis (35, 41). Magnesium is

indispensable for maintaining normal immune function,

particularly for T-cell activity. Magnesium deficiency has been

associated with impaired immune responses, while adequate

magnesium levels are critical for T-cell activation and proliferation

(36). In cancer, magnesium homeostasis is often disrupted, leading to

either insufficient or excessive magnesium levels in the TME. Such

imbalances can contribute to cancer cell survival and immune

evasion by creating an environment that suppresses anti-

tumor immunity.

Zinc ions (Zn2+) are essential for the functioning of more than

300 enzymes and numerous transcription factors. Zinc plays a

particularly important role in the immune system by modulating

cytokine production, T-cell maturation, and macrophage activity. A

lack of zinc hampers the effectiveness of both innate and adaptive

immune systems, resulting in reduced anti-tumor immunity.

Conversely, high levels of zinc in the TME can enhance the

production of pro-inflammatory cytokines, thereby promoting an

immune-suppressive microenvironment that favors tumor growth.

Dysregulation of metal ions within the TME profoundly impacts

cancer progression. Imbalances can enhance tumor cell proliferation,

resistance to apoptosis, angiogenesis, and metastasis. For instance,

altered zinc homeostasis in various cancers supports tumor growth

through sequestration by cancer cells, while aberrant calcium

signaling promotes invasive behavior and resistance to apoptosis in

tumor cells. Moreover, improper regulation of metal ions may impair

immune cell function, weakening anti-tumor immunity and fostering

an environment conducive to cancer development.
2.2 Metal ions for immune modulation in
bone cancer

Given the critical role of metal ions in immune function,

researchers have been exploring ways to harness metal ions for
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immune modulation in cancer therapy, particularly in bone cancers

like osteosarcoma. Metal ions can directly influence immune cell

activity, making them promising candidates for enhancing the

efficacy of cancer immunotherapies. The activation and

functioning of T-cells, which are key components of adaptive

immunity, rely heavily on magnesium ions. Magnesium acts as a

cofactor for numerous enzymes involved in ATP production and

DNA replication, both of which are essential for T-cell proliferation.

Additionally, magnesium helps stabilize the structure of major

histocompatibility complex (MHC) molecules, which are

responsible for presenting tumor antigens to T-cells (42, 43). This

makes magnesium essential for effective T-cell responses against

tumors. Studies have shown that restoring magnesium levels in

magnesium-deficient cancer patients can improve T-cell activity

and enhance the efficacy of immune checkpoint inhibitors like PD-

1/PD-L1 inhibitors. Zinc ions are critical regulators of cytokine

production, particularly in the activation of macrophages and T-

helper cells. Zinc modulates the activity of transcription factors such

as NF-kB (nuclear factor kappa-light-chain-enhancer of activated B

cells), which controls the expression of pro-inflammatory cytokines

like TNF-a and IL-6 (44, 45). These cytokines are crucial in

fostering anti-tumor immune responses by activating and

recruiting immune cells within the TME. Nevertheless, a

deficiency in zinc hampers the production of these cytokines,

which diminishes immune surveillance and permits tumors to

evade detection by the immune system. Research has indicated

that zinc supplementation within the TME can restore cytokine

production and improve the anti-tumor immune response in

numerous preclinical cancer models. Calcium ions are vital for

the trafficking of immune cells, especially the migration of T-cells to

tumor locations. The signaling of calcium modulates the expression

of adhesion molecules and chemokine receptors on immune cell

surfaces, facilitating their movement towards the tumor (46, 47). In

instances of bone cancer, where the TME is frequently

immunosuppressive, restoring typical calcium signaling may

enhance immune cell infiltration into the tumor, thus boosting

the effectiveness of immunotherapies.
2.3 Metal ion transporters and
immune pathways

The biological effects of metal ions in the TME are mediated by

specialized metal ion transporters, which regulate the intracellular

and extracellular concentrations of these ions. In cancer cells, these

transporters are often dysregulated, leading to altered metal ion

homeostasis that promotes tumor survival and immune evasion.

Magnesium homeostasis is regulated by TRPM7 (transient receptor

potential cation channel subfamily M member 7), a magnesium ion

channel that plays a role in controlling intracellular magnesium

levels (48, 49). TRPM7 is often overexpressed in cancer cells,

including bone cancers, where it promotes cell survival,

proliferation, and metastasis. In the context of immunotherapy,

targeting TRPM7 could restore normal magnesium levels in the

TME, thereby enhancing immune cell activity and improving the
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efficacy of T-cell-based therapies. Zinc is transported into and out of

cells by ZIP (Zrt/Irt-like Protein) and ZnT (Zinc Transporter)

families of proteins. Dysregulation of these transporters in cancer

cells leads to altered zinc homeostasis, which can affect both tumor

cell survival and immune cell function. In bone cancer,

overexpression of ZIP4 has been linked to enhanced tumor

growth and metastasis. Modulating zinc transporter activity could

restore normal zinc levels in the TME, leading to improved immune

responses against bone tumors.

Calcium ions are tightly regulated by a network of transporters,

including PMCA (Plasma Membrane Calcium ATPase) and NCX

(Na+/Ca
2+ exchangers), which control intracellular calcium

concentrations (50, 51). Dysregulation of these transporters in

cancer cells leads to altered calcium signaling, promoting tumor

survival and immune evasion. In bone cancer, targeting calcium

transporters may restore normal calcium signaling in immune cells,

leading to enhanced infiltration and activation of T-cells in the

TME. The immune-related pathways affected by metal ion

dysregulation include key signaling cascades such as NF-kB and

MAPK. NF-kB plays a crucial role in regulating immune responses

by managing the expression of cytokines, chemokines, and adhesion

molecules that are essential for the trafficking and activation of

immune cells. In cancer cells, disrupted signaling of calcium,

magnesium, and zinc can trigger NF-kB activation, which results

in the secretion of immunosuppressive cytokines that aid in tumor

survival. Additionally, the MAPK (mitogen-activated protein

kinase) pathway, which governs cell proliferation and survival, is

also affected by levels of metal ions. Adjusting the function of metal

ion transporters may help restore the normal signaling of NF-kB
and MAPK in immune cells, thereby boosting their capability to

combat tumors.
3 Nanomaterials in targeted
cancer therapy

3.1 Types of nanomaterials used in
cancer therapy

Nanomaterials have gained significant attention in the realm of

cancer therapy, primarily due to their distinctive physicochemical

attributes. Their diminutive size, customizable surface chemistry,

and capacity to engage with biological systems at the molecular level

render them remarkably effective for cancer diagnosis and

treatment. Notably, extensive research has been conducted on the

role of nanomaterials in targeted drug delivery, with the aim of

reducing off-target toxicity while maximizing therapeutic

effectiveness (Figure 1). In this discussion, we categorize the

various nanomaterials utilized in cancer therapy, highlighting

their specific properties and benefits. Metallic nanoparticles,

especially those composed of gold, silver, iron oxide, and

platinum, are the focus of much research in cancer treatment,

attributed to their excellent biocompatibility, functionalization ease,

and capability to enhance drug delivery (52, 53). Gold nanoparticles

(AuNPs), for instance, are highly stable and have a high surface area
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that allows for conjugation with drugs, antibodies, or other

molecules for targeted delivery. They also exhibit photothermal

properties, meaning they can convert light energy into heat, a

feature that can be harnessed for photothermal therapy (PTT) to

selectively destroy cancer cells. Silver nanoparticles (AgNPs)

possess well-documented antimicrobial characteristics and have

additionally demonstrated potential in cancer treatment,

primarily because of their capacity to produce reactive oxygen

species (ROS) that can trigger apoptosis in cancerous cells.

Similarly, iron oxide nanoparticles, frequently employed in

magnetic resonance imaging (MRI), have been engineered to

function as magnetic drug carriers, enabling the targeted delivery

of therapeutics to tumors through the guidance of magnetic fields.

Lastly, platinum nanoparticles are investigated for their role in

chemotherapy, especially as carriers of platinum-based drugs like

cisplatin, enhancing their solubility and reducing systemic toxicity.

Nanocomposites are hybrid materials that combine different

types of nanomaterials to create multifunctional systems. These can
Frontiers in Immunology 05
be made from combinations of metallic nanoparticles with

polymers , l iposomes , or hydrogels to improve their

pharmacokinetics and targeting abilities. For example, gold-

liposome composites can encapsulate chemotherapy drugs inside

liposomes while using the gold component for photothermal

therapy (54, 55). Such systems facilitate the concurrent

administration of various therapeutic agents, such as drugs, genes,

or immune modulators, thereby improving treatment efficacy.

Additionally, nanocomposites can provide controlled release of

drugs, prompted by stimuli like pH variations, temperature

fluctuations, or magnetic fields, which frequently characterize the

tumor microenvironment. Among the most recognized carbon-

based nanomaterials utilized in cancer therapy are carbon

nanotubes (CNTs) and graphene oxide (GO) (56). CNTs are

cylindrical nanostructures known for their remarkable

mechanical, electrical, and thermal properties. Their large surface

area and capability to infiltrate cellular membranes make CNTs

outstanding candidates for applications in drug delivery, gene
FIGURE 1

Illustration of Nanoplatforms for Bone Metastasis Based on Drug Delivery. (A)The diagram illustrates a nanoplatform engineered to target both bone
and tumors, improving drug concentration at specific sites, inducing tumor cell death, and inhibiting osteoclast function. (B) It presents various types
of nanocarriers developed for precise drug delivery to bone tumors. (C) Alendronate-modified micelles, formed from two polymers, incorporating
alendronate, catechol, and bortezomib. (D) Alendronate-coated Ag2S nanoparticles, loaded with doxorubicin, were created for bone tumor therapy
and have shown the ability to bind hydroxyapatite.
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therapy, and photothermal therapy. Graphene oxide, with its two-

dimensional structure, provides an extensive surface for drug

loading and has been shown to improve the solubility of

hydrophobic drugs. Graphene’s unique properties allow it to

interact with biological membranes and deliver therapeutic agents

directly into the cells, making it a valuable tool in cancer treatment,

including in bone cancer applications (57).

Dendrimers are a type of highly branched, tree-shaped

polymers that can be created with exact control regarding their

dimensions, form, and surface properties. The organized nature of

these structures offers numerous locations for drug loading, and

their surfaces can be modified to selectively target specific receptors

present on cancer cells (58). Dendrimers have shown great promise

in delivering small molecules, siRNA, and even proteins to cancer

cells, and their ability to traverse biological barriers makes them

particularly useful for targeted delivery in solid tumors, including

bone cancers. The unique properties of nanomaterials make them

suitable for cancer therapy. Their small size (typically 1-100 nm)

allows them to circulate through the bloodstream and penetrate

tumor tissues more effectively than larger molecules. This is

particularly important in bone cancer, where the dense

extracellular matrix can limit the penetration of conventional

drugs. Moreover, different ligands, including antibodies, peptides,

or aptamers, can be utilized to functionalize the surfaces of

nanomaterials, allowing for precise targeting of particular

receptors on cancer cells, thereby enhancing active targeting.

Their ability to carry multiple therapeutic agents or contrast

agents also enables combination therapies and theranostics, where

treatment and imaging can be combined in a single system.
3.2 Nanomaterial-mediated targeting of
bone cancer cells

Extensive research has been conducted on nanomaterials due to

their potential to selectively target cancerous cells, including those

found in bone tissue. In cases of bone malignancies such as

osteosarcoma and Ewing sarcoma, standard chemotherapy

frequently results in considerable side effects and restricted

effectiveness, primarily attributed to inadequate drug distribution

and the challenge of reaching metastatic or resistant cancer cells.

Nanomaterials present a promising solution by facilitating targeted

drug delivery, which allows therapeutic agents to be administered

directly to cancer cells while reducing harm to healthy tissues and

addressing mechanisms of drug resistance. Passive targeting exploits

the unique characteristics of the tumor microenvironment,

particularly the enhanced permeability and retention (EPR) effect

(59, 60). Tumors, including bone cancers, typically exhibit leaky

vasculature with large gaps between endothelial cells, allowing

nanoparticles to accumulate within the tumor tissue. Additionally,

tumors have poor lymphatic drainage, which means that once

nanomaterials enter the tumor, they are retained for longer periods.

This passive targeting mechanism allows nanoparticles to selectively

accumulate in tumor tissues, increasing the local concentration of the

drug while reducing systemic exposure. For instance, liposomal
Frontiers in Immunology 06
formulations of chemotherapy drugs like doxorubicin have shown

improved efficacy in osteosarcoma by enhancing drug accumulation

in the tumor while reducing cardiotoxicity (61, 62).

Active targeting involves functionalizing the surface of

nanomaterials with ligands that can specifically bind to receptors

overexpressed on the surface of cancer cells. In bone cancer, potential

targets include bone morphogenetic proteins (BMPs), integrins, and

vascular endothelial growth factor (VEGF) receptors, all of which are

overexpressed in osteosarcoma and other bone tumors. Nanoparticles

that are functionalized with RGD peptides are capable of selectively

binding to avb3 integrin receptors, which are prominently expressed

in osteosarcoma cells, thus guaranteeing the direct delivery of the

therapeutic agents to these cancer cells (63). Likewise, nanoparticles

modified with antibodies can aim at specific antigens present on

cancer cells, thereby improving the therapy’s selectivity. Beyond their

role in drug delivery, nanomaterials can also transport immune

modulators to the tumor site, boosting the body’s inherent immune

response against bone cancer cells. For instance, gold nanoparticles

can be functionalized with immunostimulatory molecules such as

CpG oligonucleotides or anti-PD-L1 antibodies, which can activate

dendritic cells or block immune checkpoints, respectively. By

delivering these immune modulators directly to the tumor,

nanomaterials can enhance the effectiveness of immunotherapy in

bone cancer. Furthermore, nanomaterials can be engineered to

release their therapeutic payload in response to specific stimuli in

the tumor microenvironment, such as low pH or high levels of

reactive oxygen species, ensuring that the drug is released only in the

vicinity of the cancer cells, further minimizing off-target effects.

The unique structure of bone tissue poses significant challenges for

drug delivery, especially in metastatic or recurrent bone cancers. The

dense extracellular matrix and the hypoxic, immunosuppressive tumor

microenvironment hinder the efficacy of standard treatments.

Nanomaterials offer multiple advantages: Their small size and large

surface area allow nanoparticles to penetrate dense bone matrix more

efficiently and can be engineered to target areas with high osteoclast

activity, enhancing accumulation in bone lesions. The functionalization

of nanomaterials with ligands that bind to bone-specific receptors

increases therapeutic agent retention in bone tissue, reducing dosing

frequency and side effects. For example, bisphosphonate-functionalized

nanoparticles are designed to target osteoclasts, ensuring preferential

delivery to bone metastases. Moreover, nanomaterials enable the

simultaneous delivery of diverse therapeutic agents—chemotherapy

drugs, immune modulators, and osteogenic factors—which promote

bone regeneration while treating cancer. This is crucial for maintaining

bone integrity and preventing complications like fractures in bone

cancer cases.
4 Synergistic role of metal ions and
nanomaterials in bone
cancer immunotherapy

The integration of metal ions and nanomaterials in the realm of

cancer treatment is a rapidly evolving area, particularly regarding
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difficult-to-treat cancers like bone tumors. The effectiveness of

immunotherapy for bone cancer has been somewhat constrained

due to the immune-suppressing characteristics of the TME and the

difficulties associated with the direct delivery of immunotherapeutic

agents to the tumor location. Metal ions have the potential to

influence immune responses, while nanomaterials are capable of

allowing for precise delivery, presenting a promising avenue for the

creation of new synergistic treatment approaches. When combined,

metal ion-nanomaterial conjugates can play a dual role: enhancing

immune activation while delivering therapeutic agents to the tumor

site with precision (Figure 2). In this section, we will explore the

synergistic effects of these materials in bone cancer immunotherapy,

focusing on immune activation, controlled drug delivery, and

emerging photothermal and photodynamic therapies.
4.1 Metal ion-nanomaterial conjugates for
immune activation

The use of metal ion-nanomateria l conjugates in

immunotherapy is a promising strategy for enhancing immune

activation against cancer cells. Ions of metals like calcium,

magnesium, zinc, and copper play well-established roles in

regulating the function of immune cells. These ions can directly

influence the activity of immune cells, including T-cells,

macrophages, and dendritic cells, all of which are crucial for
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mounting an effective anti-tumor immune response. However,

delivering these ions to the tumor microenvironment in a

controlled manner is a challenge that can be overcome by

conjugating them to nanomaterials. Nanomaterials, such as

metallic nanoparticles, liposomes, and polymeric nanoparticles,

provide an ideal platform for the controlled release of metal ions.

By conjugating metal ions to these nanocarriers, researchers can

ensure that the ions are delivered directly to the tumor site, where

they can modulate the immune microenvironment and enhance the

efficacy of immunotherapies. These metal ion-nanomaterial

conjugates can be engineered to release their payload in response

to specific stimuli in the TME, such as pH changes, hypoxia, or the

presence of specific enzymes, ensuring that immune activation

occurs precisely where it is needed.

One of the most exciting applications of metal ion-nanomaterial

conjugates is in the delivery of immune checkpoint inhibitors or

tumor antigens. Immune checkpoint inhibitors, such as anti-PD-1

or anti-CTLA-4 antibodies, have revolutionized cancer

immunotherapy by blocking inhibitory signals that prevent T-

cells from attacking cancer cells. However, their systemic

administration can lead to immune-related adverse events. To

mitigate these effects, researchers have developed hybrid

nanocarriers that conjugate immune checkpoint inhibitors with

metal ions, enhancing the localized immune activation at the tumor

site while minimizing off-target effects. For example, gold

nanoparticles (AuNPs) conjugated with copper ions and loaded
FIGURE 2

Schematic Illustration of Nanoplatforms for Immunomodulation of Bone Metastasis. (A) A schematic shows the construction of F4/80-targeted
liposomal nanoparticles loaded with anti-CD137 antibodies. (B) Neutrophil-mimicking nanoparticles carrying the second-generation proteasome
inhibitor carfilzomib, designed to target circulating tumor cells and distant metastases. (C) Depicts the mechanism of PD-1-engineered
hematopoietic stem cells, which bind to PD-L1+ cells at metastatic sites to inhibit bone metastasis.
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with anti-PD-L1 antibodies have been shown to effectively target

and modulate the immune microenvironment in bone cancer

models (64, 65). The gold-copper ion conjugates not only

delivered the immune checkpoint inhibitors but also modulated

T-cell activation by influencing intracellular calcium signaling, a

crucial step in T-cell proliferation and function. This dual action

resulted in enhanced tumor infiltration by cytotoxic T-cells and

improved anti-tumor responses. Additionally, metal ion-

nanomaterial conjugates can deliver tumor antigens to dendritic

cells (DCs), key players in antigen presentation and the initiation of

immune responses. For example, zinc-doped mesoporous silica

nanoparticles have been developed to deliver tumor-associated

antigens along with zinc ions, which modulate DC maturation

and cytokine secretion. In bone cancer, such systems could

significantly enhance the presentation of tumor antigens to T-

cells, amplifying the anti-tumor immune response.
4.2 Metal ion-responsive nanoparticles
in immunotherapy

One of the critical advantages of metal ion-based nanomaterials

is their ability to be engineered as metal ion-responsive

nanoparticles. These nanoparticles are designed to release their

therapeutic payload in response to specific signals in the tumor

microenvironment, such as changes in pH, oxidation-reduction

potential, or enzyme activity. In the acidic surroundings typical of

various tumors, such as bone cancers, these systems responsive to

metal ions can be activated to discharge immune modulators,

chemotherapy drugs, or metal ions that boost immune reactions.

The acidic TME of bone cancer is an ideal target for pH-responsive

nanoparticles. For example, calcium phosphate nanoparticles have

been developed to degrade and release calcium ions in response to

the acidic conditions found in tumors (66–68). Calcium ions play a

pivotal role in T-cell activation, and their controlled release in the

TME can enhance T-cell responses against cancer cells. Research on

osteosarcoma demonstrated that these nanoparticles composed of

calcium phosphate not only boost T-cell infiltration within the

tumor environment but also increase the effectiveness of immune

checkpoint inhibitors when administered together. By controlling

the release of calcium ions exclusively in the acidic tumor

microenvironment, the nanoparticles reduce unintended effects

and enhance the precision of the immune response.

Similarly, the translational potential of combining nanotechnology

with immunotherapy is also significant. Multidisciplinary strategies

that integrate nanotechnology with immunotherapy are proving to be

pivotal in overcoming the limitations of current treatments for both

bone and soft tissue cancers. A recent study by Mercatali et al. provides

a critical overview of advancements in cancer nanotechnology,

specifically focusing on drug delivery systems (69). These systems are

designed to enhance the pharmacokinetics and targeting of therapeutic

agents, ensuring better drug distribution within tumors while reducing

systemic toxicity. This work aligns with the potential of combining

nanotechnology and immunotherapy in improving the efficacy of bone
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cancer treatments, as it demonstrates how nanomaterials can not only

enhance drug delivery but also modulate immune responses, creating a

synergistic effect for targeted cancer therapy”.

In addition to pH-responsive systems, redox-responsive

nanoparticles that release metal ions in response to the high levels

of reactive oxygen species (ROS) present in many tumors have been

developed (70). Iron oxide nanoparticles, for example, can release

iron ions in response to oxidative stress, enhancing the production

of ROS within cancer cells. This ROS generation not only induces

cancer cell death but also activates immune cells in the TME. In a

bone cancer model, iron oxide nanoparticles were used to deliver

anti-PD-1 antibodies alongside iron ions, resulting in enhanced T-

cell activation and tumor regression. Research has also investigated

magnesium-doped nanomaterials for their involvement in

activating T-cells. Magnesium plays a crucial role in T-cell

receptor (TCR) signaling and the proliferation of T-cells.

Magnesium-doped silica nanoparticles can release magnesium

ions in response to TME-specific triggers, boosting T-cell

function and improving the overall immune response. These

nanoparticles have been studied in combination with adoptive T-

cell therapies, where T-cells engineered to target bone cancer cells

are infused into the patient. The magnesium release enhanced the

proliferation and cytotoxicity of the infused T-cells, leading to

improved outcomes in preclinical models of bone cancer.
4.3 Photothermal and photodynamic
effects of metal nanoparticles

Metal nanoparticles have unique properties that can enhance

cancer treatment through photothermal therapy and photodynamic

therapy. Both methods use these nanoparticles to kill tumor cells by

producing heat or reactive oxygen species (ROS). Combining these

techniques with immunotherapy can destroy tumor cells and

enhance long-term anti-tumor immune responses.

PTT utilizes nanoparticles, such as gold nanoparticles (AuNPs),

to absorb near-infrared (NIR) light and convert it into heat. This local

heat-induced hyperthermia selectively targets cancer cells while

sparing healthy tissue. This targeted approach is particularly useful

for bone cancer, where traditional treatments, such as radiotherapy,

can damage healthy bones. PTT combined with immunotherapy

improves treatment outcomes. The heat generated by gold

nanoparticles (AuNPs) can stimulate dying cells to release tumor

antigens. These antigens are subsequently captured by dendritic cells,

which present them to T cells, thereby boosting the immune response

against tumors (71, 72). Research indicates that the combination of

gold nanoparticles with immune checkpoint inhibitors enhances

tumor destruction and activates the immune system, resulting in

improved tumor regression and survival, in comparison to each

treatment used independently (73, 74).

PDT uses photosensitizers, which produce ROS when exposed

to light. Metal nanoparticles such as zinc oxide and titanium

dioxide are effective photosensitizers because of their ability to

generate ROS. In bone cancer, PDT induces oxidative stress, leading
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to tumor cell death and the release of dangerously relevant

molecular patterns (DAMPs) that further activate the immune

system. Studies of zinc oxide nanoparticles have shown that PDT

can destroy tumors and stimulate natural killer cells (NK) and T

cells. When PDT is used in combination with immune checkpoint

blockade, it can enhance immune activation, leading to a stronger

anti-tumor response and prolonged protection against recurrence.

Both PTT and PDT cause immunogenic cell death, release

tumor antigens and inflammatory signals, and activate the immune

system. When used in conjunction with immunomodulators such

as checkpoint inhibitors, these therapies can transform the tumor

microenvironment (TME) from immunosuppression to immune

activation, significantly improving the effectiveness of

immunotherapy for bone cancer.
5 Mechanisms of action: how metal
ions and nanomaterials interact with
immune cells

In bone cancer immunotherapy, understanding the intricate

interactions between metal ions, nanomaterials, and immune cells is

key to advancing effective therapeutic strategies. TME in bone

cancers such as osteosarcoma and chondrosarcoma are often

immune-suppressive, preventing effective anti-tumor immune

responses. Both macrophages and DCs play central roles in

initiating and regulating immune responses, while T-cells serve as

primary effectors of adaptive immunity. Metal ions such as calcium,

magnesium, and zinc are critical regulators of immune cell function,
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and when combined with nanomaterials, they can enhance immune

activation, improve antigen presentation, and promote more

effective anti-tumor immunity. In this section, we will explore

how metal ions and nanomaterials interact with these key

immune cells and discuss their impact on enhancing the body’s

natural defenses against bone cancer (Table 1) (75–86).
5.1 Interaction with macrophages and
dendritic cells

Dendritic cells and macrophages are crucial in orchestrating

immune responses, particularly within the TME. Macrophages are

highly plastic immune cells that can be polarized into different

functional states depending on environmental signals. In cancer,

macrophages can promote or inhibit tumor growth, depending on

their polarization state. Tumor-associated macrophages (TAMs)

typically exhibit an M2 phenotype, often associated with

immunosuppression and tumor progression. However, metastasis

of macrophages towards a pro-inflammatory and anti-tumor M1

phenotype can significantly enhance the immune response against

cancer (87). Dendritic cells are specialized antigen-presenting cells

that are responsible for capturing, processing, and presenting tumor

antigens to T cells, thereby initiating adaptive immune responses

(88). Both macrophages and DCs are essential for activating T cells

and promoting robust anti-tumor immunity.

Certain metal ions, including zinc and copper, have the ability to

regulate the polarization of macrophages. It is well-established that zinc

ions affect NF-kB signaling pathways, leading to an increase in pro-

inflammatory cytokine production, such as IL-6 and TNF-a, thereby
TABLE 1 Ions-based Nanomaterials for immunotherapy.

Ions
based
nanomaterials

Immunogens Function Immune effects Ref

MnP-PEG nanoclusters stimulate the cGAS-
STING pathway

Activated` the immature bone marrow-derived dendritic
cells and promoted cytotoxicity of T cells in the tumor

(74)

Aluminum (oxy) hydroxide
nano-sticks

Ovalbumin Adjuvant Released more IL-1b and induced significantly higher
levels of serum anti-OVA IgG and IgG1 than OVA-
adsorbed Al-hydrogel

(75)

Poly caprolactone-PEG-
Al nanoparticle

Tetanus toxoid Adjuvant Induced higher levels of IFN-g and IL-4 and produced
strong antibody response

(76)

Aluminum hydroxide Ovalbumin Carrier Increased significantly the expression of surface molecules
CD80 and CD86, promoted the activation of tumor
specific T cells

(77)

OVA@Mn-
DAP nanoparticles

Ovalbumin Imaging agent Inhibited growth of already-established tumors (78)

Gold nanoparticle Endogenous EDB
self-antigens

Endogenous EDB
self-antigens

Cross-presentation of the antigen in professional DCs was
mediated effectively

(79)

Mesoporous ZnO
nano-capsule

Ovalbumin Adjuvant/Carrier Enhanced expression of antigen specific T-cells and
increased IgG2a or IgG2b levels

(80)

Lipid-coated zinc
phosphate hybrid

Multi-peptide (TRP2180-
188 and HGP10025-33)

Adjuvant/Carrier Increased CD8+ T cell response (81)
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steering macrophage polarization towards the M1 phenotype. This

switch is critical in converting TAMs from an immune-suppressive to

an immune-activating state. Zinc-doped nanoparticles, for example,

have been shown to polarize macrophages towards the M1 phenotype

in the TME, enhancing phagocytic activity and cytokine production,

which leads to a more robust immune attack on cancer cells (89).

Similarly, copper ions have been shown to enhance ROS production in

macrophages, further promoting the M1 phenotype. These metal ions

can be delivered in a controlled manner using metal-doped

nanoparticles that release their ion payloads specifically within the

TME, ensuring that macrophages in proximity to the tumor are

activated. This approach can be particularly effective in the bone

TME, where TAMs are abundant and play a key role in suppressing

immune responses. By reprogramming these TAMs into pro-

inflammatory M1 macrophages, metal ion-based therapies can

stimulate a more effective anti-tumor immune response.

Dendritic cells (DCs) are critical for bridging the innate and

adaptive immune systems, as they capture antigens and present them

to T-cells, leading to T-cell activation. Metal-based nanoparticles,

such as gold nanoparticles or zinc oxide nanoparticles, can enhance

DC activation by improving antigen uptake, processing, and

presentation. For example, gold nanoparticles functionalized with

tumor antigens can be taken up by DCs, leading to enhanced MHC

class I and MHC class II presentation to CD8+ and CD4+ T-cells,

respectively. This process boosts the immune system’s ability to

recognize and attack tumor cells. Additionally, metal ions can

directly influence DC function. Calcium ions, for example, are

known to regulate several key processes in DC activation, including

cytokine production and antigen presentation. Calcium ion-releasing

nanoparticles, such as calcium phosphate nanocarriers, can be used to

modulate intracellular calcium levels in DCs, enhancing their

maturation and improving their capacity to present antigens to T-

cells. This is particularly important in bone cancer, where efficient

antigen presentation is critical for eliciting a strong anti-tumor

immune response.

Metal ion-based nanoparticles promote dendritic cell (DC)

migration toward lymph nodes, enhancing interactions with naive

T-cells and the activation of adaptive immune responses. For

instance, zinc-ion-loaded nanoparticles have been shown to

increase CCL21 production, a chemokine that attracts DCs to

lymphoid tissues. By improving DC migration and antigen

presentation, these nanomaterials enhance the overall immune

response against bone tumors. Macrophages and DCs are also

involved in cytokine production, crucial for establishing a pro-

inflammatory TME conducive to tumor destruction. Metal ions

such as zinc and calcium boost cytokine production from these

cells, particularly pro-inflammatory cytokines like IFN-g, TNF-a, and
IL-12, which activate natural killer (NK) cells and cytotoxic T-cells.

Zinc oxide nanoparticles, for example, have been found to increase

IL-12 production, enhancing T-cell and NK cell activity. By

modulating the cytokine milieu in the TME, metal ions and

nanomaterials shift the balance from immune suppression to

activation, improving the body’s ability to combat bone cancer.
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5.2 Impact on T-cell activation
and proliferation

T-cells are the primary effectors of adaptive immunity and are

critical for the success of immunotherapy in cancer treatment. In bone

cancer, T-cells face several challenges, including exhaustion, immune

suppression, and poor infiltration into the TME. Metal ions and

nanomaterials can address these challenges by enhancing T-cell

activation, promoting proliferation, and preventing T-cell exhaustion.

Metal ions such as calcium, magnesium (Mg2+), and zinc (Zn2+)

are crucial for T-cell signaling. Upon activation, T-cells undergo rapid

calcium influx, which triggers the activation of calcineurin, a

phosphatase that activates the NFAT (Nuclear Factor of Activated

T-cells) transcription factor. NFAT then translocates to the nucleus

and promotes the expression of cytokines such as IL-2, which are

essential for T-cell proliferation and survival (90, 91). Nanomaterials

that release calcium ions can enhance this signaling cascade, leading

to more robust T-cell activation. Calcium-releasing nanoparticles,

such as calcium phosphate nanocarriers, have been shown to enhance

T-cell receptor (TCR) signaling by modulating intracellular calcium

levels. This can lead to increased cytokine production and enhanced

proliferation of CD8+ cytotoxic T-cells, which are essential for killing

tumor cells. In bone cancer models, these nanoparticles have been

used in combination with immune checkpoint inhibitors to improve

T-cell responses and overcome the immune-suppressive

environment of the bone TME.

Magnesium and zinc ions are crucial for T-cell proliferation.

Magnesium is indispensable for maintaining the stability of TCRs on

T-cells and participating in ATP metabolism, processes that support

the energy requirements for T-cell proliferation. Studies have shown

that in research on bone cancer, magnesium-doped nanoparticles

enhance the proliferative capacity of T-cells within the TME, thereby

improving the effectiveness of adoptive T-cell therapy. Zinc ions also

play a vital role in T-cell function by modulating the activity of zinc-

finger transcription factors involved in T-cell proliferation and survival.

Zinc oxide nanoparticles have been utilized to increase intracellular

zinc levels, which improves T-cell survival and function in the TME.

Furthermore, these nanoparticles have demonstrated an ability to

promote T-cell expansion and prevent exhaustion in preclinical

models of CAR-T cell therapy for bone cancer.

Zinc-doped nanoparticles can reduce the expression of PD-1 on

depleted T cells, which helps restore their function and improve

their anti-cancer ability. In a bone cancer model, these

nanoparticles combined with anti-PD-1 therapy showed enhanced

T cell function and better tumor regression. By reducing immune

checkpoint molecules and counteracting T-cell depletion, metal

ion-based nanomaterials could significantly improve the

effectiveness of immunotherapies.

A major challenge in bone cancer is the limitation of T cell

infiltration into the tumor. Nanomaterials based on metal ions

could help overcome this problem by modifying the tumor

microenvironment (TME) to support T cell entry. For example,

iron oxide nanoparticles can influence the production of
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chemokines such as CXCL9 and CXCL10, which attract T cells to

tumors (92). These chemokines enhance the infiltration of CD8+

cytotoxic T cells into the TME, thereby improving immunotherapy

outcomes. In addition, the nanoparticles release calcium.
6 Clinical applications and
future prospects

Preclinical research has shown significant promise in using

metal ions and nanomaterials for bone cancer treatment (93, 94).

Studies have explored how these materials can modulate the

immune system, enhance drug delivery, and target tumor cells

directly (95). For instance, gold nanoparticles (AuNPs) have been

used in preclinical models of osteosarcoma to deliver

chemotherapeutic agents and immune checkpoint inhibitors,

demonstrating enhanced tumor regression compared to

traditional treatments (96). Gold nanoparticles’ photothermal

properties enable targeted tumor cell destruction through near-

infrared light, inducing localized heating and immune activation via

tumor antigen release (97). In a similar fashion, researchers have

examined zinc-doped nanoparticles for their potential to influence

the immune microenvironment associated with bone cancer (98).

Zinc influences macrophage polarization, promoting a transition

from an immune-suppressive M2 phenotype to a pro-inflammatory

M1 phenotype, which is crucial for an effective anti-tumor immune

response (99). In preclinical osteosarcoma models, zinc-based

nanoparticles have improved the efficacy of immune checkpoint

blockade therapies by boosting T-cell activation and macrophage-

mediated phagocytosis of tumor cells.

Despite these promising results, transitioning from preclinical

research to clinical trials is still in its early stages. Nanoparticles made

of iron oxide, widely utilized as contrast agents in MRI, are currently

being investigated for their promise as theranostic agents that integrate

both diagnostic and therapeutic capabilities. In bone cancer, iron oxide

nanoparticles can be engineered to deliver drugs or immune

modulators while enhancing imaging contrast for real-time

treatment monitoring (100). Early-phase clinical trials have begun

exploring metal-based nanoparticles in solid tumors, though specific

trials for bone cancers remain limited. For instance, gold nanoparticles

combined with radiation therapy are being tested in other cancer

types, with potential adaptation for localized bone metastases (101).

The future of metal ion and nanomaterial-based therapies lies in

their application in personalized and precision medicine. Bone

cancer, like other cancers, exhibits significant heterogeneity in

immune profiles, tumor microenvironments, and genetic

mutations. Tailoring metal ion-nanomaterial systems to individual

patients based on these characteristics could lead to more effective,

targeted treatments (102). Assessing the immune profile of a patient,

which encompasses T-cells, macrophages, and dendritic cells found

in the tumor, might allow for the development of therapies based on

metal ions that more efficiently regulate the immune system. For

instance, patients with high levels of immune-suppressive tumor-

associated macrophages (TAMs) could benefit from zinc-based

nanoparticles, reprogramming macrophages to a pro-inflammatory
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M1 phenotype. Patients with T-cell exhaustion might benefit from

magnesium-doped nanoparticles, which enhance T-cell activation

and proliferation (103). Functionalizing nanomaterials with ligands

targeting specific receptors overexpressed on bone cancer cells, such

as integrins or VEGF receptors, could improve treatment specificity

(104). For example, RGD-peptide functionalized nanoparticles could

target integrins in osteosarcoma, delivering metal ions and drugs

directly to the tumor while sparing healthy tissue.

Advances in genomic technologies enable the identification of

specific mutations and alterations in bone cancer cells that could be

targeted by metal ion-nanomaterial therapies (105). For example,

mutations in the PI3K/AKT signaling pathway, crucial for cancer

cell survival, could be targeted using nanoparticles designed to

disrupt these pathways. Biomarker-driven treatments using metal

ion-nanomaterial systems hold promise for increasing bone cancer

immunotherapy efficacy (106). The combination of immune

profiling, targeting specific tumors, and analyzing genomic data

may result in personalized treatment strategies that enhance

therapeutic results and reduce adverse effects.

Challenges and limitations must be addressed before metal ion

and nanomaterial-based therapies can become widely available for

bone cancer patients. Concerns include toxicity, biocompatibility,

and the long-term effects of metal ions and nanoparticles in the

body (107). Toxicity is a primary concern, as excessive metal ion

accumulation can lead to oxidative stress and cell death. For

example, zinc overload can disrupt cellular homeostasis, and

silver nanoparticles can induce cytotoxicity in healthy cells at

high concentrations (108). Controlled release of metal ions only

in the tumor vicinity is critical for minimizing off-target effects.

Biocompatibility is also a concern, particularly with metallic

nanoparticles that may remain in the body for extended periods,

potentially leading to organ damage or immune reactions (109).

Research is focused on developing biodegradable nanomaterials

that can be safely broken down and eliminated from the body.

The long-term effects of metal ions and nanoparticles remain

unclear, as most studies have focused on short-term efficacy and

toxicity. Long-term research is essential to evaluate nanoparticle

persistence in tissues, potential chronic inflammation, and the risk

of secondary cancers from DNA damage caused by metal ion-

induced oxidative stress (110). Addressing drug resistance also

poses a significant challenge in bone cancer treatment. Metal ion-

based immunotherapies present potential solutions by targeting the

immune system rather than cancer cells directly, such as enhancing

T-cell activity or reprogramming TAMs to overcome immune

evasion mechanisms employed by tumors (111). Ensuring

sustained effectiveness will require ongoing investigation into

adaptive resistance mechanisms.
7 Conclusion and discussion

The integration of metal ions and nanomaterials into cancer

immunotherapy represents a promising frontier, especially for

aggressive and challenging cancers like bone cancer. Conventional

therapies, including surgical procedures, chemotherapy, and
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radiation therapy, frequently do not adequately tackle the

intricacies of bone cancer, which involve elevated recurrence

rates, the spread of cancer, and immunosuppressive TMEs.

Immunotherapies that harness the body’s immune system to fight

cancer have shown promise but face limitations in bone cancer due

to their unique biological and structural challenges.

Metal ions and nanomaterials offer unique advantages, including

targeted drug delivery, immune system modulation, and tumor

microenvironment remodeling. Essential for immune cell signaling,

T cell activation, and macrophage polarization, metal ions like calcium,

magnesium, and zinc play a critical role in facilitating effective anti-

tumor responses. Nanomaterials have the capability to accurately

transport these metal ions to the tumor location and manage their

release according to particular environmental triggers, including

variations in pH or oxidative stress within the tumor

microenvironment. The integration of metal ions and nanomaterials

holds promise in improving the specificity and effectiveness of

immunotherapy for bone cancer. By targeting the tumor immune

microenvironment (TME), these strategies can enhance immune

responses while minimizing off-target effects. Targeting immune

mechanisms, such as immune checkpoint modulation and immune

cell activation, is crucial for the success of cancer immunotherapies. In

the context of bone cancer, the TME is often characterized by immune

resistance and immune cell dysfunction, which hinder the efficacy of

traditional treatments. Nanomaterials andmetal ions have the potential

to reprogram the TME, promoting anti-tumor immune responses and

overcoming resistance mechanisms.

In recent years, immunotherapy has shown unique clinical

translational potential in the field of sarcoma, but its efficacy is

limited by the highly heterogeneous nature of TME (112). The

collaborative strategy of metal ions and nanomaterials proposed in

this paper is highly consistent with the idea of transforming “cold

tumor” into “hot tumor” in the immunotherapy of sarcoma. For

example, the presence of B-cell infiltration and tertiary lymphoid

structure (TLS) was found in sarcoma studies to predict immune

checkpoint inhibitor response, and the zn-doped nanoparticles in

this study may mimic similar effects by modulating macrophage

polarization (M1/M2 balance) and enhancing dendritic cell antigen

presentation. In addition, sarcoma clinical trials (such as

SARCO28) have shown that PD-L1 expression is correlated with

tumor-infiltrating lymphocyte (TIL) density, but with tumor-

specific differences. In this study, PH-responsive nanocarriers can

target the release of calcium ions to enhance T cell activation and

may overcome similar spatial immunosuppression barriers in bone

cancer. Future studies need to be combined with sarcoma immune

classification systems to further explore the potential of metal ion-

nanomaterial platforms in personalized therapy.

The combination of metal ions and nanomaterials has led tomajor

breakthroughs. For example, gold nanoparticles can provide immune

checkpoint inhibitors or chemotherapy drugs, while also providing

photothermal properties to destroy cancer cells. When combined with

metal ions such as calcium or zinc, these nanoparticles can modulate

the activity of immune cells, enhancing the activity of T cells and

dendritic cells in the TME. This synergistic effect both directly destroys

cancer cells and strengthens the immune system.
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Next-generation nanomaterials must be more efficient, safer,

and more versatile. Multifunctional nanoparticles that carry

multiple therapeutics in a single delivery system can deliver drugs

and immunomodulators simultaneously. The safe decomposition of

biodegradable nanomaterials in the tumor microenvironment,

stimulating the release of therapeutic payloads from reactive

nanoparticles, is also a promising area of research.

Improving safety is critical, as the transport of metal ions must

be controlled to avoid toxicity. Future research should focus on

metal-doped nanomaterials with controlled ion release, and explore

novel metal ions or combinations with lower toxicity. Combining

immunotherapies with nanomaterial-based drug delivery offers

potential, such as combining immune checkpoint inhibitors with

metal ion-loaded nanoparticles, to enhance immune responses and

improve T cell-based therapies.

Antimicrobial resistance remains a major challenge. Metal-ion

nanomaterial systems can help overcome drug resistance by

targeting the immune system. For instance, modifying TAM or

improving T cell function through metal ion therapies could lead to

a treatment response that is both more effective and longer-lasting.

Metal ions and nanomaterials hold great promise for the

treatment of bone cancer. Future research should focus on

designing new nanomaterials, assessing safety and efficacy, and

developing combination therapies to advance this field. Addressing

drug resistance and ensuring long-term effectiveness are critical for

translating these innovations into clinical practice. Integrating

metal ions and nanomaterials into cancer immunotherapy offers

new hope for patients resistant to traditional treatments. The future

of bone cancer therapy lies in the synergy between immunotherapy

and nanotechnology, continuously exploring breakthroughs in

cancer treatment.

In conclusion, the integration of metal ions and nanomaterials in

immunotherapy represents a promising strategy for overcoming the

limitations of traditional bone cancer treatments. Key applications of

metal ions, such as calcium, magnesium, and zinc, in modulating the

immune response and improving the tumor microenvironment have

shown great potential in enhancing immune cell activation and

tumor targeting. Similarly, nanomaterials hold promise in

improving drug delivery systems, facilitating the controlled release

of therapeutic agents, and enhancing the effectiveness of immune

checkpoint inhibitors. Together, these strategies could revolutionize

the treatment landscape for bone cancer, offering more targeted and

personalized approaches.
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8. Ali A, Hoyle A, Haran ÁM, Brawley CD, Cook A, Amos C, et al. Association of
bone metastatic burden with survival benefit from prostate radiotherapy in patients
with newly diagnosed metastatic prostate cancer: A secondary analysis of a randomized
clinical trial. JAMA Oncol. (2021) 7:555–63. doi: 10.1001/jamaoncol.2020.7857

9. Yin JJ, Pollock CB, Kelly K. Mechanisms of cancer metastasis to the bone. Cell Res.
(2005) 15:57–62. doi: 10.1038/sj.cr.7290266

10. Coleman RE, Croucher PI, Padhani AR, Clézardin P, Chow E, Fallon M,
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