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Nanotechnology-Derived Combination Therapies for The 
Treatment of Osteosarcoma

Abstract

Chemotherapy for osteosarcoma is associated with significant 
adverse effects due to its systemic toxicity. Nanotechnology offers 
a promising strategy to mitigate these limitations. Nanotherapy, 
utilizing nanoparticle-based drug delivery systems, has emerged as 
a novel approach for the treatment of osteosarcoma. The surgical 
resection of osteosarcoma often results in severe bone defects that 
necessitate medical intervention. Recent studies have demonstrat-
ed that multifunctional nanoparticle delivery systems not only ac-
tively inhibit tumor growth but also promote new bone formation. 
The rapid advancements in nanoparticle-based tumor therapies 
have opened new avenues for enhancing the therapeutic outcomes 
in osteosarcoma-associated bone defects. This review examines the 
current state of immunotherapy using multifunctional nanopar-
ticles for osteosarcoma treatment. With further optimization and 
screening, these multifunctional nanoparticles hold potential for 
successful clinical application in osteosarcoma therapy.
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Introduction

Osteosarcoma (OS) is the most prevalent and aggressive type 
of primary bone malignancy, primarily affecting children under 
19 years of age [1]. Originating from bone-forming cells, it is also 
known as osteogenic sarcoma and is predominantly observed in 
pediatric and adolescent populations [2]. In China alone, it is 
estimated that there are over 28,000 new cases of bone can-
cer annually, with approximately 20,700 associated deaths [3].
The symptoms of osteosarcoma include joint pain, swelling, 
bone destruction, and fractures. Clinical diagnosis typically in-
volves X-ray imaging to identify the tumor, supplemented by CT 
scans to assess the extent and location of tumor growth [4]. 
Standard treatment options for osteosarcoma include chemo-
therapy and radiotherapy. Current therapeutic approaches of-
ten involve preoperative neoadjuvant chemotherapy, complete 
surgical resection of the tumor, and high-dose chemotherapy 
regimens [5]. Reports indicate that the success rate of surgical 
tumor removal in cases of localized osteosarcoma is below 20%. 
However, when combined with chemotherapy, the success rate 
significantly increases to approximately 70% [6]. As a result, a 
combination of surgery and chemotherapy is commonly em-
ployed in osteosarcoma treatment.

The primary chemotherapeutic agents used include doxoru-
bicin, cisplatin, methotrexate, ifosfamide, and epirubicin, among 
others [7]. Neoadjuvant chemotherapy is typically administered 
before surgery to reduce tumor size and facilitate surgical re-
section, while adjuvant chemotherapy is given postoperatively, 
often extending over a year [8]. For the past two decades, high-
dose and multi-drug neoadjuvant chemotherapy has been the 
gold standard for treating osteosarcoma [9]. However, systemic 
chemotherapy is associated with significant cardiotoxicity and 
nephrotoxicity, particularly at high doses. Moreover, due to the 
heterogeneity and genetic complexity of osteosarcoma, che-
motherapy regimens often yield suboptimal responses in the 
treatment of this malignancy. Unfortunately, the survival rate 
for osteosarcoma has remained stagnant over the past few de-
cades [10]. This is particularly concerning given that the bone 
microenvironment serves as a conducive environment for the 
initiation, progression, and metastasis of osteosarcoma. The 
high multidrug resistance (MDR) and immunosuppressive na-
ture of the osteosarcoma microenvironment have contributed 
to the stagnation in therapeutic advancements over the last 30 
years [11]. Consequently, the conventional approach of com-



Submit your Manuscript | www.austinpublishinggroup.com J Immun Res 10(1): id1049 (2024) - Page - 02

Austin Publishing GroupCai J

bining chemotherapy with surgery has failed to significantly im-
prove long-term survival outcomes for osteosarcoma patients, 
highlighting the urgent need for the development of novel, ef-
fective treatment strategies.

Various nanoparticle-based platforms have been investigat-
ed for the diagnosis and treatment of osteosarcoma, offering 
the potential for improved therapeutic responses with mini-
mal side effects [12]. These nanomaterials possess remarkable 
properties, including a high surface area-to-volume ratio, ef-
ficient drug encapsulation, controlled drug release, enhanced 
drug penetration, prolonged circulation time, and specific tar-
geting of tumors, all while minimizing adverse effects [13]. Ad-
ditionally, numerous studies have demonstrated that nanopar-
ticles can enhance the efficacy of chemotherapeutic agents by 
acting as carriers for site-specific drug delivery [14]. As a result, 
nanoparticle-based tumor immunotherapy has gained recogni-
tion as a promising approach for the targeted delivery of drugs 
or genes in the treatment of osteosarcoma.

Characters and Properties of Multifunctional Nanoparticles 
for The Treatment of Osteosarcoma

Release of Therapeutic Inorganic Elements for Osteosar-
coma

The use of biocompatible, tissue-engineered crystalline 
nanoparticles to release inorganic elements with anticancer 
properties represents a promising therapeutic strategy, offering 
new prospects for tissue repair and cancer treatment [15,16]. 
However, the precise mechanisms by which these therapeutic 
inorganic elements are released from the nanoparticle lattice to 
inhibit tumor growth remain unclear. 

In this context, Professor Zhang's research group employed 
selenium-doped hydroxyapatite nanoparticles (Se-HANs), which 
not only have the potential to fill bone defects resulting from 
tumor resection but also to eradicate residual tumor cells [17]. 
Their study aimed to elucidate the mechanism by which sele-
nium (Se) released from the Se-HAN lattice induces apoptosis in 
bone cancer cells in vitro and inhibits tumor growth in vivo. The 
findings revealed that Se-HANs promote tumor cell apoptosis 
by activating the intrinsic caspase-dependent apoptotic path-
way in synergy with reactive oxygen species. 

This mechanism was further confirmed through in vivo ani-
mal studies, where Se-HANs significantly induced tumor apop-
tosis, thereby inhibiting tumor growth while minimizing system-
ic toxicity. This work presents a viable paradigm for designing 
tissue-repairing inorganic nanoparticles that incorporate thera-
peutic ions within their lattices and release them in vivo to sup-
press tumor development.

2 Enhanced penetration of osteosarcoma drugs and STING 
activation

The complex physiological environment within bone tissue 
presents significant challenges to the effective delivery of che-
motherapeutic drugs for osteosarcoma treatment, making the 
development of efficient drug delivery systems for osteosarco-
ma highly desirable [18,19]. 

Professor Yu has developed cationic platinum prodrug 
nanoparticles (Ale-NPs) based on Alendronate (Ale), designed 
to exhibit cascade reactivity within the Osteosarcoma tumor 
microenvironment [20]. Experimentally, leveraging the bone-
targeting and charge-reversal effects triggered by Ale, Ale-NPs 
demonstrated a remarkable ability to deeply penetrate dense 

osteosarcoma tissues. Additionally, Ale-NPs facilitate the induc-
tion of Dendritic Cell (DC) maturation via the cyclic GMP-AMP 
synthase stimulator (cGAS-STING) pathway, thereby activating 
interferon genes. The highly efficient phenanthridine (Pt(II)) is 
released in response to the elevated glutathione (GSH) levels 
present in tumor cells, enabling dual-targeted cascade delivery 
of cationic platinum drugs in osteosarcoma. Ale-NPs not only 
effectively eradicated tumors in the deeper regions of osteo-
sarcoma but also acted as potent STING agonists, effectively 
reversing the immunosuppressive microenvironment of osteo-
sarcoma. 

Overall, these Ale-triggered dual-cascade targeted prodrug 
nanoparticles significantly enhanced drug targeting and pene-
tration in OS, thereby paving the way for improved clinical treat-
ment of osteosarcoma.

Improve the Targeted Retention of Drugs in Osteosarcoma

Nanodrugs have demonstrated significant potential in the 
targeted treatment of tumors due to their strong targeting 
capabilities; however, the challenge of short retention times 

Figure 1: Preparation and working principle of anti-tumor 
nanoparticles: Se-ANN uses selenite instead of phosphate in ANN. 
Reprinted from with permission (copyright acquired from Wang et 
al. [17]).

Figure 2: Meifang Shen, et al. Alendronate Triggered Dual-Cascade 
Targeting Prodrug Nanoparticles for Enhanced Tumor Penetration 
and STING Activation of Osteosarcoma (copyright acquired from 
Shen et al. [20]).
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in osteosarcoma remains unresolved [21]. A critical issue that 
urgently needs to be addressed is how to functionalize nano-
carriers in a way that allows for flexible control of nanoparti-
cle size [22]. This would enable smaller particles to effectively 
target tumor sites, while also allowing for in situ size enlarge-
ment at the tumor site to prolong retention time. To tackle 
this challenge, Professor Cui's research team has developed a 
light-controlled, variable particle size nanosystem designed to 
enhance the targeted retention of drugs at osteosarcoma sites. 
This system involves the synthesis of UV-sensitive DOX-NB-PEG 
as a polymer carrier and chemotherapeutic agent, the use of 
Upconversion Nanoparticles (UCNPs) as photoinitiators, and In-
docyanine Green (ICG) as both a phototherapeutic and imaging 
agent [23]. The UCNPs are surface-modified with PLGA, which is 
cross-linked with ICG and DOX to self-assemble into a nanosys-

tem capable of controlling particle size in situ at the tumor site 
using near-infrared light. Upon activation by near-infrared light, 
the system can automatically remove the PEG from its surface.      

Concurrently, its internal structure aggregates, forming larg-
er nanoparticles that extend the retention time of the nanodrug 
at the tumor site, thereby achieving targeted and synergistic 
treatment of osteosarcoma.

Promoting Closed Treatment of Osteosarcoma

Biomineralization is a physiological process that encompass-
es nucleation, crystal growth, phase transition, and orientation 
evolution [24]. Notably, artificially induced biomineralization 
within osteosarcoma tumor tissue has emerged as an uncon-
ventional yet promising strategy for the treatment of malignant 
tumors [25]. However, the limited ion-chelating capacity of 
carboxyl-containing biomineralization initiators often results in 
insufficient mineralization, thereby reducing the anti-tumor ef-
ficacy in osteosarcoma [26,27]. 

To address this challenge, Professor Chen's research group 
has developed a biomineralization-inducing nanoparticle (BINP) 
for the localized treatment of osteosarcoma. BINP is construct-
ed from dodecylamine-poly ((γ-dodecyl-L-glutamic acid)-co-(L-
histidine))-block-poly(L-glutamic acid graft-alendronate) and 
integrates components for cell membrane insertion, Tumor 
Microenvironment (TME) responsiveness, and ion chelation 
[28]. Upon intravenous administration in osteosarcoma-bear-
ing mice, BINPs respond to the acidic TME, exposing dodecyl 
groups on the extended nanoparticle surface, which promotes 
their insertion into cell membranes. Subsequently, the exposed 
bisphosphonate groups initiate continuous ion deposition, 
forming a mineralized barrier around the tumor that impedes 
material exchange between the tumor and the surrounding 
normal tissue. Compared to the control group, BINP-mediated 
blockade therapy demonstrated tumor inhibition rates of 59.3% 
and 52.1% in subcutaneous and orthotopic osteosarcoma mod-
els, respectively. 

Additionally, the partial inhibition of osteoclasts by alendro-
nate mitigated osteolysis and further suppressed lung metas-

Figure 3: (A) Construction of light-controlled nanosystem and the 
process of light-controlled particle size change; (B) The process of 
light-controlled nanosystem for synergistic treatment of tumors 
(copyright acquired from Luo et al. [23]).

Figure 4: A Biomineralization-Inducing Nanoparticle (BINP) is used 
for closed treatment of osteosarcoma (copyright acquired from 
Chen et al. [29]).

Figure 5: Local delivery of PBAE nanoparticles to the primary 
tumor site, as well as systemic delivery of chemotherapy, can 
inhibit tumor growth and provide surrounding damaged bone to 
normalize bone homeostasis (copyright acquired from Freeman et 
al. [36]).
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tasis. Consequently, BINP-induced selective biomineralization 
offers a promising therapeutic option for the clinical treatment 
of osteosarcoma.

Regulating Gene Expression in Osteosarcoma Cells

Surgical intervention for osteosarcoma typically involves ei-
ther complete limb reconstruction or, in many cases, amputa-
tion. Both chemotherapy and osteosarcoma itself have been 
shown to disrupt bone homeostasis, leading to dysregulated 
osteolytic activity that significantly hinders the regenerative 
capacity of the surrounding bone following surgery [30,31]. Mi-
croRNAs (miRNAs), which are small non-coding RNAs that regu-
late gene expression, offer therapeutic potential due to their 
ability to be delivered in vivo in a controlled manner [32]. They 
present numerous advantages, including the potential for tar-
geted tumor suppression and bone remodeling [33]. However, 
miRNAs face challenges such as poor permeability in tumor tis-

sues, rapid degradation when unmodified, and the activation 
of the innate immune system, which can result in unexpected 
toxicity and adverse side effects [34,35]. 

To address these issues, injectable Hyaluronic Acid (HA) hy-
drogels have been proposed as miRNA delivery systems [36]. 
These hydrogels can increase the bioavailability of miRNAs and 
reduce toxicity by limiting nonspecific uptake in healthy organs, 
focusing delivery at the primary tumor site. Additionally, Poly 
(β-amino Ester) (PBAE) nanoparticles have been developed as 
intracellular delivery vehicles for miRNA. The PBAE polymer 
chains interact electrostatically with RNA therapeutics during 
nanoparticle self-assembly, thereby enhancing encapsulation 
and loading efficiency.

Inducing Ferroptosis in Osteosarcoma Cells

Osteosarcoma is highly invasive, and ferroptosis—a novel 
form of programmed cell death characterized by iron accu-
mulation and lipid peroxidation—has emerged as a promising 
cancer treatment strategy [37]. Inducing ferroptosis may help 
overcome drug resistance and immune escape mechanisms as-
sociated with tumor treatment [38,39]. However, achieving ef-
fective ferroptosis induction in osteosarcoma with current clini-
cal doses of Fe₃O₄ nanoparticles presents challenges.

To solve this issues, Professor Li has provided new mecha-
nistic insights and practical strategies for enhancing Fe₃O₄ 
nanoparticle-induced ferroptosis [40]. The study reveals that 
tumor cells can evade Fe₃O₄ nanoparticle-induced ferroptosis 
by upregulating Nrf-2 expression and activating the antioxidant 
defense system. To address this, a synergistic approach using 
DHJS in combination with Fe₃O₄ nanoparticles was employed 
to counteract Nrf-2 expression and induce ferroptosis in tumor 
cells.

The research involved constructing a biomimetic hybrid cell 
membrane composed of PLGA loaded with Fe₃O₄ and DHJS for 
osteosarcoma treatment. This formulation not only promoted 
ferroptosis in cancer cells but also induced macrophage M1 
polarization and facilitated the infiltration of CD8+ T cells and 
dendritic cells into the tumors. 

Figure 6: Schematic diagram of in vitro homologous targeting and 
mechanism of FDPM nanoparticles (copyright acquired from Yu et 
al. [40]).

Figure 7: Schematic diagram of the synthesis pathway and 
function of HA@MOF/D-Arg for radiotherapy sensitization of 
osteosarcoma (copyright acquired from Owens et al. [44]).

Figure 8: Schematic diagram of the construction process of osteo-
sarcoma-targeted mCu&Ce@ICG/RGD for NIR-II fluorescence/MR 
bioimaging and PTT-CDT-ICD synergistic tumor inhibition (copy-
right acquired from Cheng et al. [47]).
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In summary, this study offers novel mechanistic insights and 
effective strategies for inducing ferroptosis with Fe₃O₄ nanopar-
ticles. The developed biomimetic nanoparticles demonstrate 
synergistic ferroptosis and immunotherapeutic effects, present-
ing a promising approach for osteosarcoma treatment.

Improving Radiosensitivity of Osteosarcoma

Osteosarcoma is a prevalent bone cancer that frequently 
metastasizes to the lungs, making high-dose radiotherapy a 
valuable option for ablation of unresectable tumors [41,42]. 
However, this approach can result in severe side effects. To miti-
gate these issues, researchers have developed D-arginine-load-
ed Metal-Organic Framework (MOF) nanoparticles aimed at en-
hancing the radiosensitivity of osteosarcoma [43]. D-arginine, 
a metabolically inert enantiomer of L-arginine, functions as a 
Nitric Oxide (NO) donor and downregulates Hypoxia-inducible 
Factor-1α (HIF-1α) to alleviate tumor hypoxia [44]. Additionally, 
MOF nanoparticles generate free radicals that contribute to tu-
mor cell destruction.

The study demonstrated that D-arginine-loaded nanopar-
ticles significantly improved tumor ablation and inhibited lung 
metastasis in mouse models following radiotherapy [44]. The 

combination of nanoparticles and radiotherapy exhibited rela-
tively low toxicity to both cells and mice when administered 
individually. Thus, MOF nanoparticles containing D-arginine 
prove to be a relatively safe and effective strategy for radio sen-
sitizing osteosarcoma.

A multifunctional nanoplatform has been developed to fur-
ther enhance radiosensitivity. In this system, D-arginine serves 
as a stable NO donor with good biocompatibility. The MOF com-
ponent not only acts as a nanocarrier for targeted delivery of 
D-arginine but also increases the production of free radicals, 
which, in conjunction with NO, alleviates hypoxia and promotes 
tumor cell death. The nanoparticles reduced hypoxia by down-
regulating HIF-1α expression in both cellular and murine mod-
els. Consequently, HA@MOF/D-Arg combined with low-dose 
X-ray irradiation effectively inhibited tumor growth and pre-
vented osteosarcoma recurrence and lung metastasis.

Comprehensive testing, including blood tests, hemolysis as-
says, DNA damage analysis, and H&E staining, revealed that 
HA@MOF/D-Arg or low-dose irradiation alone exhibited mini-
mal toxicity to cells and mice. These findings suggest that D-
arginine-loaded nanoparticles are a promising and safe tool for 
enhancing the effectiveness of radiotherapy in osteosarcoma 
treatment. Future research may explore the use of other Reac-
tive Oxygen Species (ROS)-generating materials to improve D-
arginine conversion to NO in vivo, and the potential application 
of NO generated by MOF/D-Arg for treating other conditions, 
such as cardiovascular diseases.

Enhanced Photothermal Therapy for Osteosarcoma

Osteosarcoma is characterized by its local destructiveness 
and high metastatic potential, creating an urgent need for 
nanoplatforms that offer both high therapeutic efficacy and 
precise diagnostic capabilities [45]. Multimodal optical imag-
ing combined with programmed therapies, such as synergistic 
Photothermal-Chemodynamic Therapy (PTT-CDT) to induce 
Immunogenic cell Death (ICD), represents a promising strategy 
that ensures accurate bioimaging with high sensitivity [46]. This 
approach allows for significant treatment outcomes with mini-
mal side effects.

Professor Yuan's research group has developed a straight-
forward one-step method to synthesize multifunctional Cu&Ce 
oxide nanospheres (mCu&Ce) with mesoporous structures [47]. 
The study reports that, following encapsulation of Indocyanine 

Figure 9: Synthetic procedure of Rh2@HMnO2-AM and mecha-
nism of MRI-guided immuno-chemodynamic synergistic osteosar-
coma therapy (copyright acquired from Fu et al. [50]).

Figure 10: Synthetic procedure of Rh2@HMnO2-AM and mecha-
nism of MRI-guided immuno-chemodynamic synergistic osteosar-
coma therapy (copyright acquired from Fang et al. [55]).

Figure 11: Synthetic procedure of Rh2@HMnO2-AM and mecha-
nism of MRI-guided immuno-chemodynamic synergistic osteosar-
coma therapy (copyright acquired from Lang et al. [60]).
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Green (ICG) and surface grafting with RGD peptide (mCu&Ce@
ICG/RGD), this nanoplatform can precisely identify osteosarco-
ma and induce the robust release of ICG, Cu, and Ce ions within 
the tumor microenvironment (pH = 6.5). 

Upon entering osteosarcoma cells, mCu&Ce@ICG/RGD ef-
fectively generates high temperatures under near-infrared laser 
irradiation, which in turn promotes the production of hydroxyl 
radicals (•OH). This results in synergistic PTT/CDT tumor abla-
tion both in vitro and in vivo. Concurrently, the heat and ampli-
fied Reactive Oxygen Species (ROS) stimulate ICD, leading to the 
activation of T cells and the development of systemic anti-os-
teosarcoma immune responses, thereby enhancing the efficacy 
of tumor immunotherapy.

Additionally, the Cu&Ce-based nanoplatform facilitates accu-
rate early diagnosis of osteosarcoma through dual-mode bioim-
aging using Near-Infrared II (NIR-II) fluorescence and magnetic 
resonance imaging. In summary, this study presents a facile 
Cu&Ce nanoplatform with dual-modal bioimaging capabilities. 
It effectively targets osteosarcoma, inhibits cancer cells through 
PTT-enhanced CDT, and significantly enhances ICD for improved 
immunotherapy outcomes.

Promoting Chemodynamic Therapy for Osteosarcoma

Promoting Dhemodynamic Therapy (CDT) for osteosarcoma 
necessitates the optimization of various factors to enhance its 
efficacy and clinical applicability. By implementing diverse strat-
egies, researchers and clinicians can improve the effectiveness 
of CDT and advance patient outcomes [48].

Osteosarcoma, a challenging malignant bone disease, de-
mands ongoing advancements in effective treatment strategies. 
Although nanotechnology has shown promise in cancer treat-
ment, its progress is significantly impeded by issues related to 
targeting efficiency and effectiveness [49]. To address these 
challenges, Professor He Chuanglong’s research team devel-
oped a novel approach using Alendronate (ALD) and K7M2 cell 
membrane (M)-modified Hollow Manganese Dioxide (HMnO2) 
nanoparticles as carriers, loaded with ginsenoside Rh2 (Rh2) 

Figure 12: Nanoparticle enhanced combination therapy for stem-
like progenitors defined by single-cell transcriptomics in chemo-
therapy-resistant osteosarcoma (copyright acquired from Wang et 
al. [64]).

[50]. The resulting Rh2@HMnO2-AM nanoparticles exhibit en-
hanced bone tumor targeting, tumor homing capabilities, and 
Glutathione (GSH)-sensitive drug release. Additionally, these 
nanoparticles demonstrate effective Magnetic Resonance 
Imaging (MRI) capabilities and can trigger Immunogenic Cell 
Death (ICD). 

Consequently, Rh2@HMnO2-AM represents a promising, 
biocompatible nanoparticle platform for the treatment of os-
teosarcoma, particularly in combination with immunotherapy 
and chemodynamic therapy.

Combined Gas Therapy for Osteosarcoma

Enhancing tumor cell apoptosis to significantly inhibit in 
situ osteosarcoma has garnered considerable attention from 
researchers. Endogenous Nitric Oxide (NO) exhibits concentra-
tion-dependent physiological effects, with high levels inducing 
cytotoxicity, thereby establishing its potential as an antican-
cer agent within gas therapy frameworks [51,52]. NO offers 
multiple metabolic pathways, making it superior to synthetic 
chemotherapeutic drugs in terms of membrane permeability, 
therapeutic safety, and resistance to drug treatments in cancer 
therapy [53]. The combination of NO treatment with photo-
thermal cancer therapy has demonstrated promising feasibility 
[54]. However, current methods still present side effects during 
photothermal therapy, potentially increasing the likelihood of 
cancer recurrence. 

To address these challenges, the introduction of low-tem-
perature photothermal therapy is proposed, aiming to enable 
non-invasive treatments while achieving the desired thera-
peutic outcomes. This study introduces a gas/light therapeutic 
nanocomposite (NA1020-NO@PLX) that exhibits superior pho-
tothermal conversion capabilities, making it suitable for treat-
ing in situ osteosarcoma in deep tissues [55]. Additionally, its 
excellent NIR-II imaging capability allows for precise tumor lo-
calization, thereby enhancing the visibility and effectiveness of 
the photothermal treatment process. Furthermore, the study 
explores the non-invasive treatment approach that enhances 
the apoptosis mechanism, demonstrating the feasibility of NO/
low-temperature photothermal synergistic therapy for osteo-
sarcoma. 

This gas/light therapy strategy optimizes existing photother-
mal therapy modalities, offering a reproducible and non-inva-
sive treatment process for deep tissue tumors, thus validating 
its potential for clinical application.

Stimulates Macrophage Activation in The Tumor Microen-
vironment

Osteosarcoma is a highly malignant and metastatic bone 
cancer with a poor prognosis, and its comprehensive treatment 
methods have seen little advancement over the past 30 years. 
Traditional treatment approaches for osteosarcoma primarily 
involve surgery and chemotherapy [56]. While early-stage os-
teosarcoma patients may achieve long-term survival rates ex-
ceeding 60% with standard treatments, the prognosis for those 
with recurrent or metastatic osteosarcoma remains dismal, 
with a 5-year survival rate of only 20% [57].

Recent research has focused on the immune microenviron-
ment, aiming to treat osteosarcoma by activating immune cells 
[58]. Notably, the metallic element manganese has demonstrat-
ed potent immune-activating effects on Natural Killer (NK) cells 
and dendritic cells. Since macrophages are the most abundant 
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immune cells within the osteosarcoma tumor microenviron-
ment and play a crucial role in tumor growth and metastasis, 
understanding manganese's impact on these cells is of particu-
lar interest [59].

To simultaneously activate multiple immune cell types, re-
searchers have developed manganese dioxide nanoparticles 
loaded with the small molecule agonist 1V209, which targets 
the TLR7 receptor to activate macrophages [60]. In vitro experi-
ments showed that macrophages treated with these nanoparti-
cles exhibited strong pro-apoptotic effects on osteosarcoma cell 
lines and significantly inhibited tumor growth and metastasis 
in mouse models. Further investigations revealed that manga-
nese-containing nanoparticles increased the proportion of pro-
inflammatory macrophages within tumors and promoted T cell 
infiltration.

The proposed mechanism involves manganese nanoparticles 
reacting with intracellular glutathione to release manganese 
ions, which subsequently generate reactive oxygen species 
through a Fenton-like reaction. This process activates the NF-
κB signaling pathway, enhancing the inflammatory response in 
macrophages. This study expands the potential of manganese-
based immunotherapy and underscores the importance of tar-
geting macrophages in osteosarcoma treatment, providing a 
foundation for the development of novel therapeutic strategies.

Reduce Osteosarcoma Stem Cell Resistance

Osteosarcoma cells frequently exhibit resistance to standard 
treatments, underscoring the urgent need to enhance thera-
peutic efficacy and identify novel targets [61]. A small subset of 
osteosarcoma cells, possessing stem cell-like self-renewal prop-
erties, are particularly resistant to therapy and demonstrate 
high metastatic potential. Therefore, a comprehensive under-
standing of the characteristics and molecular mechanisms un-
derlying these chemotherapy-resistant cells is crucial [62,63].

This study employed single-cell transcriptome sequencing to 
construct a cell type-specific gene expression profile from che-
motherapy-resistant osteosarcoma patients. The analysis re-
vealed that VEGFR2 and JMJD3 double-positive cells represent 
a quiescent, stem cell-like population [64]. Based on these find-
ings, a hierarchy of stem cell-like/progenitor cells (marked by 
high JMJD3 expression) with inherent treatment resistance was 
established in osteosarcoma. The study further demonstrated 
that the synergistic inhibition of VEGFR2 and JMJD3 effectively 
suppressed osteosarcoma cell proliferation and tumor growth. 
Although this combined therapy induces apoptosis in osteosar-
coma cells by activating the pro-apoptotic factor CHOP, leading 
to Endoplasmic Reticulum (ER) stress, stem cell-like/progenitor 
cells exhibit an adaptive response that allows them to survive.

Single-cell transcriptome data also revealed that these stem-
like/progenitor cells gain a survival advantage by upregulating 
Glutathione (GSH) synthesis, thereby resisting ER stress-medi-
ated apoptosis. Importantly, the application of GSH-responsive 
nanoparticles, capable of effectively loading and releasing 
drugs, significantly enhanced the therapeutic efficacy of the 
synergistic treatment against these resistant cell populations. 

In conclusion, this study confirmed the role of GSH in the 
resistance mechanisms of osteosarcoma stem cells. By encap-
sulating small molecule inhibitors targeting VEGFR2 and JMJD3 
within GSH-responsive nanoparticles, the therapeutic impact of 
the combined treatment was substantially improved. This ap-
proach offers a promising framework for overcoming the resis-

tance of stem-like/progenitor cells to conventional therapies, 
representing a significant advancement in osteosarcoma treat-
ment.

Summary and Future Perspectives

The biological characteristics of osteosarcoma suggest that 
enhancing the human immune response may improve patient 
prognosis. However, the heterogeneity of osteosarcoma and 
the complexity of the immune system pose significant challeng-
es to the success of immunotherapy for this malignancy. Osteo-
sarcoma has historically resisted cure through single treatment 
regimens. In recent years, research into the tumor immune 
response has led to the development of various strategies to 
stimulate the immune system's response to osteosarcoma.

Nanotechnology offers promising new approaches for im-
proving the diagnosis and treatment of osteosarcoma. Due to 
their ability to penetrate the tumor interstitial barrier and tar-
get tumor tissues through the conjugation with targeting agents 
such as antibodies, peptides, and small molecules, nanoparti-
cles hold substantial potential in the management of osteosar-
coma. However, there are notable challenges associated with 
nanoparticle formulations. While nanoparticles can enhance 
drug accumulation in osteosarcoma tissues compared to free 
drugs, the actual amount of drug that accumulates in the tumor 
remains relatively low compared to the total administered dose. 
Additionally, a significant proportion of nanoparticles tend to 
accumulate in organs such as the liver and kidneys, which may 
result in long-term toxicity, thus limiting the development and 
clinical application of nanoparticle-based therapies. Therefore, 
the establishment of a comprehensive evaluation system for 
nano-preparations is crucial for their advancement. A system-
atic assessment of the benefits and drawbacks of these nano-
formulations will provide essential insights for the research and 
development of new nanoparticle-based therapies.

Future research should prioritize the development of novel 
treatment strategies that integrate nanotechnology. These in-
novative strategies currently under investigation include target-
ing specific signaling pathways, modulating the tumor micro-
environment, immunotherapy, stem cell therapy, microbiome 
therapy, and metabolic therapy. Such approaches have the po-
tential to significantly improve the prognosis of osteosarcoma 
patients. Research should focus on developing technologies 
that enable more precise and effective integrated strategies for 
the diagnosis and treatment of osteosarcoma. Leveraging the 
unique properties of nanoparticles, future studies should aim 
to combine new diagnostic modalities and treatment strategies 
within nano-platforms to achieve more potent anti-tumor ef-
fects. Furthermore, extensive preclinical studies are necessary 
to build a robust foundation for the clinical application of these 
novel multifunctional nanoparticles in osteosarcoma treatment.
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