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Osteosarcoma (OS) is the most common malignant bone tumor in adolescents,
and the clinical treatment of OS mainly includes surgery, radiotherapy, and
chemotherapy. However, the side effects of chemotherapy drugs are an issue
that clinicians cannot ignore. Nanomedicine and drug delivery technologies play
an important role in modern medicine. The development of nanomedicine has
ushered in a new turning point in tumor treatment. With the emergence and
development of nanoparticles, nanoparticle energy surfaces can be designed with
different targeting effects. Not only that, nanoparticles have unique advantages in
drug delivery. Nanoparticle delivery drugs can not only reduce the toxic side
effects of chemotherapy drugs, but due to the enhanced permeability retention
(EPR) properties of tumor cells, nanoparticles can survive longer in the tumor
microenvironment and continuously release carriers to tumor cells. Preclinical
studies have confirmed that nanoparticles can effectively delay tumor growth and
improve the survival rate of OS patients. In this manuscript, we present the role of
nanoparticles with different functions in the treatment of OS and look forward to
the future treatment of improved nanoparticles in OS.
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1 Introduction

Osteosarcoma is the most common type of bone tumor in children and adolescents,
accounting for about 60% of primary malignant bone tumors (Jemal et al., 2005). In children
and adolescents, OS occurs in 2–3 per million people per year (Li et al., 2023). OS originates
from osteoblasts responsible for bone growth, and osteoblasts damage important areas of
bone, causing the bone to not repair itself (Shao et al., 2022). OS grows in a complex
environment consisting of osteoblasts, osteoclasts, blood vessels, immune cells, and
extracellular matrix (Alfranca et al., 2015). Imbalance in the balance between tumor
parenchymal cells and non-tumor cell stromal cells is the basis for OS development and
metastasis (Corre et al., 2020). Osteoclast-mediated osteolysis is the main cause of reduced
bone fragility (Avnet et al., 2008). OS not only causes defects and damage to bone, affecting
the functional integrity of bone but also brings serious accompanying symptoms to patients,
manifested as unbearable bone pain, hypercalcemia, and pathological fractures (von Schacky
et al., 2022). OS has a very high degree of malignancy, is prone tometastasis in the early stage,
has strong drug resistance, and has a very poor prognosis. The lung is the most common site
of metastasis in OS, up to 74% (Zhang et al., 2019). OS is the second leading cause of death
among adolescent tumor-related diseases (Siclari and Qin, 2010). Over the past four decades,
the incidence of bone tumors has stabilized, but the mortality rate of bone tumors in patients
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with bone tumors has gradually increased due to their highly
aggressive and metastatic nature (Zhu et al., 2022).

In recent years, the treatment of OS has been continuously
explored and studied. However, treatment of OS is still quite limited
(Sergi, 2021). Current conventional treatments for malignancy are
chemotherapy, radiation therapy, and surgical resection (Wu et al.,
2022a). Surgery can only remove the local tumor, but cannot cure
the metastasis (Zhu et al., 2022). Chemotherapy is one of the most
commonly used cancer treatments. However, due to drug resistance
and tumor heterogeneity, likely, chemotherapy alone will not
eliminate the tumor (Zhang et al., 2020). The commonly used
clinical approach to malignant OS is neoadjuvant chemotherapy
combined with surgery (Somaiah et al., 2022). Although this
treatment modality has made good progress, survival for
malignant OS has been significantly improved (Eaton et al.,
2021). However, there are still some thorny problems, such as
drug resistance, large side effects, and poor improvement in
survival rates of metastatic patients. The treatment of malignant
bone tumors is still a difficult problem to solve clinically. The key
factors reducing the therapeutic effect of OS: 1) the resistance of OS
cells to chemoradiotherapy; 2) Reducing the adverse reactions of
chemotherapy drugs (Zhu et al., 2022).

With the development of nanomedicine, nanomaterials offer
new opportunities to improve drug delivery and reduce their adverse
effects (Xia et al., 2022a). Nanoexamples are widely used in the
immunotherapy of tumors using their unique size, charge
properties, and targeting properties (Wu et al., 2022a). The
enhanced permeability retention (EPR) properties of tumor cells
allow nanoparticles to remain in the tumor microenvironment for a
long time (Morales-Orue et al., 2019). Nanoparticles encapsulate
chemotherapy drugs, immune adjuvants, etc., which can achieve
precise release of drugs and avoid drug decomposition and inactivity
in blood vessels (Nguyen et al., 2020). Through reasonable design,
the pharmacokinetics of nanoparticles can be improved, and their
circulation time in the body can be enhanced to improve the
therapeutic effect of OS (Yuan et al., 2023). The manuscript
focuses on the application of nanoparticles with different
functions in OS, and analyzes the prospect of nanoparticles in
the treatment of OS.

2 pH-responsive nanoparticles

Surface charge plays an important role in signal transmission
between nanoparticles and cells (Hu et al., 2020). The surface of
tumor cells often exhibits negative electricity, which makes the
positively charged nanoparticles have a strong attraction effect
with it. However, the tumor microenvironment is often weakly
acidic, whichmakes positively charged nanoparticles often less likely
to come into direct contact with tumor cells. Acid-unstable acetal
ligates exhibit ideal stability at physiological pH and exhibit
instability under acidic conditions (Feng et al., 2020). Acetal
linking enables nanoparticles to achieve pH transitions and
deliver carriers to tumor cells. Cinnamaldehyde (CA) has been
shown to have antibacterial, antioxidant, anti-inflammatory,
hypoglycemic, and antitumor effects (Zong et al., 2022). CA has
been reported to regulate the Wnt/β-catenin and
phosphatidylinositol-3-kinase (PI3K)/AKT signaling pathways to

inhibit the proliferation of OS cells and induce their apoptosis
(Huang et al., 2020). However, the disadvantages of high toxicity
and low solubility of CA limit its clinical application. Deng et al.
(2023) made an amphiphilic CA prodrug from polyethylene glycol
(mPEG), ethanol, and CA. Amphiphilic polymers can self-assemble
into nano micelles in an aqueous solution with a diameter of 227 ±
16 nm and a zeta potential neutral at pH 7.4. Due to the protonation
of ethanol, the surface charge of the nano micelles increases
dramatically with the decrease in pH, and the zeta potential of
the nano micelles becomes +6.25 mV at pH 7.9. This charge
conversion facilitates the targeting of OS by nano micelles. In
vitro, experiments have shown that nano micelles can release
about 96% of CA in 5 h. Not only that, but nano micelles can
also enhance the release of reactive oxygen species (ROS), promote
apoptosis of OS cells and achieve powerful anti-tumor effects.

Mesoporous silica nanoparticles (MSNs) play an integral role in
nanomedicine due to their excellent high drug delivery efficiency,
controlled drug release and biocompatibility (Tarn et al., 2013).
Polydopamine (PDA) surfaces are rich in bioactive groups, and
pH response can be achieved by improving their surface groups.
Photothermal therapy is an emerging way of tumor treatment, the
main principle is to irradiate the photothermal agent at a specific
wavelength, so that the photothermal agent heats up and kills tumor
cells (Zhang et al., 2013). Shi et al. (2022) designed a nanoparticle
with pH responsiveness and photothermal performance (MSN@
QPC) using MSN, PDA, and quercetin (Qr). At the same time,
collagen is added, so that the nanoparticles have a unique role in
inducing extracellular matrix deposition and enhancing osteogenic
activity. MSN@QPC can inhibit tumor growth and improve the
efficacy of PTT. The diameter of the MSN@QPC is 80 nm and has a
high specific surface area (Figure 1A). The drug load rate of MSN@
QPC was 31.73%. Due to the addition of PDA, the release of Qr is
delayed MSN@QPC, and in vitro tests, 55% of Qr can be released in
72 h MSN@QPC, thus achieving a long-term release effect. The
released Qr can cause an increase in the temperature in the OS cells
without causing an increase in the temperature of the surrounding
tissues under ultraviolet light irradiation of 4 nm. In the case of light,
MSN@QPC causes tumor cell death without causing normal cell
death (Figure 1B). Not only that, but MSN@QPC also promotes
extracellular matrix mineralization (Figure 1C). MSN@QPC in vivo
has been shown to enhance the killing effect of tumors
(Figures D–F).

Yang et al. (2018) used ZSM-5 zeolite loaded with doxorubicin
to make ZSM-5/CS/DOX core-shell nanodisks with chitosan as the
shell. The Si element released in ZSM-5 zeolite contributes to
osteoblast differentiation by antagonizing NF-κB activation (Zhou
et al., 2016). The ZSM-5/CS/DOX core-shell nanodisk has a
diameter of 100 nm, a pore size of 3.75 nm, and a drug loading
rate of 97.7%. Due to the positive charge on the surface of chitosan,
ZSM-5/CS/DOX core-shell nanodisks are pH responsive. At pH 6,
ZSM-5/CS/DOX core-shell nanodisks can release 58.7% of DOX.
DOX enters the tumor nucleus and interferes with the DNA
proliferation of osteosarcoma to achieve anti-tumor effects
(Maiuri et al., 2007). ZSM-5/CS/DOX core-shell nanodisks have
a stronger anti-tumor effect than pH 7.4 at pH 5. This feature is
more conducive to the role of nanoparticles in the acidic tumor
microenvironment. Not only that, compared with intravenous
DOX, ZSM-5/CS/DOX core-shell nanodiscs release DOX in 24 h

Frontiers in Pharmacology frontiersin.org02

Zhang et al. 10.3389/fphar.2023.1269224

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1269224


in the body, which is high around the tumor and low in the heart.
This phenomenon indicates that ZSM-5/CS/DOX core-shell
nanodisks have a higher targeting effect and can reduce the
cardiotoxicity of DOX.

3 ROS-responsive nanoparticles

It is well known that in a hypoxic environment of the tumor
microenvironment, the increase in oxygen is not conducive to tumor
cell growth (Xia et al., 2022a). Hypoxia-inducible factor-1α (HIF-1α)
is a hypoxia-stable transcription factor that regulates the expression
of multiple target genes involved in glycolysis, mitochondrial
respiration, tumor metastasis, and chemotherapy resistance

(Akman et al., 2021). Strategies to alleviate hypoxia and inhibit
HIF-1α in the tumor microenvironment are an important way to
treat tumors (Niu et al., 2021). ROS acts as a double-edged sword for
tumor cells (Jia et al., 2022). ROS also has different effects on cells
because of different concentrations. The cause of tumor cells is that
genes are mutated in the process of cell division and proliferation,
and ROS will promote this process. The cause of cell death is the
damage to cellular DNA and proteins caused by high concentrations
of ROS (Wang et al., 2020a; Zheng et al., 2023). Albendazole (ABZ)
is a safe HIF-1α inhibitor with low toxicity that has been approved
by the FDA (Pourgholami et al., 2010). However, the low
bioavailability and low solubility of ABZ limit its clinical
application (García et al., 2014). Poly(lactic-co-glycolic acid)-
polyethylene glycol (PLGA-PEG) nanoparticles (NPs) have been

FIGURE 1
(A) Transmission electron microscopy image of MSN@QPC. (B) Cell Hoss staining: Causes more cell death (red: dead cells, green: live cells) in the
case of MSN@QPC of light (bottom) than no light (top). (C)MSN@QPC Promotes extracellular matrix mineralization-related gene expression (CN, OPN,
and RUNX2). (D) Tumor volume on day 15 of MSN@QPC treatment. (E) Relative tumor volume change. (F) Tumor weight on day 15. Reproduced with
permission from (Shi et al., 2022).
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widely used in nanomedicine and regenerative medicine due to their
biocompatibility (Xia et al., 2022b; Xia et al., 2023). Zhao et al.
(2023a) fabricated AD@PLGA-PEG NPs with PLGA–PEG loads
ABZ and DOX (ABZ and DOXmolar ratio of 4:1) (Figure 2A). ABZ
combined with DOX increases intracellular ROS and induces more
tumor cell apoptosis compared to free DOX (Figure 2B) (Baldini
et al., 1992). The particle size of AD@PLGA-PEG NP is about
140.51 ± 1.3 nm. When AD@PLGA-PEG NP is taken up by tumor
cells, ABZ interferes with the mitochondrial respiratory chain,
promotes oxidative stress, causes downregulation of HIF-related
gene expression, and causes ROS production (Figure 2C). Compared
with the control group, tumor volume was detected in tumor-
bearing mice for 42 days (Figure 2D), the tumor size of the AD@
PLGA-PEG NP group shrank threefold, and the tumor weight was
also the lightest (Figure 2E). Not only that, AD@PLGA-PEG NP can
also reduce the metastasis rate of OS.

Metal oxides are a material commonly used in biomedicine.
Zirconia (ZrO2) has a strong ultraviolet absorption capacity and
is widely used as a catalyst and photosensitizer (Zhang et al.,
2021). Chianese et al. (2022) designed photoemissive ZrO2-
acetylacetonate nanoparticles (ZrO2-acac NPs). Modifying
hyaluronic acid on the surface of ZrO2-acac NPs can enhance
the uptake of nanoparticles by tumor cells. ZrO2-acac NPs

absorbed by tumor cells can release ZrO2, which can produce
a large amount of ROS under light conditions, which in turn kills
tumor cells. It was found that the particle size of ZrO2-acac NPs
was 365 nm, and the loading rate of ZrO2 was 7.3% ± 0.1%. ZrO2-
acac NPs and tumor cells were incubated for 48 h, and it was
observed that ZrO2-acac NPs caused more tumor cell death than
the control group. Zinc oxide nanoparticles (ZnO NPs) are
widely used in the biomedical field, and their antibacterial,
hemostatic, and other effects have been widely known (Shi
et al., 2014). In recent years, the anti-tumor effect of ZnO NPs
has gradually been well known. ZnO NPs have been reported to
induce degradation of β-catenin mediated by HIF-1α/BNIP1/
LC3B, triggering HIF-3 and Wnt pathway activation to inhibit
OS cell metastasis (Zhang and Wang, 2020; He et al., 2023).
Manganese dioxide (MnO2) can catalyze the decomposition of
endogenous hydrogen peroxide in tumors to produce oxygen,
thereby alleviating the hypoxic conditions of the tumor
microenvironment (Liu et al., 2020). Phytic acid (PA) is a
natural compound extracted from plants with certain
antitumor activity, antioxidant, chelating agent and good bone
targeting ability (Chen et al., 2018). Ju et al. (2023) made MnO2@
PA NPs by modifying MnO2 NPs with PA. MnO2@PA NPs have
a particle size of 111.1 ± 1.9 nm. In vivo, experiments confirmed

FIGURE 2
(A) AD@PLGA-PEG NPs production flowchart. (B) Antitumor activity of AD@PLGA-PEG NPs (red: dead cells, green: live cells). (C) Quantitative
analysis of HIF-1α-related protein expression. (D) Tumor growth curve and tumor volume. (E) Tumor weights in different treatment groups. Reproduced
with permission from (Zhao T.-T. et al., 2023a).
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that mice treated with MnO2@PA NPs had significantly smaller
tumor volumes than controls within 16 days.

4 Mitochondrial autophagy
nanoparticles

Autophagy is a highly conserved process in cellular catabolism.
The effect of autophagy on cells is bidirectional, with proper levels of
autophagy protecting cells from damage, while excessive or reduced
autophagy can trigger apoptosis (Chen et al., 2015). Mitochondria,
as the main site of adenosine triphosphate (ATP) supply, are the
main source of cellular energy (Duan and Fang, 2016).
Automitochondrial phagogy helps cells remove aging proteins
and maintain the stability of mitochondrial structure and
function. However, pathological mitochondrial autophagy can
lead to structural disturbances of cells, and abnormal cell
metabolism leads to cell death (Wang et al., 2020b). Exogenous
induction of intracellular mitophagy to promote tumor cell necrosis
has attracted attention in recent years (Sun et al., 2021).
Hydroxyapatite nanoparticles (HANPs) can promote autophagy
of tumor cells to cause anti-tumor activity (Li et al., 2020). This
mitophagy is often associated with calcium levels within tumor cells.
Calcium ions as a second signal, and its disorder can lead to the
imbalance of cellular metabolism (Yin et al., 2021). Not only that,
HANPs also promote bone regeneration. Wu et al. (2022b) designed
HANPs of different sizes to assess the antitumor activity of HANPs.
Studies have shown that HANPs can cause upregulation of
mitochondrial apoptosis-related genes (p53, Bcl-2 and caspase
proteins). The anti-inflammatory and antitumor properties of
gallic acid (GA) have been widely demonstrated (Zamudio-
Cuevas et al., 2021). GA has been reported to inhibit highly
expressed heat shock proteins in tumor cells, affecting ATP
production (Ding et al., 2022). Liu et al. (2023) coordinated
metal ions (Fe and Mn) with GA to make nanoparticles that can
release GA andmetal ions on demand. The average size of FeGA and
MnGA is 105.7 and 164.2 nm, respectively. Fe and Mn catalyze the
Fenton reaction in cancer cells, leading to organelle damage. FeGA
and MnGA cause changes in mitochondrial membrane potential
(MMP), and a large amount of ROS enters tumor cells to cause
mitochondrial dysfunction. Studies have shown that metallo-gallic
acid nanoparticles first upregulate the mitochondrial apoptosis-
related gene, Bax, thereby activating caspase-3 by upregulated
intracellular ROS. In tumor-bearing mice, MnGA was enriched at
the tumor site, with a targeting efficiency of 39.8% at 14 h, and no
obvious tissue damage occurred in the heart, liver, spleen, lung, and
kidney. This indicates that the amount of metal-GA nanoparticles
recruited at the tumor site is greatly increased without causing
significant adverse effects.

Exosomes (EVs) are a heterogeneous population of membrane
vesicles secreted by all living cells. EVs represent a new form of cell-
to-cell communication that promotes cell proliferation, and
differentiation, and inhibits apoptosis and inflammation to
mediate tissue repair by delivering the proteins, RNA, and lipids
it carries to target cells (Xia et al., 2022c). Rifampicin (RIF) binds to
the β subunit of RNA polymerase to achieve its antibacterial effect
(Maggi et al., 2009). RIF is known for being a traditional anti-TB
drug. It has been found that RIF can cause mitochondrial lysis,

induce apoptosis and cell cycle arrest, and achieve its anti-tumor
effect (Mieras et al., 2016). Chen et al. (2022) isolated bone marrow-
derived mesenchymal stem cells by ultracentrifugation to generate
EVs for RIF delivery to make EXO-RIFs. The particle size of EXO-
RIF is 65–225 nm, and the drug release rate of EXO-RIF is found to
be significantly higher at pH 4.5 than at pH 7.4. Since the membrane
structure of EV is similar to that of tumor cells, it is conducive to the
uptake of EXO-RIF by tumor cells. In tumor-bearing mice, the EXO-
RIF treatment group showed decreased Ki67 expression, elevated
c-caspase-3 and Bax, and low Bcl-2 expression compared to RIF
treatment. Not only that, the ALT, AST, BUN, CR, CK, and CK-MB
levels in the EXO-RIF treatment group were lower than in the RIF
group. This result shows that EXO-RIF greatly reduces the systemic
toxicity of RIF.

5 Nanoparticles induce bone
regeneration

The destruction of bone by OS is one of the factors that cannot
be ignored. Whether it is the damage to the bone by surgery or the
damage to the bone by the OS itself, it brings serious harm to the
patient. Not only that, but chemotherapy drugs can also cause
damage to the bone microenvironment, destroying bone stability
(Lamora et al., 2016). Being able to cause bone remodeling during
the treatment of OS is considered a better strategy. miR-29b is a non-
coding small RNA that regulates gene expression and has been
shown in vivo experiments to inhibit proliferation and migration
and induce apoptosis in OS cells (Chen et al., 2017). miR-29b can
also significantly inhibit BCL-2 expression and upregulate Bax
expression, promoting tumor cell expression. Poly β aminoester
(pBAE) nanoparticles have repeating ester groups, are capable of
degradation in water, and have low toxicity and high
biocompatibility (Dosta et al., 2021). Freeman et al. (2023)
developed a pBAE nanoparticle delivery vehicle for delivery of
miR-29b to OS cells and surrounding stromal cells. Subsequently,
Fiona et al. developed HA hydrogels for the sustained release of bone
morphogenetic protein-2 (BMP-2) and pBAE nanoparticles. BMP-2
is a strong inducer of bone remodeling and promotes bone
regeneration (Xia et al., 2022d). In vitro, experiments have shown
that the HA hydrogel system can continuously release 18% of pBAE
nanoparticles within 100 days and 42% of BMP-2 within 33 days.
The pBAE nanoparticles are 151 ± 2 nm with a surface charge of
5.6 ± 3.5 mV. The released miR-29b inhibited tumor cell growth,
and in tumor-bearing mice, pBAE nanoparticles reduced tumor
volume by 15% within 45 days of treatment compared to the control
group. Not only that, BAM-2 released by the HA hydrogel system
can promote bone regeneration, and osteolysis is reduced by an
average of 29% compared to the control group. Most importantly,
HA hydrogel systems can greatly extend the continuous release
capacity of pBAE nanoparticles.

Ma et al. (2022) developed a fabricating groovelike micro-
nanostructures (Fs-BP) using black phosphorus (BP) nanosheets
for the delivery of DOX and PDA (Fs-BP-DOX@PDA) (Figure 3).
PDA can enhance photothermal therapy of OS under near-infrared
(NIR) mediation. The micro-nano layered structure of Fs-BP-
DOX@PDA provides a strong surface area for bone regeneration.
Fs-BP-DOX@PDA has load ratios of 93.2% and 35.2% for DOX and
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PDA, respectively. Fs-BP-DOX@PDA has higher photothermal
conversion and stability under NIR. In tumor-bearing mice, Fs-
BP-DOX@PDA was able to virtually eliminate tumor cells on day
14 and increase the survival rate of tumor-bearing mice to 60% after
100 days of treatment. What’s more, Fs-BP-DOX@PDA is able to
release phosphate ions, which form calcium phosphate deposition
with calcium ions around bone to promote osteoblast
mineralization. FS-BP-DOX@PDA also has unique antibacterial
properties, with clearances of 99.2% and 99.6% against
Staphylococcus aureus and Pseudomonas aeruginosa, respectively.
Fs-BP-DOX@PDA avoids poor bone repair due to bacterial
infection.

Curcumin (CM) is a polyphenolic compound extracted from
plants, and its anti-tumor properties are well known (Saleh et al.,
2019; Lu et al., 2023). The low solubility and bioavailability of CM
limit its clinical application. Silkfibroin (SF) has been well known in
recent years for tumor treatment and bone regeneration (Asadpour
et al., 2020). Han et al. (2023) developed SF/HA scaffolds using
supercritical carbon dioxide (SC-CO2) technology, filling PDA-

coated CM-loaded chitosan nanoparticles on SF/HA scaffolds to
make CM-PDA/SF/nHA nanofibrous scaffolds. The average particle
size of 204.7 nm for nanoparticles. The porosity of the stent is 77.3%.
Large porosity and compressive strength can meet the conditions for
bone regeneration. SF/HA stent is able to continuously release CM
and SF around the tumor, and in the presence of PDA, can enhance
photothermal therapy. In mice, CM-PDA/SF/nHA nanofibrous
scaffolds were detected to cause an increase in alkaline
phosphatase, an early marker of bone differentiation, at 40 days.

6 Nanoparticles for delivery strategies

Nanoparticles are widely used in nanomedicine because of their
precise delivery and slow release of carriers. The surface of the
nanoparticle can be modified with different groups to set up
nanoparticles with different functions (Hoang et al., 2022). Nano-
loaded drugs can reduce the toxic side effects of the drug itself and
achieve precise release of the tumor site (Iinuma et al., 2002).

FIGURE 3
Schematic illustration of the design and fabrication strategy of the versatile multiscale therapeutic platform. Reproduced with permission from (Ma
et al., 2022).
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Cisplatin (CDDP) is one of the commonly used chemotherapy drugs
for OS, and its mechanism of action is to bind to DNA, destroy DNA
and inhibit tumor cell mitosis (Dasari and Bernard Tchounwou,
2014; Xiang et al., 2023). However, CDDP has strong neurotoxicity
and gastrointestinal reactions (Isakoff et al., 2015). Nanoliposomes
are highly biocompatible drug-loading carriers. Alendronate can
inhibit osteoclast activity and is considered a bone targeting vehicle
(Fisher et al., 1999). Alendronate bindronate specifically binds to
hydroxyapatite in the bone system for bone targeting. Zhong et al.
(2023) made LCA NPs with sodium alendronate attached to
liposomes loaded with CDDP. The particle size of LCA NPs is
144.4 ± 20.23 nm. In vitro, experiments have shown that LCA NPs
can kill 99% of tumor cells. The encapsulation of nanoliposomes
alleviates the systemic toxic side effects of CDDP. Wei et al. (2019)
demonstrated anti-tumor effects in vitro with bone marrow-derived
EVs-loaded DOX. The DOX-loaded EVs have a particle size of
152.7 nm. The vesicle structure of EVs allows them to easily bind to
tumor cell membranes and release DOX into tumor cells. The
encapsulation efficiency of the drug is about 7%, and the release
of Exo-Dox after 60 h is about 36%. Compared to free Dox, Exo-Dox
can kill OS cells more efficiently and exhibits lower cytotoxicity in
cardiomyocytes. Ginsenosides can inhibit the growth of cancer cells,
induce apoptosis of tumor cells and improve immunity (Han et al.,
2006). However, ginsenosides have low bioavailability and are
difficult to absorb by the body (Hasegawa et al., 1996). Fu et al.

(2022) modified tumor cell membrane-camouflaged nanoparticles
with alendronate sodium for delivery of MnO2 and ginsenosides.
The particle size of the nanoparticles is 141.5 nm, and the
nanoparticle seeds have good bone targeting ability due to the
addition of sodium alendronate. MnO2 can promote the
breakdown of H2O2 in the body and enhance tumor killing. The
nanoparticles enhance immune cell infiltration and improve mouse
survival up to 55 days.

Mesenchymal stem cells have unique tumor homing and
migration effects and can be used for tumor targeting (Chen
and Liu, 2016). Zhao et al. (2023b) used solvent evaporation to
load DOX and siRNA into MSCMs-modified PLGAs to make
DOX/siRNA-PLGA@MSCM NPs (Figure 4). The encapsulation
rate and drug load of DOX/siRNA-PLGA@MSCM NPs were
53.10% ± 1.45% and 53.94 ± 2.31, respectively. In vitro
experiments showed that DOX/siRNA-PLGA@MSCM NPs
could be endocytosed by tumor cells within 3 h, and the
cumulative release of DOX within 48 h was 26.67%. After 48 h
of mouse tail vein injection of DOX/siRNA-PLGA@MSCM NPs,
DOX/siRNA-PLGA@MSCM NPs were mainly deposited at the
tumor site. This suggests that DOX/siRNA-PLGA@MSCM NPs
have a strong ability to target tumor cells. The antitumor activity
of DOX/siRNA-PLGA@MSCM NPs was detected in tumor-
bearing mice, and DOX/siRNA-PLGA@MSCM NPs could
promote apoptosis of tumor cells and reduce the metastasis

FIGURE 4
Mesenchymal stem cell membrane-camouflaged nanoparticles coloaded with DOX and survivin siRNA for osteosarcoma treatment. Reproduced
with permission from (Zhao J. et al., 2023b).
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rate of tumors. Not only that but DOX/siRNA-PLGA@MSCM
NPs also greatly reduced the adverse events of cardiotoxicity and
bone marrow suppression of DOX. Zoledronic acid (ZOL) has a
significant effect in promoting apoptosis of tumor cells,
inhibiting angiogenesis and metastasis, and is a
bisphosphonate for the prevention and treatment of metastatic
bone disease (Nadar et al., 2017; Wang et al., 2020c). Xu et al.
(2022) used HA and PEG to synthesize nanoparticles to deliver
ZOL to make HA-PEG-N-HA-ZOL NP. HA-PEG-NHA-ZOL NP
has a particle size of 159 ± 2.3 nm.

HA-PEG-NHA-ZOL NP could increase the expression level of
Bcl-2-associated X protein (BAX), indicating that HA-PG-NHA-
ZOL NP could promote apoptosis in tumor cells. HA-PEG-NHA-
ZOL NP was shown in mice to reduce the expression of tumor cells
Ki-67 and inhibit tumor cell proliferation. In mice for 5 days, HA-
PEG-NHA-ZOL NP did not cause lung, liver, spleen, kidney and
other functions. AbouAitah et al. (2022) developed an example of a
core-shell nanoparticle that uses mesoporous silica nanoparticles
(MSN) loaded colchicine (CL) to make nanoparticle shells, and
chitosan-curcumin mixtures to make nanoparticle nuclei. The high
surface area, large size, and large pore structure of MSN favor its use
as a carrier-loaded drug (AbouAitah et al., 2020). In vivo
experimental results show that core-shell nanoparticles can
improve the anti-cancer treatment efficiency of CL while
reducing its toxicity to normal cells.

7 Conclusion

OS is highly malignant, highly aggressive and metastatic.
Although chemotherapy improves survival in OS. However, the
side effects of chemotherapy drugs and drug resistance in OS remain
treatment challenges. Preclinical studies have demonstrated that
nanoparticles are effective in delaying the growth of OS and
improving the survival rate of OS patients. In recent years,
several nanocarrier-based drug delivery systems have been
explored to target and treat OS. Although the nano-delivery
system has made breakthroughs in the treatment of OS,
improving the survival rate of OS mice. However, most of the
current research is limited to in vitro cell experiments and
animal experiments, which is still far from clinical application.
Appropriate nanoparticles need to meet the following conditions:

1) Nanoparticles can effectively target OS cells; 2) Nanoparticles are
able to accumulate and release payloads in OS cells; 3) Nanoparticles
are reduced in other organs (heart, liver, kidney, etc.) that are
aggregated to reduce systemic complications 4) Nanoparticles
have good biosafety and bioavailability. Based on the current
research base, we believe that the treatment of OS by
nanoparticles will achieve good clinical results.
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