International Journal of Nanomedicine Dovepress
Taylor & Francis Group

REVIEW

Intelligent Nanomedicine Systems Ultilizing
Diverse Nanoparticles for Osteosarcoma
Therapy: A Review

Jie Cai', Hulin Yang', Zongxian He', Chenghu Wu @?

'Department of Orthopedics, The First People’s Hospital of Xiaoshan District, Xiaoshan Affiliated Hospital of Wenzhou Medical University,
Hangzhou, 311200, People’s Republic of China; 2Department of Biomedical Engineering, Wenzhou Medical University, Wenzhou, 325035, People’s
Republic of China

Correspondence: Chenghu Wu, Email wuchenghu010@ | 63.com

Abstract: Osteosarcoma and other solid tumor therapies remain urgent clinical challenges. Currently, treatment mainly relies on
surgical resection. However, surgery often requires extensive removal of bone and surrounding tissues, which can easily lead to
impaired limb function, affect patients’ immune and metabolic functions, and increase the risk of recurrence. Smart nanomedicine
offers new hope for the treatment of solid tumors. Nanoparticles can enable targeted drug delivery and personalized treatment, reduce
damage to normal tissues, and help prevent dysfunction and disability. Postoperative adjuvant nanomedicines can help eliminate
residual tumor cells, lower the recurrence rate, control distant metastasis, and improve survival rates. Additionally, nanoparticle-based
immunotherapy has shown promising prospects. By integrating artificial intelligence and big data platforms, the development of smart
nanomedicine systems can become more efficient, reliable, and tailored to the specific needs of osteosarcoma therapy. However, there
are still biosafety, ethical, and regulatory challenges in clinical translation. In the future, it is necessary to further optimize the targeting
and biocompatibility of nanocarriers, strengthen research on tumor metabolism, and improve regulatory systems to promote the
clinical application and commercial development of multifunctional nanoparticles.
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Introduction

Osteosarcoma (OS) is one of the most common and highly aggressive primary malignant bone tumors, mainly affecting
adolescents and children under the age of nineteen.'-* Clinically, patients often present with symptoms such as joint pain,
localized swelling, and pathological fractures, all of which significantly impair their quality of life.*** Diagnosis primarily
relies on imaging techniques, especially X-rays and computed tomography (CT) scans, which are crucial for determining
the tumor’s location, size, and extent, thereby guiding subsequent treatment decisions.>

Currently, the standard treatment for OS involves a combination of surgical resection and systemic chemotherapy.”*
Commonly used chemotherapeutic agents, such as cisplatin, doxorubicin, and high-dose methotrexate, have been shown
to significantly improve patient survival rates.” Notably, surgery alone results in a relatively low success rate and a high
risk of tumor recurrence, whereas integrating chemotherapy before and after surgery has increased long-term survival
rates to approximately 70%.'%'" Nevertheless, chemotherapy is associated with substantial toxic side effects, and the
strong multidrug resistance exhibited by OS cells limits the effectiveness of conventional therapies, posing significant
challenges to further improving long-term survival.'>'?

The multidrug resistance of OS and the immunosuppressive tumor microenvironment hinder the efficacy of tradi-
tional surgical and chemotherapeutic approaches, underscoring the urgent need for novel therapeutic strategies.'* !¢ In
recent years, advances in nanotechnology have offered new hope for the treatment of OS.'” Nanoparticle drug delivery
systems possess excellent drug-loading capacity, enhanced targeting ability, and reduced side effects, making them

important tools for improving chemotherapy efficacy, enabling precise targeted therapy, and facilitating
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immunotherapy.'®2° Nanomedicine platforms based on immune modulation and metabolic regulation can not only
improve drug accumulation and release at tumor sites but also enhance the body’s immune response against tumor
progression and recurrence.?' >

The development of nanodrug delivery systems is expected to integrate artificial intelligence (Al) technologies. Al-
driven algorithms are capable of analyzing large datasets derived from high-throughput experiments, published literature,
and clinical trials to identify optimal nanoparticle compositions, predict biological interactions, and forecast therapeutic
outcomes.>* By integrating artificial intelligence with big data platforms, the development of smart nanomedicine
systems can be made more efficient, reliable, and personalized to address the specific needs of osteosarcoma
therapy.”>~° At the same time, as nanomedicine progresses, critical considerations regarding medical ethics, biosafety,
and the rigorous supervision and regulation of nanotherapeutic systems must be addressed to ensure safety and clinical
feasibility.?”**

In summary, this review aims to provide a comprehensive and up-to-date overview of intelligent nanomedicine
treatment systems for osteosarcoma. We summarize recent advances in the design, classification, and application of these
systems, with particular emphasis on material types, targeting strategies, and stimulus-responsive mechanisms. The
article discusses the unique advantages and current challenges of intelligent nanomedicine, offering clear directions and
practical recommendations for future therapeutic research. By integrating advanced Al tools and robust management
strategies, intelligent nanomedicine is poised to usher in a new era of precision and multifaceted therapy, ultimately
offering patients more effective and safer treatment options. Our goal is to promote the clinical translation of these

innovative therapies and facilitate the effective implementation of nanomedicine in osteosarcoma treatment.

Smart Nanomedicines Antitumor Effect

Nanomedicine Delivery Strategies

OS is a malignant bone tumor most commonly found in children and adolescents. Traditional treatment methods include
surgical resection, chemotherapy, and radiotherapy.>*~*° However, conventional chemotherapeutic agents face significant
challenges such as non-specific distribution, systemic toxicity, and drug resistance, which severely compromise treatment
efficacy and negatively impact patients’ quality of life.>' Nanoparticle-based drug delivery systems have shown great
potential in overcoming these obstacles in OS treatment.

Enhanced Permeability and Retention (EPR) Effect

Nanoparticle drug delivery systems offer numerous advantages. Firstly, nanoparticles enhance the targeting ability of
therapeutics: through passive targeting via the EPR effect, or active targeting by surface modification with specific
ligands such as antibodies and peptides, nanoparticles preferentially accumulate in tumor tissues, thereby increasing drug
concentration at the tumor site.*?

While the EPR effect has been widely recognized as a key mechanism for passive targeting of nanoparticles in
preclinical tumor models, its clinical relevance in human solid tumors, including osteosarcoma, remains controversial.>>
The EPR effect is highly heterogencous among patients and tumor types, and factors such as dense extracellular matrix,
high interstitial fluid pressure, and poor vascularization in osteosarcoma can significantly limit nanoparticle
accumulation."' Moreover, the variability of the EPR effect in human tumors often leads to inconsistent therapeutic
outcomes, highlighting the need for alternative or complementary targeting strategies.**

Active Targeting

EPR effect can lead to nanoparticle accumulation in tumors, but its specificity is limited.”> To address this, active
targeting strategies have been developed to improve the selectivity of nanomedicine delivery. These strategies involve
modifying the surface of nanoparticles with ligands, antibodies, or peptides that specifically bind to receptors over-
expressed on osteosarcoma cells, such as folate receptor, transferrin receptor, or CD44. Active targeting enhances cellular
uptake and tumor accumulation of therapeutic agents, while minimizing off-target effects and systemic toxicity.***¢
Recent advances, including dual-targeting and stimuli-responsive systems, further increase the precision and efficacy of

drug delivery in osteosarcoma therapy.
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Delivery Vectors
Nanoparticle carriers can reduce drug distribution in normal tissues, lowering toxicity to vital organs such as the heart
and liver, and thus minimizing overall adverse side effects.’” Additionally, certain nanoparticle systems allow for the co-
delivery of multiple drugs or siRNA, which can help reverse multidrug resistance in tumor cells and overcome
chemotherapy resistance.*®

Common types of nanomedicines used in tumor treatment drug delivery mainly include four categories as shown in
Figure 1.> Liposomes, for example, liposomal doxorubicin (Doxil®), have demonstrated superior antitumor efficacy and
reduced cardiotoxicity in OS animal models.** Polymeric nanoparticles, such as those modified with polymers like poly
lactic-co-glycolic acid (PLGA), can encapsulate chemotherapeutic drugs like cisplatin and methotrexate to achieve

4! Metallic/inorganic nanoparticles, including gold nanoparticles and iron

controlled release and targeted delivery.
oxide nanoparticles, not only function as drug carriers but also serve roles in tumor imaging and photothermal or
magnetic hyperthermia therapy.** Smart responsive nanoparticles, such as pH-responsive and enzyme-responsive nano-
particles, can provide precise drug release within the tumor microenvironment.*?

Through these multifunctional characteristics, nanoparticle-based drug delivery systems represent a novel and
effective strategy to enhance OS therapy by improving drug targeting, reducing systemic toxicity, overcoming drug
resistance, and enabling precise controlled release in Figure 2.

In the context of osteosarcoma nanoparticle-based therapeutics, nanocarriers can be broadly classified into three

principal categories: inorganic nanoparticles, lipid nanoparticles, and polymer nanoparticles.*> Each class exhibits

Lipid-based NPs Ceramic NPs

mainly liposomes Hydroxyapatite
Calcium carbonate
° Calcium phosphate
- Mesoporous silica
® e
e ©

Polymeric NPs Metal NPs
Natural (Chitosan, Dextran, agnetic NPs (ironoxide)
Keratin) Pure metal NPs (Gold)
Synthetic (PCL, PLGA,

/

PEG)

Figure | Schematic representation of nanoparticle types developed for tumor therapy. Nanoparticles utilized in osteosarcoma research are broadly classified into four
categories: lipid-based, ceramic, polymeric, and metal nanoparticles.
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Figure 2 Schematic illustration of various nanoparticle types employed as drug delivery carriers in osteosarcoma therapy. Nanoparticles offer a promising platform for drug
delivery in cancer treatment. Liposomes, dendrimers, metallic nanoparticles (such as gold and silver), and polymeric nanoparticles facilitate precise and targeted delivery of
chemotherapeutic agents. (copyright acquired from Zhu et al).**

distinct physicochemical properties, therapeutic advantages, and inherent limitations, shown in Table 1. Here, we
delineate and compare the major differences among these nanocarrier systems in the nanomedicine treatment of
osteosarcoma.

Inorganic nanoparticles—including silica nanoparticles (SiO,), gold nanoparticles (Au NPs), iron oxide nanoparticles
(Fe;0,), and hydroxyapatite (HA)—have been extensively investigated for osteosarcoma applications.*> These materials
offer the unique advantage of integrating diagnostic and therapeutic functionalities; for example, gold and iron oxide
nanoparticles facilitate both imaging modalities (MRI, CT, photothermal imaging) and therapeutic interventions such as
photothermal and magnetic hyperthermia therapy.”” In addition, inorganic nanoparticles are characterized by high
structural stability, resistance to degradation, and the capacity for controlled drug release.*> Their surfaces are amenable
to functionalization, enabling the conjugation of targeting ligands or therapeutic agents.”® Nevertheless, their clinical
translation is hindered by poor biodegradability, which may result in prolonged retention and potential safety concerns, as
well as possible immunogenicity and cytotoxicity, raising issues regarding biocompatibility.*®

Lipid nanoparticles, including liposomes, solid lipid nanoparticles (SLNs), and nanoemulsions, are widely employed
in osteosarcoma nanomedicine owing to their excellent biocompatibility, which stems from their structural resemblance
to cellular membranes.*” These carriers exhibit robust drug encapsulation capabilities, accommodating both hydrophilic
and hydrophobic chemotherapeutic agents.*® Surface modification with targeting ligands enables active targeting of

Table | A Comparison of the Applications of the Three in the Nanomedicine Treatment of OS

Material Type Advantages Limitations Application Scenarios

Inorganic Theragnostics (imaging and therapy), Poor degradability, potential toxicity | Theragnostics, photothermal/magnetic
high stability therapy

Lipid Good biocompatibility, strong Limited stability, limited drug loading | Targeted chemotherapy, gene delivery
targeting ability

Polymer Controllable degradability, Complex synthesis, possible Targeted controlled release, combination
multifunctionality immune response drug delivery

Notes: Data from all references.
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osteosarcoma cells, while the lipid composition can be tailored to achieve sustained and controlled drug release.?”
However, lipid nanoparticles are susceptible to environmental factors such as temperature and pH, which may compro-
mise their stability during storage and transport.*® Additionally, certain liposomal formulations may exhibit limited drug
loading capacity.

Polymer nanoparticles—such as PLGA, polyvinyl alcohol (PVA), sodium hyaluronate, gelatin, and chitosan—are also
prominent in osteosarcoma nanomedicine.*’ These systems offer tunable biodegradability, allowing for the design of
carriers that degrade within the physiological environment and thereby minimize long-term retention.*> Polymer
nanoparticles are highly versatile, with surfaces that can be readily engineered for targeted delivery, controlled release,
and combination therapy.*® They also provide effective protection for encapsulated drugs against premature degradation.
However, the synthesis and functionalization of certain polymeric materials can be complex, and some synthetic
polymers may elicit immune responses, potentially limiting their biocompatibility.

Numerous studies have demonstrated the practical application of these nanomaterials in osteosarcoma therapy.>> For
example, gold nanoparticles have been utilized for photothermal ablation of osteosarcoma, while concurrently serving as
carriers for chemotherapeutic agents, thereby enabling a theranostic approach.** Liposomal formulations encapsulating
drugs such as cisplatin or doxorubicin can be functionalized with osteosarcoma-targeting peptides to enhance tumor-
specific drug accumulation.!' Polymer nanoparticles, such as PLGA loaded with paclitaxel and surface-modified with
hyaluronic acid, have been shown to prolong drug release and mitigate adverse effects through targeted delivery to
osteosarcoma cells.” A comprehensive summary of these characteristics is provided in Table 1.

In summary, inorganic nanocarriers are particularly suited for applications requiring integrated imaging and therapy,
albeit with considerations for biosafety. Lipid-based carriers are optimal for scenarios necessitating high biocompatibility
and targeted drug delivery, while polymeric systems are advantageous for controlled release, combination therapy, and
applications where biodegradability is paramount in osteosarcoma treatment.

Targeted Regulation

Immune Regulation

OS is a highly malignant bone tumor for which traditional treatments such as surgery and chemotherapy have limited
efficacy, and the disease is prone to recurrence and metastasis.’ In recent years, tumor immunotherapy has become
a major research focus; however, the immune microenvironment of OS is complex and exhibits significant immunosup-
pression, which restricts the effectiveness of immunotherapeutic approaches. Nanoparticle-based immune modulation
strategies have brought promising breakthroughs to OS treatment.”’

Nanoparticles can be used for the targeted delivery of immune modulators in Figure 3. They can encapsulate and
deliver immune checkpoint inhibitors (eg, anti-PD-1/PD-L1 antibodies), cytokines (such as IL-2), and Toll-like receptor
(TLR) agonists, thereby enhancing the ability of immune cells to recognize and eliminate tumor cells.”*>* In terms of
regulating the tumor immune microenvironment, nanoparticles can deliver siRNA, miRNA, or small-molecule drugs to
suppress immunosuppressive factors such as transforming growth factor (TGF)-B and indoleamine 2,3-dioxygenase
(IDO), reversing the immunosuppressive environment and promoting the infiltration and activation of immune cells such
as T cells and natural killer cells.”*>> For antigen delivery and vaccine development, nanoparticles serve as platforms for
delivering tumor antigens to dendritic cells, facilitating antigen uptake and presentation to induce specific anti-tumor
immune responses, thereby enabling efficient tumor vaccine delivery.”®>’ In combination therapy, nanoparticles enable
the co-delivery of chemotherapeutic drugs with immune modulators, enhancing immunogenic cell death and further
activating anti-tumor immunity.>®

Overall, nanoparticle-based immunomodulation offers a multifaceted and promising strategy to overcome the
immunosuppressive barriers of OS and improve the efficacy of immunotherapy.

Metabolic Regulation
OS cells exhibit highly active and aberrant metabolic characteristics, including enhanced glycolysis (the Warburg effect),
lactate accumulation, and disrupted lipid metabolism.”” These metabolic alterations not only promote tumor growth and
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Figure 3 Schematic diagram illustrating how nanoparticles modulate immune regulation and influence tumor immunity.

metastasis but also contribute to resistance against conventional therapies.*® In recent years, nanoparticle-based meta-
bolic regulation strategies have offered new avenues for the precision treatment of OS in in Figure 4.5

Delivery of metabolic inhibitors: Nanoparticles can be engineered to load and deliver metabolic inhibitors such as
glycolysis inhibitors (eg, 2-deoxyglucose, 3-bromopyruvate), lactate dehydrogenase inhibitors, and fatty acid synthase
inhibitors directly to tumor sites. These agents disrupt the energy metabolism of tumor cells, thereby suppressing tumor
growth and metastasis. Modulation of tumor microenvironment metabolism, by delivering antioxidants or drugs that
regulate redox balance, nanoparticles can improve the acidic and hypoxic conditions within the tumor
microenvironment.®*%® This, in turn, enhances immune cell functionality and inhibits tumor progression. Combination
therapy, nanoparticles enable the co-delivery of metabolic inhibitors alongside chemotherapeutic agents and immuno-
modulators, thereby amplifying antitumor effects and overcoming drug resistance.®* Here are some examples of
nanoparticle-based metabolic regulation approaches. Firstly, glycolysis inhibitor nanodelivery, PLGA nanoparticles
loaded with 2-deoxyglucose have been shown to significantly reduce glucose uptake and lactate production in OS
models, effectively inhibiting tumor growth.®> Secondly, lactate dehydrogenase inhibitor nanodelivery, liposomes or
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Figure 4 Schematic representation of targeted osteosarcoma therapies utilizing nanomedicine-mediated metabolic regulation. Cyclin EI (CCNEI) complexes with CDK2 to
phosphorylate pRBI, thereby regulating the GI/S cell cycle transition and promoting tumorigenesis. CDK2 inhibitors such as SCH727965 (dinaciclib) and SNS-032 have
shown efficacy in CCNE|-positive cancer models. WEE| inhibitors are proposed to modulate CCNE| activity by blocking Y5 phosphorylation in CDK | and CDK2, leading
to premature S-phase entry, cell cycle dysregulation, and apoptosis. (copyright acquired from Li et al).'

polymeric nanoparticles delivering lactate dehydrogenase inhibitors can decrease lactate accumulation in the tumor
microenvironment, thereby alleviating immunosuppressive conditions.”” Thirdly, redox-regulating nanoparticles, for
example, metal nanoparticles can alleviate tumor hypoxia and promote reactive oxygen species generation, enhancing
the sensitivity of tumors to chemotherapy and radiotherapy.®®

Together, these nanoparticle-enabled metabolic modulation strategies offer promising therapeutic potential for
improving the efficacy of OS treatment by targeting the tumor’s unique metabolic vulnerabilities.

Nanomedicine Therapy Systems
Moreover, smart nanoparticles can achieve stimuli-responsive drug release based on the tumor microenvironment further
enhancing treatment precision.”'

Endogenous Stimulus-Responsive System

Endogenous stimulus-responsive systems are nanocarriers designed to release drugs in response to specific internal cues
within the tumor microenvironment. In osteosarcoma, these cues include acidic pH, elevated enzyme activity, increased
glutathione levels, and hypoxia.®” By exploiting these features, such systems enable targeted drug release at the tumor
site, improving therapeutic efficacy and reducing off-target effects. For instance, pH-sensitive nanoparticles remain stable
in circulation but release their payload in the acidic environment of osteosarcoma, while enzyme-responsive carriers
disassemble in the presence of tumor-associated proteases.>® These smart delivery platforms offer a promising approach
to enhance the precision and safety of osteosarcoma treatment.

Exogenous Stimulus-Responsive System

Exogenous stimulus-responsive systems are nanocarriers engineered to release drugs or activate therapies in response to
externally applied physical or chemical triggers.®® In osteosarcoma treatment, such triggers include light (eg, near-
infrared irradiation), ultrasound, magnetic fields, and temperature changes. Upon exposure to these stimuli, the nano-
carriers undergo structural or chemical changes that enable controlled drug release or therapeutic activation at the tumor
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site.®” For example, gold nanoparticles can be activated by near-infrared light to induce localized hyperthermia, while
magnetic nanoparticles can be guided and triggered by an external magnetic field for site-specific drug delivery. These
systems provide precise spatial and temporal control over therapy, enhancing treatment efficacy and minimizing systemic
side effects in osteosarcoma.

Challenges and Future Perspectives

Research Gaps and Future Directions

Although nanoparticles offer significant advantages in the treatment of OS, their clinical translation faces multiple
challenges. One major obstacle is potential safety concerns that hinder clinical progress.”” For example, nanoparticle
drugs often suffer from poor stability and tend to degrade in the biological environment, impairing effective drug
delivery.”! In particular, some nanoparticles may experience structural damage or premature drug release while circulat-
ing in the bloodstream.”” This premature release leads to reduced drug concentration at the OS site, weakening the
tumoricidal effect and diminishing treatment efficacy.”” Moreover, drugs released prematurely into circulation expose
healthy tissues and vital organs such as the liver, kidneys, and heart to toxic concentrations, increasing adverse reactions
and systemic side effects.”

The original design intent of nanoparticle drug delivery is to increase drug accumulation specifically at the tumor site
for precise treatment.”” Premature drug release compromises this targeting advantage and may lead to rapid clearance of
the drug by the liver and kidneys, shortening its half-life and further diminishing therapeutic benefit.”® For instance,
metallic nanoparticles like silver or gold can induce cytotoxicity in healthy tissues due to oxidative stress or accumulation
in organs such as the liver and spleen.”” Chemotherapeutic drugs carried in liposomes or polymeric nanoparticles can
cause systemic toxicities such as bone marrow suppression and liver or kidney damage if released too early in the
bloodstream without effectively killing tumor cells.®’

To address these challenges, future research must focus on improving nanoparticle drug synthesis and scalable
manufacturing processes. Due to the complex microstructure and composition of nanoparticles, preparation involves
multiple intricate steps, making reproducibility and scale-up from laboratory to industrial production extremely
difficult.”® Continuous control over nanoparticle properties is essential throughout production. Compared to conventional
small molecules, nanoparticle characterization requires comprehensive assessment of physicochemical properties such as
chemical composition, average particle size, polydispersity, shape, and morphology.®*”

The development of Al offers a promising solution to these challenges in Figure 5. For example, at the 2025 World
Artificial Intelligence Conference (WAIC), the Shanghai Institute of Artificial Intelligence and the University of Texas
MD Anderson Cancer Center jointly launched NanoSafari—the world’s first Al-driven nanoparticle drug design plat-
form. NanoSafari aims to build an open global ecosystem for nanomedicine research, laying a solid foundation for
ushering nanoparticle drug design into an intelligent era. This integration of Al can enhance design, reproducibility, and
quality control, accelerating the clinical translation of nanoparticle therapies for 0S.%%°

Al is increasingly being integrated into nanomedicine research to accelerate the design, optimization, and
translation of smart nanotherapeutics.”* Al-driven algorithms can analyze large datasets from high-throughput
experiments, literature, and clinical trials to identify optimal nanoparticle compositions, predict biological interac-
tions, and forecast therapeutic outcomes.?**' For example, machine learning models can assist in selecting the most
effective material combinations and surface modifications for targeted drug delivery, while deep learning can be used
to analyze imaging data for nanoparticle biodistribution and tumor response.***' The cloud platform exemplifies this
approach by providing a virtual environment where researchers can simulate and optimize nanoparticle behavior under
various physiological conditions, thereby improving reproducibility and reducing experimental variability.
Furthermore, Al can enhance quality control by automating the detection of batch-to-batch inconsistencies and
predicting potential safety issues before clinical translation.®® By integrating Al and big data platforms, the develop-
ment of smart nanomedicine systems can become more efficient, reliable, and tailored to the specific needs of
osteosarcoma therapy.
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Figure 5 lllustrative diagram of Al-integrated multiomics and computational tool applications across diverse sectors. Integration of multiomics data—including genomics,
transcriptomics, proteomics, metabolomics, and epigenomics—provides a comprehensive view of biological processes and disease mechanisms. This approach has advanced
research in multiple fields, facilitating the elucidation of disease pathways, biomarker discovery, and the development of personalized medicine and novel therapeutics.
(copyright acquired from Mansoor et al).%

Ultimately, improving nanoparticle stability, controlling drug release, and achieving scalable, reproducible manufac-
turing with Al-assisted design are critical steps to overcoming current obstacles and harnessing the full clinical potential

of nanoparticle-based OS treatments.

Challenges in Clinical Translation and Regulation
Despite the rapid development of nanomedicine, substantial gaps remain in clinical commercialization and regulatory
oversight.*? Currently, there is no universal regulatory standard for nanomedicines. The wide diversity of nanodrugs and
the absence of unified definitions or classifications mean that each type of nanomaterial often requires unique analytical
methods, and their pharmacokinetic properties can vary significantly.®> This lack of consistent regulatory frameworks
worldwide leads to regulatory fragmentation, complicating global nanodrug development and approval processes.*>** In
addition, commercialization faces several challenges. Regulatory and approval pathways for nanomedicines are still
emerging, and most regulatory agencies review nanotechnology-based products on a case-by-case basis, making the
approval process more complicated and less predictable in Figure 6.%°

For successful commercialization, nanomedicine formulations must demonstrate clear advantages over existing therapies in
terms of dosing frequency, administration route, efficacy, and toxicity; otherwise, the higher costs of nanodrugs are difficult to
justify, and clinicians and patients are unlikely to switch from conventional drugs as shown in Table 2.5 Currently, some
nanoparticle-based therapies for osteosarcoma have entered clinical trial stages. For example, liposomal Doxil and nanoparticle
albumin-bound paclitaxel (Abraxane) have been approved for use in various solid tumors and have also been investigated in
clinical studies involving osteosarcoma patients.®® In addition, several novel nanoparticle drug delivery systems, such as those
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Figure 6 Schematic diagram of nanoparticle-based smart drug selection in osteosarcoma nanomedicine. Rational drug selection is critical for clinical and commercial
success. Strategies include loading nanocarriers with a range of anticancer agents, such as chemotherapeutics, toxins, biologics, and nucleic acids. Prodrugs can be modified
for improved compatibility with nanocarriers, for example, by attaching aliphatic chains to enhance incorporation into lipid-based systems. Nanomedicines can also be
tailored to encapsulate payloads with similar properties, such as RNA or small molecule prodrugs. High-throughput screening and advanced analytical techniques facilitate
the identification of nanomedicine candidates with optimal in vivo performance. (copyright acquired from van der Meel et al).*”

based on gold nanoparticles, polymeric nanoparticles, or magnetic nanoparticles—are undergoing early-phase clinical trials or
preclinical studies to evaluate their safety and efficacy in the treatment of osteosarcoma.*' Furthermore, the synthesis and
functionalization of nanoparticles typically require complex and expensive procedures, resulting in high production costs that
undermine scalability and large-scale manufacturing.®” These challenges in unified regulation, complex approval and oversight,
and high production costs collectively contribute to the slow clinical translation and commercialization of nanomedicine in OS

and other clinical field.

Table 2 A Summary of Research Trials of Nanomedicine for Osteosarcoma

Indication Name Type Advantages Disadvantages
Relapsed or refractory Doxil®/ Liposomal Reduced cardiotoxicity | Hand-foot syndrome, limited efficacy in
osteosarcoma Caelyx® Doxorubicin some cases
Non-metastatic osteosarcoma Mepact® Liposomal Improved overall Neurotoxicity
Mifamurtide survival
Early-phase osteosarcoma. Abraxane® Polymeric Improved drug Diarrhea
nanoparticles distribution

Notes: Data from all references and the website of https:/clinicaltrials.gov/.
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Ethical Considerations in Nanomedicine

The rapid development of nanomedicine has raised significant ethical concerns that must be carefully addressed.®®
A major issue is the potential toxicity and long-term effects of nanoparticles on human health, including unpredictable
immune responses, organ accumulation, and possible genotoxicity.®

Safety and toxicity are among the most critical ethical considerations in the development and clinical application of
nanomedicine, particularly for metal-based nanoparticles such as silver and gold.*’ While these nanoparticles offer promising
therapeutic and diagnostic benefits, studies have demonstrated their potential to induce cytotoxicity, oxidative stress, genotoxicity,
and immunogenic responses.®® For example, in vitro studies have shown that silver nanoparticles at concentrations above 10 pg/
mL can significantly reduce cell viability and increase reactive oxygen species (ROS) production in human cell lines®* Similarly,
the size and surface chemistry of gold nanoparticles influence their toxicity; animal studies have reported dose-dependent
cytotoxicity and organ accumulation, particularly in the liver and spleen, following systemic administration.”® Prolonged
exposure to high doses of metal nanoparticles has been associated with organ dysfunction, altered blood parameters, and
inflammatory responses.®’ These findings underscore the necessity for rigorous and standardized toxicity assessments—including
both acute and chronic exposure studies—prior to clinical translation.'" Additionally, the environmental impact of nanoparticle
production, use, and disposal remains largely unknown, raising concerns about ecological safety.”’

From a bioethical perspective, new nanomedicines must undergo comprehensive preclinical and clinical trials to
evaluate both short-term and long-term safety.? The propensity of nanoparticles to accumulate in lymphoid organs may
result in local overexposure, while untested excipients may cause unexpected toxicity.”! The complex structure of
nanomedicines and the lack of well-defined structure-activity relationships make it challenging to predict biological
outcomes.” Significant differences in pharmacokinetics and tissue distribution between animal models and humans
further weaken the correlation between preclinical and clinical trial results.®® Preclinical toxicology studies often fail
to accurately predict adverse reactions in clinical patients, as small animal models are insufficient for forecasting human
immune responses, including potentially life-threatening allergic reactions.’? Therefore, transparent communication of
risks and benefits to patients and ensuring informed consent are crucial ethical requirements.>”

Table 3 summarizes the latest ongoing clinical trials and highlights that the development of nanomedicine remains challen-
ging, primarily due to the inherent complexity of experimental procedures and the stringent regulatory requirements imposed by
relevant authorities.” Therefore, transparency in communicating risks and benefits to patients and obtaining informed consent are
critical ethical requirements.” However, the development of nanotherapies for mali gnant tumors like osteosarcoma faces a series
of unique challenges."" Firstly, the special microenvironment of bone tissue—characterized by high mineralization, dense bone
matrix, and limited vascularization—restricts the penetration and drug release efficiency of nanoparticles.** Secondly, osteosar-
coma tumors often exhibit high interstitial pressure and a complex extracellular matrix, which further hinder the uniform
distribution and deep penetration of nanomedicines.** Moreover, osteosarcoma predominantly affects children and adolescents
and is classified as a rare disease, resulting in specific regulatory challenges in clinical trial design, patient recruitment, and long-
term safety evaluation.® For example, pediatric patients have different drug tolerances and developmental stages, and ethical
approval processes are more stringent, all of which pose additional hurdles for the clinical translation of nanomedicines.®"

In summary, although nanoparticle-based therapies show great potential in the treatment of osteosarcoma, their clinical
application still needs to overcome barriers such as the bone microenvironment, high intratumoral pressure, low drug delivery
efficiency, and regulatory challenges related to pediatric and rare diseases.”* Future research should focus on optimizing the design

Table 3 Summary of Clinical Trial Stages of Nanoparticle-Based Therapies for Osteosarcoma

Trial Phase | Status Name/Type Sponsor NCT Number Indication
Phase | Unknown Superparamagnetic lron Oxide Second Affiliated Hospital, NCT04316091 (6N
status Nanoparticles (SPIONs)/Spinning School of Medicine,
Magnetic Field (SMF) Zhejiang University
Construction | Completed | Microfluidic exosome chip Ruijin Hospital NCTO05101655 Lung metastasis of OS
Phase I/ 1l Active, not | Elraglusib (9-ING-41), a Glycogen Actuate Therapeutics Inc. NCT03678883 Neoplasm of bone,
recruiting Synthase Kinase-3f Inhibitor advanced OS

Notes: Data from https://clinicaltrials.gov/.
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of nanocarriers to improve their targeting and penetration in bone tissue, as well as strengthening multicenter and international
clinical collaborations to promote the clinical translation of nanotherapies for osteosarcoma.”

Moreover, promoting the development of biodegradable and biocompatible nanoparticles is encouraged to minimize
potential harm to both patients and the environment in Figure 7.

To sum up, the growing advancement of nanomedicine presents significant opportunities for the treatment of osteosarcoma but
also raises important ethical and safety concerns. Addressing issues related to toxicity, long-term health effects, and environmental
impact is essential for the responsible development and clinical translation of these innovative therapies. Rigorous preclinical and

clinical evaluations,

Current standard treatment - Surgery + systemic chemotherapy

Chemotherapy
mainly DOX, CDDP, D
and MTX Toxic side effect
Drug resistance
Recurrence

Emerging strategies proposed as substitutes for conventional drug delivery

NPs drug delivery Local drug delivery

Residual tumor

Targeted NPs 2 cells
% :

o il

Injectable hydroge!

Implantable NPs

3D scaffold
Bisphosphonates o
Aptamers
Folic and Hyaluronic
acid

New class of
scaffolds

Stimuli- responsive
drug release Multifunctional
scaffolds
b "':-.‘-
Redox 1. Fill bone defect 7 = " 2. Deliver locally
Enzymes after surgery SL OSSN  chemotherapeutics
Light :

3. Promote bone
regeneration

Figure 7 Schematic illustration of conventional and emerging treatment strategies for osteosarcoma, highlighting commonly used nanoparticles as drug carriers. The
diagram depicts controlled drug release strategies triggered by various stimuli, nanoparticle modifications for targeted delivery, and co-delivery of chemotherapeutics using
nanoplatforms. (copyright acquired from Kortam et al).48
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Summary and Conclusion

The biological characteristics of solid tumors such as OS suggest that conventional surgical methods may lead to tumor recurrence
due to residual tumor cells, and single-agent chemotherapy often fails to achieve complete remission. In response, multiple
strategies aimed at activating the immune system have been developed in recent years. Nanotechnology presents new opportu-
nities for the diagnosis and treatment of OS, as nanoparticles can penetrate tumor barriers and enable targeted drug delivery,
thereby enhancing drug accumulation at the tumor site and improving the efficacy of chemotherapy or radiotherapy.

By integrating Al and big data platforms, the development of smart nanomedicine systems can become more efficient,
reliable, and tailored to the specific needs of osteosarcoma therapy. These intelligent systems surpass traditional nanoparticles by
offering precise targeting, improved safety, and the potential for personalized treatment. However, challenges remain, including
issues related to manufacturing, long-term safety, clinical translation, medical ethics, and biodegradability. Establishing compre-
hensive evaluation and regulatory frameworks, as well as systematically analyzing the advantages and disadvantages of
nanomedicines, is essential for advancing nanoparticle-based therapies.

Future research should focus on developing novel strategies that integrate nanotechnology—such as enhancing drug
targeting, reducing carrier toxicity, and utilizing artificial intelligence for nanodrug design—to improve OS diagnosis and
treatment outcomes. By leveraging the unique properties of nanoparticles, promoting the integration of diagnosis and
therapy, and strengthening preclinical research, a solid foundation can be established for the clinical application of
intelligent nanoparticle systems. This integrated approach holds great promise for significantly improving the prognosis
and therapeutic efficacy for patients with OS.
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