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Abstract: Materials sized 1-100 nm are the nanotechnology’s field of interest. Because of the unique
properties such as the ability to penetrate biological barriers and a high surface to volume ratio,
nanoparticles (NPs) are a powerful tool to be used in medicine and industry. This review discusses
the role of nanotechnology in bone-related issues: osteosarcoma (bone cancer), the biocompatibility
of the implants and implant-related infections. In cancer therapy, NPs can be used as (I) cytotoxic
agents, (II) drug delivery platforms and (III) in thermotherapy. In implant-related issues, NPs can
be used as (I) antimicrobial agents and (II) adjuvants to increase the biocompatibility of implant
surface. Properties of NPs depend on (I) the type of NPs, (II) their size, (III) shape, (IV) concentration,
(V) incubation time, (VI) functionalization and (VII) capping agent type.

Keywords: nanotechnology; nanoparticles; osteosarcoma; antimicrobial properties; nanotoxicology;
biocompatibility; bone diseases; implant-related infections

1. Introduction

Miniaturisation affects every aspect of human life; medicine and science are no exceptions.
Nanotechnology is interested in particles within the 1-100 nm size range [1]. For a better understanding
of the size range in Figure 1 we compare nano size to other objects. Although it was Richard
Zsigmondy who used the term ‘nanometre’ as early as in 1925, Richard Feynman is the indisputable
father of nanotechnology [1]. In 1959 he gave a lecture entitled ‘“There’s Plenty Room at the Bottom’
and suggested that manipulation on the atomic level would soon be possible. However, the term
‘nanotechnology’ was unknown until the seventies. Norio Taniguchi is thought to be the first to
use it [1]. Almost a century after its beginning, nanotechnology is a rapidly developing branch of
science. In 2015, nontechnology industry employed 7 million people and was worth $1 billion [2,3].
Nanoscale, because of quantum effects, causes nanoparticles (NPs) to have different properties than
macromolecules. NPs have a large surface to volume ratio, and the ability to penetrate cellular
membranes and structural barriers, which greatly expand its potential applications [4]. NPs are used
in biology, genetic engineering, medicine, biotechnology and industry (Figure 2) [4-6]. Moreover, the
ability to modify NPs (size, shape, surface functionalisation, capping agent) increases their potential [4].
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Figure 1. Comparison of nanoparticle size to other objects; presented on a logarithmic scale.
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Figure 2. Applications of nanotechnology.

N
A
N
(o)
T
E
C
H
N
0
L
(o]
G
Y

In this review, we discuss the role of nanotechnology in the novel treatment of bone diseases.
The human body has over 206 bones, which serve a variety of functions: locomotion, protection of
internal organs, ion homeostasis and blood cells production [7-9]. Unfortunately, every bone can suffer
from diseases and be the cause of health-related issues. Implantation-related issues and bone neoplasm
have been taken in concerns.

2. Cancer

Cancer is one of the leading causes of death in developed countries. Just in 2018 more than
18 million new cancer cases were diagnosed worldwide. Furthermore, cancer was the cause of death
for more than 9.5 million people [10]. Between 1987 and 2005 cancer treatment costs have doubled
and reached almost $50 billion in the United States alone [11]. Although primary bone cancers are
relatively rare (7% of new neoplasm cases in adolescents), bone metastases happen often and by
causing excruciating pain severely decrease the patients” quality of life in end-stage disease [12,13].

2.1. Osteosarcoma

Although osteosarcoma (OS) is a primary mesenchymal bone neoplasm characteristic for the
paediatric population, it can occur at any age [14]. Unfortunately, in the elderly the survival rate is
roughly 2-8 times lower than in adolescents [15]. Even though OS is objectively rare (3.5-4 cases/million
population/year), it is the third most common cancer in children [15]. OS is typically located in
expeditiously growing long bones (femur, tibia, humerus) [15]. Less typical locations such as skull,
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chest or pelvis are unfavourable prognostic factors [15]. As OS quickly gives distant metastases,
the disease is often already advanced at diagnosis. Lungs are the most common location of OS
metastases [14]. Apart from therapeutic radiation (as treatment of previous cancer), no other risk
factors of OS are known and neither are prevention methods [15]. Interestingly, OS occurs more
frequently in some genetic diseases (Li-Fraumeni Syndrome, Retinoblastoma, Werner Syndrome,
Bloom Syndrome, etc.,) [15]. OS treatment consists of chemo and/or radiotherapy followed by surgery.
In chemotherapy methotrexate (MTX), doxorubicin (DOX), cisplatin (CDDP) and ifosfamide (IFO) are
used [14]. Unfortunately up to 40-50% of OS tumours are chemo-resistant [16]. Several mechanisms are
known to cause multidrug resistance (MDR) in cancer cells, i.e., enhanced detoxification, efflux pumps,
decreased drug uptake and up-regulation of DNA repair mechanism [17]. Therefore, the outcome of the
treatment is often poor with a 5-year survival rate of 55% (5.7-86.8% as it is localisation-dependent) [15].
Tumour recurrence due to incomplete resection and lung metastases are noted as the leading reasons
for treatment failure [18]. It is worth emphasising that the current treatment protocols severely impair
patients’ quality of life. Therefore, novel approaches to OS are searched.

2.2. Nanoparticles Cytotoxicity to Osteosarcoma Cells

In literature, several papers suggest the anticancer activity of NPs. Rahim et al. have shown
that 24.3 nm gold nanoparticles (AuNPs) capped with advance glycation products can decrease cell
viability and trigger apoptosis in Saos-2 (osteosarcoma) cells [19]. Interestingly, other studies suggested
that the anticancer activity of AuNPs is shape dependent. 143b and MG63 osteosarcoma cells were
sensitive to AuNPs rods and stars but not to AuNPs spheres [20]. AuNPs are not the only NPs
with anticancer activity. AgNPs can decrease the viability of the MG63 (osteosarcoma) cells [21].
The question is whether the observed effect is nano-size-related or due to the presence of silver. It was
shown that 15-34 nm AgNPs are more cytotoxic than AgNOj to the A-431 (osteosarcoma) cells [22].
Likewise, Kovacs et al. have shown that 5 nm and 35 nm citrate-AgNPs influenced the viability of two
osteosarcoma cell lines U20S and Saos-2 [23]. They have shown that cytotoxicity is size-dependent:
the smaller the AgNPs were, the stronger their cytotoxic abilities. Moreover, AgNPs also inhibited
cell proliferation and were more effective than cisplatin in the same concentration. AgNPs act by
triggering mitochondrial stress and eventually, apoptosis [23]. Another metal with anticancer activity in
nano-form is copper. Copper nanoparticles (CuNPs) embedded in alginial hydrogel in a concentration
of >0.5% wt. decreased viability of the Saos-2 cells [24]. Unfortunately, there is no literature data on
the mechanism of CuNPs cytotoxicity in osteosarcoma cells. We were unable to find any data about
the impact of iron or aluminium nanoparticles on osteosarcoma cells either.

Additionally, metal oxide nanoparticles can have anticancer activity. It has been shown that
3.8 nm titanium oxide nanoparticles (TiO,NPs) in the concentration of >0.5 pug/mL were cytotoxic
against the U20S cells in a time- and concentration-dependent manner. TiO,NPs induced excessive
ROS production and depletion of glutathione (GSH), triggering oxidative stress [25]. In another study,
cytotoxicity of TiO,NPs was also confirmed. Di Virgil et al. examined the anticancer activity of 15 nm
TiO,NPs and 50 nm aluminium oxide nanoparticles (Al;O3NPs) [26]. Both NPs types were cytotoxic
against the UMR-106 cells in the concentration of >50 pg/mL (MTT assay) [26]. Among others, pH is
one of the factors influencing cancer cells response to NPs. It was reported that 3-4 nm dextran-coated
cerium oxide nanoparticles (CeO,NPs) were more effective against osteosarcoma cells in acid pH
(pH = 6) than other pH levels (pH = 7, pH = 9). Interestingly, in the same condition, cytotoxicity of
CeO,NPs to non-cancerous bone cells was minimal. The study suggested increased ROS production as
a mechanism of CeO,NPs cytotoxicity [27]. This observation was confirmed in another study which
proved that zinc oxide nanoparticles (ZnONPs) could be harmful to MG63 as they triggered ROS
production [28].

Not only metal nanoparticles can be used against osteosarcoma. Kimura et al. showed that
fucoidan nanoparticles (100 nm) in the concentration of 1-8 mg/mL decreased the viability of the
143B cells by triggering apoptosis [29]. In the study, fucoidan NPs had higher anticancer activity
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than macro-size fucoidan in CH3 mice in vivo osteosarcoma model. Interestingly, as in the in vitro
model, fucoidan NPs triggered apoptosis in osteosarcoma in vivo as well. Moreover, fucoidan NPs
did not affect the bodyweight of the animals, therefore they should not have severe side effects [29].
Also, hydroxyapatite nanoparticles (HA-NPs) were shown to have beneficial properties. HA-NPs
are especially interesting because of the similarity of their composition and crystal structure to the
microarchitecture of a bone [30]. Interestingly, it was shown that HA-NPs can induce apoptosis in the
MG&63 cells and promote the viability of healthy osteoblasts [30]. Beside selective cytotoxicity only to
cancer cells, HA-NPs also caused ultrastructure changes. Swollen mitochondria, ribosome detachment
from rough endoplasmic reticulum, and changes in nuclear morphology were observed [30].

For better understanding of NPs biological activity, it is essential to know whether NPs are being
internalised or not. It has been shown that different nanoparticles can be uptaken and accumulated by
osteosarcoma cells. Azarami et al. have proven that the uptake of 112-303 nm gelatine nanoparticles
by the 143B cells is size-dependent. The larger the nanoparticles were, the less efficiently they were
internalised [31]. Similarly, it was shown that 100 nm PGLA NPs can be internalised by the MG63 cells.
PLGA NPs were internalised by endocytosis and accumulated in the cytoplasmic region [32].

To sum up, different nanoparticles (metal, metal oxide, HA) can have anticancer activity, typically
mediated by increased ROS production. Modification of NPs such as size, shape, type of NPs and/or
capping agent can affect their anticancer activity of NPs. The summary of NPs anti-osteosarcoma
activity is presented in Table 1.

Table 1. Summary of nanoparticles (NPs) effects in in vitro model of osteosarcoma.

Nanoparticles Type Osng;gi?:na Effect Additional Comment Reference
Gold NPs
24.3 nm capped with -
advance glycation Saos-2 Cytotoxicity [19]
products
Gold NPs rods 143B Cytotoxicity Cytotoxicity was
Gold NPs stars MG63 Apoptosis inducti hape-dependent (201
Gold NPs spheres poptosis induction shape-dependen
Cytotoxicity C}itotoxicity was
Citrate silver NPs U20s Proliferation inhibition size-dependent 23]
5 nm and 35 nm Saos-2 Mitochondrial stress and . i
apoptosis induction NPs were more effective
pop than cisplatin
Coﬁ)g?ﬁps Saos-2 Cytotoxicity [24]
Cytotoxicity
Titanium oxide NPs U205 Increased -ROS [25]
3.8 nm production
Depletion of GSH
Cytotoxicity
Titanium oxide NPs UMR-106 NPs were Presept in [26]
15 nm phagocytic vesicle
within the cells
Aluminium NP Cytotoxicity ti
oxide NPs UMR-106 S were presel m [26]
50 nm phagocytic vesicle
within the cells
Cytotoxicity was
Dextran coated cerium Cytotoxicity pH-dependent
oxide NPs MG63 Increased ROS Cells were more [27]
3—4 nm production

susceptible to NPs in an
acidic environment
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Table 1. Cont.
. Osteosarcoma i
Nanoparticles Type Cell Line Effect Additional Comment Reference
Cytotoxicity
Zinc oxide NPs MG63 Increased 'ROS 28]
22 nm production
Apoptosis induction
Cytotoxicity
Cerium oxide NPs MG63 Increased .ROS (28]
26 nm production
Apoptosis induction
. - Fucoidan in NPs were
Fucoidan NPs C3H Cytqt0?<1c1ty . more effective than [29]
100 nm Apoptosis induction . .
fucoidan itself
Selective cytotoxicity HA-NPs were cytotoxic
Hydroxyapatite NPs MG63 only to cancer cells to osteosarcoma cells and [30]
40 nm stimulated the growth of

Ultrastructure changes

healthy osteoblast

2.3. Nanoparticles Cytotoxicity to Other Bone Cancer Types

Chondrosarcoma, Ewing’s sarcoma and fibrosarcoma are other types of cancers, however they are
far less common than OS. Unfortunately, data about NPs cytotoxicity against them is limited. Sha et al.
examined the effect of 3.8 nm TiO,NPs on the SW1353 chondrosarcoma cells [25]. They observed
time- and concentration-dependent cytotoxicity of TiO,NPs. Interestingly, the chondrosarcoma cells
in the study were more susceptible to NPs than the osteosarcoma cells (U20S). Authors suggested
the induction of oxidative stress as TiO,NPs cytotoxicity mechanism [25]. NPs were also used as a
strategy to treat Ewing’s sarcoma. Elhamess et al. used genetically modified NIH/3T3 cells as Ewing
sarcoma model in which they have shown that oligonucleotides-chitosan nanospheres may be an
efficient gene delivery platform [33]. A summary of NP’s effect on fibrosarcoma in vitro model is

presented in Table 2.

Table 2. Summary of NPs effects in in vitro model of fibrosarcoma.

Nanoparticles Flbrosar.coma Effect Additional Comment Reference
Type Cell Line
NPs did not affect cells
viability
Gold NPs Anti-metastatic AuNPs interfered
127 nm HI-1080 effect actin-polymerisation pathway [34]
AuNPs inhabited cells
migration
Sﬂ‘éerrml\fps WEHTI164 Cytotoxicity ICs0 of AgNPs was 2.6 pg/mL 35]
Tron (1L, TIT) oxide NPs had magnetic properties
110\Ir1:rsn HT-1080 Cytotoxicity NPs may be used as drug [36]

delivery platform
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Table 2. Cont.

Nanoparticles Fibrosarcoma

Type Cell Line Effect Additional Comment Reference

NPs were coated with:
-OH, -NH,, -TEOS, -AMPTS or
TEOS/AMPTS functional
groups

Cytotoxicity and genotoxicity

Iron (II, III) oxide were function group —

NPs HT-1080 gyrthttOfiCliiy dependent [37]
10 nm, 100 nm enotoactly
AMPTS coated NPs were the
most cytotoxic
Positively charged NPs were
more genotoxic than
negatively charged
Cerium oxide NPs 115 g0 Non-cytotoxic [38]

25 nm

Cancer cells were more
susceptible to NPs than
non-transformed ones
WEHI164 Cytotoxicity [39]
NPs triggered oxidative stress

Cerium oxide NPs
30 nm

NPs caused apoptosis

NPs triggered oxidative stress
1929 Cytotoxicity [40]
NPs caused apoptosis

Chromium oxide
NPs

2.4. Nanoparticles as Drug Delivery Platforms

NPs as drug delivery platforms have a lot of advantages: improved efficiency, reduced toxicity,
smaller cost of therapy, potential effectiveness in MDR cancers [31]. It has been shown that NPs
can accumulate in the cancer microenvironment because of the improper structure and function of
endothelial cells in the tumour vasculature (wider junctions, fenestration, incomplete basal membrane)
which makes it easier to penetrate [41]. This observation was called enhanced permeability and
retention effect, and it is probably the basis of NPs anticancer effect [42]. The summary of all NPs as
drug delivery platforms is presented in Table 3.

Dhule et al. have shown that liposomal NPs can be used as curcumin drug delivery platforms [43].
Curcumin is not yet being used in clinical practice, however, its anticancer effect is well established and
cancer cells are more susceptible to curcumin than non-transformed ones [43]. Moreover, liposomal NPs
with curcumin trigger apoptotic death of KHOS (osteosarcoma) cells, whereas curcumin alone induces
autophagy [43]. It proves that wisely used drug delivery platforms can change compound properties
to more favourable ones. Also, Shu-Fen et al. have shown the effectiveness of curcumin. Their 250 nm
curcumin-loaded PGLA NPs significantly decreased the viability of U20S cells [16]. In that study,
curcumin in NPs induced apoptotic osteosarcoma cell death by triggering mitochondria-dependent
apoptosis [16]. Curcumin was not the only drug to be conjugated with NPs. Ni et al. designed
150 nm spherical, salinomycin-loaded PEG nanoparticles with aptamer to target osteosarcoma stem
cells [18]. Salinomycin is an old chemotherapeutic drug with high anticancer stem cells activity [18].
Unfortunately, its potential is greatly reduced by its water insolubility [18]. Salinomycin loaded PEG
NPs were effective against Saos-2, U20S and MG63 cells and even more effective against cancer
stem cells (CD133 positive) [18]. Moreover, in Saos-2 population, cancer stem cells were greatly
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reduced by adding an aptamer to salinomycin PEG-NPs treatment [18]. Those findings were also
confirmed in in vivo model. In Balb/c mice with an osteosarcoma tumour (from Saos-2 cells) treated
with NPs had their tumour weight, number of mammospheres formed and amount of cancer stem
cells reduced compared to control [18]. NPs loaded with two different cytostatic were also studied.
Wang et al. created complex NPs. They encapsulated paclitaxel (PTX) and etoposide (ETP) in 100 nm
PEG-ylated PLGA nanoparticles (PTX-ETP/PLGANDPs). Plain NPs (without PTX or ETP) were not
cytotoxic, which proves the safety of application [32]. The nanoparticles were more effective against
MG63 and Saos-2 cancer cells than PTX or ETP in combination, which demonstrated that nano form
significantly changes the properties of NPs. In a more detailed analysis it was demonstrated that
PTX-ETP/PLGANPs are more effective in inducing MG63 cell apoptosis than drugs without carrier [32].
Some scientists went further and combined chemotherapy with gene therapy to overcome drug
resistance. Sun et al. prepared 200 nm dextran-g-PEI NPs (DEX-PEI NPs) to be an adriamycin
(ADM) and plasmid transporter. They have shown that DEX-PEI-ADM NPs were more cytotoxic
against the MG63 and Saos-2 osteosarcoma than ADM or DEX-PEI NPs [41]. Next, they examined
properties of DEX-PEI-ADM NPs as a plasmid carrier. They tried to express a green fluorescent
protein (GFP) in the MG63 and Saos-2 cells. GFP was chosen, as it is easy to determine whether the
transfection was effective or not. DEX-ADM-PEI NPs with GFP pcDNA turned out to be an effective
transfection reagent [41]. However, NPs were less effective than Lipofectamine 2000, a typically
used transfection reagent (transfection effectiveness for NPs were 18.6% and 15.3% for MG63 and
Saos-2 cells respectively, whereas for Lipofectamine 2000 it was 26.6% and 21.8%). Also, Susa et al.
established DEX-containing NPs. They created 112.4 nm stearylamine-dextran nanoparticles loaded
with DOX (STE-DEX-DOXNPs) [17]. They examined STE-DEX-DOXNPs on the U20S, KHOS and
MDR osteosarcoma cell lines. Interestingly, after treatment with NPs DOX were more accumulated
in the drug-resistant cancer cell lines than in the regular KHOS or U20S cells. Moreover DOX in a
free form accumulated in osteosarcoma cells cytoplasm, whereas STE-DEX-DOXNPs were trafficked
to the nucleus of the cells [17]. Also, STE-DEX-DOXNPs have an antiproliferative effect and caused
apoptosis of OS cells. This effect was more prominent than in cells treated only with DOX.

Table 3. Summary of NPs properties as drug delivery treatment.

Nanoparticle Type Cell Line Drug Comment Reference
NPs triggered
PGLA NPs U20s Curcumin mitochondria-dependent [16]
apoptosis

The drug was more
accumulated in

KHOS . .
U208 drug-resistant cell lines
Streamline-dextran . Doxorubicin Antiproliferative effect and [17]
NPs Drug-resistant .. .
apoptosis induction
osteosarcoma
cells DOX in NPs were more
effective than free drug
PEG NPs with Saos-2 . . NPs were more ef.fectlve
stem-cell aptamer U20S Sialomycin against cancer cell line than [18]
P MG63 non-cancerous cell
NPs were more effective
than PTX and ETP in
PEGylated PLGA MG63 Paclitaxel combination 2]
NPs Saos-2 Etoposide

Apoptosis induction

G2/M arrest
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Table 3. Cont.

Nanoparticle Type Cell Line Drug Comment Reference

Anticancer activity

Dextran-g-PEI NPs MGe3 Adrle}mycm NPs were almost as good as [41]
Saos-2 Plasmid DNA . .
typically used transfection
reagent
Cancer cell lines were more
susceptible to NPs than
Doxorubicin non-transformed ones
Glutathione coated o
143B Gemcitabine . . [44]
gold NPs C . NPs conjugated with
ytarabine -
chemotherapeutic may be
more effective than
chemotherapeutic alone
Liposomal NPs with
Liposomal NPs KHOS Curcumin curcumin triggers apoptotic [43]

death whereas curcumin
alone induces autophagy

2.5. Magnetic Nanoparticles

Hyperthermia defined as the treatment of cancer with heat is a well-established practice. It is
proven that cancer cells are more susceptible to heat and in the temperature > 43 °C they undergo
necrosis [45]. The main problem of this approach is the impossibility to provide heat only to the tumour
and avoid healthy tissues. The use of magnetic nanoparticles that can be directed to the tumour and
then heated could enable overcoming that issue [46]. The most clinically promising method of NPs
heating is capacitive heating using a radiofrequency electric field [47]. Makridis et al. have suggested
26 nm Mn-Fe,O4 NPs in cancer treatment. They have proven that Mn-Fe,O4 NPs were internalised by
Saos-2 cells in energy-dependent endocytosis, also the cancer cells were more susceptible to heating
than the non-transformed ones. The magnetic field used to heat nanoparticles was not harmful
to the cells [46]. Hyperthermic treatment’s effectiveness was also proven in vivo. Matsuoka et al.
created magnetic cationic liposomes (MCL) based on supramagnetic iron oxide nanoparticles [48].
They injected MCL directly into an osteosarcoma tumour in a female Syrian hamster. Next, tumour
was heated to above 42 °C. They observed >15 days regression in all tested animals (75% animals
had complete regression). Moreover, tumour mass in treated animals was 0.1% (1/1000) of tumour
mass in control subjects [48]. A similar observation was made by Shido et al. [47]. They also used
MCL and heated the tumour to above 43 °C. They used C2/He mice model. They were able to achieve
suppression of tumour growth in all treated animals, with complete regression in 43% of treated
animals, whereas in control animals tumour volume was increasing over time [47]. The group which
underwent treatment also presented less metastases in comparison to control animals (mean number
of lung metastasis 56.8 versus 17.6) [47]. Interestingly, However, magnetic NPs are used not only
in hyperthermic treatment. Xeu-Song et al. created poly-lactic acid arsenic trioxide nanoparticles
(ATONPs) [49]. Arsenic trioxide is a compound used in the treatment of acute promyelocytic leukaemia.
In the study, they created 60-70 nm magnetic ATONPs and examined their anticancer abilities. They
have shown that with the usage of a magnetic field, ATONPs can be directed to a specific place. They
observed 40% higher concentrations of ATONPs in the kidneys of a New Zealand white rabbit if
magnetic field was used [49]. Moreover, the ATONPs were effective against osteosarcoma in in vivo
model (BALB/c nude mice). Also, Kubo et al. used magnetic liposomes in drug delivery. They created
146 nm magnetic liposomes incorporated with adriamycin (MLA) [50]. In vivo assessment (Syrian
hamster) have shown that only MLA under magnetic force were able to suppress tumour growth [50].
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To summarise, magnetic NPs in OS treatment can be used two-fold: as hyperthermic agents or delivery
platforms. In both approaches, NPs are effective both in vitro and in vivo.

3. Nanoparticles in Orthopaedic Implants

Because medical advancement societies are aging, it brings forward new health issues such as
osteoarthritis for which conservative treatment is often not sufficient and joint replacement surgery is
needed. Unfortunately, epidemiological data are terrifying. Ten percent of >15 years old Canadians
suffer from osteoarthritis. Almost half of the population at the age of 65 or older has osteoarthritis of
at least one joint [51]. Pain and movement impairment are the most prominent symptoms, severely
decreasing patient’s quality of life. It is the obligation of the scientific community to address main
issues regarding joint replacement surgery: implant-related infections and poor biocompatibility. NPs
may both increase biocompatibility of the implants and be the prophylaxis of the implant-related
infections [52,53]. This knowledge can be also used in other orthopaedic implantable devices such as
artificial ligaments or tendons, bone nails or screws.

3.1. Implant-Related Infections

In total, half of all nosocomial infections are related to implantable devices [54]. Although not very
common among orthopaedic patients (2-5%), this complication is costly ($1.86 billion annually only in
the United States) [54,55], especially if we consider that 500,000 people have a hip or knee replacement
in the United States alone [56]. Infections related to orthopaedic devices are often a cause of their failure,
leading to another surgery [54]. They can also be a facilitator for other serious complications and even
death, as they increase the risk of cardiac arrest, pulmonary embolism, myocardial infection and acute
renal failure [57]. Age, obesity and comorbidities are the main risk factors of serious complications [57].
Moreover, the diagnosis of implant-related infection is complicated and the symptoms may occur many
months after surgery [56]. Treatment typically consists of broad-spectrum systemic antibiotic treatment
and removal of the infected implant [54]. Typically infection is caused by aerobic Gram-positive
bacteria such as Staphylococcus aureus (34%), Streptococcus epidermidis (32%) and other coagulases
negative streptococci (13%) [54]. However, Gram-negative pathogens (Pseudomonas spp., Enterococcus
spp., Escherichia spp.) and fungi (Candida spp., Aspergillus spp.) also may cause the infection [54,56,58].
Planktonic bacteria are far less dangerous than the ones forming a biofilm. A biofilm is defined as
a complex structure made of bacterial cells and extracellular matrix, which allows cells to exchange
virulence factors via plasmids [59]. Importantly pathogens in the biofilm are more resistant to treatment
than planktonic form, typically 100-1000 times [60]. Moreover, neither antibiotics nor immune cells
can penetrate a biofilm easily, which makes the treatment challenging. It can occur on any surface that
bacterial cells can adhere to, orthopaedic devices included [59].

3.2. Biocompatibility

Bone is a metabolically active tissue with a great remodelling potential [7]. Therefore, it is
important that the implant or any other device is incorporated into the surrounding tissue. Titanium
is one of the most popular implant materials, so naturally, the modification of titanium surface to
increase its biocompatibility is the most popular choice. Ren et al. proposed titanium-AgNPs-titanium
nanostructure [61]. Such nanostructures have good antimicrobial properties; moreover, the MC3T3-E1
cells (mouse preosteoblast) attached and proliferated on the nanostructure easily. Preosteoblast had
proper morphology and appropriate amount of alkaline phosphatase (ALP) activity which is a marker
of osteogenesis [61]. Unfortunately, high concentration of nanostructure and prolonging incubation
impacted the cellular proliferation and morphology [61]. A strategy to enhance antimicrobial properties
of the implants was also used by Xiang et al. They used poly(lactic-co-glycolic acid)/ZnO nanorods/Ag
nanoparticles hybrid coating on Ti implants (PLGA-ZnO-AgNPs) [62]. Their coating had antimicrobial
activity against both Gram-positive and Gram-negative bacteria (Staphylococcus aureus, Escherichia
coli). A biocompatibility assessment showed that PLGA-ZnO-AgNPs were less cytotoxic than ZnO
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or ZnO-Ti against MC3T3-E1 cells [62]. They also used ALP as a marker of osteogenesis and an
increased level of that enzyme in cells on the PLGA-ZnO-AgNPs surface was noted [62]. As further
confirmation they observed the proper formation of cytoskeleton within the MC3T3-E1 cells [62].
Also, Neupane et al. modified titanium nanotubes with AuNPs (TiO,-AuNPs). They compared
TiO,-AuNPs to polished Ti (Tip) and TiO, nanotubes (TiO;NPs). In comparison to other materials,
the MC3T3-E1 cells on the surface of TiO,-AuNPs had more visible nuclei and more filopodia, and
therefore higher osteoblast activity [53]. It was further confirmed by MTT assay that the MC3T3-E1
cells were more viable when treated with TiO,-AuNPs than Ti, or TiO,NPs [53]. In another paper,
titanite nanotubes were modified with AgNPs [63]. The created material was expected to have
antibacterial properties against Escherichia coli [63]. In comparison to the titanium control the proposed
coating did not affect MC3T3-E1 proliferation, moreover, it promoted cells adhesion and migration [63].
Hydroxyapatite (HA) may promote the proliferation of healthy bone cells [30], and thus several
attempts were made to functionalise the implants with HA. Fomin et al. functionalised titanium surface
with hydroxyapatite nanoparticles (HA-NPs). They have found that this modification improved
fibroblast fixation to the surface [64]. Salaie et al. modified medical titanium alloy with AgNPs and
HA-NPs [65]. Unfortunately, their coating was slightly toxic (cell viability was decreased by around
30%), however, in a morphological analysis cells showed no signs of distress and filopodia formed
well [65]. Those findings have proven that the modifications of implants surface with NPs may increase
their biocompatibility and act as an antimicrobial agent. They had shown so much promise that some
of the modifications were even patented [66].

3.3. Nanoparticles in Bone Regenerative Strategies

Because of their unique properties, some NPs may promote osteogenesis. Wei et al. reported that
AgNPs promoted osteogenesis by inducing autophagy [67]. AgNPs assessed in human mesenchymal stem
cells model in a non-toxic concentration were internalised, promoted osteogenesis (increased mineralisation
and alkaline phosphatases activity) and matrix protein synthesis [67]. 53-nm AuNPs modified with
advanced-platelet-rich-plasma were non-cytotoxic and promoted osteogenesis (by increasing alkaline
phosphates activity and calcium content) [68]. Patel et al. have created hydroxyapatite NPs (HA-NPs)
and examined their effect on bone marrow-delivered mesenchymal stem cells (BMSCs) [69]. They have
proven that HA-NPs were non-toxic to BMSCs and promoted osteogenesis (increased level of calcium and
gene expression of osteoblast markers) [69]. NPs made of hydroxyapatite and gold (HA-Au-NPs) had
particularly beneficial properties. Liang et al. have shown that HA-Au-NPs were internalised by endocytic
pathway and promoted osteogenesis, [70]. Increased alkaline phosphatase activity and expression
of osteogenic genes were reported. Authors suggested that the observed effect was Wnt/f3-catenin
pathway-dependent [70]. In another study HA-NPs were enriched in Li* ions [71]. The created
biomaterial promoted osteogenesis and mitochondrial dynamic and inhibited apoptosis in adipose
tissue-derived mesenchymal stem cells model [71]. Also, calcium polyphosphate NPs (polyP-NPs) can
stimulate osteogenesis. Hatt et al. have proven that polyP-NPs can be a source of phosphate for matrix
mineralisation and increased osteogenesis marker levels [72]. Graphene oxide may be an interesting
biomaterial too. Several studies have shown that it has the abilities to promote osteogenesis and it can
also be effective against Staphylococcus aureus [73,74]. Pro-osteogenic properties of NPs have also been
proven in in vivo model. Wang et al. have reported that aptamer-functionalised NPs (AP-NPs) may
increase the osteogenesis markers level (osteopontin, osteocalcin, alkaline phosphatase) and improve the
femur bone regeneration [75]. Moreover, AP-NPs were non-toxic in in vitro BMSCs model. Also, sinopic
acid-loaded chitosan NPs (SA-CH-NPs) promoted osteogenesis in vivo (observed as better regeneration
of cervical bone) [76]. Those results corresponded with in vitro assessment, where NPs were non-toxic
and promoted osteoblast formations from BMSCs through activation of the TGF-31/BMP/Smads/Runx2
pathway [76]. Study designed by Kuang et al. is especially interesting because they created an injectable
material containing nanocomposite hydrogel and CaPNPs [77]. The injectable material was potentially
convenient to use and its effectiveness in promoting osteogenesis was proven both in vitro and in vivo [77].



Nanomaterials 2020, 10, 658 11 of 20

To summarise, both organic and inorganic NPs can promote osteogenesis and be non-toxic to mammalian
cells. These abilities may be used in regenerative medicine.

3.4. Antimicrobial Properties of Nanoparticles

AgNPs are the ones with the best-described antimicrobial activity. Baker et al. have shown that
75 nm AgNPs can be effective against Escherichia coli [52]. However, the antibacterial properties of silver
are size-dependent. The study has proven that the smaller AgNPs (7 nm) were more effective than
the bigger ones (29 nm, 89 nm). That observation was made by a comparison of minimal inhibitory
concentration (MIC) of two bacterial strains E. coli and Staphylococcus aureus [78]. Another paper
showed that AgNPs are more effective against Gram-negative bacteria than against Gram-positive
ones [79]. Moreover, AgNPs can also act against drug-resistant bacteria (ampicillin-resistant Escherichia
coli and multi-drug resistant Salmonella typhi) [79]. In other studies, AgNPs inhibited the growth of
Bacillus subtilis, Klebsiella mobilis, Vibrio cholera, Pseudomonas aeruginosa, Shigella flexneri, Mycobacterium
smegmatis and Mycobacterium tuberculosis [5,80,81]. It was only the size that influenced the antimicrobial
properties of AgNPs. Niska et al. examined the role of the capping agent on antimicrobial properties of
AgNPs [82]. They examined uncapped AgNPs, AgNPs capped with lipolic acid (LA), tannic acid (TA)
or PEG. UC-AgNPs and LA-AgNPs had the strongest antimicrobial activity, whereas TA-AgNPs the
smallest. Their AgNPs had also an antibiofilm activity. In their study, Gram-positive strains were more
susceptible to AgNPs which is contrary to the findings of Shrivastava et al. [79,82]. Several mechanisms
of AgNPs antimicrobial properties are suggested (Figure 3); the inhibition of transduction of signalling
pathways, lytic effect on the cellular membrane, increased ROS production, inhibition of enzymes,
inactivation of nucleic acids are worth mentioning [79,83-85]. AgNPs can also have an antifungal
activity [84]. It was reported that 25-nm AgNPs inhibited the growth of four strains of Candida spp.,
AgNPs were used in concentrations non-cytotoxic for mammalian cells [86]. Moreover, stabilisation
with surfactants or polymers improved the antifungal activity of AgNPs [86]. This observation was
in accordance with other studies, and also found that 3-nm AgNPs are effective against Trichophyton
mentagrophytes [87]. AgINPs were more effective than commonly used medication: amphotericin b and
fluconazole [87]. AgNPs possibly have antiviral and antiprotozoal activity as well, however viruses
and protozoa almost never cause bone infections [88,89].

@ silver nanoparticles

.

NS signal transduction
Iytic effect on MEI’ABOI.ISM BLOCKAGE impalrment

eollular membrane .
, “ bacterial cell

ions accumulation

increased ROS
production

Figure 3. Schematic summary of AgNPs antibacterial activity mechanism.
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Also, AuNPs can be an interesting antimicrobial agent. Cui et al. reported the antibacterial
activity of AuNDPs against E. coli [90]. AuNPs inhibited the growth of both planktonic form and
biofilm [90]. AuNPs impacted the expression of 359 genes, decreased ATP concentration within the
bacterial cells and triggered ROS production [90]. Also, Gram-positive bacteria may be susceptible
to AuNPs. The same paper has shown that 11-22 nm AuNPs can be an antifungal agent against
Candida spp. and Aspergillus spp. [91]. Transmission electron microscopy (TEM) has shown that AuNPs
attached themselves to bacterial cells and caused improper respiration and permeability [91]. Other
papers also supported that AuNPs can be an antibacterial agent [92]. Unfortunately, some studies did
not prove the antibacterial properties of AuNPs [93,94]. NPs types such as copper, zinc oxide, titanium
oxide and others can also have antimicrobial properties [95-99]. A more detailed description of those
NPs antimicrobial properties is presented in Table 4. NPs may be potentially used as antimicrobial
agents for bacteria and fungi in planktonic form or biofilm. Their properties depend on: type of NPs,
size, shape and capping agent type [78,82,86,98,99].

Table 4. Summary of antimicrobial activity of nanoparticles.

Nanoparticles Type Microorganism Comment Reference
Silver NPs Escherichia coli NPs had antibacterial activity. [52]
75 nm
Silver NPs Escherichia coli MIC values were size-dependent.

Bigger nanoparticles were less [78]

7 nm, 29 nm and 89 nm Staphylococcus aureus offective than smaller ones

o . Gram-negative bacteria are more
Escherichia coli

susceptible to NPs
Staphylococcus aureus
Silver NPs Amp 1c1lll'n resistant NPs were effective against [79]
10-15 nm Escherichia coli drue-resistant bactoria
Multi drug resistant ug
Salmonella typhi NPs inhibited signal transduction
Staphylococcus aureus
Silver NPs Pseudomonas aeruginosa
Starch stabilised Shigella flexneri NPs had antibacterial activity. [80]
20-40 nm * Salmonella typhi
Mycobacterium smegmatis
Lipolic acid- silver NPs 9.5 nm Antimicrobial activity was capping
PEG- silver NPs 17 different agent dependent
9.8 nm gram-negative strains
Tannic acid - silver NPs Gram-positive bacteria were more [82]
10 nm 9 different gram-positive susceptible to NPs
Silver NPs strains
112 nm NPs had antibiofilm activity
Silver NPs Escherichia coli NPs had antibacterial and antifungal )
Staphylococcus aureus .. [84]
13,5 nm activity
Yeast
NPs stabilised with surfactants or
‘ Candida albicans polymers had h1gher antifungal
Silver NPs . o activity
25 nm Candida parapsilosis [86]
Candida tropicalis The antifungal effect was present in
non-cytotoxic concentrations
Candida albicans
Candida tropicalis
Silver NPs Candlda'p arip SZIQSZS NPs were more effective than
Candida krusei .. [87]
3nm . amphotericin B and fluconazole
Candida glabrata
Trichophyton

mentagrophytes
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Table 4. Cont.
Nanoparticles Type Microorganism Comment Reference
NPs impacted expression of 359 genes
Gold NPs o . NPs inhibited ATP synthesis and
(No size info) Escherichia coli dissipated membrane potential [50]
NPs increased ROS production
Listeria monocytogenes
Bacillus cereus NPs were effective against
Staphylococcus aureus e .
L . Gram-positive and Gram-negative
Escherichia coli .
Gold NPs . bacteria
Pseudomonas aeruginosa [91]
11-22 nm . .
Salmonella typhimurium .
. . NPs were more effective than
Candida albicans . . . .
A 1l . ciprofloxacin against bacteria
spergillus niger
Aspergillus flavus
Gold NPs Staphylococcus aureus . . ..
18.32 nm Pseudomonas aeruginosa NPs had antibacterial activity. [92]
NPs caused dissipation of cell
Copper NPs o . membrane, generation of ROS, lipid
62.5 nm Escherichia coli peroxidation, protein and DNA [95]
degradation in bacterial cells
Micrococcus luteus
Staphylococcus aureus
Copper NPs Klebsiella p netmontae NPs had antibacterial and antifungal
. Pseudomonas aerugionsa .. [96]
(No size info) . activity
Aspergillus flavus
Aspergillus niger
Candida albicans
Zinc oxide NPs . Es.cherlchla coli NPs had antibacterial activity. [97]
200 nm Listeria monocytogenes
NPs antifungal activity was
. . size-dependent
10 chlcgz)lde Ni’s Candida albicans [98]
nm, nm, & pm NPs antifungal action is ROS
mediated
Copper oxide NPs NPs antibacterial properties were
Titanium oxide NPs material dependent (CuONPs >
Zinc oxide NPs TiO,NPS > ZnONPs > Al,O3NPs >
Alu.rr‘umum f)x1de NPs Escherichia coli SiO,NPs > Fe, O3NPs > CeO,NPs) [99]
Silicon oxide NPs
Iron oxide NPs NPs antimicrobial activity was
Cerium oxide NPs correlated with increased ROS
25-50 nm production
Corl)girﬂll\IPs Escherichia coli NPs had antibacterial activity. [100]

* No detailed size information.

4. Safety Concerns

NPs have beneficial properties discussed in the previous sections of this article. But as any potential
treatment, they will have side effects if used in clinical practice. Unfortunately, data on cytotoxicity of
NPs against healthy bone cells is insufficient; only a few papers examined this aspect. Albers et al. have
reported that 50 nm AgNPs can decrease the viability and proliferation rate of primary osteoblast and
primary osteoclast [101]. Another study has shown that 15-nm AgNPs can trigger hFOB1.19 (human
foetal osteoblast) apoptosis and necrosis via increased production of nitric oxide [102]. Also, AuNPs
can influence the bone cell viability. AuNPs in the shape of rods and stars decreased the viability of
hFBO1.19 cells, whereas the spherical-shaped ones did not [20]. Also, TiO,NPs may be harmful to the
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bone cells. TiO,NPs (10-15 nm) were internalised by hFOB1.19 cells and decreased their viability in a
concentration-dependent manner by triggering oxidative stress [103]. We are unable to find any other
data about in vitro cytotoxicity of NPs to healthy bone cells. Unfortunately, there was only one animal
study regarding that matter. In in vivo (Wistar rats) assay, neither 20 nm AgNPs nor 21 nm TiO,NPs
were toxic to red and white cells in the bone marrow [104]. Unfortunately, reticulocytes and leucocytes
in the bone marrow responded negatively to AgNPs and TiO,NPs [104].

Although the available data are scarce, it is clear that NPs can be harmful. However, we should
keep in mind that it is true for any other drug as well. Many commonly used antimicrobial agents
(polymyxin B, amphotericin B, colistin M, cefazolin, ciprofloxacin, tetracycline, rifampicin, clindamycin,
azithromycin, chloramphenicol, linezolid) can affect cell viability and/or proliferation [105-107].
Moreover, commonly used chemotherapeutics have numerous side effects; for example gemcitabine
causes myelosuppression, hearing loss and liver failure, cytarabine damages the brain, heart and
gastrointestinal tract and is also myelotoxic, and doxorubicin destroys bone marrow and causes
nausea [108-110].

5. Clinical Usage

More than 51 products with nanotechnology developments are FDA approved [111]. Several
products with hydroxyapatite or calcium phosphate in nanocrystal form were approved as bone
substitutes (Vitoss®, Ostim®, OsSarura®, NanoOss®, EquivaBone®) [111]. Regarding matters
discussed in this review the usage of carbon NPs and supramagnetic iron oxide NPs in lymph node
biopsy [112,113] or medical imaging [111] is especially interesting. In all mentioned studies there were
no information concerning side effects after application of NPs.

6. Conclusions

Despite the recent advancements in orthopaedics bone cancers and implant-related infections are
still unsolved problems. However, in the future, NPs may be applied as therapeutic agents. Because of
their unique properties, both organic and inorganic NPs could potentially be used. In cancer therapy,
NPs can be (I) directly cytotoxic to cancer cells, (II) drug delivery platforms or (III) hyperthermic agents.
Moreover, NPs can be more effective than the drugs currently used in the clinic. As an adjuvant to the
implant, NPs can (I) increase their biocompatibility by promoting osteogenesis and (II) be antimicrobial
agents. Unfortunately, NPs can be also harmful to healthy cells. Several factors influence the biological
properties of NPs (I) type of NPs, (II) concentration, (III) size, (IV) shape, (V) pH of environment,
(VI) capping agents, (VII) functionalisation.

In future research, there is a need for a better understanding of the mechanisms of NPs biological
properties, especially the antimicrobial ones. While focusing on the positive aspect of NPs in bioscience,
we should also peruse nanotoxicological studies—the better we understand the NPs harmful effect
the better we can avoid the side effects. Detailed knowledge about interaction between NPs and
living cells in terms of cytotoxicity, anticancer and antimicrobial properties will allow designing
nanoparticles-based drugs and biomaterials with highly favourable pharmacological/toxicological
profile. Indisputably, NPs are a powerful tool, however there is still a lot to be done before we
acknowledge that they can be used without any unknown risks.

Author Contributions: Conceptualization, K.P.S. and LI.-S.; methodology, K.P.S. and 1.1.-S.; investigation, K.P.S.;
resources, K.P.S. and L1.-S.; data curation, K.P.S.; writing—original draft preparation, K.P.S.; writing—review and
editing, K.P.S. and LI.-S.; visualization, K.P.S.; supervision, LL-S.; project administration, K.P.S. and L.L-S.; All
authors have read and agreed to the published version of the manuscript.

Funding: K.P.S and L.I.-S acknowledges funding from Medical University of Gdansk (ST-02-0046/07/259).

Acknowledgments: The authors would like to thank Magdalena Bazgier MD for contribution to language
proofread. Some elements of figures were downloaded from “‘www.somersault1824.com” with creators’” permission
for usage in this article. The authors are grateful for that kindness.

Conflicts of Interest: The authors declare no conflict of interest.


www.somersault1824.com

Nanomaterials 2020, 10, 658 15 of 20

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Hulla, J.E.; Sahu, S.C.; Hayes, A.W. Nanotechnology: History and future. Hum. Exp. Toxicol. 2015, 34,
1318-1321. [CrossRef]

Fernandez, M.D.; Alonso-Blazquez, M.N.; Garcia-Gémez, C.; Babin, M. Evaluation of zinc oxide nanoparticle
toxicity in sludge products applied to agricultural soil using multispecies soil systems. Sci. Total Environ.
2014, 497498, 688—696. [CrossRef]

Kim, ].S.; Adamcakova-Dodd, A.; O’Shaughnessy, P.T.; Grassian, V.H.; Thorne, P.S.; Roco, M.; Karlsson, H.;
Cronholm, P.; Gustafsson, J.; Moller, L.; et al. Effects of copper nanoparticle exposure on host defense in a
murine pulmonary infection model. Part. Fibre Toxicol. 2011, 8, 29. [CrossRef]

Rai, M.; Ingle, A.P; Birla, S.; Yadav, A.; Santos, C.A. Dos Strategic role of selected noble metal nanoparticles
in medicine. Crit. Rev. Microbiol. 2016, 42, 696-719.

Dos Santos, C.A.; Seckler, M.M.; Ingle, A.P,; Gupta, I.; Galdiero, S.; Galdiero, M.; Gade, A.; Rai, M. Silver
nanoparticles: Therapeutical uses, toxicity, and safety issues. |. Pharm. Sci. 2014, 103, 1931-1944. [CrossRef]
[PubMed]

Selvaraj, M.; Pandurangan, P.; Ramasami, N.; Rajendran, S.B.; Sangilimuthu, S.N.; Perumal, P. Highly potential
antifungal activity of quantum-sized silver nanoparticles against Candida albicans. Appl. Biochem. Biotechnol.
2014, 173, 55-66. [CrossRef] [PubMed]

Stevens, M.M. Biomaterials for bone tissue engineering. Mater. Today 2008, 11, 18-25. [CrossRef]

Moll, N.M.; Ransohoff, R.M. CXCL12 and CXCR4 in bone marrow physiology. Expert Rev. Hematol. 2010, 3,
315-322. [CrossRef] [PubMed]

Bosman, A.J.; Hol, M.K.S.; Snik, A.EM.; Mylanus, E.A.M.; Cremers, C.W.R.]J. Bone-anchored hearing aids in
unilateral inner ear deafness. Proc. Acta Oto Laryngol. 2003, 123, 258-260. [CrossRef]

Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394-424. [CrossRef]

Tangka, FK.; Trogdon, J.G.; Richardson, L.C.; Howard, D.; Sabatino, S.A.; Finkelstein, E.A. Cancer treatment
cost in the United States: Has the burden shifted over time? Cancer 2010, 116, 3477-3484. [CrossRef]
[PubMed]

Ward, E.; DeSantis, C.; Robbins, A.; Kohler, B.; Jemal, A. Childhood and adolescent cancer statistics. CA Cancer
J. Clin. 2014, 64, 83-103. [CrossRef] [PubMed]

Chow, E.; Harris, K; Fan, G.; Tsao, M.; Sze, W.M. Palliative radiotherapy trials for bone metastases: A
systematic review. J. Clin. Oncol. 2007, 25, 1423-1436. [CrossRef] [PubMed]

Luetke, A.; Meyers, PA.; Lewis, L; Juergens, H. Osteosarcoma treatment—Where do we stand? A state of the
art review. Cancer Treat. Rev. 2014, 40, 523-532. [CrossRef] [PubMed]

Savage, S.A.; Mirabello, L. Using epidemiology and genomics to understand osteosarcoma etiology. Sarcoma
2011, 2011, 14-16. [CrossRef]

Peng, S.F; Lee, C.Y.; Hour, M.J.; Tsai, S.C.; Kuo, D.H.; Chen, FA.; Shieh, P.C.; Yang, ].S. Curcumin-loaded
nanoparticles enhance apoptotic cell death of U20S human osteosarcoma cells through the Akt-Bad signaling
pathway. Int. J. Oncol. 2014, 44, 238-246. [CrossRef]

Susa, M.; Iyer, A K.; Ryu, K.; Hornicek, FJ.; Mankin, H.; Amiji, M.M.; Duan, Z. Doxorubicin loaded polymeric
nanoparticulate delivery system to overcome drug resistance in osteosarcoma. BMC Cancer 2009, 9, 399.
[CrossRef]

Ni, M.Z,; Xiong, M.; Zhang, X.C.; Cai, G.P; Chen, HW.; Zeng, Q.M.; Yu, Z.C. Poly(lactic-co-glycolic acid)
nanoparticles conjugated with CD133 aptamers for targeted salinomycin delivery to CD133+ osteosarcoma
cancer stem cells. Int. ]. Nanomed. 2015, 10, 2537-2554.

Rahim, M,; Iram, S.; Khan, M.S.; Khan, M.S.; Shukla, A.R,; Srivastava, A.K.; Ahmad, S. Glycation-assisted
synthesized gold nanoparticles inhibit growth of bone cancer cells. Colloids Surf. B Biointerfaces 2014, 117,
473-479. [CrossRef]

Steckiewicz, K.P; Barcinska, E.; Malankowska, A.; Zauszkiewicz-Pawlak, A.; Nowaczyk, G.;
Zaleska-Medynska, A.; Inkielewicz-Stepniak, I. Impact of gold nanoparticles shape on their cytotoxicity
against human osteoblast and osteosarcoma in in vitro model. Evaluation of the safety of use and anti-cancer
potential. J. Mater. Sci. Mater. Med. 2019, 30, 1-15. [CrossRef]


http://dx.doi.org/10.1177/0960327115603588
http://dx.doi.org/10.1016/j.scitotenv.2014.07.085
http://dx.doi.org/10.1186/1743-8977-8-29
http://dx.doi.org/10.1002/jps.24001
http://www.ncbi.nlm.nih.gov/pubmed/24824033
http://dx.doi.org/10.1007/s12010-014-0782-9
http://www.ncbi.nlm.nih.gov/pubmed/24648138
http://dx.doi.org/10.1016/S1369-7021(08)70086-5
http://dx.doi.org/10.1586/ehm.10.16
http://www.ncbi.nlm.nih.gov/pubmed/21082982
http://dx.doi.org/10.1080/000164580310001105
http://dx.doi.org/10.3322/caac.21492
http://dx.doi.org/10.1002/cncr.25150
http://www.ncbi.nlm.nih.gov/pubmed/20564103
http://dx.doi.org/10.3322/caac.21219
http://www.ncbi.nlm.nih.gov/pubmed/24488779
http://dx.doi.org/10.1200/JCO.2006.09.5281
http://www.ncbi.nlm.nih.gov/pubmed/17416863
http://dx.doi.org/10.1016/j.ctrv.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24345772
http://dx.doi.org/10.1155/2011/548151
http://dx.doi.org/10.3892/ijo.2013.2175
http://dx.doi.org/10.1186/1471-2407-9-399
http://dx.doi.org/10.1016/j.colsurfb.2013.12.008
http://dx.doi.org/10.1007/s10856-019-6221-2

Nanomaterials 2020, 10, 658 16 of 20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Nayak, D.; Ashe, S.; Rauta, P.R.; Kumari, M.; Nayak, B. Bark extract mediated green synthesis of silver
nanoparticles: Evaluation of antimicrobial activity and antiproliferative response against osteosarcoma.
Mater. Sci. Eng. C 2016, 58, 44-52. [CrossRef] [PubMed]

Mohanta, Y.K,; Panda, S.K,; Jayabalan, R.; Sharma, N.; Bastia, A.K.; Mohanta, T.K. Antimicrobial, Antioxidant
and Cytotoxic Activity of Silver Nanoparticles Synthesized by Leaf Extract of Erythrina suberosa (Roxb.).
Front. Mol. Biosci. 2017, 4, 14. [CrossRef] [PubMed]

Kovacs, D.; Igaz, N.; Keskeny, C.; Bélteky, P.; Téth, T.; Gaspar, R.; Madarasz, D.; Razga, Z.; Kénya, Z,;
Boros, LM.; et al. Silver nanoparticles defeat p53-positive and p53-negative osteosarcoma cells by triggering
mitochondrial stress and apoptosis. Sci. Rep. 2016, 6, 27902. [CrossRef] [PubMed]

Palza, H.; Galarce, N.; Bejarano, J.; Beltran, M.; Caviedes, P. Effect of copper nanoparticles on the cell viability
of polymer composites. Int. |. Polym. Mater. Polym. Biomater. 2017, 66, 462—468. [CrossRef]

Sha, B.; Gao, W.; Han, Y.; Wang, 5.Q.; Wu, ]J.; Xu, F; Lu, T.J. Potential Application of Titanium Dioxide
Nanoparticles in the Prevention of Osteosarcoma and Chondrosarcoma Recurrence. |. Nanosci. Nanotechnol.
2013, 13, 1208-1211. [CrossRef] [PubMed]

Di Virgilio, A.L.; Reigosa, M.; Lorenzo De Mele, M.F. Response of UMR 106 cells exposed to titanium oxide
and aluminum oxide nanoparticles. . Biomed. Mater. Res. Part A 2010, 92, 80-86. [CrossRef]

Alpaslan, E.; Yazici, H.; Golshan, N.H.; Ziemer, K.S.; Webster, T.J. PH-Dependent Activity of Dextran-Coated
Cerium Oxide Nanoparticles on Prohibiting Osteosarcoma Cell Proliferation. ACS Biomater. Sci. Eng. 2015, 1,
1096-1103. [CrossRef]

Sisubalan, N.; Ramkumar, V.S.; Pugazhendhi, A.; Karthikeyan, C.; Indira, K.; Gopinath, K.; Hameed, A.S.H.;
Basha, M.H.G. ROS-mediated cytotoxic activity of ZnO and CeO2 nanoparticles synthesized using the
Rubia cordifolia L. leaf extract on MG-63 human osteosarcoma cell lines. Environ. Sci. Pollut. Res. 2018, 25,
10482-10492. [CrossRef]

Kimura, R.; Rokkaku, T.; Takeda, S.; Senba, M.; Mori, N. Cytotoxic effects of fucoidan nanoparticles against
osteosarcoma. Mar. Drugs 2013, 11, 4267-4278. [CrossRef]

Qing, F; Wang, Z.; Hong, Y,; Liu, M.; Guo, B.; Luo, H.; Zhang, X. Selective effects of hydroxyapatite
nanoparticles on osteosarcoma cells and osteoblasts. J. Mater. Sci. Mater. Med. 2012, 23, 2245-2251.
[CrossRef]

Azarami, S.; Huang, Y.; Chen, H.; McQuarrie, S.; Abrams, D.; Roa, W.; Ginlay, W.; Miller, G.; Lobenberg, R.
Optimization of a two-step desolvation method for preparing gelatin nanoparticles and cell uptake studies
in 143B osteosarcoma cancer cells. J. Pharm. Pharm. Sci. 2006, 9, 124-132.

Wang, B.; Yu, X.C; Xu, S.F; Xu, M. Paclitaxel and etoposide co-loaded polymeric nanoparticles for the
effective combination therapy against human osteosarcoma. J. Nanobiotechnol. 2015, 13, 22. [CrossRef]
[PubMed]

Elhamess, H.; Bertrand, ].R.; MacCario, J.; Maksimenko, A.; Malvy, C. Antitumor vectorized oligonucleotides
in a model of ewing sarcoma: Unexpected role of nanoparticles. Oligonucleotides 2009, 19, 255-264. [CrossRef]
[PubMed]

Karuppaiya, P.; Satheeshkumar, E.; Chao, W.T.; Kao, L.Y.; Chen, E.C.F,; Tsay, H.S. Anti-metastatic activity
of biologically synthesized gold nanoparticles on human fibrosarcoma cell line HT-1080. Colloids Surf.
B Biointerfaces 2013, 110, 163-170. [CrossRef]

Safaepour, M.; Shahverdi, A.R.; Shahverdi, H.R.; Khorramizadeh, M.R.; Gohari, A.R. Green Synthesis of
Small Silver Nanoparticles Using Geraniol and Its Cytotoxicity against Fibrosarcoma-Wehi. Avicenna J.
Med. Biotechnol. 2009, 1, 111-115.

Khorramizadeh, M.R.; Esmail-Nazari, Z.; Zarei-Ghaane, Z.; Shakibaie, M.; Mollazadeh-Moghaddam, K.;
Iranshahi, M.; Shahverdi, A.R. Umbelliprenin-coated Fe304 magnetite nanoparticles: Antiproliferation
evaluation on human Fibrosarcoma cell line (HT-1080). Mater. Sci. Eng. C 2010, 30, 1038-1042. [CrossRef]
Yang, W.J.; Lee, ].H.; Hong, S.C.; Lee, ].; Lee, J.; Han, D.W. Difference between toxicities of iron oxide magnetic
nanoparticles with various surface-functional groups against human normal fibroblasts and fibrosarcoma
cells. Materials 2013, 6, 4689—-4706. [CrossRef]

Akhtar, M.J.; Ahamed, M.; Alhadlaq, H.A.; Khan, M.A.M.; Alrokayan, S.A. Glutathione replenishing potential
of CeO, nanoparticles in human breast and fibrosarcoma cells. J. Colloid Interface Sci. 2015, 453, 21-27.
[CrossRef]


http://dx.doi.org/10.1016/j.msec.2015.08.022
http://www.ncbi.nlm.nih.gov/pubmed/26478285
http://dx.doi.org/10.3389/fmolb.2017.00014
http://www.ncbi.nlm.nih.gov/pubmed/28367437
http://dx.doi.org/10.1038/srep27902
http://www.ncbi.nlm.nih.gov/pubmed/27291325
http://dx.doi.org/10.1080/00914037.2016.1252343
http://dx.doi.org/10.1166/jnn.2013.6081
http://www.ncbi.nlm.nih.gov/pubmed/23646604
http://dx.doi.org/10.1002/jbm.a.32339
http://dx.doi.org/10.1021/acsbiomaterials.5b00194
http://dx.doi.org/10.1007/s11356-017-0003-5
http://dx.doi.org/10.3390/md11114267
http://dx.doi.org/10.1007/s10856-012-4703-6
http://dx.doi.org/10.1186/s12951-015-0086-4
http://www.ncbi.nlm.nih.gov/pubmed/25880868
http://dx.doi.org/10.1089/oli.2009.0197
http://www.ncbi.nlm.nih.gov/pubmed/19732024
http://dx.doi.org/10.1016/j.colsurfb.2013.04.037
http://dx.doi.org/10.1016/j.msec.2010.05.005
http://dx.doi.org/10.3390/ma6104689
http://dx.doi.org/10.1016/j.jcis.2015.04.049

Nanomaterials 2020, 10, 658 17 of 20

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Nourmohammadi, E.; Khoshdel-sarkarizi, H.; Nedaeinia, R.; Sadeghnia, H.R.; Hasanzadeh, L.; Darroudi, M.;
Kazemi oskuee, R. Evaluation of anticancer effects of cerium oxide nanoparticles on mouse fibrosarcoma cell
line. J. Cell. Physiol. 2019, 234, 4987-4996. [CrossRef]

Alarifi, S.; Ali, D.; Alkahtani, S. Mechanistic investigation of toxicity of chromium oxide nanoparticles in
murine fibrosarcoma cells. Int. ]. Nanomed. 2016, 11, 1253-1259.

Sun, K; Wang, J.; Zhang, J.; Hua, M.; Liu, C.; Chen, T. Dextran-g-PEI nanoparticles as a carrier for co-delivery
of adriamycin and plasmid into osteosarcoma cells. Int. J. Biol. Macromol. 2011, 49, 173-180. [CrossRef]
[PubMed]

Palakurthi, S.; Yellepeddi, V.K.; Vangara, K.K. Recent trends in cancer drug resistance reversal strategies
using nanoparticles. Expert Opin. Drug Deliv. 2012, 9, 287-301. [CrossRef] [PubMed]

Dhule, S.S.; Penfornis, P.; Frazier, T.; Walker, R.; Feldman, J.; Tan, G.; He, J.; Alb, A.; John, V,;
Pochampally, R. Curcumin-loaded vy-cyclodextrin liposomal nanoparticles as delivery vehicles for
osteosarcoma. Nanomed. Nanotechnol. Biol. Med. 2012, 8, 440-451. [CrossRef]

Steckiewicz, K.P; Barciniska, E.; Sobczak, K.; Tomczyk, E.; Wojcik, M.; Inkielewicz-Stepniak, I. Assessment of
anti-tumor potential and safety of application of glutathione stabilized gold nanoparticles conjugated with
chemotherapeutic. Int. J. Med. Sci. 2020, 17, 824-833. [CrossRef]

Kobayashi, T. Cancer hyperthermia using magnetic nanoparticles. Biotechnol. ]. 2011, 6, 1342-1347. [CrossRef]
[PubMed]

Makridis, A.; Topouridou, K.; Tziomaki, M.; Sakellari, D.; Simeonidis, K.; Angelakeris, M.; Yavropoulou, M.P;
Yovos, ].G.; Kalogirou, O. In vitro application of Mn-ferrite nanoparticles as novel magnetic hyperthermia
agents. J. Mater. Chem. B 2014, 2, 8390-8398. [CrossRef]

Shido, Y.; Nishida, Y.; Suzuki, Y.; Kobayashi, T.; Ishiguro, N. Targeted hyperthermia using magnetite cationic
liposomes and an alternating magnetic field in a mouse osteosarcoma model. J. Bone Jt. Surg. Ser. B 2010, 92,
580-585. [CrossRef]

Matsuoka, F,; Shinkai, M.; Honda, H.; Kubo, T.; Sugita, T.; Kobayashi, T. Hyperthermia using magnetite
cationic liposomes for hamster osteosarcoma. Biomagn. Res. Technol. 2004, 2, 3. [CrossRef]

Li, X.S.; Li, W.Q.; Wang, W.B. Using targeted magnetic arsenic trioxide nanoparticles for osteosarcoma
treatment. Cancer Biother. Radiopharm. 2007, 22, 772-778. [CrossRef]

Kubo, T.; Sugita, T.; Shimose, S.; Nitta, Y.; Ikuta, Y.; Murakami, T. Targeted systemic chemotherapy using
magnetic liposomes with incorporated adriamycin for osteosarcoma in hamsters. Int. J. Oncol. 2001, 18,
121-125. [CrossRef]

MacDonald, K.V,; Sanmartin, C.; Langlois, K.; Marshall, D.A. Symptom onset, diagnosis and management of
osteoarthritis. Health Rep. 2014, 25, 10-17.

Baker, C.; Pradhan, A.; Pakstis, L.; Pochan, D.J.; Shah, S.I. Synthesis and antibacterial properties of silver
nanoparticles. J. Nanosci. Nanotechnol. 2005, 5, 244-249. [CrossRef] [PubMed]

Neupane, M.P; Park, LS.; Bae, T.S.; Yi, HK.; Uo, M.; Watari, F.; Lee, M.H. Titania nanotubes supported
gelatin stabilized gold nanoparticles for medical implants. J. Mater. Chem. 2011, 21, 12078-12082. [CrossRef]
Darouiche, R.O. Treatment of infections associated with surgical implants. N. Engl. ]. Med. 2004, 350,
1422-1429. [CrossRef] [PubMed]

Steckiewicz, K.P; Zwara, ]J.; Jaskiewicz, M.; Kowalski, S.; Kamysz, W.; Zaleska-medynska, A.;
Inkielewicz-stepniak, I. Shape-Depended Biological Properties of Ag 3 PO 4 Microparticles: Evaluation of
Antimicrobial Properties and Cytotoxicity in In Vitro Model—Safety Assessment of Potential Clinical Usage.
Oxidative Med. Cell. Longev. 2019, 2019. [CrossRef] [PubMed]

Campoccia, D.; Montanaro, L.; Arciola, C.R. The significance of infection related to orthopedic devices and
issues of antibiotic resistance. Biomaterials 2006, 27, 2331-2339. [CrossRef]

Parvizi, J.; Mui, A.; Purtill, J.; Sharkey, P.; Hozack, W.; Rothman, R. Total Joint Arthroplasty: When Do Fatal
or Near-Fatal Complications Occur? J. Bone Jt. Surg. Am. 2007, 89, 27-32.

Trampuz, A.; Widmer, A.F. Infections associated with orthopedic implants. Curr. Opin. Infect. Dis. 2006, 19,
349-356. [CrossRef]

Markowska, K.; Grudniak, A.M.; Wolska, K.I. Silver nanoparticles as an alternative strategy against bacterial
biofilms. Acta Biochim. Pol. 2013, 60, 523-530. [CrossRef]


http://dx.doi.org/10.1002/jcp.27303
http://dx.doi.org/10.1016/j.ijbiomac.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21539858
http://dx.doi.org/10.1517/17425247.2012.665365
http://www.ncbi.nlm.nih.gov/pubmed/22339554
http://dx.doi.org/10.1016/j.nano.2011.07.011
http://dx.doi.org/10.7150/ijms.40827
http://dx.doi.org/10.1002/biot.201100045
http://www.ncbi.nlm.nih.gov/pubmed/22069094
http://dx.doi.org/10.1039/C4TB01017E
http://dx.doi.org/10.1302/0301-620X.92B4.22814
http://dx.doi.org/10.1186/1477-044X-2-3
http://dx.doi.org/10.1089/cbr.2007.352
http://dx.doi.org/10.3892/ijo.18.1.121
http://dx.doi.org/10.1166/jnn.2005.034
http://www.ncbi.nlm.nih.gov/pubmed/15853142
http://dx.doi.org/10.1039/c1jm10297d
http://dx.doi.org/10.1056/NEJMra035415
http://www.ncbi.nlm.nih.gov/pubmed/15070792
http://dx.doi.org/10.1155/2019/6740325
http://www.ncbi.nlm.nih.gov/pubmed/31827692
http://dx.doi.org/10.1016/j.biomaterials.2005.11.044
http://dx.doi.org/10.1097/01.qco.0000235161.85925.e8
http://dx.doi.org/10.18388/abp.2013_2016

Nanomaterials 2020, 10, 658 18 of 20

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Saginur, R; StDenis, M.; Ferris, W.; Aaron, 5.D.; Chan, E; Lee, C.; Ramotar, K. Multiple combination bactericidal
testing of staphylococcal biofilms from implant-associated infections. Antimicrob. Agents Chemother. 2006, 50,
55-61. [CrossRef]

Ren, N.; Li, R.; Chen, L.; Wang, G.; Liu, D.; Wang, Y.; Zheng, L.; Tang, W.; Yu, X.; Jiang, H.; et al. In situ
construction of a titanate-silver nanoparticle-titanate sandwich nanostructure on a metallic titanium surface
for bacteriostatic and biocompatible implants. J. Mater. Chem. 2012, 22, 19151-19160. [CrossRef]

Xiang, Y.; Li, J.; Liu, X.; Cui, Z.; Yang, X.; Yeung, KW.K.; Pan, H.; Wu, S. Construction of poly(lactic-co-glycolic
acid)/ZnO nanorods/Ag nanoparticles hybrid coating on Ti implants for enhanced antibacterial activity and
biocompatibility. Mater. Sci. Eng. C 2017, 79, 629-637. [CrossRef] [PubMed]

Wang, Z.; Sun, Y.; Wang, D.; Liu, H.; Boughton, R.I. In situ fabrication of silver nanoparticlefilled hydrogen
titanate nanotube layer on metallic titanium surface for bacteriostatic and biocompatible implantation.
Int. ]J. Nanomed. 2013, 8, 2903-2916.

Fomin, A.A.; Rodionov, I.V,; Steinhauer, A.B.; Fomina, M.A.; Zakharevich, A.M.; Skaptsov, A.A.; Petrova, N.V.
Structure of composite biocompatible titania coatings modified with hydroxyapatite nanoparticles. Proc. Adv.
Mater. Res. 2013, 787, 376-381. [CrossRef]

Salaie, RN.; Besinis, A.; Le, H,; Tredwin, C.; Handy, R.D. The biocompatibility of silver and
nanohydroxyapatite coatings on titanium dental implants with human primary osteoblast cells. Mater. Sci.
Eng. C 2020, 107, 110210. [CrossRef]

Liping, T. Nanocoating for Improving Biocompatibility of Medical Implants. U.S. Patent 10/896376, 21 April 2005.
He, W.; Zheng, Y.; Feng, Q.; Elkhooly, T.A.; Liu, X.; Yang, X.; Wang, Y.; Xie, Y. Silver nanoparticles stimulate
osteogenesis of human mesenchymal stem cells through activation of autophagy. Nanomedicine 2020, 15,
337-353. [CrossRef]

Ghaznavi, D.; Babaloo, A.; Shirmohammadi, A.; Zamani, A.R.N.; Azizi, M.; Rahbarghazi, R.; Ghaznavi, A.
Advanced platelet-rich fibrin plus gold nanoparticles enhanced the osteogenic capacity of human
mesenchymal stem cells. BMC Res. Notes 2019, 12, 721. [CrossRef]

Patel, D.K;; Jin, B.; Dutta, S.D.; Lim, K.T. Osteogenic potential of human mesenchymal stem cells on
eggshells-derived hydroxyapatite nanoparticles for tissue engineering. J. Biomed. Mater. Res. Part B
Appl. Biomater. 2019. [CrossRef]

Liang, H.; Xu, X.; Feng, X.; Ma, L.; Deng, X.; Wu, S.; Liu, X.; Yang, C. Gold nanoparticles-loaded hydroxyapatite
composites guide osteogenic differentiation of human mesenchymal stem cells through Wnt/3-catenin
signaling pathway. Int. J. Nanomed. 2019, 14, 6151-6163. [CrossRef]

Alicka, M.; Sobierajska, P.; Kornicka, K.; Wiglusz, R.J.; Marycz, K. Lithium ions (Li + ) and nanohydroxyapatite
(nHAp) doped with Li + enhance expression of late osteogenic markers in adipose-derived stem cells.
Potential theranostic application of nHAp doped with Li + and co-doped with europium (III) and samarium
(III) i. Mater. Sci. Eng. C 2019, 99, 1257-1273. [CrossRef]

Phelipe Hatt, L.; Thompson, K.; Miiller, W.E.G.G.; Stoddart, M.].; Armiento, A.R.; Hatt, L.P.; Thompson, K.;
Miiller, WE.G.G.; Stoddart, M.J.; Armiento, A.R. Calcium polyphosphate nanoparticles act as an effective
inorganic phosphate source during osteogenic differentiation of human mesenchymal stem cells. Int. |.
Mol. Sci. 2019, 20, 5801. [CrossRef] [PubMed]

Palmieri, V.; Barba, M.; Di Pietro, L.; Gentilini, S.; Braidotti, M.C.; Ciancico, C.; Bugli, F; Ciasca, G.;
Larciprete, R.; Lattanzi, W.; et al. Reduction and shaping of graphene-oxide by laser-printing for controlled
bone tissue regeneration and bacterial killing. 2D Mater. 2018, 5, 015027. [CrossRef]

Palmieri, V.; Barba, M.; Di Pietro, L.; Conti, C.; De Spirito, M.; Lattanzi, W.; Papi, M. Graphene Oxide
Induced Osteogenesis Quantification by In-Situ 2D-Fluorescence Spectroscopy. Int. J. Mol. Sci. 2018, 19,
3336. [CrossRef] [PubMed]

Wang, M.; Wu, H.; Li, Q.; Yang, Y.; Che, E; Wang, G.; Zhang, L. Novel aptamer-functionalized nanoparticles
enhances bone defect repair by improving stem cell recruitment. Int. |. Nanomed. 2019, 14, 8707-8724.
[CrossRef]

Balagangadharan, K.; Trivedi, R.; Vairamani, M.; Selvamurugan, N. Sinapic acid-loaded chitosan nanoparticles
in polycaprolactone electrospun fibers for bone regeneration in vitro and in vivo. Carbohydr. Polym. 2019,
216, 1-16. [CrossRef]


http://dx.doi.org/10.1128/AAC.50.1.55-61.2006
http://dx.doi.org/10.1039/c2jm32434b
http://dx.doi.org/10.1016/j.msec.2017.05.115
http://www.ncbi.nlm.nih.gov/pubmed/28629062
http://dx.doi.org/10.4028/www.scientific.net/AMR.787.376
http://dx.doi.org/10.1016/j.msec.2019.110210
http://dx.doi.org/10.2217/nnm-2019-0026
http://dx.doi.org/10.1186/s13104-019-4750-x
http://dx.doi.org/10.1002/jbm.b.34536
http://dx.doi.org/10.2147/IJN.S213889
http://dx.doi.org/10.1016/j.msec.2019.02.073
http://dx.doi.org/10.3390/ijms20225801
http://www.ncbi.nlm.nih.gov/pubmed/31752206
http://dx.doi.org/10.1088/2053-1583/aa9ca7
http://dx.doi.org/10.3390/ijms19113336
http://www.ncbi.nlm.nih.gov/pubmed/30373116
http://dx.doi.org/10.2147/IJN.S223164
http://dx.doi.org/10.1016/j.carbpol.2019.04.002

Nanomaterials 2020, 10, 658 19 of 20

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Kuang, L.; Ma, X.; Ma, Y.; Yao, Y.; Tariq, M.; Yuan, Y.; Liu, C. Self-Assembled Injectable Nanocomposite
Hydrogels Coordinated by in Situ Generated CaP Nanoparticles for Bone Regeneration. ACS Appl.
Mater. Interfaces 2019, 11, 17234-17246. [CrossRef]

Martinez-Castanon, G.A.; Nifio-Martinez, N.; Martinez-Gutierrez, F.; Martinez-Mendoza, J.R.; Ruiz, F.
Synthesis and antibacterial activity of silver nanoparticles with different sizes. |. Nanopart. Res. 2008, 10,
1343-1348. [CrossRef]

Shrivastava, S.; Bera, T.; Roy, A.; Singh, G.; Ramachandrarao, P.; Dash, D. Characterization of enhanced
antibacterial effects of novel silver nanoparticles. Nanotechnology 2007, 18, 225103-225112. [CrossRef]
Mohanty, S.; Mishra, S.; Jena, P; Jacob, B.; Sarkar, B.; Sonawane, A. An investigation on the antibacterial,
cytotoxic, and antibiofilm efficacy of starch-stabilized silver nanoparticles. Nanomed. Nanotechnol. Biol. Med.
2012, 8, 916-924. [CrossRef]

Franci, G.; Falanga, A.; Galdiero, S.; Palomba, L.; Rai, M.; Morelli, G.; Galdiero, M. Silver nanoparticles as
potential antibacterial agents. Molecules 2015, 20, 8856-8874. [CrossRef]

Niska, K.; Knap, N.; Kedzia, A.; Jaskiewicz, M.; Kamysz, W.; Inkielewicz-Stepniak, I. Capping
Agent-Dependent Toxicity and Antimicrobial Activity of Silver Nanoparticles: An In Vitro Study. Concerns
about Potential Application in Dental Practice. Int. J. Med. Sci. 2016, 13, 772-782. [CrossRef] [PubMed]
Morones, J.R.; Elechiguerra, J.L.; Camacho, A.; Holt, K.; Kouri, J.B.; Ram, J.T.; Yacaman, M.].; Ramirez, ].T.;
Yacaman, M.]. The bactericidal effect of silver nanoparticles. Nanotechnology 2005, 16, 2346-2353. [CrossRef]
Kim, J.H.].S.; Kuk, E.; Yu, K.N.; Kim, J.H.].S.; Park, S.J.; Lee, H.].; Kim, S.H.; Park, YH.Y.K.; Park, YH.Y.K,;
Hwang, C.Y,; et al. Antimicrobial effects of silver nanoparticles. Nanomed. Nanotechnol. Biol. Med. 2007, 3,
95-101. [CrossRef] [PubMed]

Pereira, L.; Dias, N.; Carvalho, J.; Fernandes, S.; Santos, C.; Lima, N. Synthesis, characterization and
antifungal activity of chemically and fungal-produced silver nanoparticles against Trichophyton rubrum.
J. Appl. Microbiol. 2014, 117, 1601-1613. [CrossRef]

Panacek, A.; Kolat, M.; Ve¢efovd, R.; Prucek, R.; Soukupovd, J.; Krystof, V.; Hamal, P,; Zbotil, R.; Kvitek, L.
Antifungal activity of silver nanoparticles against Candida spp. Biomaterials 2009, 30, 6333-6340. [CrossRef]
[PubMed]

Kim, K.J.; Sung, W.S.; Moon, S.K.; Choi, ].S.; Kim, J.G.; Lee, D.G. Antifungal effect of silver nanoparticles on
dermatophytes. J. Microbiol. Biotechnol. 2008, 18, 1482-1484. [PubMed]

Galdiero, S.; Falanga, A.; Vitiello, M.; Cantisani, M.; Marra, V.; Galdiero, M. Silver nanoparticles as potential
antiviral agents. Molecules 2011, 16, 8894-8918. [CrossRef] [PubMed]

Saleh, M.; Abdel-Baki, A.A.; Dkhil, M.A.; El-Matbouli, M.; Al-Quraishy, S. Antiprotozoal effects of metal
nanoparticles against Ichthyophthirius multifiliis. Parasitology 2017, 114, 1802-1810. [CrossRef]

Cui, Y,; Zhao, Y,; Tian, Y.; Zhang, W.; L1, X.; Jiang, X. The molecular mechanism of action of bactericidal gold
nanoparticles on Escherichia coli. Biomaterials 2012, 33, 2327-2333. [CrossRef]

Zawrah, MLE; El-Moez, S.A.; Center, D. Antimicrobial Activities of Gold Nanoparticles against Major
Foodborne Pathogens. Life Sci. ]. 2011, 8, 37-44.

Bindhu, M.R.; Umadevi, M. Antibacterial activities of green synthesized gold nanoparticles. Mater. Lett.
2014, 120, 122-125. [CrossRef]

Hernandez-Sierra, J.E.; Ruiz, F.; Cruz Pena, D.C.; Martinez-Gutiérrez, F.; Martinez, A.E.; de Jesus Pozos
Guillén, A.; Tapia-Pérez, H.; Martinez Castafién, G. The antimicrobial sensitivity of Streptococcus mutans to
nanoparticles of silver, zinc oxide, and gold. Nanomed. Nanotechnol. Biol. Med. 2008, 4, 237-240. [CrossRef]
[PubMed]

Shankar, S.; Jaiswal, L.; Aparna, R.S.L.; Prasad, R.G.S.V. Synthesis, characterization, in vitro biocompatibility,
and antimicrobial activity of gold, silver and gold silver alloy nanoparticles prepared from Lansium
domesticum fruit peel extract. Mater. Lett. 2014, 137, 75-78. [CrossRef]

Chatterjee, A.K.; Chakraborty, R.; Basu, T. Mechanism of antibacterial activity of copper nanoparticles.
Nanotechnology 2014, 25. [CrossRef]

Ramyadevi, J.; Jeyasubramanian, K.; Marikani, A.; Rajakumar, G.; Rahuman, A.A. Synthesis and antimicrobial
activity of copper nanoparticles. Mater. Lett. 2012, 71, 114-116. [CrossRef]

Kairyte, K.; Kadys, A.; Luksiene, Z. Antibacterial and antifungal activity of photoactivated ZnO nanoparticles
in suspension. J. Photochem. Photobiol. B Biol. 2013, 128, 78-84. [CrossRef]


http://dx.doi.org/10.1021/acsami.9b03173
http://dx.doi.org/10.1007/s11051-008-9428-6
http://dx.doi.org/10.1088/0957-4484/18/22/225103
http://dx.doi.org/10.1016/j.nano.2011.11.007
http://dx.doi.org/10.3390/molecules20058856
http://dx.doi.org/10.7150/ijms.16011
http://www.ncbi.nlm.nih.gov/pubmed/27766027
http://dx.doi.org/10.1088/0957-4484/16/10/059
http://dx.doi.org/10.1016/j.nano.2006.12.001
http://www.ncbi.nlm.nih.gov/pubmed/17379174
http://dx.doi.org/10.1111/jam.12652
http://dx.doi.org/10.1016/j.biomaterials.2009.07.065
http://www.ncbi.nlm.nih.gov/pubmed/19698988
http://www.ncbi.nlm.nih.gov/pubmed/18756112
http://dx.doi.org/10.3390/molecules16108894
http://www.ncbi.nlm.nih.gov/pubmed/22024958
http://dx.doi.org/10.1017/S0031182017001184
http://dx.doi.org/10.1016/j.biomaterials.2011.11.057
http://dx.doi.org/10.1016/j.matlet.2014.01.108
http://dx.doi.org/10.1016/j.nano.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18565800
http://dx.doi.org/10.1016/j.matlet.2014.08.122
http://dx.doi.org/10.1088/0957-4484/25/13/135101
http://dx.doi.org/10.1016/j.matlet.2011.12.055
http://dx.doi.org/10.1016/j.jphotobiol.2013.07.017

Nanomaterials 2020, 10, 658 20 of 20

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Lipovsky, A.; Nitzan, Y.; Gedanken, A.; Lubart, R. Antifungal activity of ZnO nanoparticles-the role of ROS
mediated cell injury. Nanotechnology 2011, 22, 105101. [CrossRef]

Li, Y.; Zhang, W.; Niu, J.; Chen, Y. Mechanism of photogenerated reactive oxygen species and correlation
with the antibacterial properties of engineered metal-oxide nanoparticles. ACS Nano 2012, 6, 5164-5173.
[CrossRef]

Raffi, M.; Mehrwan, S.; Bhatti, T.M.; Akhter, J.I.; Hameed, A.; Yawar, W.; Ul Hasan, M.M. Investigations into
the antibacterial behavior of copper nanoparticles against Escherichia coli. Ann. Microbiol. 2010, 60, 75-80.
[CrossRef]

Albers, C.E.; Hofstetter, W.; Siebenrock, K.A.; Landmann, R.; Klenke, EM. In vitro cytotoxicity of silver
nanoparticles on osteoblasts and osteoclasts at antibacterial concentrations. Nanotoxicology 2013, 7, 30-36.
[CrossRef]

Zielinska, E.; Tukaj, C.; Radomski, M.W.; Inkielewicz-Stepniak, I. Molecular Mechanism of Silver
Nanoparticles-Induced Human Osteoblast Cell Death: Protective Effect of Inducible Nitric Oxide Synthase
Inhibitor. PLoS ONE 2016, 11, e0164137. [CrossRef] [PubMed]

Niska, K.; Pyszka, K.; Tukaj, C.; Wozniak, M.; Radomski, M.W.; Inkielewicz-Stepniak, I. Titanium dioxide
nanoparticles enhance production of superoxide anion and alter the antioxidant system in human osteoblast
cells. Int. J. Nanomed. 2015, 10, 1095-1107.

Dobrzyriska, M.M.; Gajowik, A.; Radzikowska, J.; Lankoff, A.; Dusinska, M.; Kruszewski, M. Genotoxicity of
silver and titanium dioxide nanoparticles in bone marrow cells of rats in vivo. Toxicology 2014, 315, 86-91.
[CrossRef]

Duewelhenke, N.; Krut, O.; Eysel, P. Influence on mitochondria and cytotoxicity of different
antibiotics administered in high concentrations on primary human osteoblasts and cell lines.
Antimicrob. Agents Chemother. 2007, 51, 54—63. [CrossRef]

Wang, H.-Z.; Chang, C.-H.; Lin, C.-P; Tsai, M.-C. Using MTT Viability Assay to Test the Cytotoxicity of
Antibiotics and Steroid to Cultured Porcine Corneal Endothelial Cells. J. Ocul. Pharmacol. Ther. 2009, 12,
35-43. [CrossRef]

Duwe, AK; Rupar, C.A.; Horsman, G.B.; Vas, S.I. In vitro cytotoxicity and antibiotic activity of polymyxin B
nonapeptide. Antimicrob. Agents Chemother. 1986, 30, 340-341. [CrossRef]

Kubicka, S.; Rudolph, K.L.; Tietze, M.K.; Lorenz, M.; Manns, M. Phase II study of systemic gemcitabine
chemotherapy for advanced unresectable hepatobiliary carcinomas. Hepatogastroenterology 2001, 48, 783-789.
Speth, P.A J.; van Hoesel, Q.G.C.M.; Haanen, C. Clinical Pharmacokinetics of Doxorubicin. Clin. Pharmacokinet.
1988, 15, 15-31. [CrossRef]

Juel-Jensen, B.E. Severe generalized primary herpes treated with cytarabine. Br. Med. |. 1970, 2, 154-155.
[CrossRef]

Bobo, D.; Robinson, K.J.; Islam, J.; Thurecht, K.J.; Corrie, S.R. Nanoparticle-Based Medicines: A Review of
FDA-Approved Materials and Clinical Trials to Date. Pharm. Res. 2016, 33, 2373-2387. [CrossRef]

Taruno, K.; Kurita, T.; Kuwahata, A.; Yanagihara, K.; Enokido, K.; Katayose, Y.; Nakamura, S.; Takei, H.;
Sekino, M.; Kusakabe, M. Multicenter clinical trial on sentinel lymph node biopsy using superparamagnetic
iron oxide nanoparticles and a novel handheld magnetic probe. J. Surg. Oncol. 2019, 120, 1391-1396.
[CrossRef] [PubMed]

Xu, X.E; Gu, J. The application of carbon nanoparticles in the lymph node biopsy of cNO papillary thyroid
carcinoma: A randomized controlled clinical trial. Asian J. Surg. 2017, 40, 345-349. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1088/0957-4484/22/10/105101
http://dx.doi.org/10.1021/nn300934k
http://dx.doi.org/10.1007/s13213-010-0015-6
http://dx.doi.org/10.3109/17435390.2011.626538
http://dx.doi.org/10.1371/journal.pone.0164137
http://www.ncbi.nlm.nih.gov/pubmed/27716791
http://dx.doi.org/10.1016/j.tox.2013.11.012
http://dx.doi.org/10.1128/AAC.00729-05
http://dx.doi.org/10.1089/jop.1996.12.35
http://dx.doi.org/10.1128/AAC.30.2.340
http://dx.doi.org/10.2165/00003088-198815010-00002
http://dx.doi.org/10.1136/bmj.2.5702.154
http://dx.doi.org/10.1007/s11095-016-1958-5
http://dx.doi.org/10.1002/jso.25747
http://www.ncbi.nlm.nih.gov/pubmed/31667855
http://dx.doi.org/10.1016/j.asjsur.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26783035
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Cancer 
	Osteosarcoma 
	Nanoparticles Cytotoxicity to Osteosarcoma Cells 
	Nanoparticles Cytotoxicity to Other Bone Cancer Types 
	Nanoparticles as Drug Delivery Platforms 
	Magnetic Nanoparticles 

	Nanoparticles in Orthopaedic Implants 
	Implant-Related Infections 
	Biocompatibility 
	Nanoparticles in Bone Regenerative Strategies 
	Antimicrobial Properties of Nanoparticles 

	Safety Concerns 
	Clinical Usage 
	Conclusions 
	References

