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ABSTRACT: Primary bone cancer is a relatively rare malignant tumor that manifests in the bone and affects the
normal functioning of the bone tissue. Primary bone cancer can be characterized into three subtypes, which are
osteosarcoma, chondrosarcoma, and Ewing sarcoma. Notably, the treatment of primary bone cancer with conventional
modalities, like chemotherapy and surgical interventions, has been overwhelmed with dismal clinical outcomes.
The conventional therapies are challenged with non-specificity, resulting in off-target effects and ultimate harm to
healthy tissue. Particularly, chemotherapy as a first-line treatment option is riddled with poor drug bioavailability,
limited tumor accumulation, and increasing drug resistance. Several innovative drug delivery systems, including
nano-based carriers, have been investigated to overcome the systemic drug delivery challenges in primary bone cancer.
Accordingly, with most reviews focusing on bone metastasis (secondary bone cancer), this current narrative review
aims to provides critical insights on nanocarrier strategies for drug delivery in primary bone cancer, comprehensively
expounding on the epidemiology, cellular mechanisms, and etiological effects of primary bone cancer, as well as the
current therapies and new drug nanocarriers prototyped to optimize the clinical outcomes in bone cancer management.
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1 Introduction

Bone cancer is amongst the least common types of malignancies, making up less than 1% of reported
cancer cases globally [1]. Primary bone cancer is predominant in young adults and children, and can be
categorized into three subtypes, namely osteosarcoma, chondrosarcoma, and Ewing sarcoma [2]. These
develop from the different parts of the bone [3]. Ewing sarcoma is the least prevalent of the subtypes often
originating from the tissue surrounding the bone, and constitutes about 16% of diagnosed primary bone
cancer cases, followed by chondrosarcoma (~20%), which develops from the cartilage cells, and at the top is
osteosarcoma (~35%), which develops in the growing ends of the bone [2]. Besides primary bone cancer,
another form of bone malignancy, referred to as bone metastases, is prevalent in patients already presenting
with another type of cancer in the body [4]. Essentially, bone metastases originate from other cancer sites
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and spread to the bones. The current review is, however, solely focused on primary bone cancer, which
originally manifests in the bone, from the rampant bone cells.

Primary bone cancer accounts for approximately 0.2% of all confirmed cancer mortalities and nearly 5%
cancer-related deaths in children worldwide [2]. About 3600 new cases were estimated in 2020 in the United
States, with about 1720 reported deaths. The global osteosarcoma female: male ratio is reportedly 1:1.43,
which demonstrates the predominance of primary bone cancer in males [5]. Essentially, osteosarcoma has
been shown to account for the majority of incidences in children and the elderly. Particularly, African
countries like Nigeria, Uganda, and Sudan are amongst the regions with the highest recorded cases of
osteosarcoma [6]. The American Cancer Society had reported that ~2160 incidences were recorded in males
and ~1810 in females in 2023, driving the total of new cases to ~3970 [7]. Likewise, the number of deaths in
males is estimated at 1200, meanwhile 940 deaths are expected in females, totalling about 2140 deaths in
2023 [7].

The ultimate risk factors of primary bone cancer remain poorly understood. However, it has been
deduced that socio-demographics (i.e., gender and age), radiation exposure, and genetics may play a key
role in the manifestation of primary bone cancer, particularly in children [8]. Hereditary factors have been
implicated in the etiology of bone cancer from earlier investigations, with studies involving children and
meta-analysis investigations in which cases of osteosarcoma development are documented [9]. Meanwhile,
gender and race are also reported to contribute as plausible factors in the high incidences of primary bone
cancer [10]. Additionally, unchecked exposure to radiation, particularly at an early age, increases the risk
of bone cancer, in which, in most cases, the cancer may manifest in 5-20 years post exposure [8].

Sadly, the therapeutic approach for primary bone tumors has been largely focused on attaining
local tumor control while sustaining the patients’ quality of life [11]. Currently, chemotherapy (i.e.,
neoadjuvant and/or adjuvant), radiotherapy, and surgery are the best treatment options for bone cancer [12].
Accordingly, several chemotherapeutic regimens have been passed by the U.S Food and Drug Administration
(FDA) for use in the treatment of bone cancer, whether individually or in combination. Amongst these
chemotherapeutic drugs are methotrexate, doxorubicin, ifosfamide, and cisplatin [12,13]. However, the
use of chemotherapy regimen in bone cancer comes with significant challenges, such as non-specific
distribution, poor accumulation into tumors, rapid clearance, and high toxicity, resulting in unwanted side
effects [12].

Furthermore, the efficient delivery of therapeutics to the bone tissue remains a major challenge, due to
the complex anatomical and physiological attributes of bone tissue [14]. Generally, drugs can be delivered to
the bone tissue either locally (direct injection to bone tissue, i.e., use of drug eluting implants) or systemically
(via bloodstream, i.e., using drug carriers) [15,16]. The structural composition of the bone is primitively
maintained through the bone remodelling process, which involves the replacement of the damaged or old
bone by the osteoclasts, and replacement with newly formed bone by the osteoblasts [14,17]. Moreover,
80% of bone mass comprises a mixture of calcium phosphate salts and collagen, making bones exceptionally
resistant to mechanical stress, while structurally strong enough to carry the whole body [18]. Although
highly vascularized, the bone vascular network is structurally varied based on skeletal site, age, as well as
existence of a disease condition, which may compromise the diffusion of molecules from the bloodstream to
the target location [18]. Likewise, when the basal membrane is present in the blood vessels, drug penetration
and accumulation in the bone may be hindered [14].

Consequently, different drug delivery systems have been proposed to overcome these hurdles, offering
enhanced therapeutic effects to prolong the survival of patients and enhance the quality of life. These new
drug delivery systems, including nanoparticle-based platforms, have demonstrated some advantages over
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conventional therapies for managing primary tumors, with minimal adverse effects and enhanced drug
pharmacokinetics reported in pre-clinical and clinical studies.

The current review aims to discuss these drug delivery systems in detail and provides insights into key
aspects of primary bone cancer, such as cellular mechanisms, etiology, and epidemiology, which inform the
design of emerging nano-based therapies for primary bone cancer.

2 Classification of Primary Bone Cancer: Subtypes and Diagnosis

Primary bone cancer categorically refers to tumors that specifically occur in bone as a site of origin, in
contrast to secondary bone cancer, which refers to other cancers that metastasize to the bone tissue [19].
These tumors develop from the different parts of the bone, as shown in Fig. 1 [3], and are categorized into
(i) osteosarcoma which mostly manifests in the growing ends of the arm and leg bones of young adults and
children, (ii) chondrosarcoma which develops from the cartilage, and (iii) Ewing sarcoma which popularly
originates from the surrounding tissue in the pelvis, arms, or legs [19]. Early diagnosis of bone cancer plays
a key role in the appropriate staging and prognosis, as well as apt intervention for limiting morbidity and
mortality [17,20].

The diagnosis of primary bone cancer is typically informed by the primary symptoms and indications,
including abnormal serum levels of calcium and alkaline phosphatase, pathological fractures, and bone pain,
along with complementary data from imaging evaluations [20]. The diagnosis is generally achieved through
surgical based biopsies and imaging examinations like magnetic resonance imaging (MRI), computed
tomography (CT), X-ray, and positron emission tomography (PET) [19]. In essence, the diagnosis of bone
cancer needs to be accurate and timely, as the stage of the cancer influences the choice of intervention and
ultimately the patients’ survival [17,20]. This section discusses the three main subtypes of primary bone
cancer and the relevant diagnostic modalities used in their evaluation.

42y
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Figure 1: Subtypes of primary bone cancer and their sites of origin. Osteosarcoma originates in the growing
ends of the bone, and chondrosarcoma develops from the cartilage cells in the bone, meanwhile Ewing sarcoma
develops from the tissue surrounding the bone. Reproduced with permission from [3], under a Creative Commons
CC-BY-NC-ND license. Copyright ©2023 Elsevier B.V.

2.1 Osteosarcoma

Osteosarcoma, most common in adolescents and young adults, is the most prevalent subtype of
primary bone tumors constituting almost 35% of all reported primary bone cancer cases [1,2]. The
excessively aggressive tumor is mostly secondary in patients over 40 years, particularly males, as it arises
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post exposure to chemical agents, radiation, or viruses, and may be considered distinct from osteosarcoma
in children based on histogenesis [21]. Osteosarcoma is marked by osteoid production and disorganized
bone structure appearing as a fine lacey trabecular pattern, mostly manifesting at the metaphysis of rapidly
growing long bones [12]. In addition, osteosarcoma is genetically characterized by complex cytogenetic
changes, consisting of both structural and numerical changes, which often amplify and yield a hyperploid
genotype [22].

The diagnosis of osteosarcoma is generally achieved through an interdisciplinary cooperation amongst
oncologists, orthopaedic surgeons, pathologists, and radiologists [22]. Conventional osteosarcoma
exhibits a highly variable radiographic appearance, as the tumor mostly presents as a blended lytic
lesion with cortical degradation [23]. Nonetheless, the osteoid-extracellular matrix is the characteristic
feature of osteosarcoma, and its nature determines the histological subtype, which subsequently
predicts survival [22,23]. Accordingly, conventional radiography plays a key role in detecting primary
tumors, whereas examination through magnetic resonance imaging (MRI) or dynamic enhanced MRI
is employed in detecting tumor extension in adjacent joints, as well as its association with soft tissue
components [22]. Additionally, dynamic enhanced MRI can be employed in monitoring the effects of
neoadjuvant chemotherapy before surgery [22].

2.2 Chondrosarcoma

Chondrosarcomas are rare malignant cartilaginous neoplasms characterized by variously differentiated
chondroid matrix producing cells [12,24]. Chondrosarcomas account for approximately 10-20% of all
reported malignant bone tumors, and in contrast to osteosarcoma and Ewing sarcoma, these mesenchymal
tumors are prevalent in adults, with more than 70% of diagnosed cases manifesting in people above the age
of 40 [12]. Moreover, chondrosarcomas present with diverse morphological and clinical features, which
categorize this heterogeneous group of tumors into primary/conventional chondrosarcoma (80-90%) and
differentiated/secondary chondrosarcoma (10%) [12,24]. Conventional chondrosarcoma normally affects
the pelvis, humerus femur, ilium, and ribs; however, it has a high tendency to spread to other organs,
particularly lungs [12].

Generally, a definitive diagnosis of chondrosarcoma can be achieved from imaging examination only,
owing to the characteristic radiographic features of the lesions [24]. As such, plain X-ray is employed
to identify the cartilaginous nature of the lesion and often reveals intralesional calcifications, endosteal
scalloping, and permeative appearance in high-grade chondrosarcomas [24,25]. Similarly, CT scan and MRI
can be employed to reveal these characteristic features of chondrosarcomas, including matrix calcification
in over 90% of the cases and a cortical breach in the examination of long bone neoplasms [24]. On the other
hand, tumor biopsy remains essential for diagnosing chondrosarcoma and differentiating it from benign
and other malignant bone tumors [25].

2.3 Ewing Sarcoma

Ewing sarcoma is a highly malignant form of sarcoma which originates mostly from the inner part
of the bone, and predominantly manifests in adolescents and young adults [26,27]. Although uncommon
(constituting ~16% of all diagnosed bone sarcomas), Ewing sarcoma remains the most undifferentiated
group of a primitive neuroectodermal tumor with a high probability of recurrence [26]. The Ewing sarcoma
family comprises classic Ewing sarcoma of bone, malignant small-cell tumor of the chest wall (Askin
tumor), extra-skeletal Ewing sarcoma, as well as soft-tissue based primitive neuroectodermal tumors. These
are characterized by systematic chromosomal translocations that yield fusion genes encoding aberrant
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transcription factors, and mostly affect anatomic sites like the pelvis, femur, and axial skeleton, although
they may also manifest in almost any other tissue [26,27]. The apparent indication of Ewing sarcoma in
most patients is the swelling and pain over the site where the tumor is located [28].

Appropriate diagnosis of Ewing sarcoma involves imaging, which is a decisive factor for both diagnostic
and therapeutic evaluation [26]. Accordingly, the initial staging and follow-up protocol are informed by
the imaging data. The primary diagnosis, particularly in children, is based on MRI, which visualizes the
local magnitude of the tumor, with subsequent projection radiography and/or CT carried out if the MRI
gives inconclusive findings [26-28]. Radiography and CT findings that are common in Ewing sarcoma
and possible malignant bone neoplasms include permeative osteolysis and mineralization of matrix [26].
Meanwhile, the signs of a suspected Ewing sarcoma on MRI include bone marrow displacement and the
extraosseous tumor extension, as well as joint infiltration [28].

3 Bone Biology and Cellular Mechanisms Implicated in Primary Bone Cancer

Bone cancer normally targets long bones (i.e., humerus, tibia, femur) close to the metaphyseal growth
plate, presenting with high cell turnover and metabolic activity [11]. Essentially, the bone comprises four
major cell types, namely osteoblasts, osteocytes, osteoclasts, and bone-lining cells. Meanwhile, the bone
microenvironment consists of the cartilage surrounding bone, which is made up of bone marrow-derived
mesenchymal and hematopoietic stem cells, as well as chondrocytes (endothelial cells and fibroblasts that
make up the bone stroma) [22]. Drug delivery to the bone remains a significant challenge, owing to the
unique anatomical and physiological characteristics of bone tissue [14]. Although the bones are highly
vascularized, the structure of the vascular network can vary greatly with age, compromising the drug
diffusion from the bloodstream to the target site [29]. Likewise, the presence of the basal membrane in
some bone blood vessels may hinder drug penetration and accumulation at the target site [14,29]. These
are key challenges that limit the therapeutic efficacy of current primary cancer therapies, thus necessitating
the development of nanocarriers. The signaling factors of the bone microenvironment play a key role
in the development of bone cancers. Mesenchymal stem cells are common precursors for chondrocytes,
fibroblasts, as well as osteoblasts [22,30]. The differentiation of stem cells is in response to the absence or
the expression of various transcription factors, as depicted in the example in Fig. 2 [22].

The manifestation of bone cancer primarily derives from transformed osteoblastic cells emanating from
pre-osteoblasts experiencing Rb and p53 pathway aberrations, combined with certain genetic mutations [31].
These aggressively growing cells then disrupt the dynamics of bone remodelling, resulting in the eruption
of hostile osteolytic lesions, which cause bone fragility. The rapid osteoclastic activity associated with
abnormal receptor activator of nuclear factor-«B ligand (RANKL)/RANK pathway results in the discharge
of growth factors from the bone matrix, such as transforming growth factor-f3 (TGF-f3) and insulin-like
growth factor-1 (IGF-1), which are involved in primary tumor growth [11,31]. Moreover, growth-related
factors may be implicated in bone tumorigenesis as they are pivotal for the osteoblast-regulated bone
formation [31].

Factors present throughout the bone microenvironment also play a role in the abnormal activity of
osteoclasts, which can subsequently result in bone tumor proliferation [31]. As osteoclasts are driven
by RANK signalling, which is modulated by osteoblasts’ RANKL expression, the disruption in RANKL
expression and ligand binding by osteoblasts can thus halt bone resorption by osteoclasts and promote
unchecked bone formation [22]. Likewise, factors released by cancer cells, such as interleukins (IL), i.e.,
IL-11 and IL-6, and TGF-f3, can also facilitate RANK expression on the surface of osteoclasts, which can
enhance bone resorption and promote tumor progression [22,31]. The bone microenvironment also allows
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many other cancers to thrive (i.e., bone-metastatic breast cancer and other carcinomas) owing to its rich
tumor-promoting environment [2].
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Figure 2: Differentiation of Mesenchymal stem cells into different cell types is driven by the expression
of certain protein families and transcription factors. Peroxisome proliferator-activated receptor gamma
(PPARY) regulates the differentiation of mesenchymal stem cells into adipocytes, with sex determining region
Y (SRY)-box transcription factor 9 (SOX9) and Runt-related transcription factor 2 (Runx2) driving differentiation into
osteochondroprogenitor cells. Further differentiation into chondrocytes can be driven by the transforming growth
factor-beta (TGF[3) expression, which can also stimulate calcium deposition and alkaline phosphatase (ALP) activity.
Sp7: osterix; BMP: bone morphogenic protein; Wnt: wingless and int-1. Reproduced with permission from [22], under
a Creative Commons Attribution (CC BY) license. Copyright ©2021 MDPI, Basel, Switzerland.

4 Traditional Therapies Available for Primary Bone Cancer

4.1 Chemotherapy

The cytotoxic drugs such as doxorubicin, methotrexate, cisplatin, ifosfamide, and cyclophosphamide
have been at the forefront of bone cancer chemotherapy [32]. Chemotherapy is the most common
pharmaceutical option for bone cancer, often regarded as first-line treatment [12]. Neoadjuvant
chemotherapy and adjuvant chemotherapy are two forms of therapy given before and after surgical
treatment, respectively. Neoadjuvant chemotherapy is utilized to control the mass of the primary tumor
before surgical intervention; meanwhile, adjuvant chemotherapy is aimed at limiting the chances of
tumor recurrence post-surgery [12,32]. The chemotherapeutic drugs used can be given individually or in
combination, depending on the degree of the bone malignancy and overall patient status [33].

Essentially, combinational chemotherapy is a key component of standard multimodal therapy including
surgery in patients with only primary bone tumors (without metastases), which yields a nearly 70% survival
rate in comparison to patients with metastases, who have about 20% survival rate [32,33]. Nonetheless, the
chemotherapy regimens still present with adverse side effects, such as neutropenia, cardiotoxicity, acute
fever, as well as hypersensitivity reactions [34]. Moreover, chemotherapy-associated adverse events weigh
heavily on patients, directly affecting quality of life and functionality, and interfere with the intensity of
treatment protocol, leading to increased risk of tumor recurrence [34]. Accordingly, strategies to address
these adverse effects include the application of drug carriers that can deliver the drugs without compromising
their clinical efficacy.
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4.2 Surgery

Surgical intervention is another available modality for the management of bone tumors [12,32]. The
standard protocol for surgical intervention in bone cancer entails resection of the primary tumor, then
reconstruction and ultimately adjuvant therapy depending on the type of the tumor [32]. The adjuvant
therapy is included in the protocol in order to minimize the chances of tumor recurrence. Most importantly,
to further reduce the risk of local recurrence when addressing malignant tumors, the surgical margins
need to be wide and radical [33]. Additionally, patient-specific surgical solutions are informed by taking
into account the residual estimated life expectancy [12,35]. Despite the increased local tumor control rates
reported, wide resection may still result in considerable functional impairments due to the development
of bone defects and discomfort in the adjacent joint [33]. As such, surgical resection on its own is not
always curative and may occasionally result in tumor recurrence, hence it is generally used as a palliative
intervention to relieve pain from the tumor mass [32,33].

4.3 Radiotherapy

Radiation therapy and radiopharmaceuticals can also be used to eliminate cancerous cells, either alone
or in combination with chemotherapy and/or surgery [36]. Radiotherapy is based on the use of ionizing
radiation to kill tumor cells through passing electrically charged particles. The charged particles directly
kill the tumor cells by disrupting the genetic material and halting further division and growth [12,36].
Particularly, radiotherapy is used as the primary local control measure or together with surgery for the
treatment of Ewing’s sarcoma [32]. Additionally, radiotherapy may be beneficial in palliative settings
for improving the quality of life and skeletal function, with minimal analgesic requirements and reduced
bone pain [32]. Generally, radiotherapy shows relative efficacy as adjuvant therapy in unresectable and
incompletely resected tumors, for the relief of inflammation and local bone pain [36,37]. Nonetheless,
although radiotherapy and radiation-enhancing materials have gained attention, the inability to control the
damage of the administered radiation to healthy tissues results in undesired side effects [38].

5 Drug Delivery Approaches in Treating Primary Bone Cancer

5.1 Drug Delivery to the Bone Tissue

Anticancer drugs can be delivered to the bone tissue through a local or systemic delivery approach [15].
Local drug delivery (LDD) approach entails direct injection of drugs into the bone tissue or the application
of drug-eluting implants [16,39], whereas systemic drug delivery (SDD) relates to the administration of
drugs via the bloodstream [16]. Depicted in Fig. 3 is the overview of SDD and LDD as strategies used to
deliver drugs against bone tumors. LDD generally involves the use of polymeric drug carriers (i.e., scaffolds,
wafers, forms, and fibers), which allow for a controlled drug release to cancerous cells [39,40]. Meanwhile,
SDD may involve the use of carriers that can locate cancerous cells in the bone tissue via passive (i.e.,
exploiting permeable tumor vasculature) or active (i.e., using targeting moieties) targeting [39].

LDD approach often presents several advantages, from the drug vehicles that are employed. Importantly,
the vehicles employed in LDD are mostly biodegradable (do not require surgical removal), and are capable of
achieving sustained or controlled drug release, and result in increased drug doses in tumors, with low to no
adverse effects to healthy tissue [39,41]. Meanwhile, carriers used in SDD are typically based on synthetic
nanomaterials such as nanoliposomes, micelles, and dendrimers, as well as cell-mediated nanoparticles for
direct drug delivery [39]. These carriers can potentially facilitate the eradication of primary tumors and
halt further metastases. Moreover, the carriers can locate tumors through passive or active targeting, and
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the release of drugs to target sites may be mediated by a specific stimulus such as temperature, pH, enzyme,
light, mechanical force, or ultrasonic vibrations [39,42].

Systemic Drug Delivery Local Drug Delivery

Therapeutic modalities based on implantable DDSs A
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Figure 3: Overview of systemic drug delivery and local drug delivery approaches for the treatment of
bone tumors. The latter employs various forms of drug-eluting implants for the execution of specific therapeutic
modalities. The suitability of each approach is often dependent on the physicochemical attributes of the administered
drugs and clinical circumstances, thus one may be preferable over the other. Reproduced with permission from [40].
Copyright ©2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Cell-mediated drug carriers are also an excellent choice for controlled drug delivery to bone tissue,
owing to their unique physiological properties and admirable biocompatibility [42]. Essentially, cell
candidates may include stem cells, platelets, leukocytes, and red blood cells, with the blood constituting
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abundant platelets which can navigate the tumor microenvironment (TME) and can potentially detect and
interact with circulating tumor cells [42,43]. Accordingly, the platelets can be conjugated with targeting
moieties, such as monoclonal antibodies, to halt tumor growth and limit tumor recurrence and metastasis
post surgery [43].

5.2 Targeted Drug Delivery Nanosystems

As already discussed, the clinical outcomes of the majority of anticancer drugs used in bone cancer
management are compromised by non-specific and poor distribution in the tumorous cells [12,44].
Consequently, optimized drug carriers with specific targeting abilities have been devised for targeted
drug delivery to bone tumors [44,45]. Nanoparticles have been exploited as drug carriers to improve
the therapeutic efficacy of anticancer drugs already used in bone cancer treatment [14]. Some of the
advantages presented by nanoparticles include the high loading capacity of anticancer drugs and molecules,
protection of loaded drugs from biological barriers, and the ability to adequately penetrate cancerous cells
and deposit drug molecules [14,46]. Additionally, the nanocarriers can be easily modified and decorated
with tumor-specific ligands for active drug delivery, as depicted in Fig. 4 [46].
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Figure 4: Graphical representation of a typical nanocarrier designed for bone cancer-targeted drug delivery.
Generic nanoparticles are functionalized with a targeting moiety that specifically binds to the receptors on bone cancer
cells to facilitate precise delivery of a chemotherapeutic agent. Reproduced with permission from [46]. Copyright
©2023 Elsevier B.V.

Many drug delivery nanocarriers designed for targeted drug delivery involve a single specific targeting
moiety that binds to one specific molecular target in the TME to achieve a mono-target delivery [14,46].
For instance, surface-modified poly (D, L-lactide-co-glycolic) acid (PLGA) nanoparticles decorated with an
amino-biphosphate (BP) for cabazitaxel delivery have been developed, with a higher affinity (8-fold) to
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bone tumors compared to the non-specific counterpart [47]. Likewise, polymeric and calcium phosphate
nanoparticles, and multi-walled carbon nanotubes have been decorated with BP to target bone, and shown
that the BP groups impart intrinsic bone-binding affinity to the nanocarrier [45]. Additionally, polymeric
micelles loaded with anticancer drugs, and functionalized with zoledronic acid or alendronate demonstrate
enhanced bone tissue accumulation [48].

Alternatively, dual target delivery can be achieved with the incorporation of ligands that can bind two
receptors and mediate targeting accuracy, such as drug carriers comprising two ligands that target the bone
and tumors, respectively [45]. Essentially, dual-targeting drug carriers are based on ligands that exploit the
cell’s specific receptor overexpression and unique molecular structures in the TME [49,50]. One example
is the overexpression of folate receptors (FR), cluster of differentiation 44 (CD44), and integrin «V 33 in
the bone cancer cells, with significant quantities and activity in tumors than in healthy cells [45,51], thus,
folate (an FR target ligand) is particularly used in the modification of targeted nanocarriers in conjunction
with BP for specific targeting of metastatic bone lesions [49].

Another example is the dual-targeted paclitaxel nanocarrier comprising a hydrophobic PLGA core
modified with alendronate and folic acid-linked D-a-tocopheryl polyethylene glycol succinate (TPGS) coat,
which showed adequate accumulation in bone tumors from IV injection, and significantly halted 4T1 cell
proliferation [52]. Likewise, a dual-targeted liposomal nanocarrier for doxorubicin, modified with folate
and aspartate (with high bone affinity), yielded an enhanced liposome accumulation in the tumors and
bone microenvironment [53]. The inclusion of aspartate mediated the bone-targeting affinity, while folate
reportedly influenced the site-specific accumulation of the liposomes in tumors. In essence, these results
demonstrated that dual-target nanocarriers can be exploited for optimal specific-targeting of both bone
tissue and tumors, and achieve high drug accumulation [53].

The drug delivery nanosystems can be designed and optimised to provide controlled release of cargo,
triggered by different kinds of stimuli including pH, redox, light, magnetic field, and ultrasound [50,52,54].
Table 1 presents stimuli-responsive targeted drug nanocarriers that have been explored in bone cancer
treatment. The well-designed chemical composition and physical properties of the nanocarriers allow
selective release of the drugs in the TME, which enhances the therapeutic efficacy while minimizing
unwanted side effects to normal tissues [50,54]. For example, the pH in tumors and subcellular compartments
is around 5.0 and 6.0, and the use of acid-sensitive linkers (i.e., hydrazone, glycerol ester groups, acetal) can
stabilize anticancer drugs at physiological pH and selectively release the drugs at acidic TME [55]. Likewise,
with redox-responsive nanocarriers, glutathione (GSH) is commonly incorporated to reduce the disulfide
bonds in the nanocarriers for intracellularly mediated drug release [55]. The GSH concentration in tumor
cells is significantly elevated than in healthy cells, and the contrast in the redox potential is exploited to
achieve selective drug release once the drug is internalized in the tumor [54,55].

Table 1: Stimuli-responsive targeted drug delivery nanosystems explored for the management of bone cancer.

Nanocarrier Loaded Drug(s) Ligand(s) Stimulus Ref.
aspartate
folat
Nanoliposome doxorubicin o .e . redox [53,56]
hyaluronic acid
alendronate
Mesoporous silica NPs doxorubicin zoledronic acid pH [57,58]

Calcium phosphate NPs methotrexate alendronate / [59]
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Table 1: Cont.

Nanocarrier Loaded Drug(s) Ligand(s) Stimulus Ref.
. zoledronic acid
cabazitaxel alendronate redox
Polymeric NPs doxorubicin . . [47,52,55,60]
paclitaxel hyaluronic acid pH
folate
. docetaxel alendronate
1,62
Micelles bortezomib quinolone nonpeptide pH [01.02]
docetaxel alendronate redox
. . . P 1
Dendrimers bortezomib tripeptide Arg G.ly A§p (RGD) pH [63,64]
hyaluronic acid
Nano-metal organic zoledronate folate pH [49]

frameworks

NPs: nanoparticles.

6 Innovative Nano-Based Drug Delivery Systems

6.1 Current Marketed Therapy

The therapeutic benefits of several marketed chemotherapeutics employed in the treatment of bone
cancer have long been known to be compromised by poor tumor accumulation and distribution, owing to
non-specificity and rapid systemic clearance [45]. Since most chemotherapy protocols involve systemic
drug delivery (drugs administered through the bloodstream), it becomes crucial for the administered drugs
to be able to navigate through the systemic barriers while in circulation [45,65]. Notably, drug carriers like
nanoparticles are capable of shielding the drugs from biological barriers and achieving site-specific delivery
by locating cancerous cells via active or passive targeting [66]. Several nano-based drug carriers, such as
dendrimers, micelles, liposomes, and polymeric nanoparticles, have since been developed for application
in other cancers [12], however, only one nano-based drug has been approved by the European Medicines
Agency (EMA) and is currently marketed for application in bone cancer treatment.

Mifamurtide, a liposomal muramyl tripeptide phosphatidyl ethanolamine (MEPACT®) remains the
only nano-based drug currently approved (EMA) for the treatment of bone cancer [67]. Muramy] tripeptide
phosphatidyl ethanolamine (MTP-PE) is a lipophilic derivative of muramyl dipeptide, which, due to its
lipophilic properties, can be encapsulated into liposomes, yielding an effective antitumor nanodrug [68].
Accordingly, the liposomal formulation of MTP-PE, mifamurtide (MEPACT®), manufactured by Takeda
Pharmaceutical Company Limited, Japan, was approved in 2009 for use in young adults and children for the
treatment of osteosarcoma, following surgical resection [67]. The formulation is administered along with
postoperative multi-agent chemotherapy. A simplified mechanism of action is depicted in Fig. 5. Although
the drug is not endorsed by the FDA, osteosarcoma patients in the United States of America can still obtain
MEPACT® through the FDA’s compassionate use and personal importation programmes [68].

6.2 Promising Innovative Drug Nanocarriers

The Nanoscale drug delivery systems are currently being investigated for the optimization of bone
cancer treatment [11]. Several nanomaterials that possess desirable physicochemical properties, such as
biocompatibility, high drug loading capacity, and stability, have been used to develop a variety of drug
nanocarriers with potential application in bone cancer treatment [11,45]. Amongst the innovative drug
nanocarriers that have been investigated for bone cancer treatment are liposomes, lipid-based nanoparticles,
polymeric micelles, and lipid-polymer hybrid nanoparticles. These are graphically depicted in Fig. 6 and
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further discussed below. Selected examples of promising innovative drug nanocarriers for the treatment of
bone cancer are presented in Table 2. The designed nanocarriers are ideal for drug delivery in solid tumors
due to the small size (i.e., 100-300 nm), allowing passive accumulation into tumors [11].

LV.
administration

Loaded into
liposomes
@ Macrophages S
R =
W @)
Production of m i)
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molecules receptor

Figure 5: Simplistic mechanism of action of MEPACT?® for the treatment of osteosarcoma. The nanomedicine
works by activating macrophages through binding to the nucleotide-binding oligomerization domain-containing
protein 2 (NOD2), leading to cytokine (i.e., interleukins and tumor-necrosis factor) and tumoricidal activity, which
helps eliminate residual osteosarcoma cells when used alongside chemotherapy. Adapted with permission from [69],
under the Creative Commons Attribution (CC BY) license. Copyright ©2020 MDPI, Basel, Switzerland.

Lipid nanoparticles Micelles Lipid-polymer hybrid
nanoparticles

Figure 6: Graphical depiction of the model drug nanocarriers that have been investigated for optimised
drug delivery for the treatment of primary bone cancer. These nanocarriers present with high drug loading
capacity, inherent biocompatibility, and physical stability, amongst the key attributes that make them desirable for
drug delivery.
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Table 2: Promising innovative drug nanocarriers for the treatment of bone cancer.

Nanocarrier Particle Size Drug Significance In Vivo Data In Vitro Data Ref.
Enhanced tumor A:;Zinc_)r Cytotoxicity
Liposomes 173.1 nm Doxorubicin penetration and targeted . Vi (MTT assay); [56]
. - Histological
delivery of doxorubicin . Cellular uptake
evaluation
Polymeric R .
. Greater inhibition of tumor Antitumor Cell cycle
nanoparticles - L . -
. 160 nm Doxorubicin growth in vivo, when activity; progression; [60]
(i-e, polyethylene compared to free dru, Targeting abilit Apoptosis
glycol, PEG) p g geting y pop
Cytotoxicit
Nanoparticles exhibited a (A/}[/T?I‘Oa):scai ))]
Lipid nanoparticles 136 nm Ifosfamide narrow size distribution, N/A Y): [70]
high drug loading capacit Subcellular
& & & capactty localization
High anti-proliferative
ity in h
Micelles 28 nm Doxorubicin activity in uman N/A Cytotoxicity [71]
osteosarcoma cell line
(Saos-2)
Antitumor
Lipid-pol hvbri . . Py ficacy: S
ipid-po yme'r ybrid 100 nm Doxorubicin Superior antltu@or efficacy .e cacy, Cytotoxicity; [72]
nanoparticles compared to single drug Histological Cellular uptake
analysis

MTT: (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide); N/A: not available; PEG: polyethylene glycol.

6.2.1 Liposomes

Liposomes have been consistently favoured over the years for anticancer drug delivery, owing to
their biocompatibility, biodegradability, and non-toxicity [73]. These spherical vesicles present with
flexibility to load both hydrophobic and hydrophilic anticancer drugs, as they are made up of phospholipids
and cholesterol, forming one or more phospholipid bilayers, allowing both hydrophilic and hydrophobic
drug loading [74]. The number of phospholipid bilayers as well as vesicle size greatly influence the
half-life of liposomal drug formulations and drug encapsulation efficiency [73,74]. A hybrid liposomal
formulation for the delivery of doxorubicin was reported by Federman et al. [75], which exhibited specific
targeting to osteosarcoma. The formulation incorporated the osteosarcoma-associated cell surface antigen
(ALCAM) as a targeting ligand, forming an anti-ALCAM hybrid system with enhanced cytotoxic activity
compared to non-targeted doxorubicin hybrid liposomes [75]. Another promising osteosarcoma-targeted
liposomal system was developed by Feng et al. [56], functionalized with a cluster of differentiation 44
(CD44)-targeting moiety for the direct delivery of doxorubicin. The targeted liposomal system exhibited
enhanced accumulation at the osteosarcoma site with increased overall survival in vivo [56].

6.2.2 Polymeric Nanoparticles

Polymeric nanoparticles comprising biodegradable polymers such as chitosan, polyethylene glycol
(PEG), and poly(lactic-co-glycolic acid) (PLGA), have attracted notable attention as promising drug
nanocarriers for bone cancer treatment [76]. These polymeric nanocarriers can be used for both dual
or single delivery of anticancer drugs, and can be surface modified with various ligands that target
overexpressed receptors on cancerous cells for site-specific drug delivery [76]. Chitosan nanoparticles
loaded with a DNA enzyme (Dz13) showed promising outcomes in two distinct osteosarcoma animal
models, resulting in tumor growth regression, non-toxicity, and reduced osteolysis [77]. Likewise,
PLGA-alendronate (ALN) nanoparticles loaded with doxorubicin have been developed, and reportedly
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show more efficacy in preventing osteolytic bone metastasis, compared to the free drug [78]. Similarly,
novel doxorubicin-conjugated biphosphnate nanoparticles comprising PEG have been designed for the
treatment of primary bone tumors, and demonstrated enhanced tumor targetability and antitumor efficacy
in a xenograft mouse model [60].

6.2.3 Lipid Nanoparticles

Lipid nanoparticles represent a significant class of promising drug nanocarriers for cancer management,
including bone cancer [73]. This class, consisting of solid lipid nanoparticles (SLNs), core-shell lipid
nanoparticles (CLNs), lipid nanocapsules (LNCs), and nanoemulsions, shows promise in promoting
anticancer drug bioavailability, regulating drug release and delivery to target areas, and providing enhanced
intracellular permeability [73,79]. Primarily, lipid nanoparticles present with significant advantages
for application as anticancer drug carriers, including biodegradability, biocompatibility, and colloidal
stability [79]. Accordingly, Wang et al. (2018) reported on the formulation of ifosfamide-encapsulated LNCs
for the treatment of osteosarcoma. These demonstrated an enhanced cytotoxicity in MG63 osteosarcoma
cells [70].

6.2.4 Micelles

One of the innovative and promising drug nanocarriers in cancer treatment is polymeric micelles,
derived from co-polymers with hydrophobic and hydrophilic units that form structural complexes with a
hydrophobic core and a stabilizing hydrophilic shell [76]. Polymeric micelles are commonly exploited in
anticancer drug delivery for their characteristic extravasation from blood vessels and tumor accumulation
due to small size [19]. Accordingly, several drug-loaded polymeric micelles have been investigated for
anticancer treatment [19,71,76]. A promising micellar drug nanocarrier was developed by Low and
co-workers for the delivery of doxorubicin in human osteosarcoma cells [71]. The nanocarrier comprised
the hydrophobic core of 11-aminoundecanoic acid and the hydrophilic shell of D-aspartic acid octapeptide,
linked with 8-amino-3, 6-dioxaoctanoic acid. It was reported that the developed micellar doxorubicin
nanocarrier demonstrated promising cytotoxic activity and tumor targeting efficacy [71].

6.2.5 Lipid-Polymer Hybrid Nanoparticles

Lipid-polymer hybrid nanoparticles (LPHNPs) are innovative nanocarriers that combine the structural
advantages of both lipid and polymer-based nanoparticles, to yield a “hybrid” with the capabilities to
circumvent the drawbacks of these nano-formulations [80,81]. As such, the exploitation of LPHNPs as
alternative nanocarriers in bone cancer is gaining huge attention owing to their inherent biocompatibility,
stability, prolonged circulation time, controlled drug release, and favourable in vivo efficacy [81]. LPHNPs are
able to efficiently load both hydrophilic and hydrophobic compounds, and allow for controlled drug release.
The lipid component is favourable for enhanced drug loading and membrane permeability; meanwhile, the
polymer plays a key role in mediating the drug release [80]. In 2015, Ramasamy and co-workers designed
a lipid-polymer hybrid complex for the co-delivery of doxorubicin and irinotecan, and reported that the
complex exhibited significant antitumor activity compared to the single drugs [72].

7 Challenges in Clinical Translation of Nanocarriers for Bone Cancer Treatment

Despite the remarkable progress in nanomedicine over the years, the clinical translation of anticancer
drug nanocarriers remains limited, in contrast to the huge number of preclinical studies conducted [82].
Although several nanocarriers, such as liposomes, polymeric nanoparticles, lipid nanoparticles, micelles, and
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lipid-polymer hybrid nanoparticles, have demonstrated therapeutic promise in bone cancer [73,76,80], only
a few have reached the market. A notable example includes a liposomal formulation of MTP-PE, mifamurtide
(MEPACT®), approved for the treatment of osteosarcoma [67]. Fundamentally, the gap between bench and
bedside arises from a myriad of translational challenges, including large-scale production, physicochemical
stability, immunogenicity, and long-term toxicity [82-84]. This section discusses these challenges and aptly
highlights potential strategies to address them.

7.1 Large-Scale Production

Nanocarriers are mostly developed using laboratory-scale techniques such as nanoprecipitation,
emulsification, and thin-film hydration, which can be difficult to scale without altering critical quality
attributes (CQAs) like particle size, polydispersity index (PDI), surface charge, encapsulation efficiency, and
drug release kinetics [84,85]. Moreover, minor variations in mixing rate, temperature, solvent evaporation, or
polymer molecular weight can significantly impact nanoparticle characteristics [85]. Particularly, liposomes
may exhibit size heterogeneity during scale-up due to shear-dependent lipid bilayer formation; meanwhile,
polymeric nanoparticles may show altered drug loading due to solvent diffusion kinetics [82,86]. Moving
forward, these challenges may be potentially addressed through the adoption of Quality by Design (QbD)
frameworks and application of scalable and continuous manufacturing techniques, such as continuous flow
reactors, high-pressure homogenization, and microfluidics-based systems [82,83].

7.2 Stability

The challenge of instability with most nanocarriers is a multifaceted issue encompassing physical,
chemical, and biological aspects [83,87]. Common physical instability issues include aggregation or fusion
(which mostly affects liposomes and polymeric nanoparticles) and premature drug leakage (which affects
lipid nanoparticles and micelles) [87]. These issues may arise upon dilution in physiological fluids and
during storage or transportation. On the other hand, chemical degradation of lipids and polymers through
oxidation and hydrolysis, respectively, are common chemical instability issue that may compromise the
therapeutic efficacy of nanocarriers [83,84]. The biological instability of nanocarriers, often observed
from their interaction with plasma proteins when administered systemically, alters their cellular uptake
and biodistribution, and ultimately reduces therapeutic efficacy [83,88]. Essentially, the use of surface
modification methodologies, such as PEGylation and incorporation of antioxidants in lipid systems, may be
explored for addressing the stability challenge that most nanocarriers face [89].

7.3 Immunogenicity and Immunotoxicity

In essence, nanocarriers can activate the immune system in unintended ways [83,90]. Certain
nanocarriers (i.e., lipid-based, polymeric systems) may trigger complement activation-related pseudoallergy
(CARPA), leading to infusion reactions [90]. It is reported that PEGylated nanoparticles, though designed to
evade immune recognition, can induce anti-PEG antibodies upon repeated administration [91]. Meanwhile,
inorganic nanocarriers and cationic polymers may activate inflammatory pathways, including NOD-like
receptor pyrin domain-containing protein 3 (NLRP3) inflammasome signaling [90]. Importantly, surface
charge plays a major role, with highly cationic nanoparticles often more immunostimulatory [90]. As
a solution to unintended innate and adaptive immune responses, rigorous screening for complement
activation during preclinical development and incorporation of immunomodulatory components when
appropriate may be explored [83,90].
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7.4 Long-Term Toxicity and Biodistribution

Non-biodegradable nanomaterials such as gold, quantum dots, and certain silica particles may
accumulate in the liver, spleen, or lymph nodes, raising concerns about chronic toxicity [82,83]. Likewise,
even biodegradable systems may generate potentially toxic degradation products (e.g., PLGA degrades into
lactic and glycolic acid, which may cause local acidosis in high concentrations) [92]. In the long run, these
may result in fibrosis or granuloma formation, persistent oxidative stress, as well as interfere with normal
organ function [82]. To address this, designing biodegradable nanocarriers with predictable degradation
pathways may be explored, and comprehensive metabolic profiling and dose optimization to prevent the
accumulation of degradation products should be implemented.

8 Conclusion and Future Prospects

Despite constituting less than 1% of the global cancer cases, the aggressive progression of primary bone
cancer poses a concerning medical challenge. Currently, the effective treatment of bone cancer is challenging,
mainly compromised by the complexity of bone tissue and inefficient delivery and biodistribution of
anticancer drugs into tumors. Moreover, chemotherapy and surgical interventions are constantly associated
with significant challenges. Particularly, chemotherapy as the first-line treatment option presents with
major disadvantages, such as the looming drug resistance by cancer cells, as well as non-specificity, resulting
in poor pharmacokinetics and a myriad of side effects. As such, the advent of drug nanocarriers for the
systemic delivery of anticancer drugs presents a promising avenue towards the effective treatment of
bone tumors. Accordingly, several innovative drug delivery nanosystems, such as liposomes, polymeric
nanoparticles, micelles, lipid nanoparticles, and lipid-polymer hybrid nanocomplexes, show positive clinical
outcomes in pre-clinical and clinical trials, for possible application in bone cancer treatment. Although
there is only one liposomal-based therapy (MEPACT®) currently marketed for bone cancer treatment, it is
envisaged that more innovative therapies will emerge soon, based on the promising clinical data.

The development of targeted and efficient drug delivery systems remains a critical focus in advancing
bone cancer treatment. Given the limitations of conventional therapies, the continued exploration of
nanocarrier-based drug delivery systems offers a promising avenue for overcoming challenges such as
poor bioavailability, drug resistance, and off-target toxicity. Future research should focus on optimizing
nanocarrier formulations, improving tumor-targeting capabilities, and enhancing drug release mechanisms
to maximize therapeutic efficacy. Additionally, the integration of personalized medicine approaches,
including biomarker-driven therapies and gene-editing techniques, holds great potential in tailoring
treatments to individual patients for improved therapeutic outcomes.
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