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The recent advancement of nanoparticles (NPs) holds significant potential for
treating various ailments. NPs are employed as drug carriers for diseases like
cancer because of their small size and increased stability. In addition, they have
several desirable properties that make them ideal for treating bone cancer,
including high stability, specificity, higher sensitivity, and efficacy. Furthermore,
they might be taken into account to permit the precise drug release from the
matrix. Drug delivery systems for cancer treatment have progressed to include
nanocomposites, metallic NPs, dendrimers, and liposomes. Materials’ mechanical
strength, hardness, electrical and thermal conductivity, and electrochemical
sensors are significantly improved using nanoparticles (NPs). New sensing
devices, drug delivery systems, electrochemical sensors, and biosensors can all
benefit considerably from the NPs’ exceptional physical and chemical capabilities.
Nanotechnology is discussed in this article from a variety of angles, including its
recent applications in the medical sciences for the effective treatment of bone
cancers and its potential as a promising option for treating other complex health
anomalies via the use of anti-tumour therapy, radiotherapy, the delivery of
proteins, antibiotics, and vaccines, and other methods. This also brings to light
the role that model simulations can play in diagnosing and treating bone cancer,
an area where Nanomedicine has recently been formulated. There has been a
recent uptick in using nanotechnology to treat conditions affecting the skeleton.
Consequently, it will pave the door for more effective utilization of cutting-edge
technology, including electrochemical sensors and biosensors, and improved
therapeutic outcomes.
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Introduction

Nanotechnology is used in many areas, including surface

engineering,  biotechnology, electrical  engineering, and
regenerative medicine. Sometimes common macro-materials can
be synthesized into Nano-sized particles with entirely new sets of
physical and chemical characteristics. If, for example, the particle
size is 100 nm or less, the quantum size effect becomes more
pronounced (Tahir et al., 2016b). When particles of a material
are shrunk down to the nanoscale, they take on new electrical
properties as a result of the principle, and they may now contain
conductive elements that were previously insulators in their
macroscale form. In addition to potential shifts in electrical
properties, an increase in surface area to volume ratio may cause
modifications in mechanical characteristics. Because of their
increased surface area to volume ratio, anaphase materials
interact with nearby structures more strongly. Nano biomaterials,
because of their physiochemical properties, might be used in tumour
diagnosis and treatments like tissue regeneration or therapy (Han
et al,, 2015; Han et al., 2016). Nano biomaterials and extensive
research into their functionality should be used to forge a bridge
between tumour therapy and regenerative medicine.

Surgical excision, where the tumour is removed, is the mainstay
of cancer treatment, followed by chemotherapy to eliminate any
chance of tumour recurrence (Ali et al., 2017; Wang X. et al., 2017).
One major issue for diabetic patients is that the surgery can lead to
problems with tissue regeneration. Fibrous electrospun scaffolds
have been shown to mimic the extracellular matrix (ECM) and
promote cell growth and differentiation in regenerating tissues like
bone, skin, nerve, and heart (Khan et al, 2016b). Surface

modifications made with Nano biomaterials on implants also aid

10.3389/fchem.2023.1152217

this process (Karazisis et al., 2016). Specifically, in orthopedics, this
adjustment allows for interaction with the bone, leading to more
(Mattei 2015).
Nanoparticles can effectively target sites at the subcellular level
because of their Nano-size (Ahmad et al., 2015). In orthopedics,

efficient Osseo integration and Rehman,

hydroxyapatite and collagen make up the nanoscale structure of
bone. (Khasim et al., 2021). All sorts of medical goods have been
made more accessible and practical thanks to the implementation of
these projects and the recognition of their interconnectedness. For
effective drug management and the establishment of in vitro
diagnostic (Shi et al,, 2010; Tahir et al, 2015b; Sherpa et al,
2020), nanotechnology is being applied in a “Nano medicine”
fashion. Nanotechnology’s applications in healthcare are growing
at a dizzying rate, particularly in the fields of diagnosis and drug
delivery. (Verma and Rotello, 2005; Han et al.,, 2007; Ghosh et al.,
2008; Bajaj et al., 2010; Al-Hartomy et al., 2019; Liu et al., 2019a;
Sherpa et al., 2020).

Nanotechnology has been used in recent years better to deliver
drugs to their intended sites of action (Tahir et al., 2015b; Kumar
et al., 2020; Peer et al., 2020; Zaman et al., 2022). Nanoparticles can
be constructed from a wide range of materials, including organic
compounds, inorganic compounds, lipids, and proteins, all of which
are effective at targeting tumours (Figure 1) (Kumar et al., 2020).
Nanocarriers are useful in therapeutics for a number of reasons, such
as i) their inertness to common drug-delivery challenges like
solubility and stability and ii) their ability to protect drugs from
degradation by enzymes like protease, thereby extending their half-
lives inside the body. Several medications can be delivered at once,
iii) the transport and delivery of medicines are greatly improved, iv)
drug release at the targeted cancer sites is guaranteed, and v). The
transportation and delivery of multiple medications are facilitated.
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FIGURE 1
Various nanomaterials used in cancer therapy, their critical physical features,
this diagram. [Reprinted with permission from Nanomaterial MDPI, at2020].

and the surface chemistry needed to transport drugs are depicted in
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TABLE 1 lllustrates the type of Nanocarriers, the drug used, and the target site.

10.3389/fchem.2023.1152217

Nanocarriers Materials Drug Target Refs
Metal NPs Pluronic-b-poly (I-lysine) and gold nanoparticles Paclitaxel Human breast cancer (in vitro/in Liu et al. (2019a)
Vivo)
Folic acid, transferrin, and gold nanoparticles Gemcitabine = Human mammary gland breast Al-Hartomy et al.
adenocarcinoma (in vitro) (2019)
Apatite stacked gold nanoparticles Docetaxel Human liver cancer (in vitro) Safwat et al. (2018)
Carbon NPs PEG and single-walled carbon nanotubes Cisplatin Head and neck cancer (in vitro/in Nagesh et al. (2016)
Vivo)
PEG, anionic polymer, dimethyl maleic acid, and carbon dots Cisplatin IV Human ovarian carcinoma (in vitro/ | Nagesh et al. (2016)
in vivo)
Endoglin, iron, single-walled carbon nanotubes Doxorubicin = Murine breast cancer (in vitro/in Bhirde et al. (2010)
Vivo)
Carbon nanoparticles Methotrexate =~ Human lung carcinoma (in vitro) Feng et al. (2016)
Human serum albumin, single-walled carbon Nanotubes Paclitaxel Human breast cancer (in vitro) Qin et al. (2015)
Carboxymethyl chitosan, fluorescein isothiocyanate, lactobionic acid, = Doxorubicin = Human hepatocarcinoma (in vitro) | Al Faraj et al. (2015)
and graphene oxide
Dendrimer, gadolinium diethylene triamine pentaacetate, prostate =~ Doxorubicin  Prostate cancer (in vivo) Ajmal et al. (2015)
stem cell antigen monoclonal antibody
Mesoporous PEG, amino-B-cyclodextrin, folic acid, mesoporous silica NPs Doxorubicin  Breast cancer (in vivo) Shao et al. (2015), Gao
silica NPs et al. (2019)
Lanthanide doped upconverting nanoparticle, mesoporous silica Doxorubicin | Murine hepatocellular carcinoma Peng et al. (2012), Gao
nanoparticles (in vitro/in vivo) et al. (2019)
Bismuth III) sulphide nanoparticles, mesoporous silica nanoparticles = Doxorubicin = Multidrug-resistant breast cancer Wen et al. (2012), Pan
(in vitro/in vivo) et al. (2016)
(S)-2-(4 isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7- Sunitinib Human glioblastoma (in vitro/in Zhang et al. (2014)
triaceticacid, PEG, Hollow mesoporous silica nanoparticles vivo)
Poly (2-(diethylamino)ethyl methacrylate), Hollow mesoporous Doxorubicin | Human cervical epithelial malignant | Liu et al. (2013)

silica nanoparticles

As a result, nanotechnology promotes the development of novel
materials that enhance the delivery of drugs, thus revolutionizing
cancer pharmacology (Kim et al., 2012; Sun et al.,, 2017; Kumar et al.,
2020; Zaman et al., 2021).

Inorganic nanoparticles

Modern drug delivery systems rely heavily on this class of
nanoparticles because of their precisely controlled physical
properties, including size and shape tuning, tunable
physicochemical properties, controlled surface chemistry, and a
wide range of multi-functionalities. As of late, inorganic
nanoparticles with particular properties have been manufactured
and used in various biological settings, most notably in the treatment
and management of cancer. Due to their distinctive properties and
recent advances in fundamental understanding (Khan et al., 2016b).
Metal nanoparticles and metal oxides have risen to prominence
among inorganic nanoparticles. Effective drug delivery using
carbon-based nanostructures and mesoporous silica nanoparticles
has recently inorganic

Nanocarriers for anticancer drug delivery are listed in Table 1.

received much attention. Various

Drugs carried by inorganic nanomaterials are listed in the table,
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carcinoma (in vitro)

along with details about the type of nanomaterial used and the
targeted tumor cells.

Recent advances in bio-nanotechnology have allowed for the
emergence of several novel approaches to treating bone tumors. The
dilemma of treating bone tumors lies in achieving cancer control
and bone regeneration. Many years of careful interdisciplinary study
(Liu et al., 2019b; Xue et al., 2019) are needed to develop methods
that can solve these problems and ultimately cure the ailment.
Researchers have put in a lot of time and effort to come up with
a new approach to these problems, one that may aid in bone
regeneration and reduce the likelihood of tumor recurrence.
There are some promising developments in the search for a cure
for bone tumors, but the research is still in the early stages (Xue et al.,
2019).

Nanotechnology in cancer diagnosis

Cancer has surpassed all other diseases as the primary public
health crisis around the world. In 2018, researchers anticipated that
18.1 million new cases of concern would be reported and 9.6 million
deaths would be attributed to cancer (Xiong et al., 2015). In addition,
it is a large group of diseases that arise when abnormal cells multiply
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FIGURE 2
Nanoparticle usage for diagnosis and therapy of cancer.

uncontrollably and spread to other parts of the body, ultimately
resulting in the patient’s death. Therefore, it is crucial to detect
cancer early so its spread can be halted, and the disease can be
treated to prevent mortality. As one of the most widely used
methods, nanotechnology has become increasingly significant in
cancer research. The benefits of this method can be seen in various
cancer-related fields, including diagnosis, treatment, drug delivery,
gene therapy, biomarker mapping, targeted therapy, molecular
imaging, and more (Niemeld et al., 2015). Gold nanoparticles and
quantum dots, both products of nanotechnology, play a crucial role
in the molecular detection of cancer tumors at early stages in
patients (Niemeld et al., 2015). Biomarkers are a type of
nanotechnology-based molecular diagnostic that allows for a
quick and accurate cancer diagnosis (Mondlane et al, 2021).
Thanks to advancements in nanotechnology, drugs can now be
delivered to a precise location within the body without harming any
neighboring cells (Ahmad et al., 2016; Tran et al., 2017; Hu et al,,
2018). For this reason, nanomaterials with a biological origin can
cross cellular barriers easily (Ahmad et al., 2016; Chaturvedi et al.,
2019).

For quite some time, nanomaterials’ active and passive targeting
abilities have made them useful in cancer treatment. Many drugs can
be used to treat cancer, but their effectiveness varies depending on
the type of cancer being treated. Besides being ineffective, this
approach has many unintended consequences, some of which
can harm healthy cells. For this reason, many studies (Hu et al.,
2018; Chaturvedi et al, 2019). Have concluded that combining
various nanomaterials, such as polymers, liposomes, efc., can
improve the effectiveness of cancer treatment design while
eliminating relative drug toxicity. Much more study is required
before nanomaterials are widely accepted for use in the clinical
treatment of cancer, however, because of their potential toxicity
(Tahir et al., 2015¢c; Chaturvedi et al., 2019). This study will
investigate the use of nanotechnology in cancer diagnosis and
treatment, focusing on its advantages and disadvantages
(Figure 2). Eventually, malignant tissues develop when specific
changes in the DNA of genes cause abnormalities in the
composition and functionality of some cells, leading to
uncontrolled, abnormal cell growth. Cancer can be divided into
two broad categories: benign and malignant. Benign tumors do not
spread beyond their original site, while malignant tumors produce
abnormal cells that can infect neighboring tissues and organs.
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Suppressing the growth and spread of abnormal cells, as well as
detecting cancer at an early stage, are the primary goals of cancer
treatment strategies (Bharali and Mousa, 2010; Tahir et al., 2015c).
The main aims of cancer treatment strategies are identifying the
disease in its initial stages and suppressing the production and
spread of abnormal cells (Bharali and Mousa, 2010). For this
purpose, various techniques such as computed tomography (CT),
positron emission tomography (PET), magnetic resonance imaging
(MRI), and ultrasound are highly utilized (Bharali and Mousa, 2010;
Kim et al,, 2010). However, clinical data on different cancer types
and stages severely limits the utility of such imaging systems. As a
result, it can be challenging to get a complete picture of the patient’s
health condition on which to base the best treatment (Wang et al.,
2005; Kim et al.,, 2010; Akhter et al., 2013; Rahim et al., 2014).

Nanoparticles cytotoxicity to osteosarcoma
cells

It has been suggested in several scientific papers that NPs can
inhibit tumor growth. Rahim et al. discovered that in Saos-2
(osteosarcoma) cells, cell viability could be easily reduced by the
use of 24.3 nm gold nanoparticles (AuNPs) capped with advanced
glycation products; it also triggers apoptosis (Rahim et al., 2014;
Khan et al., 2016a). In addition, the anticancer activity of AuNPs is
shape-dependent, with rod- and star-shaped AuNPs being more
effective against osteosarcoma cell lines 143b and MG63 than
spherical AuNPs. (Khan et al., 2016a; Nayak et al., 2016). A wide
variety of other nanoparticles also exhibit anticancer activity. There
is evidence that Ag NPs can inhibit the proliferation of MG63
(osteosarcoma) cells [56]. Furthermore, it is unclear whether the
nanoparticle size is responsible for the effects seen or whether silver’s
presence is to blame. Interestingly, 15-34 nm Ag NPs threaten A-
431 (osteosarcoma) cells more than AgNO; [56]. (Nayak et al,
2016). In a similar vein, Kovacs et al. found that citrate-Ag NPs with
diameters of 5nm and 35nm affected the viability of two
osteosarcoma cell lines (U,OS and Saos-2). (Kovdacs et al., 2016;
Barani et al., 2021). To his surprise, he found that the cytotoxicity of
nanoparticles increased as their size decreased. Moreover, Ag NPs
were thought to be more effective than cisplatin at the same
concentration in inhibiting cell proliferation. Ag NPs initiate
mitochondrial ~ stress, which in triggers  apoptosis.
Unfortunately, no historical data explains how Cu NPs become

turn

cytotoxic to osteosarcoma cells. However, we could not find any data
indicating that iron or aluminum nanoparticles affect osteosarcoma
cells. There is evidence to suggest that metal oxide nanoparticles may
have anticancer effects. TiO,NPs with a mean particle size of 3.8 nm
were shown to be cytotoxic to U,OS cells at concentrations greater
than and for more extended periods than 0.5g/mL. Through
suppressing ROS production and lowering glutathione (GSH)
levels, TiO,NPs induced oxidative stress (Palza et al., 2017). The
concerned toxicity of TiO,NPs was also committed in another study.
Di Virgil (Baker et al, 2009) explored more of the anticancer
functions of 15nm TiO,NPs and 50nm aluminum oxide
nanoparticles (Al,OsNPs). Using the MTT assay, we found that
both nanostructures were cytotoxic to UMR-106 cells at
concentrations greater than 50 mg/mL (Baker et al., 2009; Jabir
et al., 2012).
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TABLE 2 Summary of nanoparticles (NPs) effects in vitro model of osteosarcoma.

Osteosarcoma Effect Additional comment References

cell line

Nanoparticles type

Gold NPs 24.3 nm capped with Saos-2 Cytotoxicity Wang et al. (2005), Chen
advanced glycation products et al. (2019)
Gold NPs rods Gold NPs stars 143B Cytotoxicity Apoptosis induction Cytotoxicity was shape-dependent Khan et al. (2016a), Bhushan
Gold NPs spheres et al. (2017)
MG63
Citrate silver NPs5nm and 35 nm | U20S Cytotoxicity Proliferation Inhibition = Cytotoxicity size-dependent Khan et al. (2016a), Gu et al.
Mitochondrial stress and apoptosis (2013)
Saos-2 induction NPs were more effective than cisplatin
Copper NPs 10 nm Saos-2 Cytotoxicity _ Chen et al. (2018)
Titanium oxide NPs15 nm UMR-106 Cytotoxicity NPs were present in _ Zhang et al. (2017)
phagocyte chemical
Aluminum oxide NPs50 nm UMR-106 Within the cells, Cytotoxicity NPs Cytotoxicity wash-dependent Venturoli and Rippe (2005),
were present in phagocyto chemical Zhang et al. (2017)
Dextran-coated cerium oxide NPs | MG63 Within the cells, Cytotoxicity Cells were more susceptible to NPs in = Matsumura and Maeda
3-4 nm Increased ROS production an acidic environment (1986), Venturoli and Rippe
(2005)
Zinc oxide NPs22 nm MG63 Cytotoxicity Increased ROS _ Matsumura and Maeda
production Apoptosis induction (1986), Dreher et al. (2006)
Cerium oxide NPs26 nm MG63 Cytotoxicity Increased ROS _ Nomura et al. (1998), Dreher
production Apoptosis induction et al. (2006)
Fucoidan NPs100 nm C3H Cytotoxicity Apoptosis induction Fucoidan in NPs was more effective ~ Nomura et al. (1998),
than Fucoidan itself Hu-Lieskovan et al. (2005)
Hydroxyapatite NPs40 nm MG63 Selective cytotoxicity Only to cancer =~ HA-NPs are cytotoxic to Chen et al. (2005),

cells Ultrastructure changes

osteosarcoma and stimulate the

Hu-Lieskovan et al. (2005)

One factor that determines how vulnerable cancer cells are to
nanoparticles is the surrounding environment’s pH. Results against
osteosarcoma cells treated with dextran-coated cerium oxide
nanoparticles (CeO,NPs) were better at acidic pH (pH = 6) than at
neutral pH (pH = 7) or basic pH 9. Under the same conditions, the
cytotoxicity of CeO,NP towards healthy bone cells was extremely low.
One possible mechanism for the cytotoxicity of CeO,NPs is an increase
in reactive oxygen species (ROS) production (Jabir et al.,, 2012; Tahir
etal,, 2015a). In addition, another study discovered that (ZnONPs) may
be harmful to MG63 because they can stimulate ROS synthesis (Tahir
et al, 2015a). Osteosarcoma could be treated with more than just metal
nanoparticles. Many different therapies, not just metal nanoparticles,
have shown promise in treating osteosarcoma. At 1-8 mg/mL
concentrations, the nanoparticle (100 nm) Fucoid induced apoptosis
in 143B cells, reducing their viability (Tahir et al., 2015a; Sisubalan et al.,
2018). Better anticancer efficacy was seen with nanoparticles of Fucoid
compared to macro-size Fucoid and in an in vivo osteosarcoma model
in CH; mice (Sisubalan et al,, 2018). Similarly, to the in vitro model,
Fucoidan nanoparticles induced apoptosis in osteosarcoma when
applied in vivo. Furthermore, Fucoidan NPs should pose little to no
health risks because they do not affect animal body weight (Kimura
et al, 2013; Sisubalan et al, 2018). It was also discovered that
hydroxyapatite nanoparticles (HA-NPs) have favorable outcomes.

In particular, HA-NPs are intriguing because of their similarity
in composition and structure to bone (Qing et al., 2012; Kimura
et al.,, 2013). It has been discovered that HA-NPs cause apoptosis in
MG63 cells while increasing the survival of healthy osteoblasts (Qing
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growth of healthy osteoblast

et al, 2012; Kimura et al, 2013). Aside from causing selective
cytotoxicity in cancer cells, HA-NPs also caused changes in the
cells’ ultrastructure. Nuclei showed morphological changes, and
mitochondria were found to be enlarged; ribosomes had become
dissociated from RER, and mitochondria had enlarged. (Abrams
et al., 2006; Qing et al., 2012; Kimura et al., 2013).

For a fuller picture of NPs’ biological effects, it is essential to learn
whether or not they are internalized (Abrams et al., 2006; Di Virgilio
et al, 2010). In conclusion, as shown in Table 2, increased ROS
generation by different nanoparticles (metal, metal oxide, HA) can
mediate anticancer activity. In addition, the size, shape, type, and
capping activities of NPs can all affect their anticancer activity.
Osteosarcoma tumor cells can take in and store a variety of
nanoparticles. According to Azarami et al, the uptake of gelatin
nanoparticles by 143B cells varies from 112 to 303 nm. When
nanoparticles were more significant, they were absorbed less
effectively (Abrams et al., 2006). MG63 cells were also demonstrated
to be capable of internalizing 100 nm PGLA NPs Internalization of
100 nm PGLA NPs by MG63 cells was also demonstrated.

Single photon emission computed
tomography (SPECT)/CT imaging SPECT

For many years, it has served as a focal point for researchers in
nuclear medicine. The use of SPECT and CT together has increased in
popularity in recent years and is effective in various clinical settings. As

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1152217

Haq Khan et al.

10.3389/fchem.2023.1152217

Nano Diagnosis of Osteosarcoma

Polymersomes

FIGURE 3

Core shell NPS

Magnetic NPS

Polymeric Vesicles

Different nanoparticles for diagnosis of osteosarcoma (OSA). [Reprinted with permission from Biosensors, MDPI, at2021].

BPs

2
-
& ¢

&

FIGURE 4

‘ Drug for bone diseases

A biodegradable (polymer-based) carrier delivers NPs locally in bone. Notes: A schematic diagram shows an ideal NP capable of conveying a range
of cargos, including molecules with affinity for bone tissue or cells, such as BPs, siRNA for gene therapy, and medications for bone diseases. [Reprinted

with permission from International Journal of Nanomedicine at 2013].

shown in Figure 3 (Chen et al,, 2005), the mixture has a high penetrating
capability and is better suited to imaging deep tissue, especially OSA
imaging. Diagnosing malignant osteocytes via multifunctional
nanomaterials may also be helpful for treatment and diagnosis. It
has been investigated whether or not albumin-based Nanomedicines
could be beneficial in cancer treatment (Abrams et al., 2006; Poilil
Surendran et al.,, 2018). Due to its imaging and therapeutic capabilities,
nanomedicine may replace traditional therapeutic navigation and
monitoring methods.

For targeted delivery and treatment monitoring, Chen et al
developed albumin-based gadolinium oxide nanoparticles, loaded
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them with doxorubicin, and coupled them with alendronate (Chen
et al, 2018). Moreover, the authors noticed an excellent NPs
distribution throughout the body after SPECT imaging and radio
labeling with 125I. SPECT imaging revealed increased bone tumor
formation and longer NPs retention in bone cancer (Chen et al., 2018).
CT imaging and pathological investigation, on the other hand, revealed
that the combination therapy used in this trial was beneficial (Nomura
et al,, 1998). According to the results of this investigation, albumin-
based nanoparticles could be used to image and assess bone conditions.
In recent years rapidly, metallic nanoparticles have emerged as a
valuable tool in a variety of fields, including medicine and
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biosensing. Metallic NPs show little cytotoxicity in normal cells and are
well-targeted and localized at the subcellular level or where cancer
originates. Furthermore, the size and structure of nanoparticles help
them exhibit their best performance in drug delivery to patients with
critical issues like OSA. Platinum NPs are widely acknowledged as
secure, stable, and productive due to their potent sensing abilities and
plasmonic features (Chen et al., 2005).

Critical properties of anticancer
nanoparticles

As a rough estimate, nanostructures used to treat cancer are
between 10 and 100 nm in size. Considering that the kidney has a
10 nm elimination threshold, the sieving coefficient of the glomerular
capillary walls should be used as the lower bound (Chen et al., 2005)
(Giljohann and Mirkin, 2009). Currently, the diameter of the upper limit
is not specified. Moreover, macromolecule leakage in tumor vasculature
is a well-documented phenomenon. Animal models of tumors have a
dysfunctional lymph system, contributing to the ERP effect of
accumulated macromolecule leakage from blood vessels (Giljohann
and Mirkin, 2009; Cheng et al, 2012). Multiple pieces of evidence
demonstrate the existence of this phenomenon in human beings.
Therefore, it is not good to use particles with a diameter of less than
100 nm because they might escape from the blood vessels. However,
phagocytes in the body may be able to destroy larger molecules (Cheng
et al., 2012; Colson and Grinstaff, 2012). Experiments on animal models
reveal that neutral or slightly negatively charged entities with a diameter
of less than 150 nm can travel through tumor tissue (Colson and
Grinstaff, 2012; Du et al., 2020).

Furthermore, recent findings demonstrate that nanoparticles with a
minimal positive charge in the 50-100 nm size range can penetrate
giant tumors after systemic injection (Du et al., 2020). When these
nanoparticles of size ranging between 10 and 100 nm are added to the
blood circulation flow, these being slightly charged, either positive or
negative, reach the tumor site. At this diameter range, these
nanostructures could not escape normal vasculature (which requires
diameters less than 12 nm). Still, there is a possibility that they might
travel to the liver because entities of such size (100-150 nm) are capable
of it (Danhier et al., 2012; Du et al,, 2020).

Nanoparticle surface properties

Compared to larger molecules, nanostructures have a much
higher surface-to-volume ratio, which can be harnessed for human
benefit in various contexts (Danhier et al., 2012). The fate of a
nanoparticle depends upon how it interacts with its surroundings,
which further depends upon its size and shape Self-Self and
Self-non-self-interactions are negligible in nanoparticles that are
sterically stabilized (for example, by polyethylene glycol (PEG)
polymers on their surface) and are in an ionic form which means
they possess either slightly positive or negative (Danhier et al., 2012). ].
Even more so, many negatively charged components are inside the
vessels and on the outer or inner surfaces of cells, which would repel
NPs with a negative charge (Danhier et al.,, 2012; Papasani et al., 2012).

Scavenging by macrophages and subsequent clearance by the
reticuloendothelial system increases in tandem with growing surface
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concentrations. Consequently, limiting non-specific interactions
through steric stabilization and surface charge control aids in
preventing nanoparticle loss to undesirable places (Papasani et al,
2012). While it is currently impossible to eliminate non-specific
interactions, some particle loss will always occur even with this
method; the goal here is to minimize the interactions as much as
possible. If nanoparticle loss could be stopped, the nanoparticles inside a
mammal would be spread out evenly if there were no size limits due to
thermodynamics. Non-etheless, there may be inconsistency due to size
limitations in several locations throughout the body. For instance, the
blood-brain barrier prevents harmful substances from entering the
brain by setting considerable size and surface properties standards.
Understanding the size and surface quality requirements for reaching
these sites allows for the localization of nanoparticles to specific
locations within the body.

Nanotechnology and targeted drug delivery
for bone diseases

Nanotechnology’s permeation into every aspect of our lives,
from the medical to the environment, is undeniable. As a result,
nanomaterials are being explored for use in medical devices to
improve treatment efficacy and patient safety]. They add to the
tools available for studying diseases through diagnostic imagery
and medicine (Elazar et al., 2010; Herma et al., 2019)].
Nanoparticles can also provide a fine tissue regeneration
structure (scaffold), revolutionizing medical tissue technology
(Herma et al., 2019). Human bone disease encompasses many
skeletal anomalies, including malformations that significantly
affect mobility and mortality. As of yet, there is no cure for
many diseases and disorders affecting the skeleton, including
arthritis, osteosarcoma, bone cancer, and others. There is an
immediate need for novel pharmaceuticals and drug delivery
systems for the safe and effective clinical treatment of rheumatoid
arthritis, osteoarthritis, osteosarcoma, and metastatic bone
cancer (Herma et al., 2019). Obtaining a treatment method for
bone cancer that guarantees bone regeneration and does not pose
any adverse effects while removing the tumor is challenging.
Researchers have investigated a targeted application of
nanotechnology to address these challenges and enhance the
efficacy of therapy. Tumour incidence and mortality remain
high over the world. A focused application of nanotechnology
has been explored to discover a possible strategy to overcome
these issues and improve therapy effectiveness.

Over 14 million individuals worldwide are diagnosed with
cancer yearly, and eight million will inevitably succumb to it.
Traditional methods of treating cancer, such as radiation therapy
and chemotherapy, have been shown to have several undesirable
side effects and to be less effective than other options. There is a lack
of satisfaction with current tumor treatments, so scientists are
looking for alternatives that can effectively target and kill tumor
stem cells with few unintended consequences. In addition, novel
approaches to tumor therapy, such as immunotherapy, targeted
therapy, physical ablation, gene therapy, photodynamic therapy
(PDT), (PTOT),
demonstrated clinical efficacy. All these treatment approaches

and photothermal therapy have already

share a common characteristic: they necessitate the involvement
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of a carrier (Israel et al., 2020; Woodman et al., 2021). Since viral
carriers can cause insertional mutagenesis and immunogenicity,
creating a safe and effective carrier is crucial. Due to their
biocompatibility, Nano size, medicinal substance fills up, and
quickly  being
utilized as carriers of new tumour therapy techniques (Israel

material characteristics, nanocomposites are
et al, 2020). Nanoparticle therapies like these have the potential
to treat multiple symptoms at once, have fewer adverse effects, and
are more effective overall (Singh et al., 2015).

In addition, numerous Nano-particular medical imaging
technologies have enhanced clarity and accuracy, allowing for
more precise tumour identification (Singh et al., 2015; Tao et al.,
2015). Thanks to developments in nanotechnology, medical
nanoparticles can be created by combining various metals (such
as gold, silver, iron, or liposomes) with different biological
substances (Gusic¢ et al., 2014; Tao et al., 2015). Researchers are
examining all of the physical and chemical benefits that
nanotechnology may bring to humanity. (Gusi¢ et al, 2014).
Because of their biological properties and the modifications made
to those features, nanoparticles can be loaded with drugs and
delivered to the precise target without affecting the surroundings,
cryosurgery can be performed, and imaging techniques can be
improved and clarified, all of which contribute to the practical,
rapid, and accurate diagnosis and treatment of cancer (Adeel et al.,
2020). To treat a wide range of diseases, nanomedicine is a
promising new area of research. This editorial will focus on the
potential applications of nanotechnology in treating various bone
disorders. Bone is a tissue that aids human mobility and contributes
to mineral homeostasis. However, unlike other tissues, it can
regenerate during repair processes without forming scar tissue
(Johnell and Kanis, 2004). Osteoporosis is a disease characterized
by a loss of bone matrix that affects nine million people annually
around the world. Health agencies will need to invest billions in
combating the problem. Bisphosphonates (BPs) have emerged as an
effective treatment in recent years (Fazil et al., 2015), however, there
is still a problem with precisely delivering the medicine to the right
place at the right time for the right effect. Another potentially lethal
medical condition is osteomyelitis which typically occurs in patients
with significant bone abnormalities (Gu et al., 2013; Fazil et al,
2015).

Bacterial Staphylococcus aureus infections and significant bone
damage or fixation surgery cause osteomyelitis. Damaged bone’s
operative excision, antibiotic therapy, and grafting are all common
treatments for infected bone defects (Lu et al., 2016). Unfortunately,
these drugs are not enough to keep the infection at bay (Lu et al.,
2016). Therefore, there is an urgent need for a treatment that can
eliminate the disease and stimulate the growth of new bone. Twenty-
four million people are expected to die from cancer worldwide by
2030, making it the leading cause of death worldwide (Snoddy and
Jayasuriya, 2016). . Since there is a close connection between
malignant cells and bone marrow, bone metastasis is recognized
as a type of bone cancer (Snoddy and Jayasuriya, 2016). Therapeutic
options for bone tumors include radical resection, surgery, radiation,
chemotherapy, or a combination of these modalities. However, these
treatments come with a number of potentially harmful outcomes,
including cancer cell resistance to anticancer medication, non-target
drug-related side effects, local cancer recurrence, amputation in
severe cases like osteosarcoma, and a diminished capacity for the
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formation of new bone (bone regeneration)) (Khan F. U. et al., 2016;
Bray et al., 2018).

Nanomedicine

Richard Feynman was the first to have a vision of the
implication of nanotechnology in medicine. In 1959, he
pioneered the top-down approach to nanotechnology with his
lecture “There is plenty of room at the bottom.” This sparked a
wave of innovation in the production and application of
nanomaterials across sectors like transportation, energy, the
environment, medicine, manufacturing, pollution control, etc.,
. Multiple research types in Nanomedicine benefit humanity in
diagnosing and treating tumours (oncology) and various CNS
and cardiovascular infections and diseases (James et al., 2014;
Zazo et al., 2016). Nanoparticles are the subject of over 80% of
Nanomedicine research publications (James et al., 2014; Kannan
et al., 2014). Hard and soft nanoparticles are two types of
medicinal nanoparticles. Liposomes, dendrimers, micelles, and
polymer particles are examples of soft nanoparticles. Inorganic
and metallic structures make up complex nanoparticles
(Saptarshi et al, 2013; Kannan et al,, 2014). Nanomaterials
can be modulated by changing their diameter, appearance,
porosity, and surface load by cellular absorption and bio
distribution (Gong et al., 2015).

Various nanostructures, such as gold, iron oxide, calcium
phosphate, mesoporous silica, and chitosan, are under
investigation for bone treatment. These could be utilized for
targeted medication transport and on-spot release (Cole et al,
2011). A possible way to treat osteoporosis is to use nanomaterial
to load the medicine and release it to the targeted site; BPs are more
suitable for the purpose they form a connection between the
nanomaterial and the bone matrix because the calcium
phosphate is attracted to the bone (Holyoak et al, 2016). An
alternate way is the usage of nanostructures which are charged
with specific osteoclast inhibitors (bone-resorbing cells) and
osteoblast promoters (bone-forming cells) to control the function
of bone cells and prevent osteoporosis from occurring. Targeted
medications can be delivered to the metastasized bone using BP-
operated nanoparticles, increasing treatment efficacy while reducing
side effects in non-target areas. Several research initiatives used poly
(lactic-glycolic), hyaluronic acid, and chitosan to produce clinic
nanoparticles for the specific transport of medications, hormones, or
genes at the desired bone site (Farokhi et al., 2016). Combined with
chondroitin sulfate and chondrocyte affinity peptide, known for
cartilage targeting, these nanoparticles allow for focused delivery of
inflammatory prohibitory. Using medications with osteo-inductive
and antibacterial capabilities as a coding arrangement in
nanoparticles is a valuable method for treating osteomyelitis.
Nanoparticles could be linked with multiple medicines in several
ways, including encapsulation, coating, adsorption, or binding;
restoration of bone is a challenging procedure that is hampered
by poor or no vessel growth and a lack of bone mineralization.

For more than a decade, researchers have been concentrating
on a single growth factor, vascular endothelial growth factor
(VEGF). (Sajid and Plotka-Wasylka, 2020). Nanoparticles offer
promise as a valuable strategy for improving bone healing in
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TABLE 3 Preparation and characterization of medical.

Size Method

(nm)

Material

STGENS

approach

10.3389/fchem.2023.1152217

Features

Bottom-up TiO, 6-33 Sol-gel synthesis
approaches
Fe;0,4 _ 10 Co-precipitation
PEG-Fe-PDA NP _ 25-43 Microemulsions
Magnetite NPs _ 39 Hydrothermal
approach
Au NPs 8-300 photochemical
method
Top-down Cu-Sn 18-40.5 Electrical wire
approaches oxides NPs explosion
Magnetite 12-20 Ball milling
NPs

Continuous releasing of hydroxyl radicals and superoxide
ions when exposed to ultraviolet rays

Fe;0, can be excited by 808 nm infrared light to realize
photo-thermal conversion

MR Imaging enhancement with pH activation, high photo-
thermal efficiency, and excellent biocompatibility

Small-size magnetic nanoparticles with biocompatibility
and superparamagnetic
Enhanced medical diagnostic imaging

Ability to produce reactive oxygen species

Small-size magnetic nanoparticles with biocompatibility

Al-Tayyar et al. (2020); Sajid and
Plotka-Wasylka (2020)

Zhang et al. (2014), Sajid and

Plotka-Wasylka (2020)

Daou et al. (2006)

McGilvray et al. (2006)

De Carvalho et al. (2013)

Mascolo et al. (2013)

Guise (2010)

combination or multiple drug delivery systems. On the flip side,
these approaches mitigate the risks of overdosing and toxicity by
minimizing the effects of ineffective dual delivery of medical
goods and uncontrolled release of therapeutic agents. Therefore,
it is critical to fully optimize a multi-delivery system by
discovering the optimal combination of drugs or growth
factors and employing the appropriate dosage to promote
bone regeneration. (Sajid and Plotka-Wasylka, 2020).

Characterization and fabrication of
biomedical nanoparticles

Nanomedicine involves three distinct types of nanostructures
distinguished by their diameter, appearance, and unique chemical or
physical capabilities: metal nanoparticles, non-metal nanoparticles,
and composite nanoparticles. For nanoparticles to serve their
intended purposes in a wide range of contexts, it is essential to
use the best preparation method possible (Sajid and Ptotka-Wasylka,
2020). Both bottom-up and top-down processes can be used to
categorize the procedures involved in preparing nanoparticles.
Using this bottom-up approach, nanoparticles are produced by
stacking increasingly smaller layers of essential elements. Several
examples of the production of pharmaceutical nanoparticles are
provided in Table 3. Among the various types of nanoparticles listed
above, metal nanoparticles find the most widespread application in
healthcare. Nanoparticles of metal are composed of the metal itself
and a derivative of that metal. The most prevalent metal
nanoparticle synthesis is the sol-gel (Sol-Gel), developed in the
1990s by Japanese scientists Sugimoto et al. It is widely used in
liquid-phase mono-dispersed metal oxide particles. (Al-Tayyar et al.,
2020). Using chemical and physical processes to produce a
uniformly distributed soil of metal ions, followed by a redox
reaction to form a gel, is the premise of this strategy.
Nanoparticles of metal can nucleate, grow, and settle in a gel.
Therefore, to modify the size of the resulting metal nanoparticles,
the experiment’s metal colloid monodispersing must be limited to
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the metal ions and the oxidizing/reducing substance (Al-Tayyar
et al., 2020).

Common bottom-up strategies for metal nanoparticles include co-
precipitation, hydrothermal, and photochemical approaches. In a liquid
medium, the co-deposition process involves simultaneous nucleation,
growth, and aggregation (Coleman, 2006) for large quantities of small
insoluble particles when the solution is supersaturated. The
hydrothermal method controls the morphology of the resulting
nanoparticles by adjusting the vapor pressure of the solution
material in a liquid environment. Furthermore, top-down
approaches for preparing metal nanoparticles exist, such as electric
wire explosion and ball milling. Interestingly the idea behind an
electrical wire explosion is that the metal atoms are vaporized and
quickly cooled into the electrolyte, resulting in oxide nanoparticles
(Coleman, 2006). Controlling the electrolyte content and current
strength permits fine and uniform nanoparticles to be produced.
Ball milling is a method for producing Nano components with
adjustable sizes on a large scale with machining instruments, such as
planetary gear milling, by adjusting the equipment’s grinding time and
associated process guidelines (Coleman, 2006). Aside from metallic
nanoparticles, this method could synthesize other types of
nanoparticles.

Targeted delivery for preventing and
treating cancer bone metastasis

One of the primary causes of cancer-related death is metastasis
bone, which is most likely to be a site for spreading malignancies (Russell
and Rogers, 1999). Although bone tissue is the only tissue to be subjected
to the location of metastasis for prostate cancer, over-metastatic breast
cancers move to the bone in 70% of situations (Wen et al,, 2006). As a
result, treating metastasized bone carcinoma (also known as “cancer
bone metastases”) is critical for patients’ long-term survival; it has also
lately emerged as a significant bone ailment. According to Coleman,
bones are the most frequent site of metastasis, and the disease has the
best survival rates of any major organ (Coxon et al, 2008). Moreover,
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TABLE 4 Anticancer effect of BPs/nanoparticles/anticancer agent complex.

10.3389/fchem.2023.1152217

Generation Drug Nanoparticles bound = Anticancer agents  Effects References

1 BP clodronate Liposomes Clodronate Inhibition of cell growth Decreased metastasis | Gnant (2009)

2 Zoledronic acid =~ PLGA Docetaxel Increased cellular uptake Prolonged half-life Tripathy et al. (2004)
3 Risedronate PLL-CD Cyclodextrin Prevention of bone metastasis Singh et al. (2018)

BP, bisphosphonate; PLGA, poly lactic-co-glycolic acid; PLL-CD, Poly-L-lysine covalent beta-Cyclodextrin.

the statement further highlights the need for safe, effective, and targeted
non-viral medications or gene carriers in treating bone-related
disorders, particularly bone cancers. BPs is a drug that gained a lot
of attention for treating bone. BPs are well-known and frequently used
for bone diseases due to specific bone tissue affinity. Because it provides
NPs to bone tissues, this property makes BPs particularly beneficial.
Strengthening bones, curing, or preventing osteoporosis, and treating
Paget’s bone disease are all known effects of BP(Coxon et al., 2008).
However, mounting data suggests that BPs have anti-cancer properties
and can be used to treat cancer bone metastases (Coxon et al., 2008).
Three generations of BPs were tested (Table 4) early clinical outcomes
on preventing bone metastases in the first generation.

Clodronate, or BP, induced positive outcomes in people
suffering from the curse of breast cancer and was tested to see
how helpful it was (Singh et al., 2018). Current research suggests this
BP only applies to older women who have passed menopause (Hillen
et al., 2007). Similarly, Zoledronic acid, a new generation BP, has
been tested and proven to play a significant role in the prevention of
metastasis A5-year research showed people with multiple myeloma
who received Zoledronic acid had a greater overall survival rate than
those who had conventional therapy alone (P, 0.01). Various other
types of research highlighted the roles played by the second-
the
angiogenesis, invasion, and tumor cell adhesion across the course

generation BPs (Zoledronic acid) in inhibition of
of the tumor, and mounting evidence shows that such medications
could prevent bone metastases from developing (Nishida et al., 2006;
Hillen et al., 2007). Clinical trials on patients proved a reduced
serum level of a vascular endothelial ground factor (VEGF) by
Zoledronic. VEGF is a critical factor in angiogenesis, suggesting that
Zoledronic acid is an angiogenesis inhibitor (Nishida et al., 2006;
Hillen et al.,, 2007). Risedronate [RIS], a third-generation BP, is
currently available and is expected as less toxic and more efficient. At
the same time, a recent study suggests that adding docetaxel to the
RIS had no enhanced therapeutic effect on patients with prostate
cancer (Nishida et al., 2006; Abunahla et al., 2019), demonstrating
that BPs were the only ones with limited therapeutic impact on
patients in clinical settings. Daubing (Abunahla et al., 2019) utilized
poly-l-lysine covalently grafted with beta-Cyclodextrin to supply RIS
with a polycationic vector (CPL-CD).

Regardless of whether PLL-CD: RIS complexes are solvent or
integrated with multilayered polyelectrolyte Nano architectures, the
efficacy of RIS in vitro cancer cell invasion was considerably
improved following complexation, according to the researchers
(Abunahla et al., 2019). In vivo, complexes in the solution state
have been shown to effectively prevent cancer-induced bone
(Kerbel 2004;
Abunahla et al, 2019). Improved effectiveness of second-

metastases in animal models and Kamen,

generation BP was observed, and NPs were considered the
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leading cause. Effectiveness. ZOL (zoledronate) delivers docetaxel
into bones because of its high bone affinity and has shown significant
bone metastasis synergy (Kerbel and Kamen, 2004).

Interestingly, PLGA NPs mixed with ZOL have a higher cellular
uptake than changes in cellular uptake have demonstrated
PEGylated PLGA NPs. In vitro studies using ZOL-hankered
PLGA-PEG NPs on MCF-7 and BO2 breast cancer cell lines
revealed increased cell cytotoxicity, intercellular arrest, and
apoptotic  job. ZOL-tagged NPs with
technetium-99 m radiolabeling had longer circulation half-life,
lower hepatic absorption, and much better tumour retention at
the bone site (Kerbel and Kamen, 2004).

In animal studies,

Oxygen capturing approach

The recent finding indicates the primary growth may reach a
maximum size of 12 mm (Yoneda, 2000; Kerbel and Kamen, 2004).
Because once oxygen and nutrients are plentiful, cancer can grow
beyond this extent, requiring vascularization, also known as
angiogenesis (Yoneda, 2000; Ma et al., 2001). An antigenic switch is
triggered when tumors switch to an angiogenic phenotype, which
means a cancer phenotype change in its initial formation stage is
required for growth beyond 23 mm in size (Ma et al., 2001; Desai, 2012).
Moreover, the antigenic transduction pathway might get activated by
the upregulation of stimulators and downregulation of inhibitors, which
are involved in malignant tumor growth, progression, and metastasis
(Desai, 2012). However, antiangiogenic methods may not be sufficient
to eradicate malignancies independently due to the excessive
compensatory processes that alter the blood vessel. (Desai, 2012;
Mukherjee and Patra, 2016).

New approaches and delivery mechanisms are needed because
most antiangiogenic small-molecule medicines are dangerous
(Ludwig et al., 1998; Paterson et al., 2012; Mukherjee and Patra,
2016). Furthermore, defective tumor vasculature brings about the
inefficient distribution of antigenic inhibitors during tumor
angiogenesis, resulting in a poor pharmacokinetic profile inside
the tumor stroma. Due to defective tumor vasculature, antigenic
inhibitors are poorly distributed during tumor angiogenesis, leading
to a subpar pharmacokinetic profile within the tumor stroma.

Nanomedicine plays a critical role in this regard (Paterson et al,
2012; Tahir et al., 2016a). Nano-theranostic-based anticancer medicines
can more efficiently target tumour endothelial cells because of their tiny
size and the high surface-to-volume ratio (Tahir et al,, 2016a; Wang W.
et al,, 2017). Several researchers demonstrated unique diagnostic and
therapeutic techniques based on nanotechnology for cancer treatment in
this circumstance. Copper, carbon, silver, gold, silica, chitosan, and
peptides conjugated with antiangiogenic characteristics are some of the
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novel nanomaterials mentioned by Mukherjee and Patra (Wang W.
et al., 2017). However, these methods have limitations, such as requiring
constant external medicine or stimulation or allowing potentially
harmful metals to build up inside the body. Using their soluble
byproducts, the nanostructures that Zhang created obstruct the blood
vessels, thereby limiting the development of tumors due to a lack of
oxygen (Wilberforce et al., 2011). ]. Deoxygenation compounds based
on magnesium silicide nanoparticles (MS NPs) may find application in
cancer treatment (Marelli et al., 2011; Wilberforce et al., 2011). Injectable
MS NPs were synthesized by the authors of this article using self-
propagating high-temperature synthesis in an O,/Ar mixed-gas
environment. Excess O, reacted with the release of heat with excess
Mg, where a combination of reactions involving Si and Mg formed,
resulting in Mg,Si/MgO composite particles possessing a core-shell
shape (Mg,Si core within a thin outer MgO shell). Mg,Si was obtained
by refining (Mg,Si/MgO by removing MgO particles (which could
inhibit the undesired growth of grains) before being treated with poly
vinyl-pyrrolidone (PVP) to act as a deoxygenation agent (DOA) and to
prevent tumor capillaries from being re-oxygenated (Pareta et al., 2008;
Marelli et al., 2011). Tumor growth was dramatically slowed in a mouse
model. Researchers believe that a byproduct of nanomaterials can
obstruct the veins, cutting off air to the tumor and preventing its growth.

Mg,Si NPs extract oxygen from the tumour cell and release SiO,,
which helps to deal with the undesired arteries, maintain hypoxia
intratumorally, and not even cause long-term toxicity (Pareta et al,
2008). As a result, developing materials with specific qualities like
oxygen capture and utilizing their byproducts to block unnecessary
vessels could lead to advanced antiangiogenic therapy. Novel
biocompatible nanomaterials based on silicon dioxide and manganese-
based materials for use as deoxygenation agents are needed due to the
limitations of current treatment techniques (Pareta et al., 2008). Any way
for synthesizing these materials as deoxygenation agents are worthwhile if
the byproducts are biocompatible or can be safely eliminated from the
body. Oxygen from the tumour microenvironment can be absorbed by
the substance (composite) (1 mol of material in its composite byproduct
form could have the ability to consume 2 mol of oxygen molecules or even
more) (Pareta et al., 2008).

Osteosarcoma

Even though osteosarcoma requires safe and stable techniques to
replace traditional methods, including chemotherapy, surgery, and
radiotherapy, nanotechnology’s implication for drug delivery is
remarkable. Federman identified an antigen associated with
osteosarcoma cell surface (ALCAM) and alpha-AL-HPLN, a tailored
anti-ALCAM-hybrid polymerized liposomal nanoparticle immune
conjugate (Butoescu et al,, 2009). Scientists used this nanoparticle to
transport DRX to osteosarcoma cells selectively. They found that it was
more effective at killing cancer cells than either untargeted hybrid
polymerized liposomal nanoparticles or conventional liposomal DXR
production. Furthermore, on the application of a magnetic field to the
magnetic arsenic trioxide nanoparticles, targeted effects were observed
on the osteosarcoma cells (Butoescu et al., 2009; Daubiné et al., 2009),
and the calcium phosphate nanoparticles were observed to possess
abilities to deliver anticancer drug (cisplatin) and exhibiting dose-
dependent cytotoxic effects on a murine osteosarcoma cell line (K8).
Compared to DXR alone (Daubiné et al., 2009) described biocompatible
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nanoparticles suggested for treating osteosarcoma, the nanoparticles
were lipid-modified and dextran-based. Sun et al. demonstrated that the
NPs loaded with DXR had a curative effect on osteosarcoma cells which
were multi-drug resistant. Still, the cells accumulated the drug in their
nucleus at an increased rate and increased apoptosis in osteosarcoma
cells.

Researchers used a single dextran-poly ethylamine (PEI)-NP to
show that chemotherapy and gene therapy are interchangeable.
DXR and PEI were grafted onto a dextran chain, and plasmid DNA
could also be loaded. Since the negatively charged plasmid can be
loaded with the positively charged PEI, this is a valuable process.
At 8 mg/mL, the DEX-PEI dose used increased cytotoxicity in MG
63 and Saos-2 while still allowing for over 65% cell viability
(Daubiné et al., 2009). Further to that, this exploration also
demonstrated that NPs could efficiently transfer the plasmid
pEGFP-N1 into osteosarcoma cells with minimal cytotoxicity.
Therefore this device holds promise for treating patients with
osteosarcoma through chemotherapy and gene therapy. (Daubiné
et al., 2009).

Osteoarthritis

For the treatment of osteoarthritis, nanoparticles have been
under continuous study for their ability to deliver the drug to the
targeted site. In this case, nanoparticles could efficiently deliver
medicinal medications required to treat osteoarthritis. As well as this
strategy also allows the drugs to be there in the desired cells or tissues
for extended periods, as shown in Figure 4 (Gu et al., 2013). While
ironically cross-linked with NP in synovial fluid, cationic polymeric
hydrogels, for example, have been demonstrated to cause an
impossible increase in the retention period of a model drug,
“dextran.”

These nanoparticles show more biodegradability than polymer-
based nanoparticles or other variants of the inorganic NPs, such as
stacked double hydroxides (Gu et al., 2013). Multifunctional NP
carriers could be made from them. However, they will be devoid of
silica to improve the roughness of the joint contact surface for local
delivery. Moreover, the letters NP, siRNA, and BP stand for
short
bisphosphonate, respectively. As discussed earlier, NPs enhance

nanoparticle, interfering  ribonucleic  acid, and
the retention period, so they did to the IL-1 receptor antagonist
(IL-1Ra) when a protein inhibitor of IL-1 was delivered locally after
being conjugated onto the nanoparticles’ surface. IL-1Ra and IL-10
expressing DNA sequences successfully induced positive outcomes
by reducing osteoarthritis development in a rabbit model using a CS
vector (Daubiné et al., 2009). Apart from medicine administration,
NPs have been studied in the imaging of arthritis; for example, in a
rat arthritis model, for MRI, ultra-small superparamagnetic iron
oxides were used (Daubiné et al, 2009; Salerno et al., 2010;
Chaudhari et al, 2012). Another study found that gold
nanoparticles might be utilized to detect IL-1 beta levels in
synovial fluid. Therefore this could be applied in osteoarthritis
diagnosis in conjunction with a fiber-optic particle Plasmon
resonance (Pignatello et al., 2009; Salerno et al., 2010). Synthesis
of a Nanofibrous scaffold was possible only using nanofibers, which
helped construct customized meniscuses, eventually improving cell

survival (Pignatello et al., 2009; Clementi et al., 2011).
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FIGURE 5

Porous mesoporous bioactive glass scaffolds with large pores (several hundred micrometers, left) and well-ordered mesoporous channel structures
(5 nm, right). [Reprinted with permission from International Journal of Nanomedicine @June 2013].

The advantages of local delivery in bone
tissue

To treat various bone disorders, local drugs could be supplied and
released to the specific area by utilizing nanotechnology. Here are the
significantly advanced days of local delivery: 1) maintaining and
maintaining local longer treatment times and greater efficiency
(Clementi et al, 2011; Hartono et al, 2012) keeping and
maintaining local longer treatment times and higher efficiency; 2)
lowering side effects caused by the strategy to neighboring cells, organs,
or tissues; 3) lowering the local dose in comparison to supply. Magnetic
NPs are reported to be known for local distribution. Magnetic fields
can detect the presence of such NPs in defined regions of bone.
However, the selectivity of these nanomaterials for their intended cells
is low, and a sustained magnetic field is required. (Hartono et al., 2012).
Furthermore, a study was conducted by Pareta, highlighting (Schluep
et al, 2006). After 5 and 8 days of culture, gamma-Fe,O; magnetic
naps were found to significantly increase the osteoblast cells” density
compared to controls (no particles). Calcium phosphate was also the
constituent of magnetic nanoparticles, as it helps to cure various bone
ailments. For the reduction of aggregation of these magnetic
nanomaterials, coatings of citric acid and bovine serum albumin
were used (Schluep et al, 2006). Therefore, the results of this
coating showed that magnetic NPs, particularly (gamma-Fe,O;),
increased the density of osteoblast cells in the presence of bovine
serum albumin significantly increased osteoblast density after 1 day.

More study into a wide range of bone diseases is justified after this
study found that gamma-Fe,O; magnetic NPs coated with calcium
phosphate increased osteoblast density compared to no particulate
matter. For the in vivo treatment of inflammatory diseases like arthritis,
researchers have described the co-encapsulation of SPIONs (Super-
paramagnon-nitric iron oxide NPs) into PLGA micro-particles. To
maintain the viability of the microscopic particles, SPION was tested in
conjunction with an external magnetic field (Jin et al, 2010). ].
Fluorescent cell type activation and morphological characterization
of micro-particle-exposed cells showed that the phagocytic process
takes up these tiny particles, proving their biocompatibility. Since there
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were no signs of inflammation in the joints, these Nanocarriers show
promise as a safe, intra-articular retainable magnetic drug delivery for
treating various musculoskeletal disorders, including osteoarthritis and
arthritis (Jin et al, 2010; Guo et al, 2016). The Food and Drug
Administration has approved polylactic acid (PLA) and polylactic
acid (PLGA) to produce nano- and micro-particles. HA is a naturally
occurring polysaccharide that binds to the CD44 cell receptor in the
joints (especially chondrocytes). Using PLA, PLGA, and HA, Zille
disclosed a system for local drug delivery (Guo et al.,, 2016). In this
study, arthritis was treated, and medications were carried via intra-
articular injections of poles (D, L-lactic acid) (PLA) or LPGA coated
with HA. Targeting
biodistribution were expected to be aided by the increase in cell-

chemical-esterified  amphiphilic and
interaction NPs made possible by the HA coverage. The cytotoxicity of
the NPs is tested in the analyzers. Injections of dextran-FITC NPs were
driven into the knees of healthy male rats once or twice weekly. There
was, however, no discernible difference in the mRNA expression levels
of selected early cytokines (IL-1beta and tumour necrosis factor-alpha)
between control and NP-treated rats. In light of these results, they
decided to test the NPs in rat models of osteoarthritis and arthritis;
however, the results of these tests were not reported (Tan et al., 2010).
Another scheme that has to be detailed yet is using scaffolding
nanomaterials to load the medicine and gently release it locally.

Nanotechnology in bone regeneration

Sudden traumas, fractures, infections, deformities, aging, or
physical
malfunctioning of bone, which are severe issues for surgeons.

deterioration, cause  specific  abnormalities  and
Nanotechnology aids in treating such cases as it plays a significant
role in bone regeneration. Because of research efforts targeted at
optimizing the tissue-material response after implantation, success
has been achieved in repairing bone and its regeneration while
utilizing bioactive nanomaterials. Moreover, standard approaches for
synthesizing bioactive nanostructured scaffolds that aid bone repair

involve creating NPs/polymer composite scaffolds. Furthermore, the
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second consists of creating glass scaffolds containing small (Nano-sized)
holes. Nano-sized HA was used to make NPs/polymer composite
scaffolds (Pignatello et al., 2009) beta-tricalcium phosphate (Schluep
et al,, 2006) bioactive glasses (Tan et al., 2010), and CaSiO; particles
were mainly incorporated into the polymer matrix (Federman et al,
2012). These bioactive nanomaterials significantly improved the
strength, degradation, ability to mineralize, and cytocompatibility of
the scaffolds. Nanocomposites have a different functioning than micro
composites in terms of functionality.

As a result, it is a potential choice to incorporate bioactive NPs into
biopolymers to employ them in bone regeneration by enhancing their
physiochemical and biological properties. Aside from the nanocomposite,
the inherent nanostructure of bioactive materials is critical for enhancing
bioactivity. Yan et al. (Federman et al,, 2012) in 2004, combined the sol-
gel technique and supramolecular surfactant techniques to synthesize a
class of mesoporous bioactive glasses (MBG) to boost the bioactivity of
traditional bioactive glass for bone repair by combining medication
delivery with bioactive materials, their research has paved ways for
utilizing Nano methods to regenerative medicine. These materials
feature a highly organized mesoporous channel containing small holes
of size between 5 and 20 nm and are made up of CaO-SiO,-P,0s. The
MBG has more beneficial features and properties, such as a higher surface
area, raised pore volume, and more abilities to enhance in vitro apatite
mineralization in simulated bodily fluids, with better cytocompatibility
when compared to traditional no mesoporous bioactive glasses (Barroug
etal,, 2004). For utilization in bone engineering and targeted drug delivery
to enhance bone regeneration, nanotechnology could also create MBG as
3D porous scaffolds (Sun et al., 2011) MBG scaffolds can currently be
prepared in three ways.

Moreover, the Porogen technique created the first MBG scaffold
Yun et al. (Abdal-hay et al, 2013). MBG scaffolds Porous,
containing various small holes with a size of 100 m, were created
using methyl cellulose as the porogen. Besides, the polymer template
approach, which is commonly utilized, was employed to develop the
second scaffold. A wide range of MBG scaffolds with various
compositions was produced to deliver the drug on the target site
and tissue engineering regarding bone (Im et al., 2012).

Platforms with large pore sizes (300-500 m) and well-organized
mesoporous containing small holes (size 5nm) are present in the
produced scaffolds. MBG scaffolds using a polyurethane sponge as a
template have advantages such as high interconnectivity pore
architectures and controlled pore size (porosity). In contrast, the
material’'s low mechanical strength is a downside. For synthesizing
porous MBG scaffolds, a 3D plotting technique (direct writing or
printing) is applied for enhanced properties like controlled porosity,
pore size, and pore morphology. Under mild settings, the scaffold
designs could be controlled by layer-by-layer plotting, which is a
significant advantage of this approach for the synthesis of
multifunctional MGB scaffolds, a modified 3D-printing technology
employing polyvinyl alcohol as a binder was recently used; it helped
control the properties like pore architecture, mechanical strength, and
ability to mineralize which aids in bone regeneration application.
Compared to MBG scaffolds made using conventional polyurethane
foam templates, those produced using the 3D printing technique are
approximately 200 times stronger. They feature a highly controlled
pore design, superior apatite mineralization ability, and long-term drug
delivery (Marelli et al., 2011; Yallapu et al., 2011). MBG scaffolds have
the potential to deliver drugs and growth factors -effectively.
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Dexamethasone (DEX) was loaded into MBG scaffolds, and it was
discovered that prolonged DEX release dramatically increased alkaline
phosphatase (ALP) activity and gene expressions in osteoblasts (ALP,
bone sialoprotein, and Col I) (He et al., 2011; Marelli et al., 2011;
Yallapu et al,, 2011) as shown in Figure 5 (Gu et al., 2013).

These findings enlighten that MBG scaffolds loaded with DEX
could be employed in tissue engineering as it shows great potential as
a release method for enhancing osteogenesis. The effect of VEGF
delivery from MBG scaffolds on endothelial cell viability was further
investigated, and it was discovered that the mesoporous structures in
MBG scaffolds play an important role in maintaining VEGF
bioactivity, further improving endothelial cell viability, indicating
that MBG scaffolds are an excellent VEGF carrier for stimulating
angiogenesis (Jo et al., 2009). As a result, MBG scaffolds, as a typical
Nano biomaterial, harness their unique Nano pore structure to
combine drug delivery and bioactivity to enhance their applicability
in the regeneration of bone, a new approach in the regard of tissue
engineering is the bioactivity and functionality of nanomaterials in
targeted drug delivery. The strength, ability to mineralize degradability,
and cytocompatibility of polymer skulls were increased by these
bioactive nanomaterials. Nanocomposites serve a different purpose
than micro composites (Jo et al, 2009; Zhang et al, 2012). So, to
enhance the properties of both nanomaterials and biopolymers for bone
regeneration, combining their physiological and biological properties is
viable. Figure 6 shows an overview of nanoparticle applications in bone.

Surface targeting for bone resorption 50%-70% of the bone
composition is inorganic minerals, and 20%-40% is the organic
matrix. Water constitutes 5%-10%, and fats are less than 3%. Bone-
seeking is best directed toward hydroxyapatite (HA), the most common
inorganic component of bone tissues (Luhmann et al,, 2012; Zhang
et al, 2012). At the bone resorption surface, where the osteoclasts are
found, the HA is highly crystalline. (Luhmann et al., 2012). Anionic
ligands are typically chelated with superficial calcium ions on the
resorption surface to target bone (Cole et al., 2016). Phosphate- and
carboxylate-rich compounds are the ligands that are considered to be
designed for bone targeting. Few small drugs (Hochdorffer et al., 2012;
Cole et al., 2016; Tauro et al., 2017; David et al., 2019), macrocyclic
chelators (Minoshima et al,, 2019; Zaman et al., 2023), fluorescent dyes
(Liu et al., 2008; Bao et al., 2015; Zaman et al., 2023), nucleic acids (Liu
et al,, 2008), cyclodextrin (Liu et al., 2008), fullerene Cy (Kubicek et al.,
2005)[230], proteins (Kubicek et al., 2005), polymers, nanomaterials,
and cells were conjugated to the ligands to endow these molecules and
species with bone-homing properties (Gonzalez et al., 2002).

Bisphosphonates and analogs: BPs 1) are the most widely used
bone-targeting ligands (Miller et al., 2009). Moreover, the purpose of
binding calcium ions to HA Bidentate requires two phosphonate
groups. On BPs, the R; group significantly impacts bone binding
affinity. In most BPs, R; is a hydroxyl group. BPs experience more
binding relationships owing to the tridentate binding of the hydroxyl
group. To prevent the formation of osteoclast cells and metastases, BPs
have been approved for clinical use 2), clodronate 3) and tiludronate 4)
are non-nitrogen-containing BPs; alendronate (ALN, 5), Pamidronate
6), and ibandronate 7) are nitrogen-containing BPs; and zoledronate
(ZOL, 8) and risedronate 9) are nitrogen-heterocycle-containing BPs.
The hydroxyl groups on HA (Miller et al., 2009; Riehemann et al., 2009)
could create hydrogen bonds with the nitrogen group at R2. Even
though hyperthermic procedures have been explored for the treatment
of bone metastases for a long time, doctors have been cautious about
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utilizing them for various reasons: Because of the thickness of the
cortical bone, they have poor thermal conductivity, and the medulla is
heavily vascularized. Until recently, radiotherapy was employed to treat
bone metastases.

Although radiotherapy for treating bone metastases is generally
safe and efficient, it can occasionally cause soft tissue harm, and
cancer cells are not permanently destroyed (Korkusuz, 2013). In
innovative hyperthermic procedures, magnetic materials in an
electromagnetic field are increasingly utilized. Microwaves
(Matsumine et al., 2011), lasers (Vogl et al,, 2001), and radio-
frequency ablation (Groenemeyer et al., 2002) have all been
shown to produce thermotherapy. Since 2003, this treatment has
been examined in clinical studies (Matsumine et al., 2007). A recent
study examined how heat treated 23 people with bone metastases. In
32 percent of patients, lesions were decreased, and new bone
formation was generated; however, in 64 percent of lesions, there
was no additional growth for 3 months, and the surgery failed in
only one case (4%). These results were statistically better than those
acquired only through surgical techniques. On the other hand,
patients who received surgery and postoperative radiation had
similar outcomes. This demonstrates that surgery is as effective
as a novel hyperthermic treatment paired with radiation.

Redox responsive nanocarriers

Utilization of stimulus responsiveness is a new approach in the
treatment of OSA. These stimuli include redox potential, tumour
acidity, and enzymes that cause drug release on the tumour site
(Kanamala et al., 2016). For OSA-focused delivery, redox-sensitive
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NPs are currently being researched. Based on this notion for medicine
administration in the OSA, liposomes with hyaluronic acid were
developed, which were redox-sensitive and used the tumour’s redox
potential as stimuli. These were focused on CD-44 receptors to
improve OSA chemotherapy. After that, PEG and cholesterol were
used to stabilize the liposomes. Doxorubicin was used as a model drug
for cytoplasmic drug transport in the instance of OSA. PEG-
cholesterol coupled hyaluronic acid (HA) liposomes suppressed
tumour growth while lowering liver uptake compared to ordinary
liposomes. As a result, the CD-44 targeted intracellular drug delivery
vehicle has demonstrated its potential (Chi et al,, 2017). Feng et al. also
discovered that an OSA-targeting liposome system functionalized
with a redox-cleavable dual-targeting polymer, bone, and cluster of
differentiation 44 is effective (CD44). Feng and others demonstrated
the internalization of RGD by a tumor-penetrating peptide. In this
context, Alendronate (ALN), a chemical for bone targeting, was
initially conjugated with HA, a CD44 ligand. This ALN-HA
conjugation was combined with DSPE-PEG2000-COOH via a bio-
reducible disulfide linker (-SS-) to form ALN-HA-SS-L, a
functionalized lipid that could be injected into DOX-loaded
liposomes after they were prepared. In addition to solid and quick
cellular ALN  HA-SS-L-L/DOX  demonstrated
significantly more potent cytotoxicity for human OSA MG-63 cells
than different reference liposomes. ALN-HA-SS-L-L/DOX exhibited
a significant reduction in tumour growth and increased survival time

absorption,

in orthotropic OSA nude mice models.
This shows that ALN-HASS- L-L/DOX, a dual-targeting therapy
for bone and CD44 with redox sensitivity, could be an effective OSA-
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targeted treatment. Internalizing RGD can be used in conjunction
with other medications. Another study developed a cationic
liposomal estrogen-related method for targeted delivery to OSA.
Choto oligosaccharides were covalently attached to liposomes via
disulfate linkage for estrogen receptor targeting, whereas estrogen
was anchored via PEG. In addition, the liposomes included
doxorubicin, which was used to treat OSA. The liposomes
released the medication in response to tumoral intracellular
glutathione. Tumour targeting was investigated using the uptake
of MG-63 OSA cells. Choto oligosaccharides also grafted estrogen-
functionalized cationic liposomes into OSA cells, delivering
intracellular medicine to the estrogen receptor (Chi et al., 2017;
Yin et al, 2018). Other Choto oligosaccharides surface-coated
redox-sensitive fusogenic liposomes were used to explore OSA.
Doxorubicin, an antitumor medication, was added to the
liposomes. These liposomes were shown to be more stable, with
less drug leakage and more cytotoxicity in cancer cells.

The redox-sensitive liposomes were more hazardous to MG-63
OSA cells than standard liposomes but less toxic to LO, liver cells.
Liposomes improved animal survival rates in general (Yin et al,
2017; Yin et al., 2018). Another study used CD133 aptamers on the
surface of hybrid NPs made of lipid and polymer mixtures to deliver
all-trans-retinoic acid to OSA cells. As a result, all-tans retinoic acid
was encapsulated in mixed lipid-polymer NPs to target and treat
cancer precursor cells effectively. Both the tumour sphere generation
and cytotoxic assays for hybrid NPs were promising. Over 144 h, all-
trans retinoic acid was revealed, and the mixed NPs were
internalized in OSA cells, demonstrating a novel strategy for
treating OSA. Another the
utilization of combined metallic and polymeric NPs to treat OSA.
Copper-loaded chitosan nanoparticles with a spherical form were

fascinating study investigated

created. Internalization of hybrid nanoparticles was greater than that
of free CuSO4. NPs also showed increased levels of mitochondrial
ROS and caspase-3 activity (Ai et al., 2017).

Conclusion

Since the advent of nanotechnology in materials science, NP-based
drug delivery systems have been at the forefront of cancer research. To
maximize their effectiveness against cancer, nano-therapeutics must be
tightly  regulated and their
physiochemical behavior and surface activity must be highly tuned.

synthesized —under conditions,
Cancer therapy relies heavily on NPs targeting of cancer cells and nano-
bio interfacial exchanges with cancer cells. Because of the wide variety of
biological barriers that cancer patients face, this review needs to delve
into synthesizing various NPs optimized for cancer treatment and drug

References

Abdal-Hay, A, Sheikh, F. A, and Biointerfaces, S. B. (2013). Air jet spinning of
hydroxyapatite/poly (lactic acid) hybrid nanocomposite membrane mats for bone tissue
engineering. Colloids Surfaces B Biointerfaces. 102, 635-643. doi:10.1016/j.colsurfb.2012.09.017

Abrams, D., Huang, Y., Mcquarrie, S., Roa, W., Chen, H., Lobenberg, R., et al. (2006).
Optimization of a two-step desolvation method for preparing gelatin nanoparticles and
cell uptake studies in 143B osteosarcoma cancer cells.

Abunahla, H., Mohammad, B., Alazzam, A, Jaoude, M. A., Al-Qutayri, M., Abdul
Hadi, S, et al. (2019). MOMSense: Metal-oxide-metal elementary glucose sensor. Sci.
Rep. 9, 5524. doi:10.1038/s41598-019-41892-w

Frontiers in Chemistry

15

10.3389/fchem.2023.1152217

delivery. Suitable barriers in drug delivery, as well as the possibility of
combining hydrophilic and hydrophobic substances and admiration via
various oral and inhalation routes, are being taken into account by the
NPs. Surface area, size, charge, and shape all play essential roles in the
delivery of drugs. However, only a tiny number of Nano drugs are
currently available for use in cancer therapy due to concerns about their
toxicity and in vivo performance. Nanomedicine has a long way to go
before it can provide innovations that can significantly improve cancer
treatment, but further development in this field will bring about such
innovations. At this point, it is possible to foresee that the next-
generation of Nanomedicine will improve nanomaterials by
employing innovative nanoparticle designs and strategies that can
lead to more effective cancer treatment plans.

Author contributions

ZH corresponding TK, NG, and JW equals; funding NS and
equals; Draft writing NM and AR equals; Figure and Table Formatting
JI, IA, and KS equals; Polishing and editing the whole manuscript.

Funding

The authors are thankful to the Higher Education Commission
(HEC), Pakistan, for NRPU Project (No: 7814/Federal/ NRPU/
R&D/HEC/ 2017)
Southwest Medical University, Luzhou, China. This work was

and Drug Discovery Research Center,

supported by the Drug Discovery Research Center, Southwest
Medical University, Luzhou, China, under grant No.42-00170010,
which was awarded to NG.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Adeel, M., Duzagac, F., Canzonieri, V., and Rizzolio, F. (2020). Self-therapeutic
nanomaterials for cancer therapy: A review. ACS Appl. Nano Mater. 3, 4962-4971.
doi:10.1021/acsanm.0c00762

Ahmad, A., Wei, Y., Syed, F., Imran, M., Khan, Z. U. H,, Tahir, K, et al. (2015). Size
dependent catalytic activities of green synthesized gold nanoparticles and electro-
catalytic oxidation of catechol on gold nanoparticles modified electrode. RSC Adv.
5, 99364-99377. doi:10.1039/c5ra20096b

Ahmad, A., Wei, Y., Syed, F., Khan, S., Khan, G. M., Tahir, K,, et al. (2016). Isatis
tinctoria mediated synthesis of amphotericin B-bound silver nanoparticles with

frontiersin.org


https://doi.org/10.1016/j.colsurfb.2012.09.017
https://doi.org/10.1038/s41598-019-41892-w
https://doi.org/10.1021/acsanm.0c00762
https://doi.org/10.1039/c5ra20096b
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1152217

Haq Khan et al.

enhanced photoinduced antileishmanial activity: A novel green approach. J. Photochem.
Photobiol. B Biol. 161, 17-24. doi:10.1016/j.jphotobiol.2016.05.003

Ai, J.-W., Liao, W., and Ren, Z.-L. (2017). Enhanced anticancer effect of copper-
loaded chitosan nanoparticles against osteosarcoma. RSC Adv. 7, 15971-15977. doi:10.
1039/c6ra21648j

Ajmal, M., Yunus, U., Matin, A., and Biology, P. B. (2015). Synthesis, characterization
and in vitro evaluation of methotrexate conjugated fluorescent carbon nanoparticles as
drug delivery system for human lung cancer targeting. J. Photochem. Photobiol. B Biol.
153, 111-120. doi:10.1016/j.jphotobiol.2015.09.006

Akhter, S., Ahmad, I, Ahmad, M. Z,, Ramazani, F., Singh, A., Rahman, Z,, et al.
(2013). Nanomedicines as cancer therapeutics: Current status. Curr. cancer drug targets
13, 362-378. doi:10.2174/1568009611313040002

Al Faraj, A, Shaik, A. P., and Shaik, A. (2015). Magnetic single-walled carbon
nanotubes as efficient drug delivery nanocarriers in breast cancer murine model:
Noninvasive monitoring using diffusion-weighted magnetic resonance imaging as
sensitive imaging biomarker. Int. J. nanomedicine 10, 157-168. doi:10.2147/IJN.
§75074

Al-Hartomy, O. A., Khasim, S., Roy, A., and Pasha, A. (2019). Highly conductive
polyaniline/graphene nano-platelet composite sensor towards detection of toluene and
benzene gases. Appl. Phys. A 125, 12-19. doi:10.1007/s00339-018-2317-7

Al-Tayyar, N. A, Youssef, A. M., and Al-Hindi, R. (2020). Antimicrobial food
packaging based on sustainable bio-based materials for reducing foodborne
pathogens: A review. Food Chem. 310, 125915. doi:10.1016/j.foodchem.2019.125915

Ali, H., Zaman, S., Majeed, 1., Kanodarwala, F. K., Nadeem, M. A,, Stride, J. A., et al.
(2017). Porous carbon/rGO composite: An ideal support material of highly efficient
palladium electrocatalysts for the formic acid oxidation reaction. ChemElectroChem 4,
3126-3133. doi:10.1002/celc.201700879

Bajaj, A., Miranda, O. R,, Phillips, R, Kim, L.-B., Jerry, D. ], Bunz, U. H,, et al. (2010).
Array-based sensing of normal, cancerous, and metastatic cells using conjugated
fluorescent polymers. J. Am. Chem. Soc. 132, 1018-1022. doi:10.1021/ja9061272

Baker, N., Fritts, M., Guccione, S., Paik, D., Pappu, R., Patri, A., et al. (2009).
Nanotechnology informatics white paper caBIG national cancer institute february 2009.
(non-peer reviewed manuscript).

Bao, K., Nasr, K. A., Hyun, H,, Lee, J. H., Gravier, J., and Gibbs, S. L. (2015). Charge
and hydrophobicity effects of NIR fluorophores on bone-specific imaging. Theranostics
5, 609-617. doi:10.7150/thno.11222

Barani, M., Mukhtar, M., Rahdar, A, Sargazi, S., Pandey, S., and Kang, M. J. B. (2021).
Recent advances in nanotechnology-based diagnosis and treatments of human
osteosarcoma. Biosensors 11, 55. doi:10.3390/bios11020055

Barroug, A., Kuhn, L., Gerstenfeld, L. C., and Glimcher, M. J. (2004). Interactions of
cisplatin with calcium phosphate nanoparticles: In vitro controlled adsorption and
release. J. Orthop. Res. 22, 703-708. doi:10.1016/j.orthres.2003.10.016

Bharali, D. J., and Mousa, S. A. (2010). Emerging nanomedicines for early cancer
detection and improved treatment: Current perspective and future promise. Pharmacol.
Ther. 128, 324-335. doi:10.1016/j.pharmthera.2010.07.007

Bhirde, A. A,, Patel, S., Sousa, A. A., Patel, V., Molinolo, A. A,, Ji, Y., et al. (2010).
Distribution and clearance of PEG-single-walled carbon nanotube cancer drug delivery
vehicles in mice. Nanomedicine 5, 1535-1546. d0i:10.2217/nnm.10.90

Bhushan, B., Khanadeev, V., Khlebtsov, B., Khlebtsov, N., and Science, 1. (2017).
Impact of albumin based approaches in nanomedicine: Imaging, targeting and drug
delivery. Adv. colloid interface Sci. 246, 13-39. doi:10.1016/j.¢is.2017.06.012

Bray, F., Ferlay, J., Soerjomataram, I, Siegel, R. L., and Torre, L. A. (2018). Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. Ca Cancer J. Clin. 68, 394-424. doi:10.3322/caac.21492

Butoescu, N., Seemayer, C. A., Foti, M., and Jordan, O. (2009). Dexamethasone-
containing PLGA superparamagnetic microparticles as carriers for the local treatment
of arthritis. Biomaterials 30, 1772-1780. doi:10.1016/j.biomaterials.2008.12.017

Chaturvedi, V. K,, Singh, A., and Singh, V. K. (2019). Cancer nanotechnology: A new
revolution for cancer diagnosis and therapy. Curr. drug Metab. 20, 416-429. doi:10.
2174/1389200219666180918111528

Chaudhari, K. R,, Kumar, A., Khandelwal, V. K. M., Ukawala, M., Manjappa, A. S.,
Mishra, A. K, et al. (2012). Bone metastasis targeting: A novel approach to reach bone
using zoledronate anchored PLGA nanoparticle as carrier system loaded with docetaxel.
J. Control. release 158, 470-478. doi:10.1016/j.jc0nre1.2011.11.020

Chen, J., Liu, L., Motevalli, S. M., Wu, X, Yang, X. H,, Li, X, et al. (2018). Light-
triggered retention and cascaded therapy of albumin-based theranostic nanomedicines
to alleviate tumor adaptive treatment tolerance. Adv. Funct. Mater. 28, 1707291. doi:10.
1002/adfm.201707291

Chen, M. Y., Hoffer, A., Morrison, P. F., Hamilton, J. F., Hughes, J., Schlageter, K. S.,
et al. (2005). Surface properties, more than size, limiting convective distribution of
virus-sized particles and viruses in the central nervous system. J. Neurosurg. 103,
311-319. doi:10.3171/jns.2005.103.2.0311

Chen, Z., Yu, H,, Lu, W, Shen, J., and Wang, Y. (2019). Bone-seeking albumin-
nanomedicine for in vivo imaging and therapeutic monitoring. ACS Biomaterials Sci.
Eng. 6, 647-653. doi:10.1021/acsbiomaterials.9b01195

Frontiers in Chemistry

10.3389/fchem.2023.1152217

Cheng, Z., Al Zaki, A., Hui, J. Z., and Muzykantov, V. R. (2012). Multifunctional
nanoparticles: Cost versus benefit of adding targeting and imaging capabilities. Science
338, 903-910. doi:10.1126/science.1226338

Chi, Y, Yin, X,, Sun, K., Feng, S., Liu, J., Chen, D,, et al. (2017). Redox-sensitive and
hyaluronic acid functionalized liposomes for cytoplasmic drug delivery to
osteosarcoma in animal models. J. Control. Release 261, 113-125. doi:10.1016/j.
jeonrel.2017.06.027

Clementi, C., Miller, K., Mero, A., and Satchi-Fainaro, R. (2011). Dendritic poly
(ethylene glycol) bearing paclitaxel and alendronate for targeting bone neoplasms. Mol.
Pharm. 8, 1063-1072. doi:10.1021/mp2001445

Cole, A. ], Yang, V. C,, and David, A. E. (2011). Cancer theranostics: The rise of
targeted magnetic nanoparticles. Trends Biotechnol. 29, 323-332. doi:10.1016/j.tibtech.
2011.03.001

Cole, L. E., Vargo-Gogola, T., and Roeder, R. K. (2016). Targeted delivery to bone and
mineral deposits using bisphosphonate ligands. Adv. drug Deliv. Rev. 99, 12-27. doi:10.
1016/j.addr.2015.10.005

Coleman, R. (2006). Clinical features of metastatic bone disease and risk of skeletal
morbidity. Clin. cancer Res. 12, 62435-6249s. doi:10.1158/1078-0432.ccr-06-0931

Colson, Y. L, and Grinstaff, M. W. (2012). Biologically responsive polymeric
nanoparticles for drug delivery. Adv. Mater. 24, 3878-3886. doi:10.1002/adma.201200420

Coxon, F. P., Thompson, K., Roelofs, A. J., and Ebetino, F. H. (2008). Visualizing
mineral binding and uptake of bisphosphonate by osteoclasts and non-resorbing cells.
Bone 42, 848-860. doi:10.1016/j.bone.2007.12.225

Danbhier, F., Ansorena, E., Silva, J]. M., Coco, R., and Le Breton, A. (2012). PLGA-
Based nanoparticles: An overview of biomedical applications. J. Control. release 161,
505-522. doi:10.1016/j.jconrel.2012.01.043

Daou, T., Pourroy, G., Bégin-Colin, S., Greneche, J.-M., Ulhag-Bouillet, C.,, Legaré, P.,
et al. (2006). Hydrothermal synthesis of monodisperse magnetite nanoparticles. Chem.
Mater. 18, 4399-4404. doi:10.1021/cm060805r

Daubiné, F., Cortial, D., Ladam, G., Atmani, H., Haikel, Y., Voegel, ].-C., et al. (2009).
Nanostructured polyelectrolyte multilayer drug delivery systems for bone metastasis
prevention. Biomaterials 30, 6367-6373. doi:10.1016/j.biomaterials.2009.08.002

David, E., Cagnol, S., Goujon, J.-Y., Egorov, M., Taurelle, J., Benesteau, C., et al.
(2019). 12b80-hydroxybisphosphonate linked doxorubicin: Bone targeted strategy for
treatment of osteosarcoma. Bioconjugate Chem. 30, 1665-1676. doi:10.1021/acs.
bioconjchem.9b00210

De Carvalho, J., De Medeiros, S., Morales, M., and Dantas, A. (2013). Synthesis of
magnetite nanoparticles by high energy ball milling. Appl. Surf. Sci. 275, 84-87. doi:10.
1016/j.apsusc.2013.01.118

Desai, N. (2012). Challenges in development of nanoparticle-based therapeutics.
AAPS J. 14, 282-295. doi:10.1208/s12248-012-9339-4

Di Virgilio, A. L., Reigosa, M., and De Mele, M. F. L. (2010). Response of UMR
106 cells exposed to titanium oxide and aluminum oxide nanoparticles. J. Biomed.
Mater. Res. Part A 92, 80-86. doi:10.1002/jbm.a.32339

Dreher, M. R, Liu, W., Michelich, C. R., Dewhirst, M. W., and Yuan, F. (2006). Tumor
vascular permeability, accumulation, and penetration of macromolecular drug carriers.
J. Natl. Cancer Inst. 98, 335-344. doi:10.1093/jnci/djj070

Du, W., Liu, T., Xue, F., Chen, Y., Chen, Q., Luo, Y., et al. (2020). Confined
nanoparticles growth within hollow mesoporous nanoreactors for highly efficient
MRI-guided photodynamic therapy. Chem. Eng. J. 379, 122251. doi:10.1016/j.cej.
2019.122251

Elazar, V., Adwan, H., Biuerle, T., Rohekar, K., and Golomb, G. (2010). Sustained
delivery and efficacy of polymeric nanoparticles containing osteopontin and bone
sialoprotein antisenses in rats with breast cancer bone metastasis. J. Cancer 126,
1749-1760. doi:10.1002/ijc.24890

Farokhi, M., Mottaghitalab, F., Shokrgozar, M. A., Ou, K.-L., and Mao, C. (2016).

Importance of dual delivery systems for bone tissue engineering. J. Control. Release 225,
152-169. doi:10.1016/j.jconrel.2016.01.033

Fazil, M., Baboota, S., Sahni, J. K., and Ameeduzzafar (2015). Bisphosphonates:
Therapeutics potential and recent advances in drug delivery. Drug Deliv. 22, 1-9. doi:10.
3109/10717544.2013.870259

Federman, N., Chan, J,, Nagy, J. O., Landaw, E. M., Mccabe, K., Wu, A. M,, et al.
(2012). Enhanced growth inhibition of osteosarcoma by cytotoxic polymerized liposomal
nanoparticles targeting the alcam cell surface receptor. Sarcoma.

Feng, T., Ai, X,, An, G, and Yang, P. (2016). Charge-convertible carbon dots for
imaging-guided drug delivery with enhanced in vivo cancer therapeutic efficiency. ACS
Nano 10, 4410-4420. doi:10.1021/acsnano.6b00043

Gao, G, Jiang, Y. W., Sun, W., Guo, Y., Jia, H. R,, Yu, X. W,, et al. (2019). Molecular
targeting-mediated mild-temperature photothermal therapy with a smart albumin-
based nanodrug. Small 15, 1900501. doi:10.1002/smll.201900501

Ghosh, P, Han, G., De, M., and Kim, C. K. (2008). Gold nanoparticles in delivery
applications. Adv. drug Deliv. Rev. 60, 1307-1315. doi:10.1016/j.addr.2008.03.016

Giljohann, D. A, and Mirkin, C. A. (2009). Drivers of biodiagnostic development.
Nature 462, 461-464. doi:10.1038/nature08605

frontiersin.org


https://doi.org/10.1016/j.jphotobiol.2016.05.003
https://doi.org/10.1039/c6ra21648j
https://doi.org/10.1039/c6ra21648j
https://doi.org/10.1016/j.jphotobiol.2015.09.006
https://doi.org/10.2174/1568009611313040002
https://doi.org/10.2147/IJN.S75074
https://doi.org/10.2147/IJN.S75074
https://doi.org/10.1007/s00339-018-2317-7
https://doi.org/10.1016/j.foodchem.2019.125915
https://doi.org/10.1002/celc.201700879
https://doi.org/10.1021/ja9061272
https://doi.org/10.7150/thno.11222
https://doi.org/10.3390/bios11020055
https://doi.org/10.1016/j.orthres.2003.10.016
https://doi.org/10.1016/j.pharmthera.2010.07.007
https://doi.org/10.2217/nnm.10.90
https://doi.org/10.1016/j.cis.2017.06.012
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/j.biomaterials.2008.12.017
https://doi.org/10.2174/1389200219666180918111528
https://doi.org/10.2174/1389200219666180918111528
https://doi.org/10.1016/j.jconrel.2011.11.020
https://doi.org/10.1002/adfm.201707291
https://doi.org/10.1002/adfm.201707291
https://doi.org/10.3171/jns.2005.103.2.0311
https://doi.org/10.1021/acsbiomaterials.9b01195
https://doi.org/10.1126/science.1226338
https://doi.org/10.1016/j.jconrel.2017.06.027
https://doi.org/10.1016/j.jconrel.2017.06.027
https://doi.org/10.1021/mp2001445
https://doi.org/10.1016/j.tibtech.2011.03.001
https://doi.org/10.1016/j.tibtech.2011.03.001
https://doi.org/10.1016/j.addr.2015.10.005
https://doi.org/10.1016/j.addr.2015.10.005
https://doi.org/10.1158/1078-0432.ccr-06-0931
https://doi.org/10.1002/adma.201200420
https://doi.org/10.1016/j.bone.2007.12.225
https://doi.org/10.1016/j.jconrel.2012.01.043
https://doi.org/10.1021/cm060805r
https://doi.org/10.1016/j.biomaterials.2009.08.002
https://doi.org/10.1021/acs.bioconjchem.9b00210
https://doi.org/10.1021/acs.bioconjchem.9b00210
https://doi.org/10.1016/j.apsusc.2013.01.118
https://doi.org/10.1016/j.apsusc.2013.01.118
https://doi.org/10.1208/s12248-012-9339-4
https://doi.org/10.1002/jbm.a.32339
https://doi.org/10.1093/jnci/djj070
https://doi.org/10.1016/j.cej.2019.122251
https://doi.org/10.1016/j.cej.2019.122251
https://doi.org/10.1002/ijc.24890
https://doi.org/10.1016/j.jconrel.2016.01.033
https://doi.org/10.3109/10717544.2013.870259
https://doi.org/10.3109/10717544.2013.870259
https://doi.org/10.1021/acsnano.6b00043
https://doi.org/10.1002/smll.201900501
https://doi.org/10.1016/j.addr.2008.03.016
https://doi.org/10.1038/nature08605
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1152217

Haq Khan et al.

Gnant, M. (2009). Bisphosphonates in the prevention of disease recurrence: Current
results and ongoing trials. Curr. cancer drug targets 9, 824-833. doi:10.2174/
156800909789760267

Gong, T., Xie, ], Liao, J., Zhang, T., and Lin, S. (2015). Nanomaterials and bone
regeneration. Bone Res. 3, 15029-15037. doi:10.1038/boneres.2015.29

Gonzalez, K. A., Wilson, L. J., Wu, W., and Chemistry, M. (2002). Synthesis and
in vitro characterization of a tissue-selective fullerene: Vectoring C60 (OH) 16AMBP to
mineralized bone. Bioorg. Med. Chem. 10, 1991-1997. doi:10.1016/50968-0896(02)
00049-4

Groenemeyer, D. H., Schirp, S., and Gevargez, A. (2002). Image-guided percutaneous
thermal ablation of bone tumors. Acad. Radiol. 9, 467-477. d0i:10.1016/s1076-6332(03)
80194-0

Gu, W., Wu, C,, and Chen, J. (2013). Nanotechnology in the targeted drug delivery for
bone diseases and bone regeneration. Int. J. nanomedicine 8, 2305-2317. doi:10.2147/
ijn.s44393

Guise, T. (2010). “Examining the metastatic niche: Targeting the microenvironment,”
in Seminars in oncology (Elsevier), S2-S14.

Guo, L., Shi, H,, Wu, H., Zhang, Y., Wang, X,, An, L., et al. (2016). Prostate cancer
targeted multifunctionalized graphene oxide for magnetic resonance imaging and drug
delivery. Carbon 107, 87-99. doi:10.1016/j.carbon.2016.05.054

Gusi¢, N, Ivkovi¢, A., Vafaye, J., Vukasovi¢, A., Ivkovi¢, J., and Hudetz, D. (2014).
Nanobiotechnology and bone regeneration: A mini-review. Int. Orthop. 38, 1877-1884.
doi:10.1007/s00264-014-2412-0

Han, G., Ghosh, P., and Rotello, V. M. (2007). “Multi-functional gold nanoparticles
for drug delivery,” in Bio-applications of nanoparticles, 48-56.

Han, J., Park, J., and Kim, B. (2015). Integration of mesenchymal stem cells with
nanobiomaterials for the repair of myocardial infarction. Adv. drug Deliv. Rev. 95,
15-28. doi:10.1016/j.addr.2015.09.002

Han, J, Zhang, J., Yang, M, and Cui, D. (2016). Glucose-functionalized Au
nanoprisms for optoacoustic imaging and near-infrared photothermal therapy.
Nanoscale 8, 492-499. doi:10.1039/c5nr06261f

Hartono, S. B., Gu, W, Kleitz, F,, Liu, ., He, L., Middelberg, A. P., et al. (2012). Poly-L-
lysine functionalized large pore cubic mesostructured silica nanoparticles as
biocompatible carriers for gene delivery. Nanoscale 6, 2104-2117. doi:10.1021/
nn2039643

He, Q., Gao, Y., Zhang, L., Zhang, Z., Gao, F., Ji, X,, et al. (2011). A pH-responsive
mesoporous silica nanoparticles-based multi-drug delivery system for overcoming
multi-drug resistance. Biomaterials 32, 7711-7720. doi:10.1016/j.biomaterials.2011.
06.066

Herma, R., Wrobel, D., Liegertova, M., Miillerovd, M., Strasék, T., Maly, M., et al.
(2019). Carbosilane dendrimers with phosphonium terminal groups are low toxic non-
viral transfection vectors for siRNA cell delivery. Int. J. Pharm. 562, 51-65. doi:10.1016/
j.ijpharm.2019.03.018

Hillen, F., Griffioen and Reviews, M. (2007). Tumour vascularization: Sprouting
angiogenesis and beyond. Cancer Metastasis Rev. 26, 489-502. doi:10.1007/s10555-007-
9094-7

HochdoRffer, K., Abu Ajaj, K., and SchaFer-Obodozie, C. (2012). Development of
novel bisphosphonate prodrugs of doxorubicin for targeting bone metastases that are
cleaved pH dependently or by cathepsin B: Synthesis, cleavage properties, and binding
properties to hydroxyapatite as well as bone matrix. J. Med. Chem. 55, 7502-7515.
doi:10.1021/jm300493m

Holyoak, D. T., Tian, Y. F,, and Van Der Meulen, M. C. (2016). Osteoarthritis:
Pathology, mouse models, and nanoparticle injectable systems for targeted treatment.
Ann. Biomed. Eng. 44, 2062-2075. doi:10.1007/s10439-016-1600-z

Hu, J., Huang, S., Zhu, L., Huang, W., Zhao, Y., and Jin, K. (2018). Tissue
plasminogen activator-porous magnetic microrods for targeted thrombolytic
therapy after ischemic stroke. ACS Appl. Mater. interfaces 10, 32988-32997.
doi:10.1021/acsami.8b09423

Hu-Lieskovan, S., Heidel, J. D., Bartlett, D. W., and Davis, M. E. (2005). Sequence-
specific knockdown of EWS-FLI1 by targeted, nonviral delivery of small interfering
RNA inhibits tumor growth in a murine model of metastatic Ewing’s sarcoma. Cancer
Res. 65, 8984-8992. doi:10.1158/0008-5472.can-05-0565

Im, O., Li, J., Wang, M., and Zhang, L. G. (2012). Biomimetic three-dimensional
nanocrystalline hydroxyapatite and magnetically synthesized single-walled carbon
nanotube chitosan nanocomposite for bone regeneration. Int. J. nanomedicine 7,
2087-2099. doi:10.2147/ijn.s29743

Israel, L. L., Galstyan, A., and Holler, E. (2020). Magnetic iron oxide
nanoparticles for imaging, targeting and treatment of primary and metastatic
tumors of the brain. J. Control. Release 320, 45-62. doi:10.1016/j.jconrel.2020.
01.009

Jabir, N. R., Tabrez, S., Ashraf, G. M., Shakil, S., and Damanhouri, G. A. (2012).
Nanotechnology-based approaches in anticancer research, 4391-4408.

James, K., Highsmith, J., and Evers (2014). Nanotechnology market-nanotechnology
markets in healthcare and medicine. Int. J. nanomedicine 11, 43-45.

Frontiers in Chemistry

17

10.3389/fchem.2023.1152217

Jin, Y., Jia, C., Huang, S.-W., and O’donnell, M. (2010). Multifunctional
nanoparticles as coupled contrast agents. Nat. Commun. 1, 41. doi:10.1038/
ncomms1042

Jo,J. H., Lee, E. ., Shin, D. S., Kim, H. E., Kim, H. W., and Koh, Y. H. (2009). In vitro/
in vivo biocompatibility and mechanical properties of bioactive glass nanofiber and poly
(e-caprolactone) composite materials. J. Biomed. Mater. Res. Part B Appl. Biomaterials
91B, 213-220. doi:10.1002/jbm.b.31392

Johnell, O., and Kanis, J. A. (2004). An estimate of the worldwide prevalence,
mortality and disability associated with hip fracture. Osteoporos. Int. 15, 897-902.
doi:10.1007/s00198-004-1627-0

Kanamala, M., Wilson, W. R,, Yang, M., and Palmer, B. D. (2016). Mechanisms and
biomaterials in pH-responsive tumour targeted drug delivery: A review. Biomaterials
85, 152-167. doi:10.1016/j.biomaterials.2016.01.061

Kannan, R., Nance, E., and Kannan, S. (2014). Emerging concepts in dendrimer-based
nanomedicine: From design principles to clinical applications. J. Intern. Med. 276,
579-617. doi:10.1111/j0im.12280

Karazisis, D., Ballo, A. M., Petronis, S., Agheli, H., Emanuelsson, L., and Thomsen, P.
(2016). The role of well-defined nanotopography of titanium implants on
osseointegration: Cellular and molecular events in vivo. Int. ]. nanomedicine 11,
1367-1382. doi:10.2147/IJN.S101294

Kerbel, R. S., and Kamen, B. A. (2004). The anti-angiogenic basis of metronomic
chemotherapy. Nat. Rev. Cancer 4, 423-436. doi:10.1038/nrc1369

Khan, A. U., Yuan, Q., Wei, Y., Khan, G. M., Khan, Z. U. H., Khan, S., et al.
(2016a). Photocatalytic and antibacterial response of biosynthesized gold
nanoparticles. J. Photochem. Photobiol. B Biol. 162, 273-277. do0i:10.1016/j.
jphotobiol.2016.06.055

Khan, A. U., Yuan, Q., Wei, Y., Tahir, K., Khan, S. U., Ahmad, A., et al. (2016b). Ultra-
efficient photocatalytic deprivation of methylene blue and biological activities of
biogenic silver nanoparticles. J. Photochem. Photobiol. B Biol. 159, 49-58. doi:10.
1016/j.jphotobiol.2016.03.017

Khan, F. U, Chen, Y., Khan, N. U,, Khan, Z. U. H,, Khan, A. U, Ahmad, A,, et al.
(2016¢). Antioxidant and catalytic applications of silver nanoparticles using
Dimocarpus longan seed extract as a reducing and stabilizing agent. J. Photochem.
Photobiol. B Biol. 164, 344-351. doi:10.1016/j.jphotobiol.2016.09.042

Khasim, S., Pasha, A., Badi, N., Lakshmi, M., Al-Ghamdi, S., Al-Aoh, et al.
(2021). PVA treated PEDOT-PSS: TiO 2 nanocomposite based high-performance
sensors towards detection of relative humidity and soil moisture content for
agricultural applications. J. Polym. Environ. 29, 612-623. doi:10.1007/s10924-
020-01905-6

Kim, D, Jeong, Y. Y., and Jon, B. W. C. W. (2010). A drug-loaded aptamer— gold
nanoparticle bioconjugate for combined CT imaging and therapy of prostate cancer.
ACS Nano 4, 3689-3696. doi:10.1021/nn901877h

Kim, J., Mcbride, S., Tellis, B., Alvarez-Urena, P., Song, Y.-H., Dean, D. D., et al.
(2012). Rapid-prototyped PLGA/B-TCP/hydroxyapatite nanocomposite scaffolds in a
rabbit femoral defect model. Biofabrication 4, 025003. doi:10.1088/1758-5082/4/2/
025003

Kimura, R., Rokkaku, T., Takeda, S., and Senba, M. (2013). Cytotoxic effects of
fucoidan nanoparticles against osteosarcoma. Mar. drugs 11, 4267-4278. doi:10.3390/
md11114267

Korkusuz, F. (2013). Editorial comment: Nanoscience in musculoskeletal
medicine. Clin. Orthop. Relat. Res. 471, 2530-2531. do0i:10.1007/s11999-013-
3044-1

Koviécs, D., Igaz, N., Keskeny, C., Bélteky, P., T6th, T., Gaspdr, R,, et al. (2016).
Silver nanoparticles defeat p53-positive and p53-negative osteosarcoma cells by
triggering mitochondrial stress and apoptosis. Sci. Rep. 6, 27902-27913. doi:10.
1038/srep27902

KubicEk, V., Rudovsky, J., Kotek, J., Hermann, P., Vander Elst, L., Muller, R.
N., et al. (2005). A bisphosphonate monoamide analogue of DOTA: A potential
agent for bone targeting. J. Am. Chem. Soc. 127, 16477-16485. doi:10.1021/
ja054905u

Kumar, P., Saini, M., Dehiya, B. S., Sindhu, A., Kumar, V., Kumar, R, et al. (2020).
Comprehensive survey on nanobiomaterials for bone tissue engineering applications.
Nanomaterials 10, 2019. doi:10.3390/nan010102019

Liu, Q., Yeh, Y.-C,, Rana, S,, Jiang, Y., and Guo, L. (2013). Differentiation of cancer
cell type and phenotype using quantum dot-gold nanoparticle sensor arrays. Cancer
Lett. 334, 196-201. doi:10.1016/j.canlet.2012.09.013

Liu, X.-M., Wiswall, A. T., Rutledge, J. E., Akhter, M. P., Cullen, D. M., and Reinhardt,
R. A. (2008). Osteotropic B-cyclodextrin for local bone regeneration. Biomaterials 29,
1686-1692. doi:10.1016/j.biomaterials.2007.12.023

Liu, Y., Bhattarai, P., and Dai, Z. (2019a). Photothermal therapy and photoacoustic
imaging via nanotheranostics in fighting cancer. Chem. Soc. Rev. 48, 2053-2108. doi:10.
1039/c8¢s00618k

Liu, Y., Yu, Q., and Chang, J. (2019b). Nanobiomaterials: From 0D to 3D for
tumor therapy and tissue regeneration. Nanoscale 11, 13678-13708. doi:10.1039/
c9nr02955a

frontiersin.org


https://doi.org/10.2174/156800909789760267
https://doi.org/10.2174/156800909789760267
https://doi.org/10.1038/boneres.2015.29
https://doi.org/10.1016/s0968-0896(02)00049-4
https://doi.org/10.1016/s0968-0896(02)00049-4
https://doi.org/10.1016/s1076-6332(03)80194-0
https://doi.org/10.1016/s1076-6332(03)80194-0
https://doi.org/10.2147/ijn.s44393
https://doi.org/10.2147/ijn.s44393
https://doi.org/10.1016/j.carbon.2016.05.054
https://doi.org/10.1007/s00264-014-2412-0
https://doi.org/10.1016/j.addr.2015.09.002
https://doi.org/10.1039/c5nr06261f
https://doi.org/10.1021/nn2039643
https://doi.org/10.1021/nn2039643
https://doi.org/10.1016/j.biomaterials.2011.06.066
https://doi.org/10.1016/j.biomaterials.2011.06.066
https://doi.org/10.1016/j.ijpharm.2019.03.018
https://doi.org/10.1016/j.ijpharm.2019.03.018
https://doi.org/10.1007/s10555-007-9094-7
https://doi.org/10.1007/s10555-007-9094-7
https://doi.org/10.1021/jm300493m
https://doi.org/10.1007/s10439-016-1600-z
https://doi.org/10.1021/acsami.8b09423
https://doi.org/10.1158/0008-5472.can-05-0565
https://doi.org/10.2147/ijn.s29743
https://doi.org/10.1016/j.jconrel.2020.01.009
https://doi.org/10.1016/j.jconrel.2020.01.009
https://doi.org/10.1038/ncomms1042
https://doi.org/10.1038/ncomms1042
https://doi.org/10.1002/jbm.b.31392
https://doi.org/10.1007/s00198-004-1627-0
https://doi.org/10.1016/j.biomaterials.2016.01.061
https://doi.org/10.1111/joim.12280
https://doi.org/10.2147/IJN.S101294
https://doi.org/10.1038/nrc1369
https://doi.org/10.1016/j.jphotobiol.2016.06.055
https://doi.org/10.1016/j.jphotobiol.2016.06.055
https://doi.org/10.1016/j.jphotobiol.2016.03.017
https://doi.org/10.1016/j.jphotobiol.2016.03.017
https://doi.org/10.1016/j.jphotobiol.2016.09.042
https://doi.org/10.1007/s10924-020-01905-6
https://doi.org/10.1007/s10924-020-01905-6
https://doi.org/10.1021/nn901877h
https://doi.org/10.1088/1758-5082/4/2/025003
https://doi.org/10.1088/1758-5082/4/2/025003
https://doi.org/10.3390/md11114267
https://doi.org/10.3390/md11114267
https://doi.org/10.1007/s11999-013-3044-1
https://doi.org/10.1007/s11999-013-3044-1
https://doi.org/10.1038/srep27902
https://doi.org/10.1038/srep27902
https://doi.org/10.1021/ja054905u
https://doi.org/10.1021/ja054905u
https://doi.org/10.3390/nano10102019
https://doi.org/10.1016/j.canlet.2012.09.013
https://doi.org/10.1016/j.biomaterials.2007.12.023
https://doi.org/10.1039/c8cs00618k
https://doi.org/10.1039/c8cs00618k
https://doi.org/10.1039/c9nr02955a
https://doi.org/10.1039/c9nr02955a
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1152217

Haq Khan et al.

Lu, H,, Liu, Y., Guo, J., Wu, H., and Wang, J. (2016). Biomaterials with antibacterial
and osteoinductive properties to repair infected bone defects. Int. J. Mol. Sci. 17, 334.
doi:10.3390/ijms17030334

Ludwig, M., Alhasani, S., and Felberbaum, R. (1998). Gynecologic oncology and
pathology. cancer 105, 946-953.

Luhmann, T., Germershaus, O., and Groll, J. (2012). Bone targeting for the
treatment of osteoporosis. J. Control. release 161, 198-213. doi:10.1016/j.jconrel.
2011.10.001

Ma, ], Pulfer, S., Li, S., Chu, J., and Reed, K. (2001). Pharmacodynamic-mediated
reduction of temozolomide tumor concentrations by the angiogenesis inhibitor TNP-
470. Cancer Res. 61, 5491-5498.

Marelli, B., Ghezzi, C. E., Mohn, D., Stark, W. ], Barralet, J. E., and Boccaccini, A. R.
(2011). Accelerated mineralization of dense collagen-nano bioactive glass hybrid gels
increases scaffold stiffness and regulates osteoblastic function. Biomaterials 32,
8915-8926. doi:10.1016/j.biomaterials.2011.08.016

Mascolo, M. C,, Pei, Y., and Ring, T. A. (2013). Room temperature co-precipitation
synthesis of magnetite nanoparticles in a large pH window with different bases.
Materials 6, 5549-5567. do0i:10.3390/ma6125549

Matsumine, A., Kusuzaki, K., Matsubara, T., Shintani, K., Satonaka, H., Wakabayashi,
T., et al. (2007). Novel hyperthermia for metastatic bone tumors with magnetic
materials by generating an alternating electromagnetic field. Clin. Exp. metastasis
24, 191-200. doi:10.1007/s10585-007-9068-8

Matsumine, A., Takegami, K., Asanuma, K., Matsubara, T., Nakamura, T., and
Uchida, A. (2011). A novel hyperthermia treatment for bone metastases using
magnetic materials. Int. J. Clin. Oncol. 16, 101-108. doi:10.1007/s10147-011-0217-3

Matsumura, Y., and Maeda, H. (1986). A new concept for macromolecular
therapeutics in cancer chemotherapy: Mechanism of tumoritropic accumulation of
proteins and the antitumor agent smancs. Cancer Res. 46, 6387-6392.

Mattei, T. A., and Rehman, A. A. (2015). Extremely minimally invasive”: Recent
advances in nanotechnology research and future applications in neurosurgery.
Neurosurg. Rev. 38, 27-37. doi:10.1007/s10143-014-0566-2

Mcgilvray, K. L., Decan, M. R., and Wang, D. (2006). Facile photochemical synthesis
of unprotected aqueous gold nanoparticles. . Am. Chem. Soc. 128, 15980-15981. doi:10.
1021/ja066522h

Miller, K., Erez, R., Segal, E., and Shabat, D. (2009). Targeting bone metastases with a
bispecific anticancer and antiangiogenic polymer-alendronate-taxane conjugate.
Angew. Chem. 121, 2949-2954. doi:10.1002/anie.200805133

Minoshima, M., Kikuta, J., Omori, Y., Seno, S., Suehara, R., Maeda, H., et al. (2019). In
vivo multicolor imaging with fluorescent probes revealed the dynamics and function of
osteoclast proton pumps. ACS Central Sci. 5, 1059-1066. doi:10.1021/acscentsci.
9b00220

Mondlane, E. R., Abreu-Mendes, P., Martins, D., and Cruz, R. (2021). The role of
immunotherapy in advanced renal cell carcinoma. Int. braz J. Urol. 47, 1228-1242.
doi:10.1590/51677-5538.ibju.2020.0681

Mukherjee, S., and Patra, C. R. (2016). Therapeutic application of anti-
angiogenic nanomaterials in cancers. Nanoscale 8, 12444-12470. doi:10.1039/
c5nr07887¢

Nagesh, P. K., Johnson, N. R,, Boya, V. K., Chowdhury, P., Othman, S. F., Khalilzad-
Sharghi, V., et al. (2016). PSMA targeted docetaxel-loaded superparamagnetic iron
oxide nanoparticles for prostate cancer. Colloids Surfaces B Biointerfaces. 144, 8-20.
doi:10.1016/j.colsurfb.2016.03.071

Nayak, D., Ashe, S., Rauta, P. R., and Kumari, M. (2016). Bark extract mediated green
synthesis of silver nanoparticles: Evaluation of antimicrobial activity and
antiproliferative response against osteosarcoma. Mater. Sci. Eng. C 58, 44-52. doi:10.
1016/j.msec.2015.08.022

Niemels, E., Desai, D., and Nkizinkiko, Y. (2015). Sugar-decorated mesoporous silica
nanoparticles as delivery vehicles for the poorly soluble drug celastrol enables targeted
induction of apoptosis in cancer cells. J. Pharm. Biopharm. 96, 11-21. doi:10.1016/j.
€jpb.2015.07.009

Nishida, N., Yano, H., Nishida, T., Kamura, T., and Management, R. (2006).
Angiogenesis in cancer. Vasc. health risk Manag. 2, 213-219. doi:10.2147/vhrm.
2006.2.3.213

Nomura, T., Koreeda, N., Yamashita, F., and Takakura, Y. (1998). Effect of
particle size and charge on the disposition of lipid carriers after intratumoral
injection into tissue-isolated tumors. Pharm. Res. 15, 128-132. d0i:10.1023/a:
1011921324952

Palza, H., Galarce, N., Bejarano, J., Beltran, M., and Biomaterials, P. (2017).
Effect of copper nanoparticles on the cell viability of polymer composites. Int.
J. Polym. Mater. Polym. Biomaterials 66, 462-468. doi:10.1080/00914037.2016.
1252343

Pan, Q, Lv, Y., Williams, G. R,, Tao, L., Yang, H., and Li, H. (2016). Lactobionic acid
and carboxymethyl chitosan functionalized graphene oxide nanocomposites as targeted
anticancer drug delivery systems. Carbohydr. Polym. 151, 812-820. doi:10.1016/j.
carbpol.2016.06.024

Frontiers in Chemistry

18

10.3389/fchem.2023.1152217

Papasani, M. R., Wang, G., and Hill, R. A. (2012). Gold nanoparticles: The
importance of physiological principles to devise strategies for targeted drug
delivery. Nanomedicine Nanotechnol. Biol. Med. 8, 804-814. doi:10.1016/j.nano.
2012.01.008

Pareta, R. A., Taylor, E., and Webster, T. J. (2008). Increased osteoblast density in the
presence of novel calcium phosphate coated magnetic nanoparticles. Nanotechnology
19, 265101. doi:10.1088/0957-4484/19/26/265101

Paterson, A. H., Anderson, S. J., Lembersky, B. C., Fehrenbacher, L., FalksonKing, K.
M., WeirBrufsky, A. M., et al. (2012). Oral clodronate for adjuvant treatment of operable
breast cancer (national surgical adjuvant breast and bowel project protocol B-34): A
multicentre, placebo-controlled, randomised trial. lancet Oncol. 13, 734-742. doi:10.
1016/s1470-2045(12)70226-7

Peer, D., Karp, J. M., Hong, S., Farokhzad, O. C., and Margalit, R. (2020). Nanocarriers
as an emerging platform for cancer therapy. Nano-enabled Med. Appl., 61-91. doi:10.
1201/9780429399039-2

Peng, H., Pan, B., Wu, M,, Liu, R., Zhang, D., and Wu, D. (2012). Adsorption of
ofloxacin on carbon nanotubes: Solubility, pH and cosolvent effects. J. Hazard. Mater.
211, 342-348. doi:10.1016/j.jhazmat.2011.12.063

Pignatello, R., Cenni, E., Micieli, D., Fotia, C., Salerno, M., Granchi, D., et al. (2009). A
novel biomaterial for osteotropic drug nanocarriers: Synthesis and biocompatibility
evaluation of a PLGA-ALE conjugate.

Poilil Surendran, S., Moon, M. J., and Park, R. (2018). Bioactive nanoparticles for
cancer immunotherapy. Int. J. Mol. Sci. 19, 3877. doi:10.3390/ijms19123877

Qin, Y., Chen, J.,, Bi, Y., Xu, X., Zhou, H., GaoZhao, Y., et al. (2015). Near-
infrared light remote-controlled intracellular anti-cancer drug delivery using
thermo/pH sensitive nanovehicle. Acta biomater. 17, 201-209. doi:10.1016/j.
actbio.2015.01.026

Qing, F.,, Wang, Z., Hong, Y., Liu, M., Guo, B., and Luo, H. (2012). Selective effects of
hydroxyapatite nanoparticles on osteosarcoma cells and osteoblasts. Mater. Med. 23,
2245-2251. doi:10.1007/s10856-012-4703-6

Rahim, M., Iram, S., Khan, M. S., Khan, M. S, ShuklaSrivastava, A., and Biointerfaces,
S. B. (2014). Glycation-assisted synthesized gold nanoparticles inhibit growth of bone
cancer cells. Colloids Surfaces B Biointerfaces. 117, 473-479. doi:10.1016/j.colsurfb.2013.
12.008

Riehemann, K., Schneider, S. W. Luger, T. A, and Godin, B. (2009).
Nanomedicine—Challenge and perspectives. Angew. Chem. Int. Ed. 48, 872-897.
doi:10.1002/anie.200802585

Russell, R. G., and Rogers, M. J. (1999). Bisphosphonates: From the laboratory
to the clinic and back again. Bone 25, 97-106. doi:10.1016/s8756-3282(99)
00116-7

Safwat, M. A., Soliman, G. M., and Sayed, D. (2018). Fluorouracil-loaded gold
nanoparticles for the treatment of skin cancer: Development, in vitro
characterization, and in vivo evaluation in a mouse skin cancer xenograft model.
Mol. Pharm. 15, 2194-2205. doi:10.1021/acs.molpharmaceut.8b00047

Sajid, M., and Plotka-Wasylka, J. (2020). Nanoparticles: Synthesis, characteristics, and
applications in analytical and other sciences. Microchem. J. 154, 104623. doi:10.1016/j.
microc.2020.104623

Salerno, M., Cenni, E., Fotia, C., Avnet, S., Granchi, D., Castelli, F., et al. (2010).
Bone-targeted doxorubicin-loaded nanoparticles as a tool for the treatment of
skeletal metastases. Curr. cancer drug targets 10, 649-659. doi:10.2174/
156800910793605767

Saptarshi, S. R,, Duschl, A., and Lopata, A. L. (2013). Interaction of nanoparticles with
proteins: Relation to bio-reactivity of the nanoparticle. . nanobiotechnology 11, 26-12.
doi:10.1186/1477-3155-11-26

Schluep, T., Hwang, J., Cheng, J., Heidel, J. D., Bartlett, D. W., and Hollister, B.
(2006). Preclinical efficacy of the camptothecin-polymer conjugate IT-101 in
multiple cancer models. Clin. Cancer Res. 12, 1606-1614. doi:10.1158/1078-
0432.ccr-05-1566

Shao, W., Paul, A., and Rodes, L. (2015). A new carbon nanotube-based breast cancer
drug delivery system: Preparation and in vitro analysis using paclitaxel. Cell Biochem.
biophysics 71, 1405-1414. doi:10.1007/s12013-014-0363-0

Sherpa, L. S., Kumar, I, and Chaudhary, A. (2020). Liposomal drug delivery
system: Method of preparations and applications. J. Pharm. Sci. Res. 12,
1192-1197.

Shi, J., Votruba, A. R., and Farokhzad, O. C. (2010). Nanotechnology in drug delivery
and tissue engineering: From discovery to applications. Nano Lett. 10, 3223-3230.
doi:10.1021/n1102184¢

Singh, H., Du, J,, Singh, P., Mavlonov, Y., and Biology, P. B. (2018). Development of
superparamagnetic iron oxide nanoparticles via direct conjugation with ginsenosides
and its in-vitro study. J. Photochem. Photobiol. B Biol. 185, 100-110. doi:10.1016/j.
jphotobiol.2018.05.030

Singh, S., Singh, B. K., and Yadav, S. (2015). Applications of nanotechnology in
agricultural and their role in disease management. Res. J. Nanosci. Nanotechnol. 5, 1-5.
doi:10.3923/rjnn.2015.1.5

frontiersin.org


https://doi.org/10.3390/ijms17030334
https://doi.org/10.1016/j.jconrel.2011.10.001
https://doi.org/10.1016/j.jconrel.2011.10.001
https://doi.org/10.1016/j.biomaterials.2011.08.016
https://doi.org/10.3390/ma6125549
https://doi.org/10.1007/s10585-007-9068-8
https://doi.org/10.1007/s10147-011-0217-3
https://doi.org/10.1007/s10143-014-0566-2
https://doi.org/10.1021/ja066522h
https://doi.org/10.1021/ja066522h
https://doi.org/10.1002/anie.200805133
https://doi.org/10.1021/acscentsci.9b00220
https://doi.org/10.1021/acscentsci.9b00220
https://doi.org/10.1590/s1677-5538.ibju.2020.0681
https://doi.org/10.1039/c5nr07887c
https://doi.org/10.1039/c5nr07887c
https://doi.org/10.1016/j.colsurfb.2016.03.071
https://doi.org/10.1016/j.msec.2015.08.022
https://doi.org/10.1016/j.msec.2015.08.022
https://doi.org/10.1016/j.ejpb.2015.07.009
https://doi.org/10.1016/j.ejpb.2015.07.009
https://doi.org/10.2147/vhrm.2006.2.3.213
https://doi.org/10.2147/vhrm.2006.2.3.213
https://doi.org/10.1023/a:1011921324952
https://doi.org/10.1023/a:1011921324952
https://doi.org/10.1080/00914037.2016.1252343
https://doi.org/10.1080/00914037.2016.1252343
https://doi.org/10.1016/j.carbpol.2016.06.024
https://doi.org/10.1016/j.carbpol.2016.06.024
https://doi.org/10.1016/j.nano.2012.01.008
https://doi.org/10.1016/j.nano.2012.01.008
https://doi.org/10.1088/0957-4484/19/26/265101
https://doi.org/10.1016/s1470-2045(12)70226-7
https://doi.org/10.1016/s1470-2045(12)70226-7
https://doi.org/10.1201/9780429399039-2
https://doi.org/10.1201/9780429399039-2
https://doi.org/10.1016/j.jhazmat.2011.12.063
https://doi.org/10.3390/ijms19123877
https://doi.org/10.1016/j.actbio.2015.01.026
https://doi.org/10.1016/j.actbio.2015.01.026
https://doi.org/10.1007/s10856-012-4703-6
https://doi.org/10.1016/j.colsurfb.2013.12.008
https://doi.org/10.1016/j.colsurfb.2013.12.008
https://doi.org/10.1002/anie.200802585
https://doi.org/10.1016/s8756-3282(99)00116-7
https://doi.org/10.1016/s8756-3282(99)00116-7
https://doi.org/10.1021/acs.molpharmaceut.8b00047
https://doi.org/10.1016/j.microc.2020.104623
https://doi.org/10.1016/j.microc.2020.104623
https://doi.org/10.2174/156800910793605767
https://doi.org/10.2174/156800910793605767
https://doi.org/10.1186/1477-3155-11-26
https://doi.org/10.1158/1078-0432.ccr-05-1566
https://doi.org/10.1158/1078-0432.ccr-05-1566
https://doi.org/10.1007/s12013-014-0363-0
https://doi.org/10.1021/nl102184c
https://doi.org/10.1016/j.jphotobiol.2018.05.030
https://doi.org/10.1016/j.jphotobiol.2018.05.030
https://doi.org/10.3923/rjnn.2015.1.5
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1152217

Haq Khan et al.

Sisubalan, N., Ramkumar, V. S., Pugazhendhi, A., Karthikeyan, C., Indira, K.,
and Gopinath, K. (2018). ROS-mediated cytotoxic activity of ZnO and CeO
2 nanoparticles synthesized using the Rubia cordifolia L. leaf extract on MG-63
human osteosarcoma cell lines. Environ. Sci. Pollut. Res. 25, 10482-10492. doi:10.
1007/s11356-017-0003-5

Snoddy, B., and Jayasuriya, A. C'. (2016). The use of nanomaterials to treat bone
infections. Mater. Sci. Eng. C 67, 822-833. do0i:10.1016/j.msec.2016.04.062

Sun, K., Wang, ], Zhang, J., Hua, M., and Liu, C. (2011). Dextran-g-PEI nanoparticles
as a carrier for co-delivery of adriamycin and plasmid into osteosarcoma cells. Int. J. Biol.
Macromol. 49, 173-180. doi:10.1016/j.ijbiomac.2011.04.007

Sun, Y., Wang, Q., Chen, J., Liu, L., Ding, L., Shen, M, et al. (2017). Temperature-
sensitive gold nanoparticle-coated pluronic-PLL nanoparticles for drug delivery
and chemo-photothermal therapy. Theranostics 7, 4424-4444. doi:10.7150/thno.
18832

Tahir, K., Li, B., Khan, S., Nazir, S., Khan, Z. U. H.,, and Khan, A. U. (2015a).
Enhanced chemocatalytic reduction of aromatic nitro compounds by biosynthesized
gold nanoparticles. ournal Alloys Compd. 651, 322-327. doi:10.1016/j.jallcom.2015.
08.109

Tahir, K., Nazir, S., Ahmad, A., Li, B., Shah, S. a. A,, Khan, A. U, et al. (2016a).
Biodirected synthesis of palladium nanoparticles using Phoenix dactylifera leaves
extract and their size dependent biomedical and catalytic applications. RSC Adv. 6,
85903-85916. doi:10.1039/c6ral1409a

Tahir, K., Nazir, S., Li, B., Ahmad, A., Nasir, T., Khan, A. U., et al. (2016b).
Sapium sebiferum leaf extract mediated synthesis of palladium nanoparticles
and in vitro investigation of their bacterial and photocatalytic activities.
J. Photochem. Photobiol. B Biol. 164, 164-173. doi:10.1016/j.jphotobiol.2016.
09.030

Tahir, K., Nazir, S., Li, B., Khan, A. U.,, Khan, Z. U. H., Ahmad, A, et al. (2015b).
Enhanced visible light photocatalytic inactivation of Escherichia coli using silver
nanoparticles as photocatalyst. J. Photochem. Photobiol. B Biol. 153, 261-266. doi:10.
1016/j.jphotobiol.2015.09.015

Tahir, K., Nazir, S., Li, B., Khan, A. U,, Khan, Z. U. H, Gong, P. Y., et al.
(2015¢). Nerium oleander leaves extract mediated synthesis of gold
nanoparticles and its antioxidant activity. Mater. Lett. 156, 198-201. doi:10.
1016/j.matlet.2015.05.062

Tan, M. L., Dunstan, D. E., Friedhuber, A. M., and Choong, P. F. (2010). A
nanoparticulate system that enhances the efficacy of the tumoricide Dz13 when
administered proximal to the lesion site. J. Control. Release 144, 196-202. doi:10.
1016/j.jconrel.2010.01.011

Tao, Y., Li, M., and Ren, J. (2015). Metal nanoclusters: Novel probes for
diagnostic and therapeutic applications. Chem. Soc. Rev. 44, 8636-8663. doi:10.
1039/¢5¢s00607d

Tauro, M., Shay, G., Sansil, S. S., Laghezza, A., Tortorella, P., Neuger, A. M., et al.
(2017). Bone-seeking matrix metalloproteinase-2 inhibitors prevent bone metastatic
breast cancer growth. Mol. cancer Ther. 16, 494-505. doi:10.1158/1535-7163.mct-16-
0315-t

Tran, S., Degiovanni, P.-J., and Medicine, T. (2017). Cancer nanomedicine: A review
of recent success in drug delivery. Clin. Transl. Med. 6, 44-21. doi:10.1186/s40169-017-
0175-0

Tripathy, D., Lichinitzer, M., Lazarev, A., Maclachlan, S., Apffelstaedt, J., Budde, M.,
et al. (2004). Oral ibandronate for the treatment of metastatic bone disease in breast
cancer: Efficacy and safety results from a randomized, double-blind, placebo-controlled
trial. Ann. Oncol. 15, 743-750. doi:10.1093/annonc/mdh173

Venturoli, D., and Rippe, B. (2005). Ficoll and dextran vs. globular proteins as probes
for testing glomerular permselectivity: Effects of molecular size, shape, charge, and
deformability. J. Physiology-Renal Physiology 288, F605-F613. doi:10.1152/ajprenal.
00171.2004

Verma, A., and Rotello, V. M. (2005). Surface recognition of
biomacromolecules using nanoparticle receptors. Chem. Commun., 303-312.
do0i:10.1039/b410889b

Vogl, T. J., Mack, M. G, Straub, R., Eichler, K., and Radiology, L. (2001). MR-guided
laser-induced thermotherapy of the infratemporal fossa and orbit in malignant
chondrosarcoma via a modified technique. Cardiovasc. interventional radiology 24,
432-435. doi:10.1007/500270-001-0037-3

Wang, D., Miller, S. C., and Kopeckovd, P. (2005). Bone-targeting
macromolecular therapeutics. Adv. drug Deliv. Rev. 57, 1049-1076. doi:10.1016/
j.addr.2004.12.011

Frontiers in Chemistry

19

10.3389/fchem.2023.1152217

Wang, W,, Tang, J., Zheng, S., Ma, X,, Zhu, J., and Li, F. (2017). Electrochemical
determination of bisphenol A at multi-walled carbon nanotubes/poly (crystal violet)
modified glassy carbon electrode. Food Anal. Methods 10, 3815-3824. doi:10.1007/
s12161-017-0944-9

Wang, X,, Li, T., Ma, H,, Zhai, D,, Jiang, C., Chang, J., et al. (2017). A 3D-printed
scaffold with MoS2 nanosheets for tumor therapy and tissue regeneration. NPG Asia
Mater. 9, e376. doi:10.1038/am.2017.47

Wen, P. Y., Schiff, D., Kesari, S., Drappatz, J., and Gigas, D. C. (2006). Medical
management of patients with brain tumors. J. neuro-oncology 80, 313-332. doi:10.1007/
511060-006-9193-2

Wen, W., Zhao, D.-M., Zhang, X.-H., Xiong, H.-Y., Wang, S.-F., Chen, W, et al.
(2012). One-step fabrication of poly (0-aminophenol)/multi-walled carbon nanotubes
composite film modified electrode and its application for levofloxacin determination in
pharmaceuticals. Sensors Actuators B Chem. 174, 202-209. doi:10.1016/j.snb.2012.
08.010

Wilberforce, S. L, Finlayson, C. E., and Best, S. M. (2011). A comparative study of the
thermal and dynamic mechanical behaviour of quenched and annealed bioresorbable
poly-L-lactide/a-tricalcium phosphate nanocomposites. Acta biomater. 7, 2176-2184.
doi:10.1016/j.actbio.2011.02.006

Woodman, C., Vundu, G., George, A., and Wilson, C. M. (2021). “"Applications and
strategies in nanodiagnosis and nanotherapy in lung cancer,” in Seminars in cancer
biology (Elsevier), 349-364.

Xiong, L., Du, X, and Kleitz, F. (2015). Cancer-cell-specific nuclear-targeted drug
delivery by dual-ligand-modified mesoporous silica nanoparticles. Small 11, 5919-5926.
doi:10.1002/smll.201501056

Xue, Y., Niu, W., Wang, M., Chen, M., and Guo, Y. (2019). Engineering a
biodegradable multifunctional antibacterial bioactive nanosystem for enhancing
tumor photothermo-chemotherapy and bone regeneration. ACS Nano 14, 442-453.
doi:10.1021/acsnano.9b06145

Yallapu, M. M., Othman, S. F., Curtis, E. T., Gupta, B. K., and Jaggi, M. (2011).
Multi-functional magnetic nanoparticles for magnetic resonance imaging and
cancer therapy. Biomaterials 32, 1890-1905. doi:10.1016/j.biomaterials.2010.
11.028

Yin, X, Chi, Y., Guo, C,, Feng, S., Liu, J., and Sun, K. (2017). Chitooligosaccharides
modified reduction-sensitive liposomes: Enhanced cytoplasmic drug delivery and
osteosarcomas-tumor inhibition in animal models. Pharm. Res. 34, 2172-2184.
doi:10.1007/s11095-017-2225-0

Yin, X., Feng, S., Chi, Y., Liu, J., Sun, K., and Guo, C. (2018). Estrogen-
functionalized liposomes grafted with glutathione-responsive sheddable
chotooligosaccharides for the therapy of osteosarcoma. Drug Deliv. 25,
900-908. doi:10.1080/10717544.2018.1458920

Yoneda, T. (2000). Cellular and molecular basis of preferential metastasis of breast
cancer to bone. J. Orthop. Sci. 5, 75-81. doi:10.1007/s007760050012

Zaman, S., Douka, A. I, Noureen, L., Tian, X., and Ajmal, Z. (2023). Oxygen reduction
performance measurements: Discrepancies against benchmarks. Battery Energy,
20220060.

Zaman, S., Su, Y. Q,, Dong, C. L, Qi, R, Huang, L., Qin, Y., et al. (2022). Scalable
molten salt synthesis of platinum alloys planted in metal-nitrogen-graphene for
efficient oxygen reduction. Angew. Chem. 134, €202115835. doi:10.1002/anie.
202115835

Zaman, S., Tian, X,, Su, Y.-Q,, Cai, W,, Yan, Y., Qi, R,, et al. (2021). Direct integration
of ultralow-platinum alloy into nanocarbon architectures for efficient oxygen reduction
in fuel cells. Sci. Bull. 66, 2207-2216. doi:10.1016/j.scib.2021.07.001

Zazo, H., Colino, C. I, and Lanao, J. M. (2016). Current applications of
nanoparticles in infectious diseases. J. Control. Release 224, 86-102. doi:10.
1016/j.jconrel 2016.01.008

Zhang, G., Guo, B., Wu, H,, Tang, T., Zhang, B.-T., Zheng, L., et al. (2012). A delivery
system targeting bone formation surfaces to facilitate RNAi-based anabolic therapy.
Nat. Med. 18, 307-314. d0i:10.1038/nm.2617

Zhang, M., Liu, E., and Cui, Y. (2017). Nanotechnology-based combination therapy
for overcoming multidrug-resistant cancer. Cancer Biol. Med. 14, 212. doi:10.20892/j.
issn.2095-3941.2017.0054

Zhang, Q., Wang, X,, Li, P. Z., Nguyen, K. T,, Wang, X. ], Luo, Z., et al. (2014).
Biocompatible, uniform, and redispersible mesoporous silica nanoparticles for cancer-
targeted drug delivery in vivo. Adv. Funct. Mater. 24, 2450-2461. doi:10.1002/adfm.
201302988

frontiersin.org


https://doi.org/10.1007/s11356-017-0003-5
https://doi.org/10.1007/s11356-017-0003-5
https://doi.org/10.1016/j.msec.2016.04.062
https://doi.org/10.1016/j.ijbiomac.2011.04.007
https://doi.org/10.7150/thno.18832
https://doi.org/10.7150/thno.18832
https://doi.org/10.1016/j.jallcom.2015.08.109
https://doi.org/10.1016/j.jallcom.2015.08.109
https://doi.org/10.1039/c6ra11409a
https://doi.org/10.1016/j.jphotobiol.2016.09.030
https://doi.org/10.1016/j.jphotobiol.2016.09.030
https://doi.org/10.1016/j.jphotobiol.2015.09.015
https://doi.org/10.1016/j.jphotobiol.2015.09.015
https://doi.org/10.1016/j.matlet.2015.05.062
https://doi.org/10.1016/j.matlet.2015.05.062
https://doi.org/10.1016/j.jconrel.2010.01.011
https://doi.org/10.1016/j.jconrel.2010.01.011
https://doi.org/10.1039/c5cs00607d
https://doi.org/10.1039/c5cs00607d
https://doi.org/10.1158/1535-7163.mct-16-0315-t
https://doi.org/10.1158/1535-7163.mct-16-0315-t
https://doi.org/10.1186/s40169-017-0175-0
https://doi.org/10.1186/s40169-017-0175-0
https://doi.org/10.1093/annonc/mdh173
https://doi.org/10.1152/ajprenal.00171.2004
https://doi.org/10.1152/ajprenal.00171.2004
https://doi.org/10.1039/b410889b
https://doi.org/10.1007/s00270-001-0037-3
https://doi.org/10.1016/j.addr.2004.12.011
https://doi.org/10.1016/j.addr.2004.12.011
https://doi.org/10.1007/s12161-017-0944-9
https://doi.org/10.1007/s12161-017-0944-9
https://doi.org/10.1038/am.2017.47
https://doi.org/10.1007/s11060-006-9193-2
https://doi.org/10.1007/s11060-006-9193-2
https://doi.org/10.1016/j.snb.2012.08.010
https://doi.org/10.1016/j.snb.2012.08.010
https://doi.org/10.1016/j.actbio.2011.02.006
https://doi.org/10.1002/smll.201501056
https://doi.org/10.1021/acsnano.9b06145
https://doi.org/10.1016/j.biomaterials.2010.11.028
https://doi.org/10.1016/j.biomaterials.2010.11.028
https://doi.org/10.1007/s11095-017-2225-0
https://doi.org/10.1080/10717544.2018.1458920
https://doi.org/10.1007/s007760050012
https://doi.org/10.1002/anie.202115835
https://doi.org/10.1002/anie.202115835
https://doi.org/10.1016/j.scib.2021.07.001
https://doi.org/10.1016/j.jconrel.2016.01.008
https://doi.org/10.1016/j.jconrel.2016.01.008
https://doi.org/10.1038/nm.2617
https://doi.org/10.20892/j.issn.2095-3941.2017.0054
https://doi.org/10.20892/j.issn.2095-3941.2017.0054
https://doi.org/10.1002/adfm.201302988
https://doi.org/10.1002/adfm.201302988
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1152217

	Brief review: Applications of nanocomposite in electrochemical sensor and drugs delivery
	Introduction
	Inorganic nanoparticles

	Nanotechnology in cancer diagnosis
	Nanoparticles cytotoxicity to osteosarcoma cells
	Single photon emission computed tomography (SPECT)/CT imaging SPECT
	Critical properties of anticancer nanoparticles
	Nanoparticle surface properties
	Nanotechnology and targeted drug delivery for bone diseases
	Nanomedicine
	Characterization and fabrication of biomedical nanoparticles
	Targeted delivery for preventing and treating cancer bone metastasis
	Oxygen capturing approach
	Osteosarcoma
	Osteoarthritis
	The advantages of local delivery in bone tissue
	Nanotechnology in bone regeneration
	Redox responsive nanocarriers


	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


