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1  Introduction: Nanotechnology and Nanomaterials

Nanotechnology can be defined as the science and engineering involved in the 
design, synthesis, characterization, and application of materials and devices at the 
nano-scale [1]. Today, nanotechnology is a rapidly expanding field, playing an 
important role in our society. It is changing our lifestyle in many fields, such as 
energy, environment, medicine, construction, transportation, and telecommunica-
tions. It brings a complex challenge to both theoretical and experimental sciences 
and provides a great opportunity for the development and welfare of human health 
[2]. The concept of nanotechnology started with the talk by Richard Feynman enti-
tled “there is a plenty of room at the bottom” in 1959. Richard Feynman primarily 
highlighted immense capacity and potential of nanotechnology at an American 
Physical Society meeting at the California Institute of Technology [3]. Since then, 
nanotechnology has revolutionized science and played a significant role in every 
aspect of the society. Early applications of nanotechnology began with the crafting 
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of glass for ceramic antiques, such as the Lycurgus Cup created in the fourth Century 
AD that generated color change due to the interaction of light with gold (Au), silver 
(Ag), copper (Cu), and iron (Fe) nanoparticles embedded in the glass [4]. Today, 
nanotechnology is integral in various fields of science, serving as the basis for 
instruments such as the field ion microscope and atomic force microscopes (AFM). 
The manipulation of individual atoms became possible with the introduction of the 
Scanning Tunneling Microscopy (STM) in the early 1980s. Nanotechnology has 
found its way into the marketplace since the early 2000s by allowing manufacturers 
to enhance materials employed in various applications such as a tennis racket, elec-
tronic devices, and sunscreen [5]. During the past decades, nanotechnology has 
achieved immense progress and recently it can be applied to the fields of medicine 
and biology to enhance drug delivery, medical diagnostics, and manufacturing pro-
cesses [6]. There is a revolution in the application of nanotechnology in medicine 
because most biological molecules are in the nano-scale. Therefore, nanotechnol-
ogy has been regarded as an emerging technology in medicine and is commonly 
referred to as nanomedicine [6]. In recent years, nanotechnology has been success-
fully applied in orthopedic implants, transforming drug delivery and medical diag-
nostic tools. The application of nanotechnology in orthopedic implants has resulted 
in incredible improvements in the treatment of bone defects and orthopedic trauma. 
Figure  1 illustrates the applications of nanotechnology in orthopedic surgery. 
Despite recent advances in nanotechnology, particularly within orthopedics, it 
seems that the potential of nanotechnology is vast and needs to be realized.

Generally, materials with a nano-sized topography or materials composed of the 
nano-sized structures are considered as nanomaterials. For instance, materials with a 
basic structural unit in the range of 1–100 nm, individual or multilayer surface coatings 
with a thickness in the range of 1–100 nm, crystal solids with the grain sizes between 1 
and 100 nm, fibers with diameters in the range of 1–100 nm, and powders with average 
particle sizes between 1 and 100 nm are considered as “nanomaterials” [7, 8]. The appli-
cation of nanotechnology and nanomaterials in hard/soft tissue engineering is a relatively 

Fig. 1 Applications of 
nanotechnology in 
orthopedic surgery
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new frontier research. So far, the application of nano-scale materials has been tested for 
a wide range of materials such as polymers, metals, composites, and ceramics. These 
nanomaterials show superior properties as compared to the micron-sized materials.

Over the last decades, nanomaterials have been highlighted as promising candi-
dates for overcoming problems associated with the failure of conventional biomate-
rials and implants. Studies indicate that materials in the nano-scale exhibited 
excellent properties, such as superior mechanical, electrical, cytocompatible, cata-
lytic, and magnetic properties as compared to their micron structured counterparts. 
Due to the unique physical properties and the greater surface area in a given volume, 
nanomaterials can be designed to mimic the natural environment of tissues to pro-
mote cell growth, tissue regeneration and even to reduce infection rates [9]. 
Nanomaterials have been also applied as coatings and scaffolding to provide a better 
interaction between the implant surface and surrounding tissue [10]. Therefore, 
nanomaterials can be selected as the next generation of implant coatings to enhance 
implant/tissue integration owing to their unique surface properties, which provide a 
more suitable environment for bone ingrowth [9]. Decreasing the likelihood of 
infection and improving scar appearance are a few examples of the advantages of 
using nanotechnology for implants [11]. It was reported that the application of a 
nanotexture material in total joint replacement improved osteoblast adhesion and 
osseointegration, hence increased the success rate of implantation [11].

Today there are many common and significant clinical problems of bone and joints 
such as bone fractures, bone cancer, and osteoarthritis. The National Center for Health 
Statistics (NCHS) reports a large number of patients with bone fractures, osteoarthri-
tis and associated disorders annually [12]. According to the American Academy of 
Orthopedic Surgeons, there was about a 83% increase in hip replacements between 
2000 and 2004 [12]. Although the need for orthopedic implants has been increased, 
the conventional implant materials last only 10–15 years on average. With this limita-
tion, the rate of implant failures, such as implant loosening, osteolysis, inflammation, 
infection, and wear debris, is severely increased [11]. Therefore, there is an urgent 
need to design the new generation of cytocompatible bone and joint replacement can-
didates to regenerate bone tissue at the defect sites that will last the lifetime of the 
patient. The application of nanomaterials which are biomimetic with excellent 
mechanical properties has become an urgent requirement in orthopedics. Materials at 
the nano-scale exhibit unique surface properties such as surface wettability, surface 
chemistry, surface energy and surface topography due to the higher available surface 
area and roughness as compared to the micron-sized counterparts. It has been shown 
that the adhesion of specific proteins, such as fibronectin, vitronectin, and laminin, is 
directly related to the surface properties and bioactivity of implants [11]. In addition, 
osseointegration between implant materials and bone tissue is considered as a critical 
factor in designing successful orthopedic implants [1]. Studies have demonstrated that 
nanostructured materials with desirable cell adhesion properties can promote protein 
adhesion as well as new bone growth as an advantage of such nanomaterials as com-
pared to conventional materials for tissue growth [1]. Therefore, various metals, poly-
mers, nanophase ceramics and composite scaffolds have been designed for orthopedic 
applications via controlling surface properties. Many studies have indicated that 
nanostructured ceramics enhance friction and wear problems associated with joint 
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replacement components [13, 14]. For instance, the application of nano-hydroxyapa-
tite (HA) as a substitute, filler, coating, and composite material in orthopedics pro-
motes biomineralization [15, 16].

Nanotechnology and nanomaterials have revolutionized many fields such as biol-
ogy and medicine. Enhanced drug delivery, medical diagnostics, and bioengineering 
are few examples. Recently, researchers have demonstrated that nanotechnology and 
nanomaterials possess a huge potential for further applications in disease detection, 
intervention and particularly orthopedics [10]. Introducing a new dimension to tech-
nology and materials with the possibility of manipulating at the nano level has been 
regarded as an emerging science in many fields of competitive industries. This chap-
ter provides a brief introduction to the nanotechnology and nanomaterials in ortho-
pedic applications and tissue engineering. In addition, the toxicological effect of 
nanomaterials in the orthopedic applications is discussed. Finally, the last section of 
the chapter dedicated to the characterization of the orthopedic nanomaterials pro-
vides very critical information for the design and fabrication of these materials.

2  Nanomaterials Enhanced Orthopedic Implants

Applications of orthopedic implants are growing rapidly across the world. Many bone 
defects with low potential for regeneration are the result of trauma, tumor, infection or 
periprosthetic osteolysis and need to be surgically treated [17]. Surveys have shown 
that in the United States alone, there are over 600,000 joint replacements annually and 
about 80% of all transplantations are bone autografts and allografts [17]. However, 
bone autografts and allografts have shown many drawbacks such as immunological 
rejection, the risk of infection, and the high cost of operation [18]. The average life-
time of a conventional orthopedic implant is not permanent and unfortunately, there 
has been many cases of failed implants [19, 20]. Once an implant fails, revision surger-
ies are required, which increase pain, the cost of treatment, and added risk of post-
surgery complications [18]. The poor surface interaction between the biomaterial and 
host tissue results in insufficient tissue regeneration around the biomaterials after 
implantation, which is one of the key factors of implant failure [21]. Therefore, an 
orthopedic implant must be inhabitable for osteoblast to proliferate the implant surface 
and regenerate new bone tissue [22]. By controlling surface properties, a broad range 
of ceramics, polymers, metals and composite scaffolds at the nano-scale have been 
designed for bone/cartilage tissue engineering applications [10]. Just like conventional 
or micro-structured materials, nanomaterials also can be classified as nanoparticles, 
nanocrystals, nanofibers, nanoclusters, nanotubes, nanowires, nanofilms, nanorods, 
etc. The success rate of bone tissue engineering products is strongly influenced by 
appropriate material selection and the fabrication method for producing a scaffold. So 
far, various natural and synthetic biomaterials such as ceramics, polymers, and a com-
bination of them have been employed for bone tissue engineering applications [10]. 
Table 1 summarizes nano-sized materials used in orthopedic applications.

Although a wide range of materials at the micro-scale have been employed for 
orthopedic applications, nanomaterials have attracted considerable attention due to 
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Table 1 Nano-sized materials in orthopedic applications.

Categories Materials Structures Features Ref.

Metals Titanium alloys Nanotubes, 
nanorods, 
nanoparticles, 
UFG

High corrosion resistance, 
osteoconductive

[31]

Cobalt–chromium alloys Nanostructures Excellent corrosion 
resistance as well as friction 
resistance

[32]

Silver Nanoparticles, 
nanocoating

Anti-infection coatings, 
antimicrobial/antiviral 
properties

[33]

Stainless steel Nanostructures Resistant to many corrosive 
agents, excellent fabrication 
properties

[34]

Tantalum Nanoparticles Ductile, anticorrosive, 
biocompatible and cost 
effective

[35]

Polymers Collagen – Poor mechanical properties, 
low immune response, 
increase cell adhesion, 
chemotactic

[36]

Chitosan 2D/3D scaffolds, 
nanofibers, 
nanocoating

Promotes osteoconduction 
and wound healing and 
hemostatic properties

[37]

Hyaluronic acid – Minimal immunogenicity, 
low mechanical properties, 
chemotactic in combination 
with suitable agents

[38]

Silk Nanofibers High compressive strength, 
increase cell migration, 
vascularization, 
osteoconduction

[39]

Polylactic-co-glycolic acid 
(PLGA)

– Biocompatible, tunable 
degradation rates, sufficient 
mechanical properties, 
safety for clinical use, 
processability

[40]

Poly(e-caprolactone) 2D/3D scaffolds Bioresorbable, slow 
degrading, low chemical 
versatility, degradable by 
hydrolysis or bulk erosion

[41]

Polymethylmethacrylate 
(PMMA)

2D/3D scaffolds Using as bone cement, 
biocompatible, 
thermoplastic, low ductility 
brittle

[42]

(continued)
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their specific properties to overcome the problems associated with conventional 
implant biomaterials [23, 24]. The biomimetic feature and physical and chemical 
properties of nanomaterials play a significant role in cell growth and tissue regen-
eration owing to the nano-scale dimension of natural tissue [25]. With recent 
advances in nanomaterials, novel orthopedic implants have been introduced with 

Table 1 (continued)

Categories Materials Structures Features Ref.

Polymers Poly(lactic acid) (PLA) 2D/3D scaffolds, 
nanofibers, 
nanocoating

Desirable mechanical 
properties, bioabsorbable, 
biodegradable, 
thermoplastic

[43]

Polyetheretherketone 
(PEEK)

– Poor osseointegration, 
excellent mechanical 
properties, physical and 
chemical stability, 
biologically inert and safe

[44]

Ceramics Calcium phosphates Nanoparticles Improved cell 
differentiation; 
osteoconductive

[45]

Hydroxyapatite Nanorods Good osseointegration, slow 
biodegradation rate, low 
fracture toughness

[46]

Bioactive glass Nanoparticles, 
nanocoating

Brittle and weak; enhanced 
vascularization

[47]

Metallic oxides (eg, 
alumina, zirconia, titania)

Nanotubes, 
nanocoatings

High biocompatibility, 
desirable corrosion and 
wear properties

[48]

Carbon 
materials

CNTs/CNFs Nanofibers, 
nanotubes

Excellent mechanical 
strength and electrical 
conductivity, low density

[49]

Graphene/graphite Nanosheets Excellent thermal and 
electrical conductivity, high 
tensile strength, reflexivity

[50]

Diamond Nanoparticles, 
nanocrystals, 
nanorods

Higher tribological and 
mechanical properties

[51]

Composites Ceramic nanophase in a 
ceramic or polymer matrix

Nanosheets – [52]

Carbonaceous nanophase 
in a ceramic or polymer 
matrix

Nanotubes – [53]

Metallic nanophase in a 
ceramic or polymer matrix

– More support for cell 
activity, higher 
osteoconductivity, tailorable 
degradation rate, improved 
biological and mechanical 
properties

[54]

Polymer–polymer 
composites

– – [54]

T. Shokuhfar et al.
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great potential for better osseointegration to efficiently stimulate new bone growth 
as compared to conventional implants [26].

Excellent physiochemical properties and nanostructured extracellular matrices 
(ECM) of nanomaterials can decrease infection and increase bone growth [27]. 
Investigations have shown that implants with a nano-scale surface roughness that 
mimic natural tissue promote more tissue growth than smooth implants [28]. In 
addition, it was demonstrated that nano-sized materials can be beneficial in promot-
ing bone growth, or detrimental in promoting inflammation or infection [26]. 
Therefore, the design and fabrication of nanomaterials is a new confront in orthope-
dic applications which offers a new type of implant and scaffold that can mimic the 
complex and hierarchical structure of hard/soft tissues [26].

Controlling cell behavior is one of the important criteria in the design of materials 
for soft/hard tissue regeneration [29]. It is reported that nano-scale structures can con-
trol the orientation and alignment of cells and the mineralization of the collagen matrix 
[30]. In addition, nano-scale structures induce mineral deposition of calcium (Ca) and 
phosphorus (P) by osteoblasts from the culture media. Figure 2 shows scanning elec-
tron microscope (SEM) images of MG63 cells cultured on different surfaces of Ti for 
1 day. The MG63 cells on the polished Ti surface were spindle-like and spreading. 
However, the cells on the nano-structured Ti surface have a flattened morphology with 
numerous filopodia actively attached on the surface. MG63 cells on the micro-struc-
tured Ti surface showed spindle-like sharpness and their lamellipodia attached mostly 
on the sides of the microholes, however, the filopodia adhered less to the surface 
directly. These images indicate that nano-structured Ti surface is more suitable for the 
cell growing and spreading as compared to the polished and micro-scale Ti surface [30].

2.1  Significance of the Orthopedic Nanomaterial Surface

The physical and chemical properties of the implant surface have considerable 
effects on cell responses, cell attachment and cell migration [26]. Natural bone is a 
nano-structured composite which consists of a polymer matrix reinforced with 
nano-sized ceramic particles [10]. Investigations demonstrated that enhanced osteo-
conductivity, as well as osteoinduction, is achieved when the implant resembled 
bone in terms of its nano-scale features [55]. Therefore, sufficient osseointegration 
between bone tissue and implant material is considered as a significant criterion for 
designing of orthopedic implant materials. As illustrated in Fig. 2, a nanostructured 
implant with desirable surface properties can promote surface interaction with pro-
teins, hence stimulate new bone growth as compared to the conventional materials 
[27]. Metals such as Ti, Ti alloys, cobalt-chromium (Co-Cr) alloys, and stainless 
steel are the most common materials for orthopedic implants due to their biocompat-
ibility, excellent electrochemical as well as mechanical properties. However, metal-
lic implants are prone to failure due to many factors including stress shielding and 
strain imbalances which may lead to implant loosening and eventual failure [56]. 
The favorable interaction between the implant surface and host tissue accelerates 
healing and increases implant longevity which results in a reduction in revision 
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surgery [17]. It is believed that the lifespan of orthopedic implants is limited owing 
to the lack of investigation to understand cellular recognition of the proteins initially 
adsorbed by the implant surfaces. Therefore, to reduce failures of orthopedic 
implants, cellular processes that result in effective new bone growth must be inves-
tigated. The essential factors in cellular function including proliferation, high initial 
adhesion, and differentiation from non-Ca-depositing to Ca-depositing cells are 
considered as positive responses from osteoblasts. High activities of osteoblasts and 
osteoclasts are required for bone remodeling and providing healthy hard tissue-
implant interactions. In contrast, poor activity leads to cell necrosis adjacent to the 
implant, which results in a higher risk of implant failure [57]. Due to the significance 
of cellular processes in orthopedic implants, many investigations have been done to 
modify the surface properties of implant biomaterials to increase the interaction 
with cells, hence, promote bone regeneration [58]. Different methods, such as 
hydrothermal treatment, electrochemical processing, sol-gel, sandblasting and 
chemical etching, have been applied for the surface modification of implants [58]. A 
recent study suggested that nanomaterials are suitable candidates to modify the sur-
face features for orthopedic materials because they possess the appropriate environ-
ment for suitable tissue growth and reduced chronic inflammation as well as infection 
[59]. Surface nanostructuring and nanostructure coatings are considered as two 
major methods in surface modification at the nano-scale. Surface nanostructuring 
provides a nano-topography with large surface areas providing more binding sites to 
cell membrane receptors [60]. In addition, surface nanoarchitectures guide several 
molecular and biological processes at the implant/tissue interface, which results in 
greater biocompatibility of implants [61, 62]. One example of the effect of surface 
nanostructuring on the properties of commercially pure Ti (CP Ti) is shown in Fig. 3. 

Fig. 2 SEM images of MG63 cells cultured for 1 day incubation on (a) the polished Ti surface, 
(b) the micro-roughened Ti surface, (c) the nano-network structured Ti surface, (X-2) are images 
with higher magnification taken of the area enclosed by the white square in (X-1). Scale bar = 50 μm 
(X-1); Scale bar = 5 μm (X-2). Images reprinted with permission of Liang et al. (2015). Copyright 
2015 Elsevier Ltd. [30]

T. Shokuhfar et al.



11

The results reveal that the nanostructured topologies of titanium implants increase 
the bone-implant interfacial strength by improving the proliferation, differentiation, 
and development of the osteoblastic phenotype [26, 63]. In addition, it is demon-
strated that the TiO2 thin film and TiO2 nanotubes improve cell viability, attachment, 
and proliferation, due to the high surface energy, a large number of particle-binding 
sites, and the topology mechanism [60]. Another alternative way for surface modifi-
cation of implants at the nano-scale is to use nanostructured coatings and nanocom-
posites which affect the interaction of the bone/implant while tailoring their 
biological responses [26]. There are several studies on the preparation and charac-
terization of nanocomposites, nanopolymers, nanoceramics, and carbon nanomate-
rials which indicate the significance of nanomaterial surfaces [64]. For instance, 
Safonov et al. have shown that Ti and stainless steel implants with nanostructured 
aluminum oxide coatings possess higher biocompatibility as compared to the non-
coated surfaces owing to the hydrophilicity of the coated surface [65]. Rezazadeh 
et al. have reported that the incorporation of Ti nanotubes as a reinforcement in HA 
coatings significantly enhanced mechanical properties of the coating and improved 
the electrochemical properties of the metallic substrate [66, 67].

Fig. 3 Effects of surface nanostructuring on the cell viability, differentiation, and bactericidal 
 capacity of CP Ti. (a, b) SEM images of TiO2 nanotube layer and microporous Ti, respectively. (c, d) 
The nanostructuring effect on the MG-63 cell proliferation and ALP activity (*P < 0.05, n = 9). 
Images reprinted with permission of Xia et al. (2012). Copyright DOVE medical press [63]

Orthopedic Nanomaterials
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Implantable biomaterials such as Co-Cr alloys and Ti alloys are widely applied 
for orthopedic applications to provide structural support as bone does [68]. With 
recent progress in nanotechnology, nanostructural materials have been introduced to 
orthopedic applications as novel implant materials with superior potential for osseo-
integration [11]. In comparison to the common materials, the desirable surface 
properties of nanomaterials efficiently promote new bone growth. In addition, it is 
reported that metallic implant materials with nanostructured surfaces enhance 
mechanical properties of the bone interface which is due to the enhanced available 
interlocking and anchor sites on the surface of the nanostructured implant in com-
parison to conventional implants. Figure 4 shows the mechanism by which metallic 
implant with a nanostructure possibly is superior to conventional materials for bone 
regeneration. As it is shown, the bioactive nano-surface of such implants can mimic 
those of natural bones to promote greater amounts of protein adsorption and effi-
ciently stimulate new bone formation than conventional materials [11, 68] .

3  Nanomaterials in Bone Tissue Engineering for Orthopedic 
Application

The main goal of bone tissue engineering is to develop biodegradable materials to 
be used as bone substitute for filling large bone defects. For this purpose, tissue 
substitutes are fabricated in the laboratory by combining artificial components such 
as polymers, metals, ceramics, composites and carbon materials with living cells. 
Subsequently, the fabricated tissue is implanted into a patient’s body to create, 
repair or replace natural tissues and/or organs [64]. In the past, tissue engineering 

Nanophase material Nanophase material Nanophase material

Conventional materialConventional materialConventional material

Protein adsorptions on
substrates immediately

Osteoblast attachment and
proliferation (0-3 days)

Osteoblast differentiation and
bone remodeling (>21 days)

Fig. 4 Schematic illustration of the mechanism by which nanomaterials may be superior to con-
ventional materials for bone regeneration. The bioactive surfaces of nanomaterials mimic those of 
natural bones to promote greater amounts of protein adsorption and efficiently stimulate more new 
bone formation than conventional materials. Images reprinted with permission of Zhang et  al. 
(2009). Copyright 2008 Elsevier Ltd. [11]

T. Shokuhfar et al.
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with the incorporation of autografts and allografts had a variety of drawbacks for the 
patients [69]. Today, by controlling surface properties, a broad range of metals, 
polymers, nanophase ceramics and composite scaffolds is designed for tissue engi-
neering applications [17]. In designing scaffolds as a temporary 3D matrix, biode-
gradability and the same functionality of the ECM network should be considered. 
Therefore, understanding the interaction between the cell and matrix is of para-
mount importance [70]. The functional roles of the native ECM scaffold are struc-
tural, biological, and biochemical. Structural: to play an important role in supporting 
cells and provide a substrate for cell migration and survival; Biological: to play a 
functional role which is required to separate growth factors and other chemical cues 
that regulate cell fate; and Biochemical: to offer bioactive peptide sequences which 
lead to receptor binding and activate intracellular signaling pathways [10].

Recently, it was reported that the size and topographical features of the structural 
elements in the ECM also need to be considered as key characteristics of the ECM 
[10]. Comprehensive consideration of structural properties of the scaffolds and their 
interactions with soft/hard tissue at the nano-scale range is needed for the successful 
design of scaffolds [71]. Lately, fabrication of biomimetic nanostructured tissue 
scaffolds which encapsulate cells for orthopedic applications such as bone and car-
tilage tissue has been tremendously increased [10]. The architecture of the scaffold 
defines the ultimate shape of new hard tissues by providing the necessary support 
for the cells to proliferate and differentiate [10]. Therefore, these scaffolds should 
be able to provide suitable diffusion of oxygen and nutrients to cells embedded 
within the scaffold as well as proper diffusion of waste from the cells [72].

Figure 5A shows the nanostructured hierarchal self-assembly of bone. Bone is a 
natural nanocomposite that consists of hard inorganic component (hydroxyapatite, 
HA, Ca10(PO4)6(OH)2) [66], a protein based soft hydrogel template (i.e., collagen, 
non-collagenous proteins (laminin, fibronectin, vitronectin) and water). 70% of the 
bone matrix is composed of nanocrystalline HA with the typical length and thickness 

Fig. 5 The biomimetic advantages of nanomaterials. (a) The nanostructured hierarchal self-
assembly of bone. (b) Nanophase titanium (top, the atomic force microscopy image) and nano-
crystalline HA/HRN hydrogel scaffold (bottom, the SEM image). Images reprinted with permission 
of Zhang et al. (2009). Copyright 2008 Elsevier Ltd. [11]

Orthopedic Nanomaterials
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of 20–80 nm and 2–5 nm, respectively [16]. Dense nanostructured ECM is rich in 
elastin fibers, collagen fibers and proteoglycans. However, cartilage is a low-rate 
regenerative tissue composed of a few chondrocytes. The absence of progenitor cells 
and vascular networks and lack of chondrocyte mobility in the dense ECM limit 
regenerative properties of cartilage [11]. Figure 5B illustrates nanophase Ti and nano-
crystalline HA/helical rosette nanotubes (HRN) hydrogel scaffold. Recently, design-
ing nanomaterials with sufficient mechanical properties which are also biomimetic in 
terms of their nanostructure has become very common to enhance bone cell and 
chondrocyte functions [11]. However, much of the current work of nanomaterials and 
nanotechnology is in the laboratory or in vivo testing. Therefore, more translational 
research is needed from basic science to practical applications [10].

4  Toxicological Effect of the Nanomaterials for Orthopedic 
Applications

Nanobiomaterials are new types of materials in terms of scale, properties, and func-
tions that mimic the complex and hierarchical structure of the native hard/soft tis-
sue. Owing to the nano dimensions of natural tissue of the body, the biomimetic 
features and unique physical and chemical properties of nanomaterials play a cru-
cial role in stimulating cell growth as well as tissue regeneration. However, by the 
rapidly emerging science of nanotechnology, a main concern of the toxicity of 
nanomaterials on human health and environment has been raised [73]. Recently, 
nanotoxicology, the science of engineering nanostructures that deals with health 
threats or adverse effects on living organisms, has attracted considerable attention 
[26]. The diversity and unlimited potential applications of nanomaterials have posed 
a great challenge for their safety evaluation. It is believed that almost every material 
can be toxic at a high enough doses. However, the question is how toxic are nano-
materials at the potential concentrations used for their intended applications? 
Analytical methods such as measuring the concentrations of nanomaterials in the 
human body and environment are still at the beginning stage [74]. In the study of the 
toxicological effect of the nanoparticles, several research groups used different cell 
lines, culturing conditions, and incubation times. However, it is difficult to compare 
all the different findings and understand whether the cytotoxicity observed is physi-
ologically relevant or not. Many biological models such as cells in culture, aquatic 
organisms including embryonic zebrafish, and whole-animal tests (such as rodents) 
have been applied to measure potential toxicological effects of chemicals [73]. 
Investigations show that some nanoparticles are able to translocate into different 
organs via the circulatory and lymphatic systems after entering the body [75]. There 
is a possibility of toxic responses of the nanoparticles generated from the degrada-
tion of nanomaterials in metallic artificial joint implants [76]. The formation of 
nano-scale debris may occur when orthopedic implants are subjected to 
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physiological loading properties [77]. This may have many adverse effects such as 
exacerbation of asthma, chronic inflammatory, lung diseases, inflammation, fibro-
sis, metal fume fever, and carcinogenesis [78]. It has been reported that the tendency 
for toxicity increases with decreasing particles size [79]. Therefore, in the design 
and fabrication of nanomaterials, particularly in orthopedic applications, the bio-
logical effects of these nanomaterials and their interaction with living organisms 
should be studied. The toxicity of nanomaterials depends on the type of the base 
material, its size, and shape. The range of nanomaterials is very extensive in differ-
ent compound classes such as metals, polymers, carbon, and composites. Hence, the 
effects of nanomaterial characteristics such as surface area, shape, and size on their 
toxic response need to be evaluated [80]. In a study conducted by Ribeiro et al., the 
adsorption of proteins to anatase nanoparticles in serum-containing medium was 
investigated [81]. Sodium dodecyl sulfate (SDS) gel electrophoresis demonstrated 
that by increasing the nanoparticle concentration, the protein adsorbed on anatase 
increased (Fig. 6a). The results indicate that the anatase bio-complexes had no influ-
ence on osteoblasts viability after exposure for 72 h. The percentage of live/dead 
cells was similar to the negative control (medium culture). The positive control 
(CuO) presented higher levels of dead cells (Fig. 6b). The observation shows that 
there are no significant differences in the population of necrotic and apoptotic cells 

Fig. 6 Osteoblasts viability upon anatase nanoparticles exposure: (a) Illustration of SDS-PAGE 
gels and identified bands. (b) Live and dead assay of osteoblast viability after 72 h of nanoparticle 
exposure. Images reprinted with permission of Riberio et  al. (2016). Copyright 2016 Nature 
Publishing Group [81]
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exposed to the different concentrations of anatase nanoparticles [81]. It is believed 
that in order to determine the toxic effects of nanomaterials, more effort is required 
for in vivo evaluations, clinical trials, and toxicological surveys before it is com-
mercialized for orthopedic applications.

5  Characterization of Orthopedic Nanomaterials

Properties of the nanomaterials used in orthopedics should be studied and well doc-
umented before and after their clinical applications. Depending on the interaction of 
these nanomaterials with the host tissue in the body, size, shape, crystal structure, 
elemental analysis, chemical bonding, and biocompatibility of these materials need 
to be investigated. Nanotechnology tools that can enable advanced characterization 
of nanomaterials and their interactions with biological systems have been recently 
developed. Such advanced tools can provide new insights for understanding the 
biocompatibility as well as non-toxicity of nanomaterials used in orthopedics and 
other medical applications. SEM and AFM are used mainly for the investigation of 
surface morphology at the nano-scale. In addition, Transmission Electron 
Microscopy (TEM) provides 2D and 3D images of 3D structures. It also reveals 
crystal structure information as well through electron diffraction, in a similar fash-
ion with how a X-ray Diffractometer does. Via Electron Energy Loss Spectroscopy 
(EELS, attached to TEM) and Energy Dispersive X-Ray Spectrometry (EDS, as 
attached to either SEM and TEM), chemical analysis is carried out. Biocompatibility 
can be examined using either SEM or a Fluorescence Microscope. Chemical bond-
ing information can be obtained via Fourier Transform Infrared Spectroscopy 
(FTIR) and Raman Spectroscopy. Investigation of the properties of the nanomateri-
als as synthesized or in environments mimicking real-life conditions provides criti-
cal information for optimization of the manufacturing parameters of these 
materials.

5.1  Size, Shape and Topological Information

5.1.1  Scanning Electron Microscopy

A conventional SEM is very powerful for the size and shape analysis of nanomateri-
als with resolutions down to 1 nm. SEM samples can be very large. Upon the inter-
action of primary electrons with the nanomaterial, secondary electrons are created 
at the surface providing topographical information of the sample. Backscattered 
electrons are also generated and they create atomic number related contrast. X-rays 
and Auger electrons are also emitted which are fingerprints for elements [82].

Ti is one of several metals, whose alloys are frequently employed as nanomateri-
als. In a recent work, Bhosle et al. carried out the anodization technique to create 
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Ti-15Zr nanotubes in different anodization voltages [83]. According to the SEM 
images in Fig. 7, it was concluded that more electronic and ionic diffusion occurred 
at higher anodization voltages, causing an increase in the nanotube diameter. 
Voltages higher than 40 V resulted in sponge-like structures, even higher voltages 
caused dissolution of nanotubes. In addition to the size and shape of the nanomateri-
als, surface roughness is also a critical parameter to be controlled for the attachment 
or repulsion of the osteoblast cells, which has been reported via SEM imaging by 
both Nelson et al. [84] and Alves et al. [85]. Calcium phosphate can be utilized for 
drug delivery and to increase the bone mass for medicine and dentistry due to their 
osteoconductivity and biocompatibility [86]. In the work carried out by Nelson 
et al. [84], nano-amorphous calcium phosphate, nanocrystalline HA and conven-
tional HA were fabricated via wet chemistry and hydrothermal treatment and 
pressed into compacts. It was concluded that the nano-amorphous calcium phos-
phate has larger specific surface area than non-crystalline HA. SEM images show 
the morphological changes of nanocrystalline HA to the conventional apatite. 
Peptide lysine-arginine-serine-arginine (KRSR) functionalization was carried out 
on nanoparticulate crystalline HA and investigated for osteoblast adhesion. They 
reported that compared to conventional HA and nano-amorphous calcium phos-
phate, nanocrystalline HA showed more widespread attachments.

Fig. 7 Field Emission (FE)-SEM images of the Ti–15Zr substrates after anodization. The anod-
ization was carried out at room temperature by using an electrolyte composed of 15 vol% water 
and 0.2 M ammonium fluoride in ethylene glycol solution. The nanotubular surfaces of substrates 
anodized at six different potentials—that is, 10, 20, 30, 40, 50 and 60 V—for a constant duration 
of 30 min were obtained. Panels (a), (b), (c), (d), (e) and (f) are the lower magnification images 
(×30,000) of anodization at 10, 20, 30, 40, 50 and 60 V, respectively. Panels (g), (h), (i), (j) and (k) 
are higher-magnification images (×50,000) of anodization at 10, 20, 30, 40 and 50 V conditions, 
respectively. Images reprinted with permission of Bhosle et  al. (2017). Copyright 2017  ICE 
Publishing [83]
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5.1.2  Fluorescence Microscopy

Fluorescence microscopy has been frequently used for biological research. Some 
fluorescence techniques can image with a 20–30 nm resolution and visualize molec-
ular interactions in the samples [87]. What makes fluorescent microscopy favorable 
over optical imaging techniques is the use of fluorescent proteins. With the advance-
ments of fluorescent proteins, which are not toxic to the cell, specific cells and 
 tissues can be tagged. Also, advancements have increased the brightness of the fluo-
rescence and the photostability [88]. Fluorescence is resistive to the effects of pH 
variation. In the recent work by Bhosle et al. biocompatibility tests were carried out 
by fixing and staining the MRC-5 cells with formaldehyde in phosphate  buffered 
solution (PBS) and with Actin Red 555 Ready Probes, respectively [83]. According 
to the fluorescence images reported in Fig. 8, 20 and 30 V anodization showed well 
spreading of cells on nanotubes 1 day after seeding (Fig. 8b, c) compared to control 
samples (Fig. 8a), and spreading enhanced further as time passed (day 7) (Fig. 8f, g) 
compared to control sample (Fig.  8e). Cell spreading was observed for 40  V 
 anodization after day 7 (Fig. 8h). It is concluded that the spreading of cells on the 
anodized samples is caused by the presence of well-organized actin stress fibers at 
the cortical areas of cells.

5.1.3  Atomic Force Microscopy

AFM gives very precise quantitative surface topography information. During the 
operation of the AFM, the tip of the cantilever touches the sample, bends and pro-
duces angle changes for the incoming laser and reflects the laser. Thus, surface 
topography maps are obtained with nanometer resolution [82]. Surface properties of 
the implants including the affinity to water, steric hindrance, and roughness affects 

Fig. 8 Fluorescence images of day 1 and day 7 of MRC-5 cells seeded on anodized samples. The 
effect of MRC-5 cells was studied on an anodized sample used as a control (a, e) and three differ-
ent types of nanotubular surfaces—that is, (b, f) 20 V, (c, g) 30 V and (d, h) 40 V, where the date 
information is given as (day 1, day 7). Images reprinted with permission of Bhosle et al. (2017). 
Copyright 2017 ICE Publishing [83]
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the cell adhesion on the surfaces, as discussed by Park et al. [89]. Based on the AFM 
surface topography maps, the surface of the nanophase TiO2 is rougher than conven-
tional TiO2.

5.2  Inner View, Crystal Structure, Chemical Information

5.2.1  Transmission Electron Microscopy

A modern TEM can resolve features with sizes lower than 0.1 nm, after the incor-
poration of aberration correctors. A conventional TEM provides a 2D projection 
image of a 3D object with a contrast depending on the thickness and density using 
a parallel coherent beam. With this, size and shape information of the nanoparticles 
can be obtained. Electrons reflect upon their interactions with atoms in specific 
planes of the crystals. This crystal structure information is a fingerprint for each 
material. With the electron holography technique, magnetic features of the materials 
can also be detected. When used in scanning mode, that is, scanning transmission 
electron microscope (STEM), similar to a SEM, electrons that reflect in high angles 
construct atomic number dependent images. Using this mode and EELS and EDS, 
atomic resolution chemical characterization can be done. EELS records the energy 
loss information for each electron, which is characteristic of elements, molecules, 
bonding or electronic structure. EDS records the energy of the X-ray produced, 
which again is a fingerprint for each element [90].

If the sample has organic materials or is hydrated with weak bonding, to eliminate 
the possible electron induced material damage, these nanomaterials should be imaged 
and characterized either as in liquid state or frozen state. Liquid state TEM involves 
either usage of a fluid flow holder or graphene liquid cells, in which liquids are 
encapsulated in between either two Si3N4 windows or two graphene layers, respec-
tively [91, 92]. The former has the advantage of flowing in liquid to monitor the 
interaction of the nanomaterials in the shell with the flow, but is very thick, whereas 
the latter has no capability of flowing any liquid, but is very thin, making dynamic 
atomic resolution liquid imaging possible. These two techniques are capable of mon-
itoring live nano-scale activities. Cryo-TEM is also very useful to preserve the struc-
ture at liquid nitrogen temperatures and to do static imaging with low sample damage 
due to the low temperature during imaging [93]. Colloidal samples can be simply 
cryo-plunged and thicker samples need to be high pressure frozen, cryo-microtomed 
and imaged in cryogenically or undergo freeze-substitution and prepared for conven-
tional imaging. With the invention of the single particle analysis via cryo-TEM, mul-
tiple images of the homogeneously distributed nanomaterials are combined, grouped 
and processed to simulate a 3D object. Cryo-tomography is also a complementary 
tool for single particle analysis where the materials are tilted with discrete angles and 
images are collected at each tilting angle and processed to create a 3D object.

Metallic implants are known to undergo surface degradation when implanted in 
the human body and release debris and metallic ions which can cause inflammatory 

Orthopedic Nanomaterials



20

responses and foreign body reactions [81]. Considering the size of the nanoparti-
cles, high-resolution imaging with spatially resolved characterization is necessary. 
Bio-nano interactions of anatase titania were recently investigated as a nanoparticle 
model which is widely used in consumer products as well orthopedic implants. 
STEM-EDS elemental maps showed the presence of Ca and P surrounding the 
nanoparticles for 10 μg/mL anatase titania (Fig. 9a–d) and 100 μg/mL anatase tita-
nia (Fig. 9e–h). HA and anatase crystal structure information was reported in the 
electron diffraction (Fig. 9i). Furthermore, when anatase was incubated with DMEM 
medium without fetal bovine serum and albumin stabilization, complexes form 
around the anatase in the form of protein and ion corona, which is monitored by the 
Ca-L, N-K and O-K edges by STEM-EELS (Fig. 9j).

TEM imaging was also utilized in the same work to verify the internalization of 
anatase titania particles by osteoblast cells. Typical secretory cells with organelles 

Fig. 9 Concentration dependency of anatase titania bio-complexes formation in the cell medium 
culture: 10 μg/mL anatase (a) Dark-field STEM image showing where the corresponding elemental 
maps were obtained; (b) STEM/EDS Ti-K map; (c) STEM/EDS Ca-K map; (d) STEM/EDS P-K 
map. 100 μg/mL anatase titania; (e) Dark-field STEM image showing where the corresponding 
elemental maps were obtained; (f) STEM/EDS Ti-K map; (g) STEM/EDS Ca-K map; and  
(h) STEM/EDS P-K map. (i) Diffraction pattern of {211} hydroxyapatite nanocrystal planes 
(marked as #) and anatase nanocrystal planes used for calibrating, d {101} = 0.351 nm (5, 7, 8 and 
9). (j) EELS spectrum of 100 μg/ml of anatase titania in cell culture medium. Images reprinted with 
permission of Riberio et al. (2016). Copyright 2016 Nature Publishing Group [81]

T. Shokuhfar et al.



21

including the nucleus, chromatin, and cytoplasm containing mitochondria, Golgi 
complex, endoplasmic reticulum, vesicles, and vacuoles are reported in Fig. 10a. 
Exposure to 5 μg/ml and 100 μg/ml anatase titania are reported in Fig. 10b, c and 
Fig.  10d–f, respectively. With a lower concentration of anatase, ultrastructure 
resembles one of the non-treated cells with swollen mitochondria and structures 
resembling autophagolysosomes and anatase are seen in the cell periphery and as 
free in the cytoplasm (Fig. 10b) and mostly in mitochondria and inside the vesicles 
(Fig. 10c). With a higher concentration of anatase, more cell membrane disruption, 
bigger autophagolysosomes, and vacuoles in cell cytoplasm are reported (Fig. 10d). 
Anatase titania nanoparticles containing vesicles are seen in the cell cytoplasm and 
in the mitochondria (Fig. 10e) and in the nucleus (Fig. 10f). This technique is useful 
for the examination of localization of the internationalized bionanomaterials as well 
as nontoxicity evaluation of nanomaterials.

Several metal oxides including alumina and zirconia nanoparticles are used in 
the manufacturing of joint replacements due to their tribological properties and bio-
compatibility [94]. Thus, their synthesis and incorporation to the orthopedic 
implants are very critical. In previous work discussed in this section, the formation 

Fig. 10 Electron micrographs of osteoblast cells: (a) Untreated cell. (b, c) Osteoblast cells treated 
with 5 μg/mL of anatase titania nanoparticles. Note the presence of nanoparticles distributed in cell 
cytoplasm (white arrows). In c we can observe anatase titania nanoparticles inside vesicles (arrow-
heads). Detail of these vesicles can be observed in the inset. (d–f) Osteoblast cells treated with 
100 μg/mL of anatase titania nanoparticles. Note the large quantities of nanoparticles entering the 
cells (d) and internalized by cells (e). The inset shows nanoparticles next to the cell nucleus and 
inside mitochondria. In (f), anatase titania nanoparticles are inside the nucleus of the cell (black 
arrows). NPs nanoparticles, APL autophagolysosomes, M mitochondria, Nu nucleus, RER rough 
endoplasmic reticulum, SG secretory granules, and V vesicles. Images reprinted with permission 
of Riberio et al. (2016). Copyright 2016 Nature Publishing Group [81]
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of a protein corona region around metal oxide nanoparticles was confirmed [81]. In 
separate work, both cryo (Fig. 11a) and in situ liquid electron microscopy (Fig. 11b) 
techniques, were used to confirm the presence of the hydration layer around alu-
mina nanoparticles visually. Specifically, when the alumina nanoparticles are pres-
ent in water, they form a hydration layer, which alters their behavior in colloidal 
solutions [95]. Via the EELS analysis of the O K-edge, these layers appeared to be 
a combination of Al2O3, Al(OH) and AlO(OH). With these images, these particles 
are seen to form agglomerates in water, which will affect their behavior during 
orthopedic applications.

One of the most challenging issue for the manufacturing of biomaterials is that 
the synthesized biomaterials should be a perfect match in terms of the morphology. 
This can be carried out via 3D tomography with HR-STEM in which the images are 
collected with high resolution in 2D, tilt series are applied, and 3D reconstruction of 
the sample is conducted, as reported by Grandfield et  al. [96]. In this particular 
example, the interfaces between the bone with HA and bone with TiO2 were inves-
tigated. Furthermore, a mesoporous TiO2 coating was employed for drug delivery. 
The advantage of the employment of STEM imaging is that it constructs the images 
depending on the Z-contrast, thus it becomes easier to differentiate the magnetite 
core from the surrounding HA. The surface of TiO2 was modified with a laser in that 
work. HA preferentially precipitated on the TiO2 surface through bonding. Collagen 
binding close to the implant was also reported. Furthermore, complete intermixing 
and encapsulation of TiO2 and HA were also observed. This is a good example of 

Fig. 11 (a) The hydration layer is manifested as a faint cloud covering the aggregated nanoparti-
cles. Scale bar: 100 nm. The inset shows the schematics of the hydrated aggregate. (b) The hydra-
tion layer is manifested as a cloud enveloping aggregated nanospheres. These hydrated aggregates 
and surrounding liquid represent the new nanoparticles in the slurries. Scale bar: 100 nm. The inset 
shows schematics of the formed aggregate with the size and aspect ratio different from that of 
initial spherical particles. Images reprinted with permission of Firlar et al. (2015). Copyright 2015 
Nature Publishing Group [95]
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the visualization osseointegration between the bone and the implant. Through 
HAADF STEM images and 3D reconstruction of TiO2 on Ti implants, the intercon-
nection of the pores in 3D was revealed, providing the basis for drug loading and 
release mechanisms.

5.2.2  X-Ray Diffraction Spectroscopy

X-ray diffraction (XRD) is another important crystal structure characterization 
method. It can be considered as an alternative to electron diffraction, which was 
discussed previously. XRD provides structural analysis of the sample, based on the 
diffraction of X-rays [97] as opposed to the diffracted electrons in electron diffrac-
tion in TEM. A beam of X-rays hit the sample, and the resulting spectrum gives 
peaks based on the direction of the diffracted X-rays, which correlates with the 
distribution of atoms in the crystal. The amount of the sample can be a lot larger in 
XRD compared to electron diffraction. XRD is commonly used in characterizing 
nanomaterials used in orthopedic applications because it analyzes the crystal struc-
tures and the phases [98, 99]. XRD is useful in coating experiments. With the previ-
ous XRD data knowledge of the coating material, the synthesis stages of the coatings 
on the substrates can be monitored [100].

Kuo et al. used XRD to analyze the crystallography of HA coatings at increasing 
temperatures [101]. The findings indicated that the main component of HA was 
dicalcium phosphate dihydrate at lower currents. However, at a higher current and 
higher temperatures, part of the HA underwent a phase transformation. By knowing 
when the HA changed its structure, they could determine the best temperature to 
deposit the coating. Webster et al. not only used XRD to characterize various HA 
formulations but also obtained the lattice patterns [102]. They were then able to com-
pare the lattice parameters of all the variants of HA, which would help to determine 
other substituents that can be used to substitute Ca. Razavi et al. also used XRD to 
analyze the composition, but was specifically looking to see if the substrate would be 
corrosive if it was protected with magnesium oxide. Because the XRD pattern 
showed Mg2SiO4, this means that magnesium oxide did protect the substrate [103].

5.3  Chemical Bonding Information

5.3.1  Fourier Transform Infrared Spectroscopy

FTIR can be utilized to characterize the composition of the nanomaterials. FTIR 
identifies functional groups by measuring the absorption of the sample. Infrared 
radiation passes through the sample, where the sample then absorbs some of the 
radiation, and the rest will be transmitted [104]. The absorption peak is the result 
of  the frequencies of the vibrations between the atoms of the sample. Then, the 
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resulting spectrum will show the absorption peaks that represent the functional 
groups in the sample. The intensity of the peak can also quantitatively show the 
amount of that functional group that is present as compared to the other functional 
groups in the sample. All compounds have specific spectra because different com-
pounds have a unique combination of atoms, resulting in different absorption peaks. 
Being able to identify functional groups is useful to confirm or identify unknown 
function groups in the resulting nanomaterial. A majority of research groups use 
FTIR to analyze the nanomaterial coatings on alloys for orthopedic implants. FTIR 
is commonly used in composition characterization of the synthesized coatings.

Cao et  al. used FTIR to identify the phosphate and hydroxide group on their 
surface coating [105]. They treated Mg-Zn-Ca alloy by micro arc oxidation (MAO), 
and then coated the treated alloy with TiO2. Therefore, the spectrum confirmed that 
the TiO2 layer reacted with the MAO coating. Razavi et al. similarly used MAO to 
coat magnesium (Mg) alloys with nanostructured diopside [103]. However, they 
used FTIR to evaluate in vitro bioactivity. After coating the alloys, they immersed 
the alloys in simulated body fluid for 672 h for analyzing the bioactivity of the coat-
ing. A precipitate layer was formed on the surface, which was analyzed using FTIR 
and found that it contained phosphate and carbonate groups. FTIR is a very helpful 
device to analyze the composition of a sample, and even to evaluate the molecular 
interaction in the sample [106]. Further nanomaterials characterization studies to 
identify the compositions of the coatings via FTIR were reported earlier [107–109], 
specifically to confirm if the synthesis of the coating is completed [110]. For 
instance, it is used to determine whether the sample is crystallized [111], or the 
original sample is altered over the time after process [112].

5.3.2  Raman Spectroscopy

Raman spectroscopy is similar to FTIR in that both spectra are based on the vibra-
tions of molecules in the sample [113]. However, Raman spectroscopy has vibra-
tional modes. Also, samples can be used without any preparation for analysis, 
making it a useful technique to monitor the sample before and after treatment [114]. 
Raman spectroscopy can be used complementary to FTIR for the detection of dif-
ferent functional groups.

Using Raman spectroscopy, Greer et al. evaluated the composition of Ti-based 
sol-gel [115]. However, they monitored the sample through the entire annealing pro-
cess to analyze the structural phases. They could see the different phases as they 
increased the temperature. By knowing what phase the sample is in during the anneal-
ing process, they could determine when the annealing process was completed.

6  Summary

Future prospects for nanomaterials in orthopedic applications appear to be game 
changing. Although orthopedic implants have become more successful over the 
recent decades, they have not been perfected. Today there is a significant demand 
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for the development of a bone substitute that is bioactive and exhibits mechanical 
and surface properties comparable with those of natural bone. Owing to the unique 
and exceptional physical and chemical properties of these nanomaterials, and fur-
thermore their functions, specifically, enabling tissue regeneration, drug delivery, 
antimicrobial properties, enhancing bone growth, etc., they have been proposed as 
the next generation of orthopedic materials with high promise towards increasing 
the success rate of implantation by promoting osseointegration. The wide range of 
benefits of nanotechnology and nanomaterials in orthopedic applications can be 
realized even more, once further tests and studies concerning the nanotoxicity of 
such materials are completed. In addition, properties of the orthopedic nanomateri-
als and their interaction with host tissue need to be studied before and after their 
clinical applications. Currently, tools and techniques have been developed which 
enable advanced characterization of nanomaterials and their interactions with bio-
logical systems. The recent high success of such characterizations and tests will 
enable the use of broad range of nanostructured biomaterials for orthopedic applica-
tions specially targeted towards patients with certain medical conditions, and those 
with compromised bone tissues. Finally, it is safe to say that the promise of nanosci-
ence and nanotechnology can positively change the future of orthopedic implants 
and those receiving or in need for them.
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