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Abstract

Malignant bone tumors, which are difficult to treat with current clinical strategies, originate from bone tissues

and can be classified into primary and secondary types. Due to the specificity of the bone microenvironment, the
results of traditional means of treating bone tumors are often unsatisfactory, so there is an urgent need to develop
new treatments for malignant bone tumors. Recently, nanoparticle-based approaches have shown great potential
in diagnosis and treatment. Nanoparticles (NPs) have gained significant attention due to their versatility, making
them highly suitable for applications in bone tissue engineering, advanced imaging techniques, and targeted
drug delivery. For diagnosis, NPs enhance imaging contrast and sensitivity by integrating targeting ligands, which
significantly improve the specific recognition and localization of tumor cells for early detection. For treatment, NPs
enable targeted drug delivery, increasing drug accumulation at tumor sites while reducing systemic toxicity. In
conclusion, understanding bone microenvironment and using the unique properties of NPs holds great promise
in improving disease management, enhancing treatment outcomes, and ultimately improving the quality of life
for patients with malignant bone tumors. Further research and development will undoubtedly contribute to the
advancement of personalized medicine in the field of bone oncology.
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of malignant tumor cells that destroy normal bone tissue,


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12943-024-02161-1&domain=pdf&date_stamp=2024-10-31

Guan et al. Molecular Cancer (2024) 23:246

often accompanied by local pain, swelling, and fractures.
In addition to OS, primary malignant bone tumors also
include giant cell tumors of bone, multiple myeloma, and
chondrosarcoma. OS commonly arises at the metaphysis
of long bones such as the proximal tibia and distal femur,
while primary spine, pelvis, and sacrum lesions are rela-
tively rare [4]. This malignancy exhibits a high propen-
sity for local invasion and early metastasis, with some
patients developing metastatic disease before the onset
of clinical symptoms. The lungs are the most frequent
site of metastasis, followed by other bones [5, 6]. Com-
mon symptoms include bone pain, swelling, and palpable
masses. Early diagnosis is crucial for improving survival
rates in OS patients [7]. Standard treatment protocols for
OS involve neoadjuvant chemotherapy, surgical resection
of the tumor, and adjuvant chemotherapy [8]. The intro-
duction of chemotherapy in the late 1970s, coupled with
limb-salvage surgeries, has significantly improved the
five-year survival rate for OS [9]. The high heterogene-
ity and complex biological behavior of OS, along with the
presence of lung or distant metastases at initial diagnosis
in some patients. However, patients with lung or other
distant metastases have a significantly reduced five-year
survival rate. Furthermore, chemotherapy for OS is often
accompanied by severe toxic side effects, including car-
diac toxicity, gastrointestinal toxicity, and bone marrow
suppression, which limit the potential for further intensi-
fication of chemotherapy [10—12]. The high heterogene-
ity and complex biological behavior of primary malignant
bone tumors, combined with lung or distant metastases
present at initial diagnosis in some patients, make it par-
ticularly challenging to treat [10].

Secondary malignant bone tumors

Secondary malignant bone tumors originate from other
organs or tissues and metastasize to the bone. The most
prevalent form of secondary malignant bone tumor is
bone metastasis (BM) [3]. Apart from metastatic bone
tumors, secondary malignant bone tumors also include
leukemic infiltration of bone, lymphoma bone tumors,
and others. BM is another prevalent bone tumor dis-
ease and a frequent complication of advanced malignant
tumors. It is the third most common site of tumor metas-
tasis, following the liver and lungs [13, 14]. With the con-
tinuous advancement of medical science and technology,
the survival period of patients with malignant tumors
has significantly extended, increasing the likelihood
of BM. BM can result in severe bone pain, pathological
fractures, and neurological or spinal cord injuries, col-
lectively known as skeletal-related events (SREs) [15, 16],
which critically impact the quality of life and survival of
patients with malignant tumors. Therefore, early identi-
fication and prediction of tumor BM trends will facilitate
the timely application of current therapeutic measures

Page 2 of 32

for effective intervention, reducing patient suffering
and the incidence of SREs, and improving patient qual-
ity of life [17, 18]. Currently, clinical treatment primarily
aims to alleviate patient pain and prevent or delay BM,
with main methods including chemotherapy, endocrine
therapy, and radiotherapy [19]. However, the challenge in
treating BM lies in its high invasiveness and resistance to
treatment [19, 20]. Consequently, finding new treatment
strategies has become a focus of research.

Nanoparticles for diagnosis and treatment

Innovative diagnosis and treatment methods based on
nanoparticles (NPs) have emerged, offering new hope for
the management of malignant bone tumors and poten-
tially extending patient survival while improving qual-
ity of life. Firstly, NPs have made significant strides in
the controlled release of tumor drugs [21], allowing for
targeted delivery and precise temporal and spatial con-
trol of drug release, which enhances therapeutic efficacy
and reduces toxicity [22]. Additionally, NPs can be tai-
lored for direct therapeutic applications [23, 24], such
as in photothermal therapy (PTT) and photodynamic
therapy (PDT) [25], where photosensitive NPs convert
near-infrared light into heat to kill tumor cells [26, 27].
The ability to encapsulate anti-tumor drugs within NPs
enhances drug delivery specifically to tumor cells [28].
Moreover, NPs can be employed to construct bone tissue
engineering scaffolds with adjustable surface properties,
pore structures, and chemical compositions to promote
bone repair and regeneration in patients with OS and BM
[29, 30]. Furthermore, advancements in bioimaging tech-
nologies [31], including fluorescence probes, magnetic
resonance imaging (MRI), and positron emission tomog-
raphy (PET), leverage NPs to achieve precise treatment of
OS and BM [32-34]. Obviously, the development of NPs
presents new opportunities for the treatment and diag-
nosis of OS and BM.

The bone microenvironment is crucial for malignant
bone tumors as it influences tumor growth, metastasis,
and treatment response. This review covers the mecha-
nisms of the bone microenvironment in malignant bone
tumors and the recent applications of NPs in the diag-
nosis and treatment of malignant bone tumors, particu-
larly OS and BM. Additionally, we highlight the current
advantages of nanotherapy and explore future directions
for the application of NPs in OS and BM (Scheme 1).

The microenvironment of malignant bone tumors

The response of tumor cells to treatment depends not
only on the complexity of the genomic aberrations they
harbor but also on the numerous dynamic characteristics
of the tumor microenvironment (TME) in which they
reside [35-37]. A key feature of the TME is immuno-
suppression, which allows tumor cells to evade immune
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Scheme 1 Schematic illustration of the bone microenvironment in primary and secondary malignant bone tumors, and the use of nanoparticles for

diagnosis and treatment

surveillance while promoting tumor inflammation and
angiogenesis [38]. The heterogeneity of the TME signifi-
cantly contributes to tumor metastasis, recurrence, and
drug resistance [39, 40]. Further research on the regula-
tion and influencing factors of the TME will aid in devel-
oping more targeted therapeutic strategies, improving
the prognosis and quality of life for patients. Such studies
are expected to provide important information about the
mechanisms and treatment options for malignant bone
tumors.

The microenvironment of primary malignant bone tumors
The most common primary malignant bone tumor is OS.
OS often originates in regions of bone growth and devel-
opment, which have unique mechanisms of bone cell
differentiation [41]. During OS development, the bone
microenvironment often becomes imbalanced, leading to
abnormal bone remodeling processes that create favor-
able conditions for the survival and proliferation of OS
cells [42]. Within the OS microenvironment, different

types of bone cells play crucial roles. OS cells can mimic
the function of osteoblasts, producing bone-like tissue.
Tumor cells in OS can differentiate into osteoblast-like
cells, generating tumor bone and tumor-related osteoid
tissue [43, 44]. Depending on the degree of differentiation
of these tumor osteoblasts, OS can present as either scle-
rotic or osteolytic OS [45, 46]. Additionally, marrow stem
cells play an important role in the formation and progres-
sion of OS [47, 48]. Marrow stem cells have the ability to
self-renew and differentiate into all types of blood cells,
including red blood cells, white blood cells, and platelets
[49]. They participate in regulating immune responses,
secreting cytokines, and promoting bone remodeling.
These cells can support OS growth and invasion by pro-
viding a supportive microenvironment [50, 51]. Osteo-
clasts, responsible for bone remodeling by resorbing bone
tissue, may exhibit abnormal functions that contribute to
OS development [52]. OS cells can promote tumor inva-
sion and bone destruction by enhancing osteoclastogene-
sis and osteoclast activity. This bone destruction releases
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a large number of growth factors and cytokines, further
stimulating the proliferation and invasion of OS cells [53,
54]. For patients with non-metastatic bone tumors, mod-
ern treatments have resulted in a five-year survival rate
of more than 70% for most patients. Understanding the
roles of different types of bone cells in the OS microenvi-
ronment is essential for gaining deeper insights into the
mechanisms of OS initiation and progression.

Research has found that the immune microenviron-
ment of OS contains immune inhibitory factors, such
as TAMs and regulatory Tregs [55]. These cells can
inhibit immune responses and promote tumor eva-
sion of immune surveillance. Additionally, tumor cells
can secrete immune inhibitory factors, such as PD-L1
and CTLA-4 [56], to suppress the activity of immune
cells, thereby avoiding immune attacks [55]. Immune
checkpoints are crucial regulatory mechanisms in the
immune system that control the activity and function of
immune cells [57]. In OS, abnormal activation of immune
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checkpoint signaling pathways leads to immune toler-
ance, allowing tumor cells to escape immune attack.
Immune checkpoint inhibitors are a class of drugs that
target immune checkpoint signaling pathways [58]. By
blocking the effects of signaling pathways such as PD-1/
PD-L1 or CTLA-4 [59, 60], these inhibitors can restore
the activity of immune cells and enhance the immune
system’s ability to attack tumors [57]. The immune
microenvironment of OS and the immune checkpoints
between immune cells and OS cells are shown in Fig. 1.

The microenvironment of secondary malignant bone
tumors

The primary tumor induces early changes in the micro-
environment of distant organs that are initially free of
cancer cells [61], thereby creating a favorable environ-
ment for cancer cell infiltration and metastasis initiation
[62]. This leads to the formation of the pre-metastatic
niche (PMN), a microenvironment primed for tumor
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Fig. 1 The immune microenvironment of osteosarcoma and the immune checkpoints between immune cells and osteosarcoma cells. A) The immune
microenvironment of osteosarcoma includes various immune cells (such as infiltrating lymphocytes, macrophages, dendritic cells, etc.),immune suppres-
sive cells (such as regulatory T cells, tumor-associated macrophages, etc.), cytokines (such as tumor necrosis factor, interleukins, etc.), chemical signaling
molecules (such as chemokines and extracellular matrix components), and immune checkpoint molecules (such as PD-L1 and CTLA-4). B) The immune
microenvironment in osteosarcoma is often described as immunosuppressive and promoting tumor escape. The increase in regulatory T cells may
inhibit anti-tumor immune responses. Polarization of macrophages can lead to the emergence of an immunosuppressive phenotype. The presence of
tumor-associated macrophages may contribute to increased tumor invasion and metastasis. Additionally, tumor cells can evade immune surveillance by
upregulating immune checkpoint molecules, thus reducing the activity of immune cells
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metastasis [63]. The PMN is established through the
interaction between tumor-secreted factors and resident
stromal cells, as well as bone marrow-derived cells in
these distant organs [64, 65]. This process gradually shifts
the tissue homeostasis towards a dysfunctional environ-
ment, facilitating the colonization of circulating tumor
cells (CTCs). Key characteristics of this process include
vascular leakage, lymphangiogenesis, extracellular matrix
(ECM) remodeling, and the development of an immu-
nosuppressive microenvironment [66]. In essence, the
primary organ induces a cascade of events that prepares
the distant target organ to receive metastatic tumor cells
[67]. Tumor-secreted factors, along with signals from
stromal cells, influence the recruitment and activation
of immune cells, thereby mediating PMN formation and
facilitating subsequent tumor cell colonization at second-
ary sites. The mechanism is shown in Fig. 2. Understand-
ing the mechanisms at different stages of the metastatic
process and accurately dissecting the specific metastatic
microenvironment are urgent requirements in cancer
research. This is also a crucial step toward identifying
new therapeutic targets.

Bone metastasis

The most prevalent form of secondary malignant bone
tumor is BM. The occurrence of BM is a hallmark of
advanced-stage cancer [68]. The tendency of various
tumor cells to metastasize to bone tissue is attributed
to the involvement of numerous cytokines required for
bone remodeling [69]. The diverse bone microenviron-
ment is highly attractive to metastatic cancer cells seek-
ing nutrients. Research has found that tumor cells can
utilize the bone matrix secreted by osteoblasts to main-
tain their dormant state. Specifically, there exists a com-
plex interaction between tumor cells and osteoblasts.
The bone matrix secreted by osteoblasts is rich in growth
factors and signaling molecules, which can inhibit the
growth and spread of tumor cells. Furthermore, osteo-
blasts can regulate the gene expression of tumor cells to
maintain their dormant state (Fig. 3). Studies have shown
that osteoblasts can secrete specific molecular signals,
such as CCL3, TGF-f, and SDEF-1, to influence the gene
expression of tumor cells, thereby suppressing their
growth and spread [70]. The bone system is richly vascu-
larized, and the valveless Batson’s plexus, characterized
by slow blood flow and large vessel diameter, provides
an ideal site for the colonization of invasive tumor cells.
Once tumor cells colonize the bone, stromal cells, osteo-
clasts, and transient cells within the bone microenviron-
ment can promote tumor growth and metastasis through
various pathways and molecules [71]. The “osteoclast”
theory posits that increased osteoclast activity and the
resultant bone resorption are critical in the formation of
BM and bone destruction [72, 73] (Fig. 4). BM by tumor
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cells disrupts bone structure, disturbs the mineral bal-
ance, and affects the RANK-RANKL-OPG system [74],
leading to further bone destruction and the expansion of
metastatic lesions [75].

The occurrence and progression of BM are regulated by
the complex TME [38]. This microenvironment involves
interactions and signaling among various cell types, with
bone cells playing a crucial role in the development and
progression of BM [39, 76]. Firstly, bone tissue provides
a conducive environment for cancer cell migration and
colonization, being rich in calcium and bone matrix pro-
teins that offer essential growth and survival factors for
cancer cells [7]. Additionally, cancer cells release various
factors that promote BM, thereby activating bone remod-
eling and resorption. Transforming growth factor-beta
(TGE-P) stimulates cancer cells to metastasize to bone
and promotes the differentiation of bone marrow mesen-
chymal stem cells (BMSCs) into osteoblasts [77]. More-
over, factors such as fibroblast growth factor (FGF) and
interleukin-6 (IL-6) also participate in the BM process
[78]. Furthermore, the inflammatory response plays a
significant role in the occurrence and progression of BM.
Tumor cells produce inflammatory mediators that acti-
vate bone marrow macrophages, which in turn induce
the formation of BM [79]. Different types of bone cells
play distinct roles in the BM microenvironment. Osteo-
blasts and osteoclasts contribute to imbalances in bone
remodeling, promoting abnormal bone formation and
resorption, respectively [80, 81]. Tumor-associated mac-
rophages (TAMs) and regulatory T cells (Tregs), among
other immune cells, exert immunosuppressive effects
within the microenvironment, facilitating tumor immune
evasion [82]. Additionally, tumor cells secrete various
cytokines and growth factors that further regulate the
behavior of various cells in the microenvironment, col-
lectively driving and sustaining the development of BM
[54, 83]. BM is a common and serious complication of
cancers such as prostate cancers (PCa), breast cancer
(BC), and lung cancers, occurring when malignant cells
from these tumors spread to the bone via the blood-
stream or lymphatic system.

Bone metastasis of prostate cancers

PCa is one of the most common malignant tumors in
men. PCa cells exhibit particular aggressiveness, spread-
ing to bones via hematogenous routes. Upon reaching
bone tissue, these cells can significantly increase the rate
of bone matrix turnover and cause osteoblastic patho-
logical changes [84]. Interactions between PCa cells
and bone cells lead to a marked increase in bone matrix
turnover and osteoblastic pathological changes [85].
Additionally, alterations in the bone microenvironment
facilitate PCa BM. Cancer cells can secrete factors simi-
lar to those produced by osteoblasts, interacting with the
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bone microenvironment and inducing BM [86]. PCa cells
can induce bone matrix synthesis, which appears to favor
tumor cell growth. Further research into this process may
help explain the osteoblastic tendency of BM in cancer
cells. PCa cells can also express factors that regulate the
bone microenvironment, indirectly affecting osteoblast
activity. A deeper understanding of the mechanisms
underlying PCa BM and changes in the bone microenvi-
ronment will aid in comprehending this disease process
and provide critical insights for developing new thera-
peutic strategies and targeted drugs. Researchers have
identified several molecular signaling pathways related
to PCa BM, such as Src kinase and RANKL. The devel-
opment and clinical application of drugs targeting these
pathways hold promise for providing new treatment
options for PCa patients [87]. By specifically inhibiting
the activity of these molecules, targeted drugs can effec-
tively intervene in the interactions between PCa cells
and bone marrow mesenchymal cells, thereby inhibiting
the formation and progression of BM [88]. Additionally,

current research explores new strategies to improve the
bone microenvironment in patients, such as using growth
factors and bone formation promoters to enhance bone
repair and inhibit destruction. The bone microenviron-
ment of the PCa with BM is displayed in Fig. 5.

Bone metastasis of breast cancer

BC is one of the most common cancers among women.
Similarly, in the absence of estrogen or androgen,
increased osteoclast activity and bone remodeling lead to
the release of osteogenic factors from resorbed bone, cre-
ating a favorable environment for the survival and growth
of tumor cells. In addition to secreting cytokines, tumor
cells can interact with microenvironment cells through
the secretion of extracellular vesicles [89]. These vesicles,
encapsulating tumor-specific contents, are delivered
to the TME and target cells, promoting tumor growth.
Understanding the mechanisms behind BC BM and the
associated changes in the bone marrow microenviron-
ment is crucial for developing more effective treatment
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tain tumor cell dormancy during bone formation, thereby impeding their malignant expansion and metastasis through various mechanisms

strategies. Researchers are currently seeking drugs that
target BC BM to intervene in the interactions between
tumor cells and bone marrow mesenchymal cells, thereby
halting the progression of bone destruction. Strategies
to improve the bone microenvironment, such as using
bone formation promoters or inhibitors of bone resorp-
tion proteins, are also a focus of current research, aiding
in bone repair and blocking abnormal bone destruction.
Verbruggen et al. [90] analyzed a mouse model induced
with breast tumors and found that early bone lysis
manifested as thinning trabeculae and increased corti-
cal thickness, with higher mineral density observed in
the bone tissue of tumor-bearing femurs. At six weeks
post-inoculation, significant osteolytic lesions appeared
in the metastatic femurs, leading to decreased bone vol-
ume fraction and mechanical performance. These results
suggest that changes in bone tissue composition during
BC metastasis may affect the mechanical environment of

bones and tumor cells. The bone microenvironment of
the BC with BM is displayed in Fig. 6.

Bone metastasis of lung cancer

BM of lung cancer is not a random event but rather a
result of bone tissue providing a conducive growth envi-
ronment for tumor cells, thereby inducing an active
selection process regulated by various molecules and
signaling pathways [91]. Even before lung cancer cells
metastasize to the bones, they secrete extracellular vesi-
cles, factors, and other substances that circulate through
the blood, acting on the bone microenvironment. This
process recruits bone marrow-derived cells and immu-
nosuppressive cells, which collaborate with bone matrix
cells to remodel the bone microenvironment, promoting
a shift towards an environment favorable for tumor cell
colonization and growth, forming a PMN [92, 93]. The
formation of this PMN is an early event in the process of
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BM and plays a crucial role in lung cancer BM. Blocking
the formation of the PMN can help reduce the occur-
rence of lung cancer BM from the source. Understand-
ing the mechanisms behind lung cancer BM and the
related changes in the bone microenvironment is essen-
tial for developing more effective treatment strategies
and drugs. Researchers are currently striving to identify
targeted therapies for lung cancer BM to intervene in the
interactions between tumor cells and bone marrow mes-
enchymal cells, thereby halting the progression of bone
destruction. Additionally, exploring strategies to improve
the bone marrow microenvironment, such as using
growth factors and bone formation promoters, can help
restore normal bone structure and function.

Nanoparticles for diagnosis of malignant bone
tumors

The limitations and challenges for diagnosis in malignant
bone tumors

The diagnosis of OS currently relies on a variety of tools
and methods, including imaging, histology, molecular

biology, and clinical pathology [94, 95]. Imaging is one
of the primary tools for diagnosing OS, with commonly
used techniques including X-ray, CT scans, MRI, and
bone scans [96]. For many years, conventional X-ray radi-
ography has been advantageous in showing bone destruc-
tion and sclerosis due to its excellent contrast between
bone and soft tissue density [97, 98]. It can also reveal
periosteal reaction and Codman triangle caused by the
tumor, but it lacks sensitivity in showing soft tissue struc-
tures [99]. CT scanning offers the advantage of visualizing
detailed bone destruction, such as small lytic lesions and
necrotic bone [100]. Additionally, contrast-enhanced CT
can provide information about the tumor’s blood supply
and its relationship with surrounding vascular and tissue
structures [101]. CT is also a convenient, quick, and com-
monly used technique for detecting metastases in other
parts of the body [102, 103]. MRI is unparalleled in dis-
playing soft tissue details of the tumor, though it is less
sensitive to new bone formation and calcification [104].
Radionuclide bone scanning is a functional imaging test
that helps detect other asymptomatic lesions, revealing
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Fig.6 The bone microenvironment of breast cancer with bone metastasis. Before breast cancer bone metastasis, the bone microenvironment undergoes
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ment. B) Secondly, the tumor stroma selectively favors cancer cells expressing CXCR4, IGF1R, and high Src activity, facilitated by CXCL12 and IGF1. C) The
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TGF-B, and reduced TSP-1 secretion, stimulating the proliferation of breast cancer cells. These changes in the bone microenvironment before breast
cancer bone metastasis provide a foundation for subsequent metastasis and offer important insights into the mechanisms involved

whether the cancer has spread to other bones earlier than  pathology examinations. Future research and techno-
conventional X-rays [105, 106]. Biopsy methods, such logical developments are expected to further improve the
as fine-needle aspiration biopsy, core needle biopsy, or  accuracy of OS diagnosis, providing patients with more
open biopsy, depending on the tumor’s location, size, and  precise treatment options and prognostic assessments.

the patient’s overall condition [107, 108]. The obtained Currently, tools and methods commonly used for
tissue samples are processed through fixation, embed- diagnosing BM include imaging, tumor marker detec-
ding, sectioning, and staining, followed by microscopic  tion, and bone marrow aspiration. X-rays can show bone
examination to determine the tumor’s cell type, degree  destruction or new bone formation caused by BM, but
of differentiation, and tissue structure [109, 110]. Addi- their sensitivity is relatively low, typically only detect-
tionally, immunohistochemistry and molecular genetics ing BM when mineral loss in the bone exceeds 25-50%
can further assist in the diagnosis and classification of OS ~ [119, 120]. CT scans, combined with X-ray images, pro-
[111-113]. Despite the importance of imaging and histol- ~ vide more detailed information about bone structures
ogy in diagnosing OS, they have some limitations [114, and can reveal invasive bone destruction and soft tissue
115]. Imaging cannot accurately distinguish between masses, offering more comprehensive structural details
inflammation and malignancy, potentially leading to mis- ~ [121, 122]. MRI can directly visualize BM, particu-
diagnosis [116, 117]. Histological biopsy requires surgical  larly useful in T1-weighted sequences where metastatic
tissue removal, which carries certain risks and limitations lesions appear as areas of decreased signal intensity, and
[118]. Overall, the diagnosis of OS requires a comprehen- is especially helpful in diagnosing spinal vertebral com-
sive application of imaging, histology, and related clinical ~ pression fractures [123, 124]. Tumor marker detection is
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a common auxiliary diagnostic method that evaluates the
presence and extent of BM by measuring specific tumor
markers in the blood [125]. For instance, BM often leads
to elevated levels of bone-specific alkaline phosphatase
(BSAP) and alkaline phosphatase (ALP) [126, 127]. The
advantage of tumor marker detection is its simplicity and
utility for follow-up monitoring, but its limitation lies in
the fact that elevated markers do not definitively diag-
nose BM [128, 129]. Bone biopsy, either through needle
aspiration or surgical biopsy, involves obtaining tissue
samples from bone lesions for pathological evaluation
to confirm the presence of BM [130, 131]. Bone mar-
row aspiration, combined with pathological analysis, can
determine whether cancer cells are present in the bone
marrow and assess the type and differentiation degree of
the cancer cells [132, 133]. In conclusion, the diagnosis of
BM requires the comprehensive application of imaging,
tumor marker detection, and bone marrow aspiration.
Future research and technological advancements are
expected to further improve the accuracy and early diag-
nosis rate of BM, providing patients with more precise
treatment options and prognostic assessments. As with
OS, a comprehensive diagnostic approach is necessary,
with future research expected to enhance early detection
and accuracy.

Together, these diagnostic approaches for OS and
BM underscore the importance of integrating multiple
methods to achieve precise diagnosis and improve treat-
ment outcomes. Despite the advancements in imaging
and histological techniques for diagnosing OS and BM,
challenges such as limited sensitivity in early detection,
difficulty distinguishing between benign and malig-
nant lesions, and the invasiveness of biopsy procedures
remain. These limitations highlight the need for more
innovative approaches to enhance diagnostic accuracy
while minimizing patient discomfort. NPs have emerged
as a promising solution, offering the potential to revo-
lutionize cancer diagnostics. By leveraging their unique
properties, such as targeted delivery, enhanced imaging
contrast, and the ability to transport diagnostic agents
directly to tumor sites, NPs can improve the sensitivity
and specificity of both imaging and biomarker detection,
paving the way for more precise and non-invasive diag-
nostic techniques for malignant bone tumors.

The nanoparticles for diagnosis in malignant bone tumors

The application of NPs in cancer diagnosis holds great
promise [21]. Various NPs, such as gold NPs (AuNPs),
quantum dots, and magnetic NPs, have been extensively
researched and developed to enhance the accuracy and
sensitivity of early cancer diagnosis [22, 134]. AuNPs can
be used in surface-enhanced Raman detection, photo-
acoustic imaging, CT imaging, and fluorescence imaging
[135, 136]. AuNDPs can serve as imaging agents by binding
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to tumor-specific markers, thus improving the ability to
identify tumor tissues [137]. Additionally, AuNPs can uti-
lize the surface-enhanced Raman scattering (SERS) effect
to detect and amplify signals of cancer-specific mark-
ers, increasing diagnostic sensitivity [138, 139]. Another
commonly used nanomaterial is quantum dots, which
are luminescent NPs with adjustable luminescent proper-
ties [140, 141]. Quantum dots are among the most widely
used fluorescent probes, characterized by broad excita-
tion, narrow emission, size tunability, and high quantum
yield, making them widely applicable in various research
fields [142, 143]. Quantum dots can be modified to carry
targeting ligands, such as antibodies or peptides, which
can specifically recognize tumor cells or tumor vascula-
ture, thereby achieving targeted imaging of tumors [144].
MRI is a medical imaging technology with high sensitiv-
ity, rapid detection, and high spatial resolution, enabling
real-time detection of the three-dimensional (3D) spatial
distribution of magnetic NPs in vivo [145]. In addition
to the aforementioned NPs, other NPs have also been
extensively researched and applied in cancer diagnosis.
For instance, iron oxide NPs, known for their good bio-
compatibility and superparamagnetic properties, can be
used for MRI-based tumor localization and differentia-
tion [146]. Carbon nanotubes possess novel capabilities
for transmitting, storing, and recovering light wave sig-
nals, which can be used for targeted delivery and imag-
ing of tumor cells [147]. These NPs each have unique
advantages and application potential in cancer diagnosis
[148]. Overall, the potential of NPs in cancer diagnosis is
immense. However, it is essential to gain a deeper under-
standing of the long-term safety, biodistribution, and
metabolic properties of NPs, as well as their potential
impacts on human health [149, 150]. It is also crucial to
emphasize the safety evaluation and stringent regulatory
measures for NPs to ensure their effective application
in cancer diagnosis [151, 152]. The diverse range of NPs
offers a multitude of approaches for improving cancer
diagnosis. In future research and technological develop-
ment, we hope to further enhance the performance and
safety of NPs, providing more reliable tools and methods
for early cancer diagnosis.

Research shows that nanomaterials have significant
application value in the diagnosis of OS and BM. Wang et
al. [153] found that an ssDNA aptamer LP-16 could bind
to highly metastatic 143B cells but not to non-metastatic
U-2 OS and normal hFOB 1.19 cells. Additionally, in vivo
and clinical tissue imaging, results demonstrated the tar-
geting effect of LP-16. The study suggested that LP-16
might target specific membrane proteins on the cell sur-
face, indicating that LP-16 could be an effective molecu-
lar probe for the diagnosis and treatment of OS. Anzidei
et al. [154] noted that antibody-drug conjugate (ADC)
and Ktrans values correlated with pain scores in treated
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lesions, as measured by the Visual Analog Scale (VAS),
while functional MRI techniques such as DWI and DCE
could serve as objective imaging markers for treatment
response. Early evaluation of treatment response using
non-invasive imaging techniques is crucial. Sekita et al.
[155] used nano-computed tomography (nano-CT), his-
tology, microbeam XRD, and nanoindentation to observe
disrupted osteocyte networks and changes in the colla-
gen/biological apatite (BAp) microstructure in cancer-
ous bones. They found that the disruption of osteocyte/
matrix coupling affected the mechanical function of the
bone. The results indicated that during cancer BM, the
osteocyte network and collagen/BAp microstructure
might be simultaneously disrupted, increasing the risk of
brittle fractures.

Using NPs as sensors to track the activity of viruses
within living organisms is a popular area of research. This
approach is particularly useful for studying the behav-
ior of cancer cells and other cellular activities within the
human body, and can also be used to detect the effects
of drugs on viruses [156, 157]. Additionally, NPs can
be attached to biomolecules, leveraging their lumines-
cent properties to study the behavior of these molecules
[158]. For instance, NPs are much smaller than human
cells and possess luminescent capabilities. By introduc-
ing these NPs into human organs and irradiating them
with near-infrared (NIR) light from outside the body,
the NPs can emit light, allowing researchers to track and
understand changes in human cells, thereby achieving
the goal of tracking viruses [159]. Significant progress has
been made in tracking and locating cancer cells within
the human body. It has been discovered that cancer cells
have a particular ability to phagocytize NPs, which helps
in tracking their activities within the body [160].

Nanoparticles for treatment of malignant bone
tumors

The treatment of bone tumors typically involves a com-
bination of surgery and systemic therapies [161]. For OS,
preoperative neoadjuvant chemotherapy is used to shrink
the tumor, followed by complete surgical resection and
postoperative chemotherapy [162]. However, chemother-
apy can lead to significant toxicity, such as cardiotoxicity
and nephrotoxicity. In the case of BM, treatment focuses
on controlling primary cancer and managing bone com-
plications through systemic chemotherapy, targeted ther-
apies, and local options like radiation. Treatments in both
OS and BM are associated with toxicity risks.

NPs overcome several limitations of traditional thera-
pies by improving drug retention and permeability at
tumor sites. Through various surface modifications and
customizable physical and chemical properties, nanopar-
ticle carriers are highly adaptable, making them ideal can-
didates for targeting specific tumor cells. Targeted drug
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delivery via NPs minimizes the harmful effects of anti-
cancer drugs on healthy cells while enhancing the effi-
cacy and selectivity of the drugs toward cancer cells. NPs,
through processes of loading, targeting, and controlled
release, offer advanced capabilities in drug delivery. This
precise approach improves the overall effectiveness of
therapies and addresses the limitations of traditional
drug delivery methods. Herein, NPs used for malignant
bone tumors are introduced through drug-loading NPs,
targeting NPs, release NPs, and so on.

Nanoparticles for loading drugs

Drug-loaded NPs are an important drug delivery sys-
tem characterized by their extremely small size, which
allows effective encapsulation of drug molecules within
the particles and their transport to target tissues or cells
via the bloodstream [163, 164]. Traditional drug delivery
systems have certain limitations, such as drug instability,
low solubility, and metabolism outside the body. In con-
trast, drug-loaded NPs offer advantages such as control-
lability, high loading capacity, and protective properties,
which can overcome these issues [165]. Additionally,
drug-loaded NPs can be surface-modified to achieve
specific targeting of drugs to diseased tissues or cells,
thereby enhancing therapeutic efficacy and reducing side
effects [166].

Haghiralsadat et al. [167] developed a dual-targeted
liposome for the delivery of doxorubicin (DOX) and
JNK-interacting protein 1 (JIP1) small interfering RNA
(siRNA) to OS cells. Targeted co-delivery of DOX
and JIP1 siRNA resulted in increased cytotoxicity and
reduced JIP1 mRNA levels in OS cells. The study demon-
strated that this dual-targeted liposome could effectively
treat metastatic OS with multidrug resistance (Fig. 7A).
Li et al. [168] developed a nano-delivery system based
on hydrophobic polyesteramide to successfully deliver
apatinib, enhancing its distribution within tumors and
inhibiting OS stemness. This nanoapatinib delivery sys-
tem overcame the resistance of stem-like cells to tyro-
sine kinase inhibitor (TKI) therapy, effectively inhibiting
tumor growth with minimal side effects (Fig. 7B). He et
al. [169] found that cells cultured in 3D gelatin methac-
ryloyl (GelMA) microspheres exhibited stronger tumor
stemness, proliferation, migration ability, and chemo-
therapy drug resistance. Additionally, 3D-cultured cells
showed higher tumorigenicity in mice, with shorter
tumor onset times, larger tumor volumes, severe bone
destruction, and higher mortality rates. The study indi-
cated that GeIMA hydrogel microspheres provide a new
method for constructing tumor models in vitro, particu-
larly for OS research. Salaam et al. [170] developed ND-
DGEA conjugates to target a2fp1 integrin overexpressed
in prostate cancer during metastasis. The ND-DGEA
conjugates significantly enhanced the efficacy of DOX,
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nanogel; PCa, prostate cancers

improving delivery capacity and reducing toxicity. The
study demonstrated a new approach for targeted drug
delivery using nanodiamond-DGEA peptide conjugates
to deliver DOX to prostate cancer, aiming to increase
treatment specificity and reduce toxicity. Fiona et al.
[171] developed a miR-29b nanoparticle formulation for
delivery in order to achieve local sustained release of
therapeutic agents, and experiments were also performed
to investigate its role in restoring bone homeostasis
while inhibiting tumor growth. The strategy of combin-
ing miR-29b with systemic chemotherapy was effective in
inhibiting tumor growth, increasing survival in mice, and

significantly reducing osteolysis compared to chemother-
apy alone, thus normalizing the dysregulation of tumor-
induced osteolytic activity. Wang et al. [172] developed
a cancer-targeted nano-system (Bm@PT/Enz-miR26a)
for the co-delivery of enzalutamide (Enz) and miR26a to
enhance therapeutic efficacy. The EZH2/SFRP1/WNT5A
axis was found to be associated with Enz resistance and
BM, providing clues for new therapeutic avenues. The
study suggested that targeting this axis could help over-
come resistance and BM in prostate cancer (Fig. 7C).
Yu et al. [173] developed a cell membrane-camouflaged
CS-polypyrrole nanogel platform for the co-delivery
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of docetaxel and RANK siRNA. In vivo experiments in
a mouse model showed that this platform effectively
inhibited tumor growth and prevented metastasis. The
nanogel successfully inhibited prostate cancer BM by
downregulating the RANK/RANKL signaling pathway,
enhancing the potential for chemotherapy and anti-met-
astatic treatment of prostate cancer (Fig. 7D). Targeted
therapy using drug-loaded NPs in OS and BM was shown
in Table 1.

Various metal NPs, such as gold, silver, and copper NPs,
have been reported for the treatment of bone cancer.
Shen et al. [174] utilized the excellent biocompatibility
and photothermal properties of liquid metal (LM) NPs to
develop a targeted LM-based drug delivery system with
superior photothermal performance and dual-response
drug release triggered by acid and near-infrared (NIR)
light. This system aims to enhance drug penetration into
deep tumors by remodeling the tumor stromal microen-
vironment (TSM) while combining mild photothermal
therapy with chemotherapy to inhibit the progression
of BC BM. AuNPs show great promise for biomedical
applications, but their toxicity remains a key concern.
Studies indicate that the toxicity of AuNPs depends on
factors such as size, charge, coating, and exposure levels.
These particles can induce oxidative stress by generat-
ing reactive oxygen species (ROS), leading to mitochon-
drial damage, inflammation, and DNA damage. Smaller
NPs, particularly those around 10-20 nm, are reported
to have higher toxicity due to their increased surface area
and reactivity [175]. Additionally, AuNPs can accumulate
in vital organs like the liver, spleen, kidneys, and lungs,
potentially causing long-term organ damage. Their clear-
ance from the body is often inefficient, raising concerns
about chronic toxicity, especially when used in high doses
or prolonged therapies [176, 177]. Currently, increasing
research efforts are addressing the toxicity issues associ-
ated with AuNPs, and AuNPs are gradually emerging as
highly promising nanocarriers. Liao et al. [178] devel-
oped a dual-functional hydrogel composed of gelatin
methacrylate (GelMA), chondroitin sulfate methacrylate,
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gold nanorods (GNRs), and nano-hydroxyapatite (nHA).
This hybrid hydrogel leverages strong photothermal
effects to eradicate residual tumors post-surgery while
promoting bone regeneration. It offers both tumor treat-
ment and bone regeneration capabilities, showing signifi-
cant potential for bone tumor therapy and providing new
materials and strategies for addressing complex condi-
tions involving tumors and bone defects.

In addition, CRISPR stands for Clustered Regularly
Interspaced Short Palindromic Repeats. Based on the
different types of Cas proteins, the CRISPR/Cas sys-
tem is divided into three types: I, II, and III, with Cas9
belonging to the Type II CRISPR system. Cas9 nuclease
contains two conserved nuclease domains, HNH and
RuvC, which, guided by both crRNA and tracrRNA,
can specifically cut double-stranded DNA. The cleav-
age site is typically located 3 nucleotides upstream of
the Protospacer-Adjacent Motif (PAM). Researchers
have fused crRNA and tracrRNA to create a chimeric
single guide RNA (sgRNA) [179]. Under the guidance of
sgRNA, Cas9 is directed to the target site near the PAM
sequence, where it induces a double-strand break (DSB).
The host cell responds to the DSB through two different
mechanisms: Non-Homologous End Joining (NHE]J) or
Homology-Directed Repair (HDR), leading to insertions/
deletions or frameshift mutations in the target DNA.
When donor DNA is provided as a homologous recom-
bination template, the cell uses HDR to precisely insert,
delete, or replace bases at specific locations. Viral vec-
tors are the most commonly used delivery carriers for
the CRISPR/Cas9 system, but they pose risks such as
immunogenicity and mutagenesis in the host, limiting
their applications. Compared to viral vectors, non-viral
vectors offer advantages like lower immunogenicity and
no risk of endogenous viral recombination [180, 181].
In recent years, nanoparticle formulations have gained
widespread attention as delivery systems. Chitosan (CS)
is a well-suited polymer carrier for delivering CRISPR/
Cas9 systems. Liu et al. [182] designed a dual-targeting
delivery system based on polymer/inorganic hybrid NPs.

Table 1 Targeted treatment using drug-loaded nanoparticles in malignant bone tumors

Type of carrier Targeting Anti-cancer Effects Mechanism and Refs.
ligand agent pathway

JIP1/DOX/liposome  JIP1 DOX Enhance toxicity toward OS cells and may be effective for the / [167]
treatment of metastatic OS

Nanoscale delivery TKI Apatinib Suppress OS stemness and enhance OS stem-like cell apoptosis, — / [168]

system and promote TKI therapy

GelMA / DOX Promote tumorous stemness, proliferation and migration, osteo- ~ / [169]
clastogenetic ability, and resistance to DOX

ND-DGEA +DOX DOX Enhence the delivery and efficacy of DOX / [170]

Bm@PT/Enz-miR26a miR26a Enzalutamide Reverse Enz resistance and synergistically shrink tumor growth, EZH2/SFRP1/WNT5A  [172]
invasion, and metastasis

CH-PPy NG / Docetaxel Enhance chemotherapy and anti-metastasis treatment of prostate  RANK/RANKL [173]

cancer
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This system encapsulated CRISPR/Cas9 plasmids target-
ing CDK11 knockout within an inorganic core composed
of protamine sulfate, calcium carbonate, and calcium
phosphate through co-precipitation. Carboxymethyl chi-
tosan derivatives were then electrostatically attached to
the nanoparticle surface to enhance cellular uptake and
nuclear transport efficiency. The dual-targeting delivery
system successfully transported CRISPR/Cas9 plasmids
into the nuclei of MCF-7 BC cells, achieving highly effi-
cient genome editing, with CDK11 protein levels reduced
by more than 90%. In the future, the combination of
CRISPR/Cas9 with nanomaterials offers new hope for the
treatment of bone tumors.

Nanoparticles for targeting

Mechanisms of tumor targeting by nanoparticle drug
delivery systems

Based on targeting strategies, nanoparticle drug delivery
systems can be classified into passive and active target-
ing systems. Passive targeting relies on the passive accu-
mulation of NPs in tumor tissues, primarily through the
enhanced permeability and retention (EPR) effect. This
effect occurs due to the leaky vasculature and poor lym-
phatic drainage in tumor tissues, allowing NPs to accu-
mulate at the tumor site. The dimension of nanocarriers
is a critical determinant for its permeation and retention
within tumors, limited by the gaps in tumor blood ves-
sels, which are typically within the 200 ~800 nm range.
Furthermore, the size of nanomedicines significantly
impacts their excretion pathways: particles smaller than
6 nm are usually eliminated via renal filtration, whereas
those larger than 500 nm tend to be cleared by the retic-
uloendothelial system. Hence, the ideal size range for
nanocarriers is roughly 20 ~ 200 nm.

On the other hand, active targeting involves attaching
targeting molecules to the surface of nanocarriers, allow-
ing them to specifically identify cells. Various ligand-
modified nanocarriers facilitate receptor-mediated
endocytosis by binding to receptors present on cell sur-
faces. In addition, the development of biomimetic NPs
for bone tumor treatment is also a promising approach.
Examples include hydroxyapatite (HAP) NPs and exo-
some-derived NPs. These biomimetic systems offer
unique advantages in targeting and treating bone tumors
due to their natural compatibility with biological systems.

HAP nanopatrticles

HAP NPs (nHAs) are an important biodegradable mate-
rial widely used in biomedical applications. HAP is an
inorganic compound with a structure similar to calcium
phosphate bone tissue, thus exhibiting excellent bio-
compatibility and bioactivity [183]. NHAs have a large
specific surface area and small particle size, giving them
unique physical and chemical properties [184]. Moreover,
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nHAs possess a certain surface charge, allowing for sur-
face modification by introducing various functional
groups to enhance their bioactivity and control release
behavior [185]. NHAs have extensive potential applica-
tions in the biomedical field. Firstly, nHAs can serve as
bioactive scaffold materials for bone repair and remod-
eling, promoting the adhesion and proliferation of bone
cells while providing an environment similar to calcium
phosphate bone tissue, thus aiding in bone formation and
regeneration [186]. Secondly, nHAs can be used in drug
delivery systems, encapsulating drugs within the NPs to
achieve precisely controlled release and targeted delivery,
thereby improving therapeutic efficacy and reducing side
effects [187]. Additionally, nHAs can be applied in bioim-
aging and diagnostics [188]. By modifying the surface of
the NPs, the enhancement of biomarkers and cell imag-
ing can be achieved, providing more accurate diagnostic
results.

Wu et al. [189]found that the low surface charge den-
sity and nanoscale roughness of HAP facets facilitated
the unfolding of fibronectin (Fn). Elevated angiogenic
and pro-inflammatory secretions were associated with
more unfolded Fn adsorbed on nanoscale rough HAP
facets with low surface charge density. The study sug-
gested that the complex interactions between crystal
surface properties, protein deposition, and cancer cell
interactions could potentially impact tumor growth and
BM. Wang et al. [190] conducted in vivo studies using
a mouse model and discovered that nHAs effectively
inhibited tumor growth. RNA-seq analysis revealed that
nHA treatment led to the downregulation of the FAK/
PI3K/Akt signaling pathway in OS-732 cells. Han et al.
[191] incorporated silk fibroin (SF) and nHA into scaf-
folds for bone regeneration. The use of supercritical CO2
technology allowed precise control over scaffold prop-
erties, mimicking the natural bone structure. The study
highlighted the potential of CM-PDA/SF/nHA scaffolds
in achieving chemophotothermal synergistic effects and
bone regeneration, emphasizing the importance of devel-
oping multifunctional platforms for treating OS and pro-
moting bone repair. Zhang et al. [192] developed a novel
scaffold combining n-HA, MXene, and g-C3N4 for bone
tumor treatment and tissue regeneration. This scaffold
not only enhanced photothermal and photodynamic
performance but also restricted OS cell growth through
n-HA, boosting its antitumor capability. Moreover, the
scaffold promoted osteogenic differentiation and new
bone formation, potentially preventing tumor recurrence
and accelerating bone defect repair post-tumor resection.
Dozzo et al. [193] produced nHA/PLGA hybrid scaf-
folds and evaluated cell behavior in single and co-culture
conditions. They found that culture conditions, environ-
ment, and scaffold composition significantly affected
cell behavior and model development. Yang et al. [194]
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developed a drug delivery system using Rhein-PEG-nHA
conjugates to deliver DOX and phosphorus-32 (32P)
simultaneously. Rhein-PEG-nHA demonstrated signifi-
cant drug release and bone affinity in vitro and effectively
inhibited BC BM growth in vivo. The study emphasized
the potential of Rhein-PEG-nHA in combined radio-che-
motherapy for BM, highlighting the importance of bone-
targeted treatments in reducing skeletal morbidity and
improving patient quality of life. Xiong et al. [195] found
increased expression of osteogenic markers in human
mesenchymal stem cells (hMSCs) on PCL-nHA scaffolds.
Additionally, CXCL12 was identified as a key mediator
promoting cancer cell migration. The study suggested
that tissue-engineered scaffolds could provide a platform
for studying BC metastasis by simulating the bone envi-
ronment, aiding in understanding the mechanisms of BC
BM, and exploring new therapeutic strategies. Chen et al.
[196] designed a Bortezomib (BTZ)/nHA@SA scaffold
to promote tumor inhibition and bone regeneration. The
BTZ/nHA@SA scaffold enabled sustained Ca?* release
to regulate the dual functions of BTZ for tumor inhibi-
tion and bone regeneration. In vitro studies showed the
scaffold promoted cell attachment and proliferation while
inducing BC cell death. In vivo studies indicated the
scaffold’s effectiveness in promoting tumor ablation and
enhancing bone repair. Liu et al. [197] found that DOX
could bind with both nHA and micro-Hydroxyapatite
(mHA) sized HA particles, leading to their accumulation
in the lysosomes of OS cells. The acidic microenviron-
ment of the lysosomes triggered DOX release, resulting
in reduced cell migration and apoptosis. In vivo experi-
ments in mice showed that DOX delivered locally via HA
particles had a stronger tumor eradication effect. The
study suggested that combining nHA with mHA could
enhance the safety of the delivery system while maintain-
ing therapeutic efficacy. Xu et al. [198] discovered that
zoledronic acid-loaded HA-PEG-nHA-ZOLs enhanced
the expression of apoptosis-related proteins and induced
apoptosis in tumor cells while blocking the S phase of
the cell cycle in OS cells. In a mouse model of OS, local
injection of these NPs promoted necrosis, apoptosis, and
granulocyte infiltration in tumor vasculature. The study
indicated that the ZOL NPs could be used for the local
treatment of OS and preventing tumor recurrence. Kang
et al. [199] selected human serum albumin as the core
material for a drug delivery system. The HSA-AD/DOX
NPs exhibited enhanced accumulation in bone tumors in
both in vitro and in vivo models. The results showed that
HSA-AD/DOX not only improved therapeutic efficacy
but also altered the tumor protein expression profile.
Yang et al. [200] introduced a bioinspired tumor-target-
ing and enzyme-activated cell-material interface system
based on DDDEEK-pY-phenylboronic acid (SAP-pY-
PBA) conjugates. This system selectively regulated cancer
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cell surface anchoring and aggregation triggered by ALP,
forming a supramolecular hydrogel (Fig. 8A and C). As
shown in Fig. 8D and E, SAP-pY-PBA +CaCl, might alter
the malignant progression of UMR106 cells by suppress-
ing energy production and oxidative stress through the
AKT signaling pathway. This hydrogel effectively killed
OS cells by enriching calcium ions and forming a dense
HAP layer. The study demonstrated the combination
of bioinspired enzyme-responsive biointerfaces with
biomineralization as a new antitumor approach. Targeted
treatment using HAP NPs in OS and BM is shown in
Table 2.

Exosome-based nanopatrticles

Stem cell-derived exosomes are crucial extracellular
vesicles containing various bioactive molecules that
play key roles in intercellular communication and sig-
nal transduction. Combining stem cell exosomes with
NPs can further enhance their stability, targeted deliv-
ery, and therapeutic efficacy [201]. This combination
offers several unique advantages. Firstly, NPs provide a
stable encapsulation and protection environment, pre-
serving the integrity and functionality of the exosomes
[202]. Secondly, NPs can be surface-modified to control
the release of exosomes, enabling targeted delivery and
release of therapeutic agents [203]. Additionally, the large
specific surface area of NPs provides more loading space,
further enhancing the drug delivery capacity of exosomes
[204]. The application of stem cell exosomes combined
with NPs has vast potential. In tissue engineering and
regenerative medicine, these combined exosomes can be
used to stimulate cell proliferation and differentiation,
promoting tissue repair and regeneration [205]. In drug
delivery, this combination can achieve targeted delivery
and controlled release of drugs, improving therapeutic
efficacy and reducing adverse effects [206]. Furthermore,
the combination of stem cell exosomes with NPs holds
promise in cancer treatment, treatment of neurodegen-
erative diseases, and immunotherapy [207].

Wei et al. [208] compared NPs composed of DOX-
loaded mesenchymal stem cell-derived exosomes with
free DOX. Exosomes were isolated from BMSCs and
loaded with DOX to create exosome-loaded DOX (Exo-
Dox). Exo-Dox demonstrated enhanced cellular uptake
efficiency and antitumor activity in OS cells. The results
suggested that Exo-Dox could be a promising chemo-
therapeutic drug for OS treatment, especially considering
the tumor-homing characteristics of BM-MSCs. Wang
et al. [209] used exosome mimetics (EMs) derived from
BMSC:s as delivery carriers for DOX to treat OS. Erythro-
mycin-Doxorubicin (EM-Dox) exhibited stronger tumor
inhibition activity and fewer side effects compared to free
DOX. Chen et al. [210] constructed bone-targeting exo-
some NPs (BT-EXO) by modifying BMSC exosomes with
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a bone-targeting peptide and encapsulating the iron che-
lator capreomycin (CAP) (Fig. 9A and B). In vitro, BT-
EXO loading accelerated the entry of CAP-CY5.5 into OS
cells (Fig. 9C). In an OS mouse model, the BT-EXO NPs
demonstrated significant anticancer activity compared
to free CAP (Fig. 9D). The results indicated that the NPs
significantly inhibited tumor growth both in vitro and
in vivo, providing a promising strategy for combining
ferroptosis-based chemotherapy with OS-targeted treat-
ment. BT-EXO-CAP induced an increase in intracellular
Fe’* concentration and ROS accumulation, indicating
that BT-EXO-CAP promotes ferroptosis in OS (Fig. 9E).

Nanopatrticles for cell targeting

Several NPs can inhibit tumor progression by directly
regulating the survival ability of tumor cells. Zhang et
al. developed a functionalized titanium-based implant
by loading curcumin onto cyclodextrin-based polymer-
modified TiO, NPs. The curcumin-modified surface
significantly promoted OS cell apoptosis in vitro and
inhibited tumor growth in vivo. Using cyclodextrin as a

drug reservoir allowed effective drug loading and sus-
tained release of the anticancer agent. Various charac-
terizations of the surface modifications assessed changes
in morphology and chemical composition [211]. Yang
et al. [212] prepared and characterized RaCl2 micelles,
demonstrating dose-response behavior and enhanced
efficacy in reducing OS cell viability. The study validated
the effectiveness of technology in enhancing the thera-
peutic effects of radium-223 in cancer treatment. Cai et
al. [213] developed paclitaxel-loaded PLGA NPs coated
with a 143B-RAW hybrid membrane and evaluated their
anticancer efficacy in vitro and in vivo. The hybrid mem-
brane coating on the NPs resulted in high cellular uptake,
improved anticancer efficacy against OS cells, and inhib-
ited tumor growth in mice with minimal damage to nor-
mal tissues. The results suggested the potential of these
hybrid NPs for targeted drug delivery and OS treat-
ment. Yin et al. [214] prepared pPDA/MTX@ZIF-8 NPs,
demonstrating effective induction of apoptosis in MG63
cells, enhanced antitumor activity, and reduced che-
motherapy drug dosage. These NPs exhibited excellent
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Table 2 Targeted treatment using hydroxyapatite nanoparticles in malignant bone tumors

Type of materials Targeting Anti- Effects Mechanism and pathway Refs.
ligand cancer
agent

HAP-Fn / / Inhibit the tumor growth and bone metastasis in breast ~ / [189]
cancer

nano-HAP / / Reduce cell viability and inhibit migration and invasion of = FAK/PI3K/Akt [190]
OS cells, suppress tumor growth in vivo

CM-PDA/SF/nHA / / Promote the proliferation and differentiation of bone / [191]
marrow mesenchymal stem cells in vitro and new bone
production in vivo

n-HA/Mxene/g-C3N4 / / Inhibit the proliferation of bone tumor cells and rapidly ~ / [192]
eradicate bone tumor and enhance osteogenic activity

nHA/PLGA / / Promote prostate cancer growth. / [193]

DOX/32P@Rhein-PEG-nHA / DOX/32P  Inhibit the growth of bone metastases of breast cancer ~ / [194]

PCL-nHA / / Promote the progression of bone metastases of breast CXCL12/ALP/Runx2/OCN  [195]
cancer

BTZ/nHA@SA / / Inhibit tumor recurrence and promot bone tissue / [196]
regeneration

HAP-DOX / DOX Repress the progression and recurrence of OS / [197]

HA-PEG-nHAZOLs / Z0L Stimulate tumor necrosis, apoptosis, and granulocyte / [198]
infiltration in the blood vessels

HSA-AD/DOX / DOX Improvedtherapeutic efficacy in bone tumor-xenografted / [199]
mice

SAP-pY-PBA / DOX Inhibit the progression of OS [200]

photothermal conversion performance and synergistic
chemo-photothermal therapeutic effects, indicating their
potential for OS treatment. The study emphasized the
importance of developing novel drug delivery systems
to improve drug targeting, reduce adverse effects, and
enhance therapeutic outcomes in cancer treatment. Ju et
al. [215] synthesized MnO2@PA NPs and demonstrated
their effective targeting and treatment of OS. Tumor cells
effectively internalized MnO2@PA NPs, which released
Mn?* under acidic conditions. In vivo experiments con-
firmed the accumulation of MnO2@PA NPs in tumor
tissues, enhanced MRI imaging, and inhibited tumor
growth. The study suggested that developing bone-tar-
geted theranostics for MRI and OS treatment could offer
a potential alternative to traditional chemotherapy while
reducing side effects. Vanderburgh et al. [216] found
that bone-targeted NPs (BTNP) with 10 mol% ligand
improved therapeutic outcomes in a mouse model of BC
BM. GANT58-BTNPs showed the potential to inhibit
tumor-induced bone destruction and improve bone vol-
ume fraction in bone tumor-bearing mice. The study
highlighted the importance of targeted NPs in address-
ing tumor-induced bone destruction and provided new
insights into optimizing ligand density for effective tumor
targeting and bone protection. Li et al. [217] discovered
that DOX loaded onto GENP achieved high loading effi-
ciency and sustained drug release. GENP alone could
inhibit TNBC cell proliferation through the downstream
PI3K/AKT signaling pathway of the Epidermal Growth

Factor Receptor (EGFR), showing therapeutic effects in
both TNBC and BM models.

Nanoparticles for releasing
pH-responsive nanopatrticles
Due to increased glycolysis and the activity of plasma
membrane proton pumps, the pH of the TME is slightly
lower than that of healthy cells. In most tumors, the
extracellular pH ranges from 6.5 to 7.2, while the pH
inside lysosomes is even lower, ranging from 5.0 to
5.5 [218]. Therefore, the acidic nature of TME can be
exploited to use pH-sensitive nanoparticle drug delivery
systems, which can specifically release drugs at low pH
levels.

pH-responsive NPs are a unique type of NPs that
exhibit high sensitivity to changes in environmental pH
[219, 220]. The responsiveness of these NPs is derived
from their special structure and composition, with com-
monly used materials including polyamides, polyacrylic
acid, and silicates [221]. pH-responsive NPs typically
exist in two forms: a resting state and an activated state
[222]. In neutral or near-neutral environments, NPs usu-
ally remain in a resting state, characterized by smaller
volumes and lower surface charges. However, when the
environmental pH changes, the NPs become activated
and exhibit different physical and chemical properties.
In acidic or alkaline environments, pH-responsive NPs
display their unique characteristics. In acidic environ-
ments, these NPs tend to adsorb more protons, resulting
in a positive charge that causes repulsion between the
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Fig.9 ABT-EXO by modifying BMSC exosomes with a bone-targeting peptide and encapsulating the iron chelator CAP. A) Preparation flow chart of bone
targeting NPs. B) Representative TEM images of EXOs, BT-EXOs, and BT-EXO-CAP. C) BT-EXOs loading accelerated CAP entry into OS cells. D) Representa-
tive fluorescence imaging of both tumor-bearing mice administrated various treatments and semi-quantitative analysis of mice organs. n=3.* p<0.05,
** p<0.01 E) BT-EXO-CAP induced ferroptosis in human OS cells. DCFH-DA fluorescence of OS cells captured by fluorescence microscope. Reproduced
(Adapted) under terms of the Creative Commons Attribution 4.0 International License [210]. Copyright 2023, BioMed Central Ltd unless otherwise stated.
Part of Springer Nature. Abbreviations: Nanoparticles, NPs; BMSCs, Bone marrow mesenchymal stem cells; CAP, chelator capreomycin; EXOs, Exosomes;
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particles and leads to their aggregation. Conversely, in
alkaline environments, NPs release protons and exhibit a
negative charge, causing attraction between the particles
and leading to their dispersion. The distinctive proper-
ties of pH-responsive NPs allow them to play crucial
roles in various fields such as biomedicine, environmen-
tal monitoring, and the preparation of smart materials.
For instance, in drug delivery, the pH responsiveness of
NPs can be harnessed to achieve targeted drug release,
enhancing therapeutic efficacy and reducing side effects
[223]. In environmental monitoring, pH-responsive NPs
can be used to detect pH changes in water bodies, pro-
viding accurate environmental monitoring data [224].
Additionally, by adjusting the pH responsiveness of NPs,
smart materials such as intelligent coatings and sensors
can be developed [225].

In a study conducted by Yang et al. [226], ZSM-5 zeo-
lite was utilized as a carrier for the anticancer drug DOX

to fabricate ZSM-5/CS/DOX core-shell nanodisks with
chitosan (CS) as the shell material. Si elements released
from ZSM-5 zeolite were observed to promote osteo-
blast differentiation by inhibiting NF-«xB activation, as
reported by Zhou et al. [227]. The ZSM-5/CS/DOX core-
shell nanodisks possessed a diameter of 100 nm, a pore
size of 3.75 nm, and an impressive drug loading rate of
97.7%. Due to the positively charged surface of CS, the
ZSM-5/CS/DOX core-shell nanodisks exhibited pH-
responsive behavior. Notably, at pH 6, the ZSM-5/CS/
DOX core-shell nanodisks released 58.7% of DOX, indi-
cating their pH-dependent drug release profile. Zhu et
al. [228] introduced a strategy combining bone target-
ing with pH-responsive drug release for anti-metastatic
treatment. Compared to free drugs or control micelles,
the constructed micelle ALN-NP exhibited reduced sys-
temic toxicity and improved therapeutic efficacy. The
study demonstrated the potential of prodrug micelles in
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targeting drug delivery to bone metastatic tumor tissues, enabled the combination treatment of zoledronic acid
showing enhanced therapeutic effects and reduced side and osthole, reducing tumorigenesis and osteoclastogen-
effects. Qiao et al. [229] developed a pH-responsive bone-  esis. The apoptosis of MDA-MB-231 and 4T1 cells was
targeting drug delivery system using lead-bismuth-loaded  greatly intensified when BC cells were cocultured with
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Fig. 10 A pH-responsive bone-targeting drug delivery system using lead-bismuth-loaded upconversion NPs. A) Schematic illustration of the synthesis
of theranostic bone-targeting Gd(lll)-doped upconversion NPs PUCZP. B) FTIR spectra of UCMS (black line) and UCZP (red line). C) PH-sensitive PL re-
lease from PUCZP under acidic conditions. D) PUCZP attenuates cancer cell malignancy and BC-induced osteoclastogenesis synergistically in vitro. Cell
apoptosis of MDA-MB-231 and 4T1 cells after varying NPs treatments assessed with flow cytometry analysis. E) Quantifications of cell apoptosis rates of
MDA-MB-231 and 4T1 cells treated with varying NPs. F) BMMs were stimulated with CM from 4T1 cells plus varying NPs. TRAP staining to indicate ma-
ture MNCs was performed (scale bar =250 um). G) The number (left) and area (right) of TRAP-positive MNCs were calculated. Values are the means+SD
(n>3,**P<0.05 compared with Ctrl). H) Detection of early BM in nude mice bearing metastatic BC cells. I) Theranostic effects of PUCZP against early BM.
Weekly IVIS monitoring of MDA-MB-231SArfp cells in nude mice. J) Fluorescent intensity of cancer cells within the bone milieu after various treatments.
Reproduced (Adapted) with permission [229]. Copyright 2017, American Chemical Society. Abbreviations: Nanoparticles, NPs; ZA, Zoledronic acid; PL,
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linkage
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the combined effects of drug-induced apoptosis against
BC cells (Fig. 10E). 4T1 cells were treated with differ-
ent NPs to examine the osteoclastogenesis stimulated by
4T1 cells (Fig. 10F and G). Furthermore, this drug deliv-
ery system showed potential for early diagnosis of BM in
bone cell-targeted treatment (Fig. 4H). The IVIS system
monitored MDA-MB-231SAfrp cell survival over time.
In the control group, fluorescence appeared in both knee
joints by week 3 and increased at week 4. PUCZP treat-
ment reduced fluorescence by 76.1% at week 3 and 70.1%
at week 4, compared to 3.6% and 11.4% with UCZP, and
21.9% and 23.8% with PL and ZA. Fluorescence in the
head and neck regions of the Ctrl and UCZP groups sug-
gested possible lymphatic metastasis beyond PUCZP’s
targeting range (Fig. 4I). PUCZP, by specifically targeting
early bone lesions, was more effective in preventing can-
cer-induced osteolysis compared to UCZP and dual drug
treatments. After 4 weeks, significant bone destruction,
including severe damage to the knee joint, was observed
in the control group’s tibiae (Fig. 4]) Targeted treatment
using pH-responsive NPs in OS and BM was shown in
Table 3.

ROS-responsive nanoparticles

ROS-responsive NPs are a highly sensitive class of NPs
that can rapidly respond to changes in intracellular ROS
levels [230]. These NPs are typically composed of vari-
ous materials, such as metal oxides, organic polymers,
and biomolecules. Due to the critical physiological roles
of ROS and their association with various diseases,
research on ROS-responsive NPs has garnered exten-
sive attention. The key to designing these NPs lies in
achieving high selectivity and sensitivity, enabling them
to respond quickly and controllably to changes in ROS
levels [231]. When ROS levels rise, ROS-responsive NPs
often undergo morphological or structural changes or
release active substances, thereby regulating ROS levels
[232]. The application potential of ROS-responsive NPs
is vast. In drug delivery, these NPs can serve as carriers,
encapsulating drugs and utilizing the presence of ROS to
achieve stimulus-responsive drug release [233].

In cancer treatment, since ROS levels are typically
higher in tumor tissues, ROS-responsive NPs can be
designed as selective tools for tumor-specific drug
release. Additionally, ROS-responsive NPs can be used
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in fields such as bioimaging, diagnostics, and therapeu-
tic monitoring [234]. For example, in bioimaging, these
NPs can function as fluorescent probes, monitoring the
oxidative stress status of cells by responding to changes
in ROS levels [235]. In diagnostics and therapeutic moni-
toring, ROS-responsive NPs can be used for early dis-
ease detection and treatment efficacy assessment [236].
Wang et al. [237] developed mesoporous polydopamine-
coated hydroxyapatite (HAP) NPs loaded with indocya-
nine green (ICG) for ROS-triggered nitric oxide (NO)
enhanced PTT of OS. The AI-MPHA NCs demonstrated
high photothermal efficiency, effective ROS production,
and efficient NO generation under near-infrared laser
irradiation, achieving a synergistic effect of PTT and NO
gas treatment. Ying et al. [238] discovered that FeGA-
DOX NPs induce PTT under laser irradiation, releasing
DOX to produce ROS for chemodynamic treatment. The
results showed potential in inhibiting mouse OS tumor
growth by combining photothermal and chemodynamic
effects without severe side effects. Gemini-Piperni et al.
[239] developed and evaluated Ra-nano-HAP as a poten-
tial radiopharmaceutical, highlighting the importance
of expanding the new TAT drug library. Additionally,
Ra-nano-HAP exhibited a dose-response relationship
against OS cells and demonstrated safety for human
fibroblasts. Zeng et al. [240] reported that NPs sig-
nificantly inhibited tumor progression in mice bearing
drug-resistant OS cells (Fig. 11A and B). In Fig. 11C,
the TPPPPG@ICG+laser group induced significant cell
death and exhibited strong red fluorescence, further
demonstrating the synergistic therapeutic effects of mito-
chondria-targeted PDT and PTT. Furthermore, real-time
fluorescence imaging in the near-infrared region was
used to monitor the distribution of the NPs and guide
treatment (Fig. 11D and F). The study demonstrated the
potential of targeting mitochondrial oxidative graphene
NPs for fluorescence imaging-guided synergistic photo-
therapy in drug-resistant OS, providing a novel approach
to improve treatment outcomes for challenging cases
(Fig. 11). Targeted treatment using ROS-responsive NPs
in OS and BM was shown in Table 4.

Table 3 Targeted treatment using pH-responsive nanoparticles in malignant bone tumors

Type of carrier Targeting Anti-cancer agent  Effects Mechanism and Refs.
ligand corresponding
pathway
ZSM-5/CS/DOX ZSM-5 DOX Induce cancer cell apoptosis / [226]
ALN-NP / Alendronate Reduce systemic toxicity and improve therapeutic / [228]
effects of breast cancer bone metastasis
PL/ZA / Zoledronic acid Inhibit the tumor formation and osteoclast formation / [229]

of breast cancer bone metastasis
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Fig. 11 A new nano-drug delivery system based on near-infrared imaging and multifunctional graphene, A) Schematic illustration showing a TPP-PPG@
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TPP-PPG@ICG. E) Tumor volumes of MG63/Dox tumor xenografts, F) body weights of different groups of mice. Reproduced (Adapted) with permission
[240]. Copyright 2021, American Chemical Society. Abbreviations: TPP, (4-Carboxybutyl) triphenyl phosphonium bromide; ROS, Reactive oxygen species;
ICG, indocyanine green; PPG, polyethylenimine-modified PEGylated nanographene oxide; AFM, Atomic force microscopy; PBS, Phosphate Buffered Saline

Antiosteosarcoma nanotherapy mediated by tissue engineering scaffolds to both promote bone regeneration
engineering scaffolds and eliminate residual tumor cells without causing sys-
After surgical resection of OS, a definitive bone defect is  temic toxicity. Nanomaterials have opened a new avenue
often left, which may require medical intervention using in bone grafting, as they aid in bone reconstruction and
grafts or synthetic scaffolds to fill the void. Some studies mimic the unique structural characteristics of natural
focus on therapeutic strategies that utilize bone tissue  bone.
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Table 4 Targeted treatment using ROS-responsive nanoparticles in malignant bone tumors

Type of carrier Target- Anti-cancer Effects Mechanism and cor- Refs.
ing agent responding pathway
ligand
Al-MPHA NCs MPDA / Establish a novel nano-platform for NO-enhanced photother-  / [190]
mal therapy of OS
FeGA-DOX/AG / DOX Induce tumor cell apoptosis and provide a novel therapeutic ~ / [191]
strategy for OS
C60-CaMKlla-nano CaMKlla / Repress OS pregression Elicit ROS-dependent cy-  [193]
totoxicity and persistent
activation of CaMKlla
TPP-PPG@ICG / Doxorubicin Induce the intrinsic apoptosis assisted in surmounting drug / [194]

resistance and cause tumor cell death

3D printing technology, as an innovative manufactur-
ing method, is gaining widespread attention in the fields
of nanoscience and materials. In recent years, researchers
have begun to explore the application of NPs in the prep-
aration of 3D-printed nanostructures using 3D printing
technology [241]. By combining NPs with printing mate-
rials, researchers have successfully achieved directed
assembly and precise control of the spatial positioning
of NPs. Methods for 3D printing NPs include directly
mixing NPs with printing materials or printing after the
pre-assembly and functionalization of NPs [242]. These
methods not only enable high-resolution structure fab-
rication at the microscale but also introduce the unique
properties of NPs into the printed structures, further
expanding the functionality and applications of the mate-
rials [243]. The potential applications of 3D-printed
NPs are extensive. In the biomedical field, 3D-printed
nanoparticle structures can be used for biosensing, tissue
repair, and drug delivery [244].

Hao et al. [245] reported a chip-based bone model
for the self-growth of 3D mineralized collagen bone tis-
sue. They discovered that mineralized bone tissue could
grow autonomously within the chip-based bone model,
simulating a real bone environment (Fig. 12A and L). The
chip-based bone model offers advantages such as high
experimental throughput and focused cell-bone matrix
interaction areas, providing an important experimental
platform for developing new therapeutic strategies and
drugs (Fig. 12M and N). Zhu et al. [246] integrated 3D
printing technology with a unique nano-ink to create a
biomimetic bone-specific environment. BC cells cultured
in the 3D matrix exhibited spheroid morphology and
migration characteristics, while co-culture with BMSCs
enhanced the formation of spheroid clusters. Compared
to 2D culture, the 3D matrix imparted greater drug resis-
tance to BC cells. Zhu et al. [247] further demonstrated
that 3D-printed bone matrix structures with controlled
architecture allowed BC cells to inhibit osteoblast pro-
liferation, while osteoblasts stimulated BC cell growth
in the optimized bone matrix. Co-culturing BC cells and
osteoblasts in the 3D bone matrix formed multicellular

spheroids. The results validated the use of a 3D-printed
bone matrix as an in vitro metastasis model to study BC
BM, aiding in understanding the behavior and interac-
tions of BC in the bone microenvironment.

Nanoparticles with clinical potential
Lipid nanoparticles
Liposomes are NPs composed of one or more lipid bilay-
ers that form spherical hydrophilic vesicles, enabling
drug encapsulation. Hydrophobic drugs can be incor-
porated within the lipid bilayer, while hydrophilic drugs
can be encapsulated in the aqueous core. In 1995, the
liposomal formulation of Doxil was approved by the
FDA. Liposomal Doxil, also known as liposomal Adria-
mycin, is fully named pegylated liposomal doxorubicin
(PLD) (Fig. 13A and B). It uses an advanced phospholipid
bilayer to encapsulate the active ingredient Doxil, with
an outer layer coated with polyethylene glycol (PEG),
forming a novel anthracycline drug. According to clini-
cal research results from both domestic and international
studies, as well as recommendations from authoritative
guidelines such as NCCN and CSCO, PLD can be used
for the treatment of soft tissue and bone sarcomas.
Chemotherapy remains a crucial systemic treatment
for bone and soft tissue sarcomas. ADM (another name
for Doxil) is the cornerstone of chemotherapy for bone
and soft tissue sarcomas, with first-line regimens recom-
mending ADM at a dose of 50-70 mg/m?® every three
weeks as one cycle. As a traditional anthracycline-based
anticancer drug, ADM exhibits potent and broad-spec-
trum antitumor activity. However, while it effectively
kills tumor cells, it also causes significant adverse effects,
including myelosuppression, cardiotoxicity, and gas-
trointestinal toxicity. Notably, its cardiotoxicity is dose-
dependent, which limits its clinical use. PLD is a novel
formulation of ADM designed to enhance drug delivery
by evading phagocytosis by the reticuloendothelial sys-
tem, improving tissue penetration, prolonging circula-
tion time, and enabling targeted release at tumor sites.
PLD releases its payload gradually within the body, with
a half-life of 50-70 h. Due to the leaky vasculature and



Guan et al. Molecular Cancer (2024) 23:246 Page 24 of 32

,

I < # t
= = Medium reservoir | R Medium iniet -8 y &
A T Tl Dialysis memb ‘ ‘ "

i | % )

Y Culture chamber
¥ Cellinlet

Cover slip

- - ¥ 35-; \

Osteoblast  Osteoblast Il Large proteins
o -

ECM  Nutrient, Low MW Waste, Low MW

MDA-MB-231

MDA-MB-231-BRMS1

Fig. 12 A chip-based bone model for the self-growth of 3D mineralized collagen bone tissue. A) Schematics of the chip design. B) SEM analysis of 30
d osteoblastic tissues recovered from a 2 mm NC BC. Bundles of collagen fibrils of 30 nm diameter formed a 3D mesh structure. Arrows indicate strings
of mineral deposition (left). Large nodules of mineral deposition were indicated by arrow (right). C) Representative TEM images of horizontal and cross-
sectional views of recovered osteoblastic tissues from 2 mm NC-BC. Cells were healthy based on morphology and nuclear shape. Arrows indicate mineral-
ized collagen fiber bundles. Inset highlights the distinctive banded pattern of collagen fibrils. D) Element analysis revealed calcium and phosphate as the
major components of the mineral nodule. E) Cancer cells are embedded in the collagen matrix and start proliferating in the first week of co-culture. F)
Arrows indicate the hollow space occupied by the cancer cells in panel E. G) Cancer cells eroding the surrounding matrix. H) Arrows indicate invadopodia
(close-up in the inset) protruding through the matrix. I) The embedded cancer cells grew into colonies in the first week. J) The proliferating cancer cells
started reorganizing the surrounding matrix. Doubled-headed arrows indicate the alignment of the matrix. K) Cancer cells aligned with the axis of the re-
organized matrix. L) A single file of 3 BC cells migrated through the re-organized matrix. Scale bars are 100 um in panels (E)—(K). M) Fluorescence images
show the formation of micrometastases by MDA-MB-231 and MDA-MB-231-BRMST1. N) Histogram represents the percentage of cancer cell population
contributing to single cell or micrometastases. Significant differences in the percentage of cancer cell population contributing formation of micrometas-
tases and single cells were observed between two cancer types (n=3, p <0.01). Reproduced (Adapted) with permission [245]. Copyright 2018, Wiley-VCH
Verlag GmbH & Co. Abbreviations: BC, breast cancer; NC, nitrocellulose; BC, bone-on-a-chip; SEM, Scanning Electron Microscope

abundant neovascularization within tumors, especially
in large tumor masses, the drug accumulates more effec-
tively at the tumor site (Fig. 13C and D). Additionally,
PLD can cross the BBB and blood-testis barrier, provid-
ing significant inhibitory effects on tumors located in
the central nervous system and other specialized areas.
Compared with conventional ADM, PLD offers lon-
ger therapeutic duration, reduced cardiotoxicity, and
improved tumor-targeting capabilities. The authorita-
tive NCCN guidelines indicate that PLD monotherapy
has shown efficacy in the treatment of advanced, meta-
static, recurrent, or refractory sarcomas. The EORTC

study was a prospective, randomized phase II trial com-
paring PLD with ADM for the treatment of advanced
soft tissue sarcomas (STS). Of the 94 patients enrolled,
50 received PLD (50 mg/m?), and 44 received ADM (75
mg/m?). The results demonstrated that the response rates
for advanced or metastatic sarcomas were 9% for ADM
and 10% for PLD, indicating that PLD offers comparable
efficacy to ADM. Moreover, PLD significantly reduced
the incidence of febrile neutropenia (FN), alopecia,
and cardiotoxicity compared to ADM. Another single-
arm, single-center, open-label clinical study included 25
patients with advanced metastatic STS to evaluate the
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clinical efficacy and safety of PLD in combination with
ifosfamide (IFO). The results showed a median progres-
sion-free survival (PFS) of 8.0 months, with mild adverse
effects and favorable cardiac safety. The primary cardiac
events observed were grade 1 arrhythmias, with no grade
3—4 cardiotoxicity reported, confirming the high cardiac
safety of PLD. Given these benefits, PLD demonstrates
efficacy equivalent to ADM in treating sarcoma patients,
while offering superior cardiac and hematological safety.
Therefore, PLD is considered one of the preferred che-
motherapy options for sarcoma patients.

In addition, combining liposomes with nanocarriers
and drug delivery agents within scaffolds is a promising
approach to create a versatile platform for drug delivery
and tissue engineering, offering the potential for pro-
longed therapeutic effects, especially in bone healing
[248]. Furthermore, due to their small size and unique
composition, nanomaterials used as scaffolds can signifi-
cantly enhance performance and interactions within the

body. Therefore, nanomaterial-based scaffolds hold great
promise as an effective method for OS treatment, bone
repair, and regeneration in the future.

Polymeric nanopatrticles

Currently, several polymeric NPs have been developed
and are available as promising platforms for drug deliv-
ery. Examples include polymeric micelles, PLA-PEG NPs,
and PLGA-based NPs, which are widely researched due
to their biocompatibility, controlled release properties.
These polymeric carriers offer significant potential for
targeted drug delivery and combination therapies, mak-
ing them valuable platforms for future applications in
treating cancers and other diseases.

Polymeric micelles are formed by the self-assembly
and spontaneous aggregation of amphiphilic polymers.
The micelle structure consists of a core and a shell, where
the hydrophobic core acts as a reservoir to prevent drug
dissolution, while the hydrophilic shell provides water
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solubility and spatial stability to the micelle structure. Jin
et al. [249] designed a mitochondria-targeting amphiphi-
lic block copolymer (OPDEA-b-PDCA) that self-assem-
bles into stable polymeric micelles (OPDEA-PDCA),
which can selectively inhibit mitochondrial PDHKI.
These self-assembled polymeric micelles are capable of
targeting and modulating mitochondria to induce pyrop-
tosis in tumor cells.

Poly(lactic-co-glycolic acid) (PLGA) has been approved
by both the European Medicines Agency and the FDA
for use in medical devices and pharmaceuticals due to
its controlled drug release properties, biocompatibil-
ity, and relatively low toxicity. Yu et al. [250] developed
a multifunctional magnetic gel (Fe304/GOx/MgCO3@
PLGA) as a magnetic bone repair hydrogel (MBR), which
has liquid-solid phase transition capabilities. This gel
can induce a magnetothermal effect, trigger the release
of GOx, and inhibit ATP production, thereby reducing
HSP expression, and achieving synergistic therapy for OS
treatment.

Poly(ethylene glycol)-poly(D, L-lactide) (PEG-PLA)
is a commonly used copolymer for drug delivery, while
Prostate-Specific Membrane Antigen (PSMA) targeting
technology is primarily used in the treatment of PCa.
Afsharzadeh Maryam et al. [251] first introduced a novel
PEG-PLA nanoparticle (PEG-PLA NPs) system contain-
ing galbanic acid (GBA) and docetaxel, targeted using
ACUPA ((S)-2-(3-((S)-5-amino-1-carboxypentyl) ureido)
pentanedioic acid), a small molecule inhibitor that targets
prostate-specific membrane antigen (PSMA). This PEG-
PLA NPs, loaded with GBA and docetaxel, presents a
promising delivery platform for PSMA-targeting cancers,
addressing challenges such as short circulation half-life
and limited therapeutic efficacy. Therefore, PSMA-tar-
geted PEG-PLA NPs can be used for the treatment of
secondary BM caused by PCa.

Among polymers, chitosan, a natural polymer, is widely
used due to its excellent biocompatibility and biode-
gradability. It can be designed into various NPs to per-
form different functions in the treatment of OS. Mei L.
Tan et al. [252] discovered that free chitosan promotes
osteoblast proliferation and osteogenesis in mesenchy-
mal stem cells, increasing the expression of osteopontin
and collagen I while reducing osteoclast formation. In
mice treated with chitosan, better fracture healing was
observed, with greater trabecular bone formation.

Discussion and prospects

NPs, as a novel tool for treatment and diagnosis, have
made significant progress [253]. By optimizing materials
to construct stable, efficient, and safe nanocarriers, and
by combining these nanocarriers with anticancer drugs
and highly accurate cancer diagnostic probes, future
research will focus on integrating functions such as
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targeted drug delivery, in vivo tracking, drug treatment,
and prognosis monitoring into multifunctional nano-
systems. This will provide strong support for effectively
improving drug delivery efficiency and reducing drug
toxicity [254]. However, it is worth noting that the appli-
cation of NPs in cancer diagnosis still faces several chal-
lenges. Firstly, the fundamental theories of nanomedicine
and the preparation processes of nanodrugs are still not
well established. There is a lack of in-depth and system-
atic research on the behavior of nanodrugs in the body,
including tissue distribution, pharmacokinetics, phar-
macodynamics, and their interactions with the chemical
structure and physical properties of the carriers [255].
Therefore, extensive work is still needed in the research
of nanotechnology in the diagnostic field. Despite some
potential limitations and challenges, the application pros-
pects of NPs in cancer diagnosis remain very optimistic
with continuous technological advancements and safety
evaluations. This progress is significant for the develop-
ment of personalized treatment. Current research in
nanobiotechnology in clinical diagnostics mainly focuses
on nanosensors and imaging technologies, the use of
nanorobots for cell-level repair, and the extraction and
measurement of biomarkers, aiming at early disease diag-
nosis and improving treatment efficacy. Future research
and development will further promote the application of
NPs in cancer diagnosis, providing more effective means
for cancer treatment.

With advancements in nanotechnology, it is becom-
ing increasingly possible to develop more intelligent NPs
that respond to changes in the TME or external stimuli,
allowing for precise drug release. This innovation can
significantly enhance targeting specificity and mini-
mize side effects in cancer treatment. Additionally, NPs
can be designed for multimodal imaging, incorporating
techniques such as CT, MRI, and PET. By creating mul-
timodal imaging probes, nanotechnology enables highly
sensitive tumor detection and precise localization, while
also integrating diagnostic and therapeutic functions
into a single platform. This theranostic approach holds
great promise for more effective personalized treatments.
Moreover, nanotechnology offers the potential to expand
personalized immunotherapy by developing cancer vac-
cines and immunotherapy platforms that enhance spe-
cific immune responses. By targeting tumor-associated
antigens and incorporating immune checkpoint inhibi-
tors or other immunomodulators, NPs can improve
the efficacy and tolerability of immunotherapy. Despite
significant progress in laboratory research, the clinical
translation of nanomedicine still requires further clinical
trials and safety evaluations. Future research must priori-
tize optimizing clinical translation pathways.
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Conclusion

Malignant bone tumors are highly aggressive and lethal,
and their complex TME not only promotes tumor growth
and metastasis, but also increases the difficulty of treat-
ment. Understanding the mechanisms of the bone micro-
environment is essential for the treatment of malignant
bone tumors. Recent advances in NPs have shown great
promise in the diagnosis and treatment of malignant
bone tumors. These NPs offer enhanced targeting capa-
bilities, controlled drug delivery, and improved imaging
modalities, leading to more effective therapeutic out-
comes and early detection of cancer. By overcoming these
challenges and focusing on the development of novel
NPs, we can significantly improve the diagnosis and
treatment of malignant bone tumors, ultimately enhanc-
ing patient outcomes and quality of life.
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