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Abstract

Nanocomposite-based scaffolds have been used for many years for bone tissue engineering. Their utilization covers an extended 
field of bone pathological conditions and a variety of different types of nanocomposites and scaffold types. Plenty of scientific works 
have been published regarding their characterization and activity. The compilation of the research work done on this interesting, but 
chaotic field is not an easily accomplishable task. This review aims to concentrate and organize the use of nanocomposite scaffolds, 
with respect to the major clinical fields, where they are utilized and their intrinsic characteristics, which make them a very promising 
clinical tool in the future of orthopedics.
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Abbreviations 

PMMA: Poly(Methyl Methacrylate); 3D: Three Dimensional; HA: Hydroxyapatite; SEM: Scanning Electron Microscopy; XRD: X-Ray Dif-
fraction; VEGF: Vascular Endothelial Growth Factor; HIF-1a: Hypoxia-Inducible Factor 1-Alpha; SPIONs: Superparamagnetic Iron Oxide 
Nanoparticles; PLA: Polylactic Acid; BMP-2: Bone Morphogenetic Protein 2; MBG: Mesoporous Bioglass; MS: Mesoporous Silica; FGF-18: 
Fibroblast Growth Factor 18; miRNA: Micro RNA; MG-63 Cell Line: Bone Osteosarcoma Cell Line; BG: Bioglass; 2D: Two Dimensional; NIR: 
Near Infrared; ROS: Reactive Oxygen Species

Introduction

The skeleton plays a central role in supporting the human body and enabling movements to take place. Bones are a highly dynamic tis-
sue, which consists of two separate, but complement phases; an organic, living phase, which includes osteoblasts and several proteins and 
an inorganic phase, primarily made of hydroxyapatite [1]. Bone injury can occur through mechanical, metabolic and inflammatory agents, 
along with incidents, such as fractures and diseases, including several tumors, osteoporosis and osteomyelitis, among others. The extent 
of the arising defect predetermines the self-healing ability of the bone tissue. Nowadays, it is known, that bones with large defects cannot 
initiate their recovery, as happens when smaller defects take place, for which bone remodeling is the normal process for healing [1,2]. 

Many different materials have been used for years, in order to artificially remodel large bone defects and enhance their recovery, in-
cluding PMMA cement, and various metals, such as stainless steel, titanium and cobalt alloys. However, these materials are not bioresorb-
able, they are brittle and can lead to immunogenic reactions from the host. Hence, scientists today conduct research on nanotechnological 
and nanomedical approaches to this issue, in terms of manufacturing biocompatible 3D scaffolds. It is attempted that they mimic natural 
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bone extracellular matrix, which may even include living osteogenic cells and signaling molecules, to provide a more targeted and effec-
tive bone regeneration [1]. An optimal 3D scaffold should encompass inter-connective pores, in order to provide the appropriate micro-
environment for osteogenic cell migration, differentiation and proliferation. It is known that pores serve as sites of bone mineralization, 
nutrient and growth factor reservoirs and they can also promote infiltration by osteogenic cells [3]. Additionally, the mechanical proper-
ties of the scaffolds should resemble those of the normal bone. The most common biomaterial, that is being used in manufacturing 3D 
scaffolds is bioactive hydroxyapatite (HA), as seen below [2]. 

Apart from bone regeneration, a central problem that many orthopedic patients confront is the development of serious bone infec-
tions, which are rather difficult to heal and require long term treatment with intensive employment of antimicrobial regimes and surgi-
cal debridement. As a result, osteomyelitis emerges as a major challenge for clinicians. Especially when there are implanted orthopedic 
materials in the site of infection, it is possible that recovery cannot take place, unless these implants are totally removed. Therefore, it is 
crucial to manufacture orthopedic scaffolds that not only enhance bone regeneration, but also release high concentrations of antibiotics 
in order to prevent infection, sterilize the surgical site and prevent the creation of bacterial biofilms [4].

A similar principle applies to malignant bone tumors. These are primarily metastatic in nature, deriving mostly breast and prostate 
cancers. Primary bone tumors are rare. Bone metastases severely affect quality of life, since they are accompanied with pathological frac-
tures and constant pain and they indicate advanced disease with poor prognosis. Modern surgery, chemotherapy, radiotherapy and im-
munotherapy are common, but their results are not satisfactory. Thus, localized drug delivery through implanted nanocomposite scaffolds 
and their application in hyperthermia provide new and promising fields of research [5,6]. In this review, we present a thorough approach 
of the experimental applications of 3D nanocomposite scaffolds in bone tissue engineering, infection treatment and bone cancer therapy.

Bone tissue regeneration 

Polymer scaffolds

As mentioned above, there is great need for manufacturing biocompatible 3D scaffolds, that will assist bone repair and regeneration in 
a wide variety of pathological situations. Hydroxyapatite (HA) plays a central role and can be combined with a variety of other materials, 
to improve its efficacy. Deepthi., et al. suggest chitin and chitosan as highly advantageous materials in terms of nanocomposite scaffold 
manufacturing. These two materials are easy to manipulate and create various forms, such as nanobeads, nanogels, nanoparticles, nano-
fibers and highly-porous nanoscaffolds, which enable bone formation in vitro and in vivo. Although HA alone is not very efficient in bone 
defect treatment and chitin or chitosan alone do not enhance cell proliferation to a great extent, these materials, when combined, can act 
as a template for the engineering of bone tissue. Indeed, it has been shown, that the addition of HA in polymeric chitin or chitosan matrices 
enhances osteoconductiveness, cell differentiation and proliferation. These two polymers resemble the extracellular matrix of the bone, 
while HA functions as the mineralized tissue. Chitosan and nanoHA composites lead to significant increase in the viability, attachment, dif-
ferentiation and proliferation of osteoblastic cells. Furthermore, it has been shown that the addition of chitosan in nanoHA leads to better 
mechanical behavior, as it reduces the resorption of HA and prevents the migration of HA nanoparticles away from the scaffold after its 
implantation, due to better viscoelastic characteristics. Finally, since the composites are smoother than plain HA, no soft tissue damage 
takes place around the implant [7]. 

In a study conducted by Domingos., et al. a nanocomposite hydroxyapatite and polycaprolactone scaffold was manufactured and was 
compared to a microHA-polycaprolactone scaffold. It has been shown that nanoscale dimensions offer optimal characteristics, since the 
nanocomposite scaffold increased the adhesion of mesenchymal cells. Also, the nanoHA scaffold indicated higher cell viability and alka-
line phosphatase activity, which is an indicator of bone formation. On the other hand, HA microparticles formed aggregations, as observed 
by SEM, reducing cell-to-cell contact and rendering microcomposite scaffolds ineffective [8].

Another combination included the formation of chitosan-gelatin-nanoHA scaffolds, which were created by Peter and his colleagues. 
His team proved, that these scaffolds are biocompatible and increase osteoblast adhesion and proliferation in vitro [9,10].
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Furthermore, Meskinfam and his colleagues investigated nanoHA-polyurethane composites as tissue regeneration scaffolds. NanoHA 
formed a layer on polyurethane foam, as indicated by XRD, resembling natural bone HA. This biomineralization process, attributed opti-
mal mechanical properties to the scaffold and increased its biocompatibility, promoting cell attachment and proliferation. Furthermore, 
the polyurethane structure is not expected to degrade fast and produce cytotoxic substances [11].

Nanoceramic scaffolds

The research on inert nanoceramics plays a significant role in scaffold formation. Nanoceramics are an extensive category, which in-
cludes titanium, zirconium, aluminum and silica nanomaterials among others. These nanocomposites have high mechanical strength and 
low corrosion rates. They have proven to promote osteochondral formation and osteogenesis, when they are combined with HA. Doping 
with metal ions assigns them with novel characteristics. For example, doping with magnesium ions further enhances osteogenesis and 
bone remodeling. Cobalt ions upregulate VEGF and HIF-1a excretion, which leads to increased vascularization of the newly formed bone 
tissue. Calcium ions promote enhanced implant integration inside the bone, interacting electrostatically with osteoblasts and influencing 
their attachment, differentiation and proliferation. Other ions, such as zirconium, strontium, silver, nickel, zinc, copper, molybdenum and 
tin further widen the possible applications of hydroxyapatite-ceramic nanocomposites [1].

Graphene scaffolds

Many studies have indicated the unique abilities of graphene, regarding the improvement of the biological performance of scaffolds and 
the promotion of adhesion and proliferation of osteoblasts, primarily due to the aromatic structure of plain graphene and graphene oxide. 
Shadjou., et al. manufactured a gelatin-nanoHA scaffold matrix, within which graphene oxide nanoflakes were incorporated. The integra-
tion of graphene oxide in the scaffold decreased its brittleness. Later, this scaffold was trialed in cell culture experiments, in two forms. 
One form included the graphene oxide containing scaffold and the other included the plain gelatin-nanoHA scaffold. Results showed that 
graphene oxide initiated high osteogenic stem cell differentiation. The same result was obtained by plain gelatin-nanoHA scaffolds only 
when cells were provided with additional nutritional supplements, including L-ascorbic acid, β-glycerophosphate and dexamethasone 
[12]. 

Scaffolds including SPIONs 

Several studies suggest the incorporation of SPIONs within the structure of nanocomposite scaffolds, as a way to increase bone forma-
tion. The presence of SPIONs is believed to regulate gene expression and activate the MAPK signal pathway, which is involved in osteo-
genic cell differentiation. Also, the attachment of magnetic nanoparticles on scaffolds is rather easy and is achieved by simple dip-coating 
of the scaffolds into aqueous solutions, which contain SPIONs. After dip-coating, these are easily integrated into the scaffold pores [13]. In 
a previous study, gelatin scaffolds, which contained SPIONs were implanted in a rat model. Results have shown enhanced bone regenera-
tion, and better performance of osteoblasts, as compared to rats with gelatin scaffolds without SPIONs. These iron oxide nanoparticles 
have also proved to have an angiogenetic activity [14]. 

Another approach suggests the application of external magnetic fields, as well, since these can change the size, charge and other fea-
tures of SPIONs. Indeed, the magnetic field has shown to increase magnetic nanoparticle accumulation in mesenchymal cells, by inhibiting 
their release from them. It was also observed that the more nanoparticles a cell included, the greater its osteogenic differentiation was 
[15,16]. 

Similar results were obtained by Meng and his team. They created a nanofibrous scaffold, consisting of SPIONs, nanoHA and polylactic 
acid (PLA). Then the scaffold was implanted in rabbit bone defects and magnets were attached around the cage. The scientists observed 
better regeneration and bone remodeling, compared with rabbits, whose cages were not surrounded by magnets [17]. 

Delivery of osteogenesis-promoting factors

Many scaffolds have been employed by scientists to transfer signaling molecules and osteoinductive growth factors in diseased sites 
and enhance bone formation. The goal is to achieve controlled release of growth factors for specific duration and elicit cellular reactions, 
that could lead to osteogenic differentiation, bone formation and vascularization of the site. One such factor that has proven to promote 
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osteogenesis is bone morphogenetic protein 2 (BMP-2). This has successfully been incorporated in mesoporous bioglass (MBG) and meso-
porous silica scaffolds (MS), which were doped with magnesium. Results regarding bone regeneration were excellent [3]. In a similar 
experiment, CaOP2O5-silica mesoporous scaffolds were manufactured and loaded with BMP-2 growth factor and were able to induce dif-
ferentiation and proliferation of rabbit mesenchymal cells in vitro [18].

Another scientific group proposed the incorporation of more than one growth factors in nanofibrous scaffolds [19]. Also, mesoporous 
bioactive glass nanospheres have been employed to deliver fibroblast growth factor 18 (FGF18) [3].

Apart from growth factors, miRNA has also been examined as a possible enhancer of bone tissue engineering. MiRNAs are small and 
non-coding molecules, which can bind on targeted mRNAs. MiRNA-590-5p specifically, is implicated in osteogenic differentiation. It tar-
gets and deactivates Smad7, which is a negative regulator of osteoblast function. Balagangadharan., et al. formed a triple polymer-nanoc-
eramic-hydroxyapatite nanocomposite scaffold, consisting of chitosan, nanoHA and nano-zirconiumdioxide, which then was loaded with 
miR-590-5p miRNA molecule. The arising scaffold showed no significant cytotoxicity and promoted osteoblast differentiation of mouse 
mesenchymal stem cells [20]. 

Scaffolds and cell conditioning

Samadikuchaksaraei., et al. examined the effect of osteoblast conditioning on nanoHA-gelatin nanocomposite scaffolds, regarding their 
properties, behavior, biocompatibility and biodegradation after implantation. The first step included the fabrication of the nanoHA and 
gelatin scaffold, followed by the culture of osteoblasts on its surface and their subsequent elimination by repeated freezing and thawing. 
This scaffold showed optimal effects regarding cell adhesion and growth. Later, it was implanted in rats with critical size calvarium bone 
defects and it was proved, that the conditioning process further enhanced its biocompatibility and accelerated collagen formation [21]. 

Antimicrobial 3D scaffolds

Since scaffolds allow for their surface and internal modification, due to their structure and reactive moieties, it is easy to functional-
ize them with antibiotics or other antimicrobial substances, in order to prevent or tackle infections. In a study conducted by Han., et al. 
titanium scaffolds were constructed and functionalized with oxidized alginate nanoparticles, which were connected with vancomycin 
molecules. The study showed, that Staphylococcus epidermidis, a common pathogen for osteomyelitis, was seriously inhibited. As a result, 
vancomycin-including scaffolds have been suggested for the prevention of infection during bone defect healing [22].

A very interesting approach includes the use of silver ions for their antibacterial properties. Jiang., et al. created nanoHA-polyurethane 
scaffolds, which were functionalized with Ag3PO4. Silver ions were being released for more than 3 weeks, in a concentration- and time-
dependent way. The scaffolds showed good biocompatibility and strong antimicrobial action. In all conducted experiments, the bacte-
riostatic rate against Staphylococcus aureus and Escherichia coli was more than 90%. This effect can be explained, since silver ions are 
absorbed on the bacterial cell wall, react and denaturate its proteins. This phenomenon creates permeable pores on the bacterial cell wall, 
which leads to internal accumulation of external fluids and cell death [4]. 

3D scaffold for tumor therapy

3D scaffolds and antitumor drug delivery

Nanocomposite scaffolds can also function as drug delivery systems for antitumor drugs in the diseased site. Shoaib and his colleagues 
loaded a mesoporous nanobioglass scaffold with imatinib molecules. Imatinib is an antitumor agent, which can be utilized in the treat-
ment of several cancer types, including bone cancer. The scientific group studied the pH-dependent kinetics of imatinib release and the 
antitumor activity on MG-63 osteosarcoma cell line. Results showed that the scaffold pores played a significant role not only in drug load-
ing, but also in release kinetics. During the first day, the release was burst-like. In that case, it can be utilized for patients with urgent need 
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for chemotherapeutic delivery. When adjusting pH, drug release can be modified. Maximum release of the drug was observed at pH 4.4, 
which is close to the pH conditions of the tumor sites. Increasing pH decreases drug release. As a result, this scaffold can be described as a 
pH-responsive drug delivery nanosystem. The drug-loaded scaffold had a great inhibitory effect on osteosarcoma MG-63 cells [5]. 

3D scaffolds and hyperthermia

Nanoceramic scaffolds have proved to possess antitumor activities, as well, apart from regeneration capability. As a result, they can 
be applied after surgery, to regenerate bone formation in the site of defect and simultaneously destroy the residual tumor. Several nanoc-
eramic scaffolds can be utilized for photothermal or magnetothermal therapy, killing only malignant cells and sparing normal ones. The 
achieved high temperatures lead to protein denaturation, cell damage and apoptosis or necrosis [23]. 

Photothermal performance can be enhanced by MoS2 nanoparticles on nanoceramic scaffolds, as shown in previous experiments 
by Wang., et al. MoS2 nanosheets display intense and localized surface plasmon resonance effect, which leads to local increase in tissue 
temperature. These nanosheets, apart from phototherapy, proved to increase rabbit mesenchymal cell adhesion and proliferation [24]. 

Additionally, other studies showed that bioglass scaffolds can be functionalized with CuFeSe2 nanocrystals and achieve excellent pho-
tothermal effect. The simultaneous release of Cu, Se and Fe ions promotes rabbit bone marrow mesenchymal stem cell development. As a 
result, the scaffold presents a bifunctional effect; antitumor activity and bone regeneration enhancement [23]. Other ions, such as Mn and 
Co can be also used to dope nanobioglass scaffolds. Liu., et al. created such scaffolds, doped with Cu, Fe, Mn and Co. All of them displayed 
photothermal activity, with the following trend: Cu-BG > Fe-BG > Mn-BG > Co-BG. Cu-BG, Fe-BG and Mn-BG scaffolds inhibited tumor 
growth in vitro and in vivo, while Fe-BG and Mn-BG scaffolds also enhanced normal bone formation [25]. In another study, 3D-printed 
nanobioglass scaffolds were functionalized with 2D black phosphorus nanosheets and were examined for their photothermal activity in 
tumor-bearing mice xenografts. Mice were divided in 4 categories: those which received only bioglass scaffolds, those that received bio-
glass scaffolds and were beamed with NIR irradiation, those which received bioglass-black phosphorus scaffolds and those that received 
nanoglass-black phosphorus scaffolds and were irradiated with NIR irradiation. In the last group, a strong hyperthermal effect was ob-
served and temperature rose up to 58 degrees. Tumors in this group were totally eliminated, without recurrence after 14 days, in contrast 
to the other groups [26].

Furthermore, photothermal therapy can be combined with reactive oxygen species (ROS) formation for achieving a better synergistic 
effect. CaSiO3-Fe nanocomposite scaffold are an example, both in vitro and in vivo [27].

Multifunctional scaffolds

A significant advantage of nanotechnological carriers is the simplicity and convenience of their functionalization, to an extent, that 
they can obtain novel attributes, by encompassing not only one, but several different molecules on their surface or inside their structure. 
Bifunctional nanocomposite scaffolds have already been described before, but multifunctionality is a reality as well [28]. 

Lu and his colleagues functionalized a nanocomposite scaffolds with antitumor, antibacterial and bone regeneration effects, all en-
compassed in one single structure. The scaffolds consisted of chitosan, nanoHA and zolendronic acid. In vitro studies showed significant 
upregulation of proapoptotic genes and reduction of the osteoclastic activity of the giant cell tumor. These included the activation of 
the Caspase-3 signal pathway and is attributed to the zolendronic acid. A very interesting observation was that zolendronic acid also 
increased biocompatibility and osseoinductivity. Furthermore, the antibacterial activity against Staphylococcus aureus and Escherichia 
coli was obvious [28]. 
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Discussion and Conclusions 

In this review, we present all major categories of nanocomposite scaffolds and their biomedical applications. These include extensive 
clinical fields, such as bone regeneration and tissue engineering, infections and the treatment of malignant bone tumors. Since nanotech-
nology allows the easy manipulation of the matter, many different materials can be used to create and modify scaffolds, providing them 
with many different and novel attributes. Such materials include organic polymers, for example, chitin, chitosan, polyurethane and cap-
rolactone and inorganic compounds, such as several nanoceramic materials. Also, many other materials, such as graphene and metallic 
nanoparticles can be exploited. Still a lot of laboratory research must be conducted, both in vitro and in vivo, regarding the biocompat-
ibility, effectiveness, biodegradation and toxicity of nanocomposite scaffolds before they can move from bench to bedside and into clinical 
practice. 
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