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Abstract: Osteosarcoma (OS) is the most common primary malignant bone tumor, with two incidence peaks: one in adolescence and
the other in older individuals. Despite significant research, patient prognosis has not substantially improved in recent decades because
of a limited understanding of its pathogenesis and a lack of innovation in treatment approaches. The tumor microenvironment (TME)
is a rapidly evolving area of cancer therapy, offering critical insights into the dynamics of osteosarcoma development at the cellular
and molecular levels. This study also provides valuable guidance for the development of novel therapeutic strategies. To date, a broad
array of nanomedicines have been engineered to target specific ligands within the OS TME. Compared with conventional chemother-
apeutic agents, these nanomedicines can substantially enhance drug delivery efficiency while minimizing off-target side effects. In this
review, we focus on nanomedicines that target the TME of osteosarcoma. We first explore the core components of the OS TME, which
include osteoblasts, mesenchymal stem cells, the vascular microenvironment, and immune cells. Subsequently, we delve into the latest
advances and biomedical applications of nanodrug delivery systems engineered specifically for targeting the TME of osteosarcoma.
The findings of this review aim to contribute to improved treatment options and outcomes for osteosarcoma patients.
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Introduction
Osteosarcoma is the most common malignant primary bone tumor, but it is generally rare. The global annual incidence is
approximately 1 to 3 cases per million people.' The incidence of osteosarcoma exhibited a bimodal distribution across all
age groups. The first peak age of onset occurs in children and adolescents, which may be associated with the rapid bone
growth and remodeling during this period.”> * The second peak arises in the elderly population aged over 60 years, among
whom osteosarcoma is mostly secondary to benign bone lesions.>® Characterized by early metastasis and tumor
heterogeneity, approximately 15-20% of patients present with lung metastasis at the time of diagnosis, which is
correlated with poor prognosis.” The somatic genome of OS is highly complex and exhibits extensive intratumoral
heterogeneity. It is characterized by chromosomal aneuploidy, gene mutations, copy number alterations, structural
variants, and genomic instability.* These factors contribute to the complex tumor microenvironment of OS. For instance,
the oncogene MDM?2 can promote the polarization of macrophages toward the M2 phenotype, whereas mutant p53 can
form a complex with heat shock protein 90, thereby inhibiting MDM2 and participating in the regulation of the TME.®
The current standard treatment regimen consists of surgical resection combined with adjuvant chemotherapy. First-
line chemotherapy agents include doxorubicin (DOX), cisplatin (CDDP), and methotrexate (MTX).>'” This regimen has
substantially improved the prognosis of osteosarcoma patients, increasing the 5-year survival rate of those with localized
OS to 60%—70%. However, it exhibits limited efficacy in patients with metastatic or recurrent disease, with their 5-year
survival rate remaining at merely approximately 20%.'""'* Moreover, chemotherapeutic agents are plagued by drawbacks
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such as poor targeting ability, severe systemic toxic effects, and the development of drug resistance, thus highlighting an
urgent need for the development of novel therapeutic strategies.”

Recently, nano-targeted strategies tailored to the tumor microenvironment have attracted extensive attention from
researchers. The TME of osteosarcoma is a highly specialized and sophisticated niche, composed of osteoblasts, stromal
cells, immune cells, endothelial cells, and noncellular components such as the extracellular matrix (ECM) and inorganic
minerals. OS cells interact with the TME through cytokines, chemokines, growth factors, and extracellular vesicles, all of
which collectively contribute to tumor initiation, proliferation, apoptosis, invasion, and metastasis.'> Compared with
conventional chemotherapeutic agents, nano-targeted drugs exhibit the following advantages: (1) enhanced specificity
and selectivity, which elevate the local drug concentration within tumor tissues; (2) improved protection of drugs against
degradation, coupled with high drug-loading efficiency; (3) increased solubility of hydrophobic drugs; (4) capacity for
co-delivery of multiple therapeutic agents, thereby serving as a promising platform for combinatorial therapy.'*'> In this
study, we first summarize the major components of the osteosarcoma microenvironment, including bone cells, stem cells,
the vascular microenvironment, and immune cells. We then discuss in depth the nano-targeted strategies developed for
the osteosarcoma microenvironment, aiming to provide valuable insights for technological advances in this field. The
structure and coverage of this review are illustrated in Figure 1.

Tumor Microenvironment in Osteosarcoma
The osteosarcoma tumor microenvironment (TME) consists of both cellular and noncellular components. The cellular
components include bone cells (osteoblasts, osteoclasts, and osteocytes), stromal cells (mesenchymal stem cells and
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fibroblasts), vascular cells (endothelial cells and pericytes), and immune cells (macrophages, dendritic cells, lympho-
cytes, natural killer cells, and neutrophils). Noncellular components primarily include the extracellular matrix (ECM) and
inorganic minerals.'® Under normal physiological conditions, these components work together to maintain bone home-
ostasis through sophisticated intercellular communication and paracrine signaling. However, the presence of osteosar-
coma cells disrupts this balance, inducing bone remodeling into a “vicious cycle” that creates an immunosuppressive and
hypoxic environment; promotes neovascularization; and facilitates the growth, invasion, and metastasis of
osteosarcoma.'”"'® Herein, we outline the specific details of each component in the osteosarcoma microenvironment
during disease progression and their crosstalk. Based on the biological characteristics of key components in the OS TME,
such as the bone-targeting property of osteoclasts and the polarization plasticity of immune cells, we systematically
summarize the corresponding nanoparticle design strategies.

Bone Cells

The bone cells that constitute the osteosarcoma microenvironment include osteoclasts, osteoblasts, and osteocytes. Under
normal physiological conditions, osteoclasts resorb old bone, whereas osteoblasts produce new bone. These cells interact
in a highly coordinated manner to maintain bone remodeling homeostasis.'” Most bone destruction in OS is osteolytic,
which is closely associated with the activation of osteoclasts.! Osteoclasts (OCs) are the only cells in bone tissue capable
of resorbing bone, and their primary source after birth is hematopoietic stem cells (HSCs).?® Key regulatory factors, such
as macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-kappa B ligand (RANKL),
control osteoclast differentiation. M-CSF promotes the survival and proliferation of osteoclast precursors by activating its
cohomologous receptor, c-Fms. As a member of the tumor necrosis factor (TNF) superfamily, RANKL promotes the
differentiation of osteoclast precursors into osteoclasts by activating its homologous receptor, RANK.?'

Osteosarcoma cells form a “vicious cycle” with osteoclasts by producing cytokines such as parathyroid hormone-
related protein (PTHrP), transforming growth factor-beta (TGFp), and interleukin 11 (IL-11). These cytokines stimulate
osteoclast activation by inducing RANKL expression on osteoblasts, which leads to osteolysis and the release of growth
factors (such as BMP, TGFp, IGF1, or FGF) from the bone matrix, further promoting osteosarcoma cell proliferation. 13.22
Ohba et al reported an increase in the number of osteoclasts (OCs) in the bones of mice inoculated with OS cells in situ
compared with control mice, suggesting that OS can stimulate osteoclast differentiation. Endo-Munoz et al reported that
the expression of TRACPS (a biomarker on the surface of OCs) was significantly lower in OS patients than in healthy
controls, with this phenomenon being more pronounced in patients with metastatic lesions. These findings indicate that
the loss of osteoclasts may enhance OS metastasis.”> Zoledronic acid, an osteoclast inhibitor, has been shown to induce
apoptosis, inhibit cell proliferation, and reduce the metastatic potential of OS.** Osteoclasts play a role in the onset of OS
and could serve as potential therapeutic targets. However, understanding the seemingly contradictory roles of osteoclasts
in osteosarcoma is complex. One perspective is that in the early stages of disease, osteoclasts promote OS growth by
inducing osteolysis and releasing growth factors from the bone matrix. These growth factors, in turn, are thought to
prevent OS metastasis. As the disease progresses, genetic and/or epigenetic alterations in OS cells enable them to inhibit
osteoclast production, and a reduction in osteoclast numbers may facilitate metastasis and tumor spread.””> The specific
mechanism is as follows: In the early stage of the disease, RANKL secreted by osteoblasts and osteocytes in the bone
matrix can bind to the RANK receptor on the surface of OC precursor cells. This binding activates the RANKL-RANK
signaling pathway, thereby inducing the differentiation and maturation of OCs. Mature OCs can degrade the bone matrix
by secreting enzymes such as cathepsin K (CTSK) and matrix metalloproteinase 9 (MMP9), which in turn releases
growth factors including TGFp. These factors promote the proliferation of OS cells through signaling pathways such as
the TGF-B-Smad pathway, while providing a “trophic microenvironment” for OS cells to suppress their metastasis.>
Following genetic/epigenetic alterations, OS cells gain the ability to secrete factors such as VEGF, urokinase-type
plasminogen activator (uPA), and matrix metalloproteinase 1 (MMP1). These secreted factors inhibit the differentiation
of OC precursor cells, leading to a reduction in OC numbers.**

Osteoblasts primarily originate from bone marrow mesenchymal stem cells (MSCs). Osteosarcoma can disrupt normal
bone remodeling, leading to the formation of Codman’s triangle or Sunburst periosteal reactions, which are closely associated
with osteoblast activity. The differentiation of MSCs into osteoblasts involves several key steps. The transcription factors
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RUNX2 and transforming growth factor-beta (TGF-B1) play crucial roles in the early stages of osteoblast differentiation by
promoting the differentiation of MSCs into preosteoblasts. Osterix (also known as SP7) is predominantly involved in
osteoblast differentiation downstream of RUNX2 and drives the differentiation of preosteoblasts into mature
osteoblasts.’®*” Recent studies have revealed that osteoblast-derived extracellular vesicles (OB-EVs) may participate in cross-
communication between osteosarcoma cells and the TME, reducing the invasiveness and viability of osteosarcoma cells.*®
Additionally, MET overexpression has been shown to induce the transformation of primary human osteoblasts into osteo-
sarcoma cells, suggesting that osteoblasts could serve as progenitor cells for osteosarcoma.”’

Osteocytes are mature, mineralized cells derived from osteoblasts and are the most abundant cell type in human
bones, with an estimated 42 billion present.’® Osteocytes serve as the “coordinators” of bone tissue, maintaining the
physiological responses of bone to mechanical and metabolic demands. They play crucial roles in regulating, initiating,
and terminating bone remodeling.'® Cytokines such as CXCL1 and CXCL2, which are produced by osteocytes, have
been implicated in driving the metastasis of breast cancer cells.”’ Additionally, prostate cancer cells can induce a positive
feedback loop, promoting osteocytes to produce GDF15 and enhancing the expression of EGR1 in tumor cells, thereby
facilitating metastasis.>* Sottnik et al reported increased expression of osteocyte markers (DMP1, MEPE, and PHEX) in
the osteoblast subtypes of osteosarcoma, suggesting that osteocytes may be the origin of osteosarcoma cells.*> However,
the mechanisms by which osteoblasts and osteocytes contribute to the initiation and progression of osteosarcoma remain
unclear. Further research is necessary to explore their roles in osteosarcoma development before these cells can be
targeted for therapeutic purposes.

Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells (MSCs) are important components of the osteosarcoma tumor microenvironment. MSCs
contribute to osteosarcoma growth, recurrence, metastasis, and drug resistance through complex crosstalk mechanisms.
MSCs may also serve as the origin of osteosarcoma cells. For example, silencing the retinoblastoma (Rb) tumor
suppressor gene and overexpressing c-MYC in MSCs has been linked to osteosarcoma tumorigenesis.** Osteosarcoma
cells secrete cytokines such as TGF-B, stromal-derived factor-1 (SDF-1), and PDGF, which attract MSCs to the tumor
site.>> MSCs secrete various factors, such as IL-6, VEGF, CCL5, and CXCL10, which promote osteosarcoma growth,
metastasis, and angiogenesis.*®*>” The TGF-p secreted by MSCs is also thought to be involved in immune escape.’®
MSCs are also involved in the resistance of osteosarcoma to chemotherapy. IL-6 secreted by MSCs can activate the
STAT3 signaling pathway, thereby promoting the expression of MDR-1 (multidrug resistance gene 1) and MRP (multi-
drug resistance-associated protein), which further increases the survival rate of OS cells treated with DOX or cisplatin.*”

MSCs can also serve as both receptors for and donors of extracellular vesicles (EVs) within the TME. These EVs
mediate intercellular communication by transporting a diverse array of bioactive molecules, including microRNAs (eg,
miR-21, miR-34a), proteins (eg, PDGFR-B, TIMP-1, TIMP-2) and metabolites such as lactate and glutamate.*® Research
has shown that EVs derived from OS cells can induce the secretion of matrix metalloproteinase 1 (MMP1), VEGF, and
intercellular adhesion molecule 1 (ICAM-1) from MSCs, promoting tumor angiogenesis and metastasis.*' MSC-derived
exosomes can also promote osteosarcoma progression by inducing oncogenic autophagy.** Extracellular vesicles derived
from MSCs can carry microRNA-208a, which enhances the viability of osteosarcoma cells and promotes metastasis by
regulating PDCD4.* In contrast, miR-206 significantly inhibits the proliferation, migration, and invasion of osteosar-
coma cells while promoting their apoptosis by targeting TRA2B.* Lee et al reported that low concentrations of AD-
MSCs inhibited osteosarcoma growth, whereas high concentrations of AD-MSCs promoted osteosarcoma growth.*’
Exosomes derived from mesenchymal stem cells (MSCs) can also serve as nanoparticle carriers for the targeted delivery
of therapeutic agents. The role of MSCs in osteosarcoma growth is complex and contradictory and potentially influenced
by various factors, including the source of the MSCs, the tumor type, and the tumor microenvironment.>’

Vascular Microenvironment

Like other invasive tumors, osteosarcoma creates a dense network of microvessels to ensure a sufficient supply of
nutrients and oxygen, a process that is highly complex and regulated by various cytokines, signaling pathways, and
intercellular interactions. Endothelial progenitor cells (EPCs) play a significant role in tumor angiogenesis and work
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synergistically with mesenchymal stem cells and hematopoietic stem cells to drive tumor progression.*® A rat model
study confirmed that compared with the injection of tumor cells alone, the coinjection of EPCs with osteosarcoma cells
significantly increased the number of microvessels.*” There are two theories regarding the source of EPCs in the tumor
microenvironment: one posits that EPCs reside within the tumor, whereas the other suggests that they are recruited from
the bone marrow, with the latter being the dominant source.*®*® Owing to the intense metabolic activity of osteosarcoma
cells, a hypoxic and acidic environment often forms within the tumor. Hypoxia primarily works through hypoxia-
inducible factor 1-alpha (HIF-1a), which is a transcriptional regulator that promotes the expression of various proangio-
genic genes, including VEGF, PDGF, and FGF.** VEGF, a key angiogenic factor, binds to its receptor, VEGFR,
triggering the production of matrix metalloproteinases (MMPs) and urokinase plasminogen activators, which degrade the
extracellular matrix to promote metastasis and induce endothelial cell migration and neovascularization.’' > High
expression of VEGF and VEGFR in OS is positively correlated with tumor stage and metastasis.’® A systematic review
by Chen et al reached the same conclusion, suggesting that VEGF expression could serve as a prognostic biomarker for
OS patients.” Nanoparticle-based targeted delivery systems have been developed to target VEGFR and its ligands, as
well as to inhibit HIF-1a for anti-angiogenic therapy.

Exosomes secreted by osteosarcoma cells also carry key molecules such as EWSAT, which increases the sensitivity and
reactivity of vascular endothelial cells, further promoting OS angiogenesis.’® Another study revealed that the IncRNA OIP5-
AS1, which is carried by exosomes from osteosarcoma cells, regulates angiogenesis, autophagy, and apoptosis through the
miR-153-ATGS5 axis.”’ Integrins are a class of critical cell surface receptors that promote angiogenesis at tumor sites by
mediating cell-extracellular matrix interactions and facilitating intracellular signal transduction.’® Several antiangiogenic
agents, including VEGF monoclonal antibodies (such as bevacizumab), tyrosine kinase inhibitors (apatinib, sorafenib,
pazopanib and regorafenib), and human recombinant endostatin (Endostar), have been developed to target angiogenesis in
tumors.’® However, these therapies are still in the early stages of development and require further clinical validation.

Immune Cells

Osteosarcoma tissues are infiltrated by many immune cells, which interact to create an immunosuppressive microenvir-
onment that supports tumor growth, migration, apoptosis, and drug resistance. Recent technological advances in
immunohistochemistry, transcriptomics, and genomics have facilitated the study of tumor heterogeneity and its various
subpopulations. The immune microenvironment of osteosarcoma is predominantly populated by myeloid cells, such as
monocytes, tumor-associated macrophages (TAMs), dendritic cells (DCs), and neutrophils, whereas lymphocytes, such as
CDS8+ T cells, CD4+ T cells, regulatory T cells (Tregs), and natural killer (NK) cells, are relatively underrepresented.' "
Zhou et al conducted scRNA-seq analysis on 11 osteosarcoma patients and reported that in the myeloid lineage,
monocytes and macrophages accounted for 70-80% of the cells, dendritic cells (DCs) represented 5%, and neutrophils
were present in small numbers.®’ The tumor immune microenvironment holds great potential for guiding new drug target

development, making it crucial to explore this area further.

Tumor-Associated Macrophages (TAMs)

TAMs are among the most abundant immune cells within the osteosarcoma TME, potentially constituting >50% of the
total immune cell population.®* TAMs can be recruited from the periphery or generated through in situ proliferation of
tissue-resident macrophages.®® TAMs exhibit heterogeneity and plasticity and can exhibit both antitumor and protumor
characteristics, depending on the microenvironment and the stimuli to which they are exposed. TAMs are classified into
two subtypes: M1-type and M2-type. M1-type TAMs have antitumor properties; they promote the secretion of inflam-
matory factors that trigger antitumor immunity, produce reactive oxygen species (ROS) to induce tumor tissue damage,
and can directly phagocytose tumor cells.®**> M2-type TAMs, as important tumor-associated anti-inflammatory macro-
phages, increase the expression of anti-inflammatory factors (such as IL-10 and TGF-$), VEGF, and extracellular matrix
remodeling cytokines, thereby promoting immune evasion, angiogenesis, and metastasis.”> A small subset of M2-TAMs
exhibit increased expression levels of M1-TAM marker genes, suggesting that M1-TAMs and M2-TAMs can interconvert
within the OS microenvironment.®' Induction of M1 polarization has provided valuable insights for the development of
novel nanoparticle-based therapeutics.
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A study by Dumars et al revealed that vascular density was significantly increased in patients with metastatic OS, and
there was a correlation between M2-TAMs and CD146+ vascular cells, suggesting that M2-TAMs are involved in
promoting neovascularization.°® TAMs secrete various proangiogenic factors, including vascular endothelial growth
factor (VEGF), matrix metalloproteinase 9 (MMP-9), and fibroblast growth factor (FGF).®” It has been reported that OS
cells secrete IL-34, which stimulates endothelial cell proliferation and recruits M2 macrophages to tumors, thereby
promoting OS growth and metastasis.®® TAMs are also associated with immunosuppression through several mechanisms.
First, TAMs express programmed death ligand-1 (PD-L1) and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4),
which inhibit T lymphocyte activity.®” Additionally, CD163+ M2-TAMs secrete immunosuppressive cytokines (IL-10
and TGF-B), which inhibit T-cell activation and contribute to T-cell exhaustion.”” Furthermore, TAMs stimulate the
differentiation of regulatory T cells (Tregs) and their recruitment into tumor tissues, suppressing T lymphocyte-mediated
antitumor immunity.”' TAMs promote OS metastasis primarily by secreting cytokines and chemokines. For example, the
chemokine CCL18 derived from M2-TAMs significantly promotes OS proliferation and metastasis through the EP300/
UCA1/Wnt/B-catenin pathway.”> TAMs can also upregulate COX-2, activate the COX-2-STAT3 axis, and promote OS
metastasis by facilitating epithelial-mesenchymal transition (EMT).”®

Existing evidence shows that M2-TAMs are highly infiltrated in primary osteosarcoma tissues. All-trans retinoic acid
(ATRA) has been shown to reduce the colony-forming ability of mouse osteosarcoma cells and inhibit tumor formation
by suppressing M2 polarization of TAMs.”* Another study revealed that localized osteosarcoma tissues are rich in M1-
TAMs, whereas metastatic osteosarcoma tissues have a greater presence of M2-TAMs. This finding suggests that the ratio
of M1 to M2 TAMs may be linked to osteosarcoma metastasis, with M1 polarization inhibiting OS metastasis.°® Emilie
et al reported that the TAM density in primary localized osteosarcoma is approximately twice that in metastatic
osteosarcoma and that the antitumor effect of macrophages outweighs their tumor-promoting effect, resulting in overall
inhibition of osteosarcoma metastasis.”> Interestingly, the prognosis of osteosarcoma patients appears to be less related to
the proportions of M1 and M2 TAM subtypes and more related to the total number of TAMs. Patients with higher TAM
counts tend to have a lower likelihood of metastasis, which may be linked to the dual role of TAMs—both the M1 and

M2 subtypes may inhibit OS growth under certain conditions.’®”’

Lymphocytes

Lymphocytes, which include T cells, B cells, and natural killer (NK) cells, play critical roles in the immune response
against osteosarcoma. These cells originate from hematopoietic stem cells in the bone marrow, but their maturation and
specific functions vary. T lymphocytes can be classified on the basis of their functions into cytotoxic T lymphocytes
(CTLs, CD8+), which directly kill tumor or infected cells; helper T lymphocytes (THLs, CD4+), which assist other
immune cells and enhance immune responses; and regulatory T cells (Tregs), which suppress excessive immune
responses. B lymphocytes mature in the bone marrow, and their main function is to produce antibodies. NK cells mature
in the bone marrow and peripheral lymphoid tissues (such as the spleen and lymph nodes) and are characterized by their
ability to kill abnormal cells directly in the body without the need for prior sensitization.

On the basis of their receptor characteristics, T lymphocytes can be further divided into offT and y6T lymphocytes. afT
lymphocyte receptors activate T cells by recognizing antigenic peptide-MHC complexes. Cytotoxic T lymphocytes can
recognize tumor antigens presented by MHC class I molecules on the surface of tumor cells, which activate downstream
immune receptor tyrosine activation motifs (ITAMs), initiating immune killing.”® Evidence suggests that OS may evade
cytotoxic T lymphocyte attacks by inhibiting the expression of MHC class I molecules.” After recognizing the antigenic
peptide-MHC complex, CD4+ T lymphocytes can promote the release of cytokines such as IL-2 and IFN-y from antigen-
presenting cells, thereby exerting antitumor effects.* PD-1 is a major inhibitory receptor expressed on T cells, and its binding
to PD-L1 can induce T-cell exhaustion and suppress immune responses.®' Studies have shown that OS cells can evade immune
surveillance by secreting PD-L1.%? Casanova et al reported that infiltration of CD4+ T cells improved the prognosis of OS
patients and that patients with greater infiltration of CD8+ T cells had significantly longer overall survival (OS) and
progression-free survival (PFS).** The activation of Toll-like receptor 4 (TLR4) can suppress OS progression. Richert et al
reported that activating TLR4 in a mouse model induced osteosarcoma regression by stimulating CD8+ T cells and promoting
the polarization of TAMs toward the M1 phenotype.** Furthermore, macrophages may suppress T lymphocyte function
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through complex interactions. For example, Liu et al reported that C5 IFIT1+ macrophages interact with Treg cells via
ligand—receptor interactions, leading to CD8+ T-cell exhaustion.®

NK cells are effector cells of the innate immune system and are highly sensitive to the downregulation of MHC
expression on cell surfaces, making them particularly effective in eliminating tumor cells that reduce MHC expression to
evade immune surveillance.®® The primary mechanisms by which NK cells kill target cells include the release of
cytotoxic granules containing perforin, granzymes, and granulysin to induce apoptosis; the production of death ligands
such as Fas ligand (FasL) and TNF-related apoptosis-inducing ligand (TRAIL); and the secretion of cytokines such as
TNF-a and IFN-y to stimulate adaptive immunity.®” Several studies have highlighted the potential of NK cells in OS
treatment. For example, Rademacher et al reported that IL-12 overexpression in sarcomas promotes NK cell-mediated
immune modulation, triggering a specific immune response and significantly controlling tumor growth.*® Furthermore,
Yamato et al demonstrated that blocking FSTL1 significantly restores NK cell activity, inhibits OS cell growth in vivo,
and notably extends overall survival in mice.*’

Dendritic Cells (DCs)

Dendritic cells (DCs) are highly efficient antigen-presenting cells derived from the bone marrow that play a critical role
in initiating and coordinating T-cell-mediated antitumor immune responses.”® On the basis of their phenotype and
function, DCs are classified into four distinct subtypes: classical DCs (¢cDCs), including ¢cDC1s and ¢cDC2s; plasmacytoid
DCs (pDCs); and monocyte-derived DCs. cDCls cross-present exogenous antigens and activate CD8+ T cells via MHC
class I molecules, thereby triggering cellular immune responses against tumor cells. cDC2s primarily activate CD4+
T cells and, through the secretion of cytokines and costimulatory molecules such as CD40L, help induce the differentia-
tion of Thl, Th2, or Th17 cells. Monocyte-derived DCs are involved mainly in inflammatory responses and can promote
immune reactions by activating both CD4+ and CD8+ T cells.”" Plasmacytoid DCs produce type I interferons (IFN-Is)
and can differentiate into antigen-presenting cells when stimulated by viruses or self-DNA.%?

Evidence suggests that the number of cDC2s is significantly greater in lung metastases than in primary and
recurrent lesions.®” DCs express glutamate receptor 4 (GMR-4), which regulates the expression of IL-23 and
related cytokines, such as IL-12, to drive osteosarcoma development. Kansara et al reported that treatments with
GMR-4 agonists and IL-23 antagonists were as effective as those with DOX, indicating that these pathways could
serve as new therapeutic targets for osteosarcoma.’” The chemokine receptor CCR7 guides DCs from peripheral
tissues to lymph nodes and regulates T-cell activation. Additionally, CCR7 modulates DC survival, chemotaxis,
and migration speed through the activation of three signaling pathways (PI3K/Akt, MAPK, and RhoA), which are
closely linked to tumor metastasis.”* Single-cell RNA sequencing (scRNA-seq) of osteosarcoma cells revealed that
mature immune-regulatory DCs (mregDCs) can induce tumor immune tolerance by recruiting Tregs.®?

Nanoparticle Applications in Osteosarcoma

The specific tumor microenvironment (TME) of osteosarcoma significantly hinders the efficient delivery of traditional
chemotherapy drugs. Issues such as multidrug resistance and off-target drug effects further complicate treatment, making
conventional therapies less effective. In recent years, nanotechnology-based targeted therapies have attracted consider-
able attention, as they provide new opportunities for overcoming these challenges. NPs designed to mimic biological
agents exhibit high biocompatibility and low immunogenicity, while ligand-modified nanocarriers can specifically bind to
biomarkers on osteosarcoma cells, thereby reducing off-target effects and enhancing treatment efficacy. In this section,
we focus on the different nanoparticle-based drug delivery systems developed to target the components of the osteo-
sarcoma microenvironment.

Targeted Bone Tissue

Bones consist of both organic and inorganic components, which together form the body’s framework, maintaining
stability and ensuring proper posture and movement. Inorganic components account for approximately 60%-70% of bone
mass, primarily in the form of hydroxyapatite (CalO(PO4)6(OH)2; HAp), whereas organic components make up
approximately 30%-40%, with type I collagen being the predominant protein and the remainder consisting of small
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amounts of water.”> The surface of hydroxyapatite is rich in hydroxyl and phosphate groups, which can strongly bind to
drugs through covalent bonding or electrostatic interactions, facilitating high accumulation in bone tissue and making it
an ideal target for drug delivery. To harness these properties, nanoparticles based on bisphosphonates, oligopeptides,
tetracyclines, and phytic acid have been developed and have shown significant efficacy in preclinical studies.

Bisphosphonates

Bisphosphonates (BPs) were first reported over half a century ago in rat models for the treatment of osteoporosis.”® In
recent years, further research has revealed their effectiveness in treating hypercalcemia, multiple myeloma, Paget’s
disease of bone in adults, and both primary and secondary bone tumors.”” BPs are highly selective for bone, and their
properties are closely related to their molecular structure. The P-C-P backbone of BPs contains two terminal phosphate
groups, which chelate calcium ions on the surface of hydroxyapatite in a bidentate structure. Additionally, the R1 and R2
side chains influence their binding affinity.”® BPs are classified into three generations on the basis of their chemical
structure. First-generation BPs, which lack nitrogen atoms, are metabolized into nonhydrolyzable ATP analogs, affecting
osteoclast energy metabolism. Examples include etidronate and clodronate. Second-generation BPs contain a nitrogen
group, enabling them to target farnesyl pyrophosphate synthase (FPPS) and inhibit the mevalonate pathway, leading to
cell death. Members of this generation include alendronate (ALN), pamidronate, neridronate, and ibandronate. Third-
generation BPs, which contain nitrogen heterocycles, function similarly to second-generation BPs, with zoledronic acid
(ZOL) and risedronate as key examples.”

Recently, several BP-modified nanoparticle drug delivery systems have been developed to target the bone microenvir-
onment. Mitchell et al designed BP-modified lipid nanoparticles (LNPs) for the bone-targeted delivery of mRNA-based
therapeutics (Figure 2A).'%° Segal et al conjugated ALN with the antiangiogenic agent TNP-470 and N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymers. In a mouse osteosarcoma xenograft model, the HPMA copolymer-ALN-TNP-470
conjugate demonstrated greater antitumor activity and lower organ toxicity than did the free combination of ALN and TNP-
470, which specifically inhibited tumor-induced neovascularization.'" Nguyen et al designed a targeted nanoparticle
composed of ALN and DOX. In vitro experiments revealed that the nanoparticles significantly accumulated in hydro-

Xyapatite crystals and exhibited greater cytotoxicity than free DOX did (Figure 2B-D).'*

Oligopeptides

Osteopontin and bone sialoprotein are noncollagen proteins in bone that exhibit strong affinity for hydroxyapatite owing
to the repetitive L-Asp and L-Glu sequences in their structures.'® The mechanism behind this affinity involves ionic
interactions between the carboxyl groups of peptides, which carry negative charges, and the calcium ions in hydro-
xyapatite (HAP). The strength of this interaction correlates with the number of exposed amino acid residues.'® It has
been reported that the optimal HA binding affinity occurs with Asp repeat sequences of 6 or 8 residues.'® After
modifying nanoparticles (NPs) with Asp-rich peptides, bone accumulation can be increased by more than 10-fold.'*®
Inspired by this, researchers are designing Asp-rich oligopeptides as new ligands for bone targeting. Wang et al
developed an aspartic acid octapeptide-modified dendritic platinum-copper alloy nanoparticle (Asp-DPCN), which
demonstrated significantly greater affinity for hydroxyapatite and ex vivo bone fragments than nontargeted Gly-DPCN
did, along with improved accumulation efficiency in bone tumors.'”” Additionally, a hydrophilic D-aspartic acid
octapeptide-modified nanomicelle was designed for conjugating DOX for targeted osteosarcoma therapy, achieving
a binding rate of up to 91% with Hap.'*®

Other Bone-Targeting Materials

Tetracycline molecules also demonstrate a strong affinity for hydroxyapatite (HAP), making them promising bone-
targeting ligands. Compared with bisphosphonates (BPs), tetracyclines may offer superior oral bioavailability and fewer
side effects. Wang et al developed bone-targeting nanoparticles (TC-PLGA NPs) using poly(lactic-co-glycolic acid)
(PLGA) and tetracycline (TC). These nanoparticles exhibited significantly greater bone-targeting efficiency than did
PLGA NPs without TC.'” Phytic acid (PA), with its molecular structure containing phosphate groups, also has a high
affinity for HAP. Additionally, PA has inherent anticancer properties and excellent biocompatibility. Zhou et al prepared
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PA-coated platinum nanoparticles (PA/PtNPs), and the results indicated that PA significantly enhanced the accumulation

of PA/PtNPs in tumor-associated bone lesions, effectively inhibiting bone tumor growth and osteolysis. "'

Targeted Immune Cells

In recent years, researchers have increasingly focused on the tumor microenvironment and its immune components to
develop new immunotherapies aimed at improving the prognosis of OS patients. Nanotechnology has demonstrated
significant potential in this emerging field, providing novel approaches for modulating the immune microenvironment of
OS. For example, nanoparticles can promote the polarization of macrophages from the M2 phenotype to the Ml
phenotype, thus initiating an immune response. When combined with immune checkpoint inhibitors (such as anti-PD
-1 antibodies), these nanoparticles enhance immune activation at the tumor site while significantly minimizing off-target
effects. Certain nanomaterials can also improve the presentation of tumor antigens to DCs and T lymphocytes, thereby
increasing antitumor immunity. Moreover, owing to their unique optical and physical properties, these nanomaterials can
be integrated with therapies such as photothermal therapy (PTT), photodynamic therapy (PDT), and radiation therapy to
achieve more effective tumor-killing effects. Herein, we will introduce a variety of nanoparticles targeting immune cells
within the OS immune microenvironment (Table 1).

Regulating Macrophages

Macrophages are a key component of the OS tumor microenvironment, and their polarization status plays a crucial role in
reshaping the immune microenvironment and regulating local immune responses. Several nanoparticle-based therapies
have been developed to modulate the polarization of TAMs. Mifamurtide, a synthetic bacterial cell wall analog, interacts
with Toll-like receptor 4 (TLR4) on the cell surface, triggering the activation of the innate immune system and increasing
the antitumor immune response of macrophages.'>° Owing to its significant efficacy, mifamurtide was approved for use
in Europe in 2009. A recent prospective clinical study demonstrated that combining mifamurtide with conventional
chemotherapy improved survival rates in young patients with localized 0S.'?' High concentrations of Zn*" and Cu*"
have been shown to promote the secretion of anti-inflammatory cytokines and induce M1 macrophage activation.''*!??
Huo et al developed a novel bioactive glass nanoparticle (Cu-Zn BGn) doped with copper and zinc ions, which regulates
M1/M2 macrophage polarization by alternately activating the NOD-like receptor pathway and inhibiting the MAPK
signaling pathway (Figure 3A).''? Researchers have also engineered macrophages with gold nanoparticles (Au
DENPs@Macs) as a therapeutic and diagnostic platform for osteosarcoma (Figure 3B). They synthesized dendrimer-
entrapped gold nanoparticles (Au DENPs) and demonstrated their potent ability to drive M1 macrophage polarization. As
shown in Figure 3C-E, treatment with Au DENPs markedly up-regulated the canonical M1 markers CD86, iNOS and
TNF-a. After being combined with the Au DENPs, engineered macrophages enhanced tumor apoptosis and demonstrated
excellent CT imaging performance. The Au DENPs@MACs group exhibited the highest apoptosis rate (Figure 3F).
Subsequent Western blot analyses (Figure 3G and H) corroborated this finding, revealing the highest level of activated

cleaved Caspase-3 in the Au DENPs@MACs group and underscoring its superior pro-apoptotic effect.!!!

Table | Summary of Nanoparticles Targeting Immune Cells

Cell Type Name Therapeutic Agent Refs
Macrophage Au DENPs@Macs Au DENPs [
Cu-Zn BGns Cu*, Zn* [112]
(PMETTLI14+RS09) @cRGD-M | METTLI4, RS09 [113]
T lymphocyte | Rh2@HMnO, am Rh2, MnO, [114]
aPDI-NGs aPDI [I115]
Iron oxide nanoparticles Iron oxide [116]
DC TPOM NPs OVA, Mn** [117]
LV@HPA/PEI Tumor-associated antigens (TAAs) | [118]
OVA@Mn-DAP Mn?*, DAP, a-PD-| [119]

Abbreviations: DENPs, dendrimer-entrapped gold nanoparticles; BGns, bioactive glass nanoparticles;
METTLI4, methyltransferase-like 14; Rh2, ginsenoside; OVA, ovalbumin.
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Huang et al developed cRGD peptide-modified macrophage membrane-coated nanovesicles for targeted OS therapy.
These nanovesicles not only enhance targeting efficiency but also facilitate the delivery of METTL14 and TLR4 agonists,
denoted as pMETTL14+RS09@cRGD-M. METTL14 (methyltransferase-like 14) downregulates TICAM2 expression
and inhibits the TLR4 signaling pathway in macrophages. RS09, a TLR4 agonist, has the potential to induce M1
polarization of TAMs, thereby exerting antitumor effects (Figure 4A). Experimental results demonstrated that
(PMETTL14+RS09) @cRGD-M nanovesicles exhibit significant antitumor efficacy both in vitro and in vivo
(Figure 4B and C) and promote M1 polarization of macrophages (Figure 4D and E).'"

Regulating T Lymphocytes

T lymphocytes are essential components of adaptive immunity and play a crucial role in the antitumor immune response
in OS. Nanomaterials have been shown to effectively promote T lymphocyte activation, proliferation, and infiltration into
tumor tissues. Fu et al designed hollow manganese dioxide (HMnO2) nanoparticles modified with alendronate (ALD)
and coated them with tumor cell membranes to deliver ginsenoside Rh2 for OS therapy, denoted as Rh2@HMnO2-AM
(Figure 5A). The combination of ALD and the tumor cell membrane enhances bone-targeting capabilities, whereas
ginsenoside Rh2 inhibits tumor cell growth and induces apoptosis.'?® The experimental results demonstrated that the
Rh2@HMnO2-AM nanoparticles triggered immunogenic cell death, leading to T-cell infiltration and activation
(Figure 5B), while also promoting the expression of BAX and BCL-2 to induce tumor apoptosis (Figure 5C). In vivo
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studies further revealed significant inhibition of tumor growth in the mouse model (Figure 5D).''* Research indicates that
calcium ions play pivotal roles in T-cell activation and proliferation. Increased Ca*" signaling induces the nuclear
translocation of T-cell nuclear factor (NFAT), which promotes the expression of proliferation-associated genes, such as
IL-2, facilitating T-cell proliferation and differentiation, thus strengthening the immune response.'?*'?* In this context,
calcium phosphate nanocarriers have been developed to modulate intracellular calcium levels, thereby increasing T-cell
receptor (TCR) signaling and promoting cytokine secretion and the proliferation of CD8+ cytotoxic T cells.'?®
Chimeric antigen receptor (CAR) T-cell therapy represents a groundbreaking advancement in cancer treatment, as it
allows tumor cells to be recognized and targeted without the need for MHC molecules. This approach effectively
addresses the challenge posed by tumor cells that downregulate MHC expression to evade immune surveillance.'?” While
CAR-T-cell therapy has shown great success in treating hematologic malignancies, it faces significant challenges in solid
tumors, including physical barriers that hinder CAR-T-cell infiltration, the absence of uniformly expressed tumor-specific
antigens, and the immunosuppressive tumor microenvironment.'?*!'? A key factor contributing to the immunosuppres-
sive tumor microenvironment is the expression of PD-L1 on tumor cells, which binds to PD-L1 on cytotoxic
T lymphocytes (CTLs), thereby hijacking the immune checkpoint pathway and suppressing T-cell-mediated antitumor
immunity."*® To address this issue, Chen et al developed nanogels (aPD1-NGs) capable of carrying immune checkpoint
inhibitors anchored to the surface of CAR-T cells. Their results demonstrated that this strategy significantly inhibited
tumor growth.''> One of the challenges in applying CAR-T-cell therapy to OS is the difficulty in monitoring CAR-T-cell
accumulation within the tumor. To overcome this, iron oxide nanoparticles have been used to label CAR-T cells, enabling
noninvasive detection of labeled CAR-T cells via magnetic resonance imaging (MRI), magnetic particle imaging (MPI),

and photoacoustic tomography (PAT)."'®

Regulating Dendritic Cells (DCs)
Upon activation, DCs are specialized antigen-presenting cells that present tumor antigens to T lymphocytes, triggering
cytotoxic T lymphocyte responses that kill tumor cells.*""32 Liu et al developed a titanium carbide-based TPOM
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nanoplatform designed for immune therapy triggered by photothermal therapy. This nanoplatform is composed of
titanium carbide and manganese ions integrated with ovalbumin, facilitating cross-talk between innate and adaptive
immune responses. Upon near-infrared laser irradiation, dying tumor cells release mt-DNA and tumor-derived antigens,
while TPOM nanoparticles breakdown to release manganese ions and ovalbumin. More importantly, the released mt-
DNA and Mn?" synergistically activate the STING pathway, stimulating innate immunity in immature DCs, whereas
ovalbumin and tumor-derived antigens enhance adaptive immunity. In an OS model, the TPOM nanoplatform was shown
to promote antigen presentation, enhancing DC maturation and increasing the infiltration of cytotoxic T lymphocytes into
tumor tissues.''” Furthermore, a polyethyleneimine (PEI)-modified aluminum hydroxide nanoparticle (LV@HPA/PEI)
was developed, which promotes DC maturation and activation by increasing the expression of costimulatory molecules
(such as CD80 and CD86), thereby improving their antigen cross-presentation ability."'®

In recent years, cancer vaccines, as a crucial branch of immunotherapy, have garnered significant attention from scientists.
As nanocarriers for tumor antigens and adjuvants, cancer vaccines can specifically target antigen-presenting cells and lymph
nodes, triggering robust tumor-specific immune responses.'*>~'*> Nanomaterials hold great promise in this field, with studies
demonstrating that combining tumor vaccines with nanoparticles can substantially increase their efficacy.'**'*” For example,
Zhao et al developed a nanoparticle-based vaccine composed of ovalbumin (OVA), Mn2+, and meso-2,6-diaminopimelic acid
(DAP) (OVA@Mn-DAP) (Figure 6A). In this formulation, OVA serves as a model protein antigen, Mn2+ provides imaging
capabilities, and DAP activates the nucleotide oligomerization binding domain 1 (Nodl) signaling pathway, thereby
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increasing the cross-presentation of antigens by DCs.'**!'3% The experimental results revealed that this nanoparticle vaccine
effectively promoted DC maturation (Figure 6B and C) and increased the expression of interleukin-12 (IL-12) and tumor
necrosis factor-o (TNF-a) (Figure 6D and E), thereby increasing the immune response. Additionally, OVA@Mn-DAP can be
tracked in vivo via magnetic resonance imaging (MRI) and fluorescence imaging, revealing its prolonged retention in the

lymph nodes (Figure 6F-I). This suggests its potential as a preventive vaccine.'"”

Targeting Osteosarcoma Cells

Tumor cells often express specific biomarkers, creating opportunities for the development of nanotechnology-based targeting
strategies. When nanoparticles are modified with high-affinity ligands (such as aptamers and peptides), they can selectively
target these biomarkers and deliver therapeutic agents directly to tumor cells. For example, prostate-specific membrane
antigen (PSMA) is overexpressed on the surface of most prostate cancer cells, and aptamers targeting PSMA have been
developed for treating bone-metastatic prostate cancer.'*® Human epidermal growth factor receptor-2 (HER2) is over-
expressed in approximately 20%-30% of breast cancer patients, and trastuzumab, which targets HER2, can kill tumor cells,
significantly improving patient prognosis.'*'"'*> Research has also revealed that OS cells express a variety of specific
biomarkers on their surface, including integrins, folate receptors, lectin receptors, CD44, and EphA2 (adrenaline a2 receptor).
This review provides a detailed overview of nanodrug delivery systems targeting OS cell-specific biomarkers (Table 2).

Targeting Integrins

Integrins are a class of transmembrane glycoprotein adhesion molecules that primarily mediate interactions between cells
and the extracellular matrix (ECM). They are expressed not only on tumor cells but also on tumor-associated host cells,
such as endothelial cells and fibroblasts, where they regulate tumor cell survival, proliferation, and metastasis through
signal transduction.'>* The pivotal role of integrins in tumor biology makes them attractive targets for cancer therapy.

Arg-Gly-Asp (RGD) is a cell-adhesive peptide that specifically targets and binds to avp3 and avp5 integrins
expressed on osteosarcoma cells.'>*'>* This strong affinity of RGD for osteosarcoma cells has led to the development
of various RGD-modified nanoparticles, which have demonstrated promising tumor-suppressive effects.

Fang et al designed an RGD-modified DOX-loaded polymeric micelle (RGD-DOX-PM). Owing to their high affinity
for integrins on MG-63 OS cells and efficient drug-loading capacity, these nanoparticles exhibited enhanced tumor
targeting ability and cytotoxicity in vitro. In the experiment, MG-63 cells were divided into two groups: one group
received pretreatment (ie, blocking avp3 and avp5 integrins on the cell membrane), whereas the other group did not.
Compared with pretreated cells, untreated cells exhibited greater uptake of RGD-DOX-PM, and the inhibition of
osteosarcoma cell proliferation was approximately six times greater.'*> A cyclic RGD-modified, MEG3-loaded engi-
neered exosome (CRGD-Exo-MEG?3) was designed for the treatment of osteosarcoma. Compared with exosomes without
cyclic RGD modification, cRGD-Exo-MEG3 demonstrated more effective tumor accumulation and stronger tumor-

Table 2 Summary of Nanoparticles Targeting OS Cells

Biomarker | Name Therapeutic Agent | Refs
Integrin RGD-DOX-PM DOX [143]
cRGD-Exo-MEG3 IncRNA MEG3 [144]
AHTPR MnO,, AIBI [145]
VEGFR V-RZCD DOX, ZOL and Ca** | [146]
CD44 CPPPHANG DOX, CDDP [147]
HA-PEG-nHA-ZOL NPs | ZOL [148]
EphA2 YSA-L-DOX DOX [149]
VIM Phe-co-Cys DOX [150]
STP-NG/SHK SHK [151

Abbreviations: DOX, doxorubicin; AIBI, azo initiator 2,2'-azobis[2-(2-imidazolin-2-yl)
propane] dihydrochloride; BMSCs, bone marrow stromal cells; VEGFR, vascular
endothelial growth factor receptor; ZOL, zoledronic acid; HA, hyaluronic acid; CDDP,
cisplatin; HSFs, human skin fibroblasts; VIM, vimentin; SHK, shikonin.
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suppressive effects both in vitro and in vivo."** Hu et al developed an RGD-modified, mitochondria-targeting ligand
(TPP)-containing smart nanocomposite material (AIBI@H-mMnO2-TPP@PDA-RGD, AHTPR) for synergistically
enhanced low-temperature photothermal therapy/thermodynamic therapy (LPTT/TDT) (Figure 7A and B). RGD mod-
ification allows AHTPR nanoparticles to target osteosarcoma cells. The acidic tumor microenvironment disrupts the PDA
shell, and through the targeting ability of TPP, the nanoparticles accumulate in the mitochondria. After near-infrared light
irradiation, AIBI decomposes and releases large amounts of free radicals. Moreover, MnO2 depletes intracellular GSH,
significantly reducing the consumption of free radicals. Ultimately, the accumulation of free radicals in the mitochondria

triggers tumor apoptosis (Figure 7C).145

Targeting VEGFR
Studies have shown that vascular endothelial growth factor receptor (VEGFR) is highly expressed on the surface of OS
cells and may be involved in OS metastasis and immune evasion.'>>'>® Wu et al developed a biomimetic nanodrug

H-mMnO,-NH, H-mMnO,-TPP AHT AHTP AHTPR

Figure 7 Design of AHTPR nanoparticles targeting integrins. (A and B) TEM mapping and SEM mapping of the AHTPR NPs. (C) Schematic illustration of the synthesis
procedures of AHTPR NPs and the application of the NPs in synergistic mitochondrion-targeted LPTT/TDT.'"* Different colored alphabets are abbreviations for chemical
elements. The white arrows indicate that the quantities of ATP and A¥m in the mitochondria are showing a downward trend. The blue solid circle marked with “R”
represents the oxygen-independent free radicals generated after AHTPR NPs act on mitochondria. Copyright 2021, Journal of Nanobiotechnology.
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system, V-RZCD, designed for VEGFR-targeted therapy for OS. V-RZCD consists of two components: a metal—organic
framework made from Ca*" and zoledronic acid, which serves as the core and carries DOX, whereas VEGF-modified red
blood cell membranes form the outer shell. The results showed that V-RZCD specifically binds to highly expressed
VEGEF receptors on osteosarcoma cells, significantly inhibiting OS cell proliferation while also reducing osteolysis.'*®

Targeting CD44

CD44 is an adhesion molecule that is highly expressed on the surface of OS cells. It binds to hyaluronic acid (HA) and
mediates interactions between cells and the extracellular matrix, playing a key role in tumor proliferation, metastasis, and
the development of multidrug resistance.'>” "> HA, which serves as a targeting ligand for CD44, has been utilized in
targeted drug delivery systems for OS cells. For example, a nanogel composed of cisplatin (CDDP) and crosslinked with
HA, known as “°°PHANG, has been designed for the delivery of DOX in OS therapy. In addition to its direct antitumor
effects, CDDP helps stabilize drug-loaded nanogels, extending their circulation time in the bloodstream. Under the acidic
conditions of the TME, the nanogel disassembles rapidly, releasing both DOX and CDDP, thus demonstrating
a synergistic antitumor effect.'"*” Xu et al developed hyaluronic acid/polyethylene glycol/nanohydroxyapatite nanopar-
ticles (HA-PEG-nHA-ZOL NPs) loaded with zoledronic acid (ZOL), which have significant therapeutic potential. The
specific binding of HA to CD44, combined with the acid-sensitive release of PEG, allows for targeted delivery to OS
cells and the controlled release of ZOL. This approach not only extends the drug’s action time but also reduces toxicity to
normal cells. In vivo experiments demonstrated that local injection of these nanoparticles triggered vascular inflammation

in the tumor, inducing tumor necrosis and apoptosis.'*®

Peptide-Based Targeting

Targeted peptide-modified nanoparticles can specifically bind to biomarkers on the surface of OS cells, significantly
enhancing their targeting efficiency. Peptides offer several advantages, including ease of synthesis, low immunogenicity,
high biocompatibility and cost-effectiveness.'®>'®! As a result, targeted peptide-modified nanoparticles have been widely
studied to improve drug accumulation in OS cells.

EphA2, a receptor tyrosine kinase, is overexpressed on both primary and metastatic osteosarcoma cells and may play
a role in tumor invasion and metastasis.'®> YSA (YSAYPDSVPMMS) is a 12-amino acid peptide that specifically targets
EphA2, making it an ideal ligand for modifying nanoparticles.'®*"'* Haghiralsadat et al utilized YSA peptide-modified
polyethylene glycolylated liposomes, referred to as YSA-L-DOX, to develop targeted nanovesicles for DOX delivery.
The results showed that the YSA conjugation efficiency exceeded 98%, with no effect on the drug-loading efficiency of
the polyethylene glycolylated liposomes. Moreover, compared with free DOX, YSA-L-DOX exhibited nearly twice the
toxicity to Saos-2 cells.'*’

Cell surface vimentin is a key biomarker in OS, with its high expression closely linked to metastatic
phenotypes.'®>'° The peptide VATANST (STP) can specifically bind to vimentin expressed on the surface of OS
cells, enabling targeted delivery to OS. On this basis, STP-modified, DOX-loaded mPEG-P(Phe-co-Cys) nanoparticles
(Figure 8A) were developed. These nanoparticles facilitate controlled release of DOX, increasing its anti-osteosarcoma
effects while significantly reducing DOX-induced side effects.'*® Li et al also developed STP-modified nanogels (STP-
PEG-P(LP-co-LC)) for targeted delivery of SHK to OS cells, denoted as STP-NG/SHK (Figure 8B). With the help of
STP, STP-NG/SHK exhibited stronger tumor-suppressive effects than did NG/SHK or SHK alone, with these effects
mediated via RIP1- and RIP3-dependent necroptosis (Figure 8C and D). Additionally, in mouse models, STP-NG/SHK
significantly reduces lung metastasis while decreasing systemic toxicity."’

The peptide PT (PPSHTPT) was designed to mimic the properties of natural osteocalcin proteins and has been shown
to target osteosarcoma cell lines.'®*'*” Semiconductor polymer nanoparticles (SPNs) are a novel class of organic optical
nanomaterials that are widely utilized in fluorescence imaging, PTT, and PDT."”*'7? Yuan et al designed and fabricated
a peptide-based SPN (SPN-PT) (Figure 8E) for OS-targeted PTT/PDT. Compared with the controls, the PT-modified
nanoparticles were rapidly internalized by OS cells, completing uptake within 4 hours. They also enhanced NIR-II

fluorescence and photoacoustic signals, providing high-sensitivity, high-quality tumor imaging.'®’
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Targeting the Vascular Microenvironment

Neovascularization in OS is a complex and adaptive process that plays a vital role in tumor growth and metastasis.
Currently, several nanoparticle drug delivery systems with antiangiogenic properties have been developed to target and
disrupt the angiogenesis process (Table 3).

As one of the most extensively studied proangiogenic factors, VEGF has become a prominent target for the
development of nanoparticle-based drugs. Kovach et al conjugated VEGF antibodies and CD80 to iron oxide nanopar-
ticles to achieve a synergistic therapeutic effect. CTLA-4 is expressed on OS cells, and CD80, as its ligand, binds to
CTLA-4, inducing OS apoptosis. Experimental results showed that a combination of 1 pg/mL CD80 and VEGF
antibodies significantly reduced osteoblast proliferation and induced cell death.'”® As previously mentioned, the binding
of VEGEF to its receptor, VEGFR, triggers the release of matrix metalloproteinases, which promote angiogenesis. To
address this, Li et al developed an amphiphilic LMWH-U (LHU) nanoparticle system that covalently combines low-
molecular-weight heparin (LMWH) and ursolic acid (UA) to inhibit matrix metalloproteinases. They also modified LHU
with DSPE-PEG-AA to obtain A-LHU nanoparticles, improving drug delivery to the tumor. This nanoparticle demon-
strated strong antiangiogenic effects both in vitro and in vivo, significantly inhibiting tumor growth in a mouse model.'”

Zhao et al designed poly(lactic-co-glycolic acid)-polyethylene glycol (PLGA-PEG) nanoparticles for the codelivery
of albendazole (ABZ) and DOX to treat OS, named AD@PLGA-PEG NPs. The results showed that the AD@PLGA-
PEG NPs promoted mitochondria-mediated oxidative stress and induced tumor apoptosis by increasing ROS production.
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Table 3 Summary of Nanoparticles Targeting Angiogenesis and Stem

Cells
Target Name Therapeutic Agent Refs
Angiogenesis | Iron oxide nanoparticle | CD80 and VEGF antibody | [173]
A-LHU LMWH, UA [174]
AD@PLGA-PEG ABZ, DOX [175]
CSCs T-ATRA ATRA [176]
PEG-GO-FA/ICG-Rg3 GO, Rg3 [177]
ATRA-PLNP-CDI33 ATRA [178]
Ap-SAL-NP SAL [179]
HGNs-PEG-CD271 HGN [180]
MSC SPN-curc Curcumin [181]

Abbreviations: LMWH, Low-molecular-weight heparin; UA, Ursolic acid; ABZ, albendazole;
ATRA, retinoic acid; GO, graphene oxide; Rg3, ginsenoside; SAL, salinomycin; HGN, hollow
gold nanospheres; BM-MSCs, human MSCs from bone marrow.

More importantly, it significantly downregulates the expression of hypoxia-inducible factor-la (HIF-1a), thereby
inhibiting the expression of its downstream protein VEGF.'”®> These findings highlight the potential of targeting the
hypoxic TME for OS therapy.

Targeting Cancer Stem Cells

Cancer stem cells (CSCs) are the primary tumor-initiating cells and are closely associated with tumor recurrence,
metastasis, and multidrug resistance.'®*'®® Therefore, targeting and eliminating OS stem cells could significantly
improve the therapeutic outcomes of OS treatment. Herein, we will summarize the latest research advances in
nanoparticles targeting CSCs for osteosarcoma therapy (Table 3). All-trans retinoic acid (ATRA) can target OS stem
cells and inhibit the progression of OS. For example, ATRA effectively suppresses the stemness of OS cells by blocking
the M2 polarization of TAMs.”* Additionally, ATRA inhibits tumor initiation and differentiation by blocking the Wnt
signaling pathway in CSCs."®*'®> Zhang et al designed a tetrahedral framework nucleic acid (tFNA) to load ATRA into
OS cells, referred to as T-ATRA (Figure 9A). Compared with ATRA alone, these novel nanoparticles significantly
enhanced the ability to eliminate OS stem cells through the Wnt signaling pathway (Figure 9B-F). Experimental results
also demonstrated that T-ATRA effectively inhibited OS cell proliferation, metastasis, and invasion, significantly
prolonging the survival of OS model mice (Figure 9G-J).'”® Lu et al developed graphene oxide (GO)-based nanoparticles
loaded with ginsenoside Rg3 (PEG-GO-FA/ICG-Rg3) to improve the photodynamic therapy of osteosarcoma. After near-
infrared laser treatment, PEG-GO-FA/ICG-Rg3 significantly increased the suppression of OS cell growth and migration
while also inhibiting the stemness of OS cell-derived CSCs.'”’

Studies have shown that CD133 is a specific biomarker of OS stem cells.'®*® CD133-expressing OS cells exhibit stem
cell-like properties, such as high proliferative capacity, multilineage differentiation potential and elevated levels of drug
resistance proteins.'®”'®® Gui et al developed a CD133 aptamer-labeled lipid—polymer nanoparticle for the targeted
delivery of all-trans retinoic acid (ATRA) to OS stem cells. Compared with free ATRA and nontargeted nanoparticles,
ATRA-PLNP-CDI133 demonstrated stronger targeting and therapeutic effects, confirming that CD133 aptamers can
effectively deliver nanoparticles to OS stem cells.'”®

Similarly, Ni et al developed CD133-modified salinomycin-loaded PLGA nanoparticles (Ap-SAL-NPs), which effectively
deliver salinomycin to Saos-2 CD133+ cells. Compared with SAL-NPs and salinomycin alone, Ap-SAL-NPs significantly
reduced the proportion of CD133* OS CSCs, indicating selective toxicity to CD133+ OS CSCs.'”® CD271 is another surface
biomarker of OS stem cells.'®*'*® Consequently, Tian et al conjugated a CD271 monoclonal antibody with polyethylene
glycol-modified hollow gold nanoparticles (HGN) to create a novel nanomaterial (HGNs-PEG-CD271) for specific photo-
thermal ablation of OS CSCs. Following NIR laser irradiation, the percentage of apoptotic cells in the HGN-PEG-CD271
group was significantly greater than that in the HGN-PEG group, and the expression of y-H2AX (a marker of DNA double-
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strand breaks) was significantly greater in the former. This finding suggests that HGN-PEG-CD271 may target and kill OS
stem cells through apoptotic pathways and DNA double-strand damage.'*°

Targeting MSCs
MSCs play a crucial role in regulating the OS microenvironment by secreting various cytokines, growth factors,
chemokines, and MMPs, all of which are essential for tumor progression.'®"'"> The acidic microenvironment created
by tumor cell metabolism further stimulates MSCs to secrete protumor mediators, thereby driving tumor
progression.'**!%* Research suggests that this process may be linked to the activation of the NF-xB pathway, which
contributes to the enhanced protumor phenotype of MSCs.'®> Curcumin, an NF-kB inhibitor, can promote OS apoptosis;
however, its chemical instability and low bioavailability limit its therapeutic potential.'**'®” To enhance curcumin
delivery, Gemma et al developed spherical polymer nanoparticles (SPN-curc) capable of loading curcumin. Compared
with free curcumin, SPN-curc significantly reduced the secretion of the inflammatory cytokines IL-6 and IL-8, effectively
preventing the induction of OS stemness and reducing OS migration and invasion induced by MSCs'®! (Table 3).
Additionally, MSCs are widely utilized as drug delivery carriers owing to their unique ability to migrate to and
colonize the tumor stroma.'”®'*? For example, Duchi et al designed fluorescence nanoparticles (FNPs) coated with the
photosensitizer tetra-phenyl sulfonated porphyrin (TPPS) and loaded them into MSCs for targeted photodynamic therapy
of osteosarcoma. Owing to the tumor-homing ability of MSCs, TPPS@FNPs can specifically accumulate at the tumor
site. When exposed to 405 nm laser light, reactive oxygen species (ROS) are generated, leading to rapid OS cell death.*
Similarly, Lenna et al used tetra-sulfonated aluminum phthalocyanine (AlPcS4) as a photosensitizer in combination with
FNPs to create AIPcS4@FNPs. These nanoparticles could be internalized by MSCs within one hour and retained for at
least three days. After light irradiation, the AIPcS4@FNPs loaded in MSCs induced OS cell death and reduced the tumor
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burden compared with those in the control group (PBS and free AlPcS4). More importantly, compared with mice injected
with free AIPcS4@FNPs, the AIPcS4@FNPs@MSC group demonstrated a smaller drug distribution range, confirming
the tumor-targeting ability of MSCs.?®! Wei et al isolated exosomes from bone marrow mesenchymal stem cells (BM-
MSCs) as nanocarriers for DOX in OS therapy. BM-MSC-derived exosomes efficiently delivered DOX to OS tissues,
inhibited OS cell proliferation and migration both in vitro and in vivo, and significantly reduced cardiotoxicity. Further
studies revealed that the targeting ability of these exosomes stems from the interaction between the CXCR4 protein

expressed on OS cells and the SDF-1 protein expressed on both exosomes and MSCs.?"?

Conclusions and Future Perspectives

In this review, we systematically summarize the components of the OS TME and their pivotal roles in the initiation and
progression of OS. Notably, during the early stages of disease, the emergence of OS cells disrupts bone homeostasis.
Through the secretion of cytokines, growth factors, and the RANKL-RANK pathway, tumor cells and osteoclasts form
a “vicious cycle” that significantly accelerates the early progression of OS. MSCs, a major source of OS cells, also
coordinate signaling pathways within the TME by secreting extracellular vesicles and various cytokines, contributing to
tumor-promoting activities. Hypoxic and acidic microenvironments stimulate the expression of hypoxia-inducible factor
(HIF) and VEGF, which, in turn, promote angiogenesis. These newly formed blood vessels supply oxygen and nutrients
to tumor cells while providing pathways for OS metastasis. TAMs, lymphocytes, dendritic cells, and other immune cells
together create an immunosuppressive microenvironment, helping OS cells evade immune surveillance and participate in
tumor maintenance and migration. The complexity of the TME presents challenges in understanding the pathophysio-
logical mechanisms of OS, but it also guides the exploration of new therapeutic strategies.

Nanoparticles developed for targeting the tumor microenvironment of OS have demonstrated significant therapeutic
potential, offering new hope for OS patients. However, numerous unresolved issues remain before their successful
translation from laboratory research to clinical application, and future studies need to focus on specific directions for
targeted investigations. Firstly, the safety of nanoparticles has not been fully guaranteed. Studies have shown that some
NPs can accumulate in the body for a long time, inducing chronic toxicity and impairing the functions of organs such as

the liver and kidneys.?*

Meanwhile, since some OS-related biomarkers are not exclusive to tumor cells, single-ligand
targeted nanoparticles are prone to off-target effects, which further exacerbates safety risks. Therefore, the identification
and validation of OS-specific TME-targeting biomarkers represent one of the key research directions. In particular, the
exploration of specific targets such as certain integrins, chemokine receptors, or extracellular matrix components can
provide precise anchors for targeted delivery. Additionally, the development of multi-ligand nanoparticles that simulta-
neously target multiple TME components can also effectively improve targeting specificity and reduce off-target risks.

Secondly, nanoparticles face a high rate of immune clearance and are easily recognized and eliminated by the
reticuloendothelial system and macrophages, which greatly limits their in vivo circulation time and therapeutic efficacy.
Studies have reported that immune clearance can be reduced through surface modifications such as PEGylation and
optimization of physicochemical properties—for example, maintaining the particle size between 10~100 nm to balance

circulatory stability and tumor tissue permeability,?**2%°

or selecting neutral nanoparticles with the lowest affinity for
macrophages.”’® Meanwhile, the research and application of theranostic nanoplatforms are worthy of focused explora-
tion. By integrating imaging and therapeutic functions, these platforms can enable patient stratification, real-time
monitoring of TME regulation processes, and accurate evaluation of treatment responses, thereby providing support
for personalized therapy.

Furthermore, interpatient and intratumoral heterogeneity in OS is a critical challenge affecting therapeutic outcomes.
The development of adaptive or personalized TME-targeting nanoplatforms, which customize delivery systems based on
the TME characteristics of individual patients, is expected to overcome the therapeutic bottlenecks caused by hetero-
geneity. Finally, the high production costs, insufficient large-scale industrial production capacity, and the lack of unified
international regulatory guidelines leading to difficulties in consistent quality evaluation collectively hinder the clinical
translation of nano-targeted drugs. In summary, nanotechnology-based drug delivery strategies hold tremendous potential
for osteosarcoma treatment. Despite the numerous challenges inherent in translating these approaches from the laboratory
to the clinic, we firmly believe they represent the advancing direction of modern medicine.
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