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5.1 Introduction

Dental implants are defined as an artificial prosthesis inserted into the gumline of a
patient as a replacement for damaged or infected teeth. Successful tooth replacement
can improve and restore the quality of life of the patient through improved bite and
a better eating experience, and can serve the patient for a long time. Metallic and
ceramic materials, for example, titanium, glassy carbon, and zirconia have been com-
monly used in commercial dental implants; but each material has its limitations related
to osseointegration and differences in mechanical properties between natural bone and
the implant, thus limiting its long-term survival and stability. The cost of replacing a
tooth using dental implant technology is also very high, limiting the access of this
treatment option to the public. In recent years, the development of new implant mate-
rials has been an active area of research, with opportunity to discover new materials
that are able to better adapt to the oral environment. Since achieving fame in 1991,
carbon nanotubes (CNTs) have been considered a unique material with remarkable
properties, due to the simple structure of sp>-hybridized carbon atoms [1]. Hence,
nanocomposite materials incorporating CNTs into the composite matrix are believed
to produce a new generation of durable and affordable dental implant materials.

This chapter reviews the advances of CNT-based nanocomposite materials for den-
tal implants. Beginning with a brief overview of CNT properties and how these proper-
ties may be of use in the oral environment/dental implant applications, the subsequent
section evaluates the effect of incorporating CNTs toward the properties of existing
dental implant material. The chapter continues with a general view of the limitations
and challenges faced in the application of CNTs in nanocomposite materials for dental
implants. Finally, the chapter concludes with an outlook on research opportunities.

5.2 Properties of CNTs

5.2.1 Mechanical properties of CNTs

Dental implants are subjected to high stress and forces within the oral environment,
and the implant must be able to withstand high stress and forces applied as a result of

Applications of N posite Materials in Dentistry. https://doi.org/10.1016/B978-0-12-813742-0.00005-5
© 2019 Elsevier Inc. All rights reserved.



94 Applications of Nanocomposite Materials in Dentistry

eating or oral disorders. For example, the force generated during routine mastication
(chewing) of food such as carrots or meat is about 70—-150N. Bruxism is also a com-
mon condition that causes high stress to the teeth. The maximum masticatory force
may reach up to 500-700N [2]. The management of the biomechanical load imposed
on dental implants needs to take into account the compression, tension, and shear
forces applied on the implant, and the functional surface area involved in dissipating
the biomechanical load [3].

CNTs are composed of graphene sheets rolled-up into a tube-like structure. CNTs
may be formed using either one (single-walled) or a few sheets of graphene (multi-
walled) [4]. The carbon atoms in CNTs are sp2 hybridized and arranged in a hexagonal
lattice. Due to their unique structure, CNTs exhibit properties such as high mechanical
strength, low water resistance, and high adsorption properties. CNTs are durable ma-
terials—the C—C bond as well as sp” hybridization results in their notable mechanical
strength. Using atomic force microscopy to perform tensile loading experiments, Yu
and coworkers reported a mean Young’s modulus of 1 TPa [5]. The observed Young’s
modulus of CNTs was in agreement with its predicted value of 0.969 TPa for CNTs
with 14nm diameter [6], and also demonstrated that CNTs possess similar tensile
strength to that of diamonds (1.063TPa). CNTs demonstrate high shear modulus as
carbon-carbon bonds have a higher spring constant (k) compared with metals and
ionic solids. Hence, the application of CNTs into new dental implant materials, for ex-
ample, as a coating, or into the bulk material, incorporate the outstanding mechanical
properties of CNTs to enhance the shear, compression, and tensile strain resistance of
dental implants.

The incorporation of an optimum loading of CNTs into the composite matrix is
often done with the goal of maximizing the efficiency of stress transfer at the CNT-
matrix interface. Effective reinforcement of a bulk material using CNT is dependent
on the aspect ratio, dispersion, alignment, and interfacial stress transfer at the CNT-
matrix interface. The high surface area of CNT structures causes CNTs to form an inti-
mate interaction with the composite matrix. It follows that the lack of a well-dispersed
CNT across the matrix network limits the toughening action. Well-dispersed, ran-
domly aligned CNTs are the preferred material structure, as aligned composites have
very anisotropic mechanical properties, in contrast to randomly oriented CNTs [7].
CNTs possess high fracture toughness due to their ability to transfer loads efficiently
across an interconnected network, and this property is able to prevent or delay the
initiation and propagation of cracks in the CNT composite.

5.2.2 Biocompatibility properties of CNTs

In a typical implant procedure, the damaged tooth is removed and the gumline is
disinfected before inserting the dental implant. After allowing the implant to heal and
adapt to the new oral environment, the tooth replacement procedure is completed by
attaching a prosthetic tooth to the top of the implant. The healing process, also known
as osseointegration, involves the growth of osteoblasts (bone cells) on the implant’s
surface, resulting in the integration of the dental implant into the natural bone. When
an implant biomaterial is inserted into the living body, proteins first adsorb on the
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implant surface, and subsequently act as mediators between bone cells and the im-
plant surface, for processes such as platelet adhesion and hemostasis, the activation of
the complement system, inflammation, and differentiation of osteogenic cells [8—11].
These reactions take place on the surface of the dental implant, leading to cell adhe-
sion for successful osseointegration [12, 13].

In some cases, the patient’s body may identify the implant as a foreign object that
does not belong, and thereby reject the implant [14]. Failed osseointegration may be
caused by one of four possible situations: (1) bone loss, (2) failures due to improper
positioning, (3) defects in soft tissue formation, and (4) failures caused by a defective
implant [15]. Bacterial infections such as peri-implantitis also cause damage to the
bone and gum regions surrounding the implant. The removal of failed implants incur
additional cost and safety issues for the patient [ 16], hence motivating the research and
development of improved implants and implant procedures. The properties of CNTs
to support osseointegration and prevent bacterial infection have been explored and
summarized in the following sections.

5.2.2.1 Bone growth activity

CNTs have been explored as a bone-substitute material both as pure and composite
material, by investigating osteoblast growth and bone formation on the CNT surface.
A study reported neutrally charged CNTs as a suitable surface for bone growth, as
the results from the study showed the highest cell growth and production of plate-
shaped crystals on CNTs with neutral surface charge [17]. Dramatic changes were also
reported on the morphology of osteoblasts grown on neutral-charged single-walled
CNTs versus multi-walled CNTs, which correlated with changes in plasma membrane
functions. CNTs have been applied as a reinforcement component in hydroxyapatite
composites with compressive strength up to 29.57 MPa [ 18, 19]. The increased tough-
ness in CNT nanocomposites has been attributed to increased resistance to the growth
of cracks, as CNTs are able to decrease the stress intensity at the microcrack region,
thus preventing further crack growth [20].

The modulation of CNTs with appropriate functional groups has been found to
dramatically change their physical, chemical, and biological properties with respect
to bone growth. Examples of chemical functional groups that support or enhance the
growth of osteoblasts on the surface of CNTs are amino [21], phosphate [22], and car-
boxylic groups [23]. CNTs functionalized with sodium hyaluronate also demonstrated
enhanced bone mineralization [24]. Sodium hyaluronate is a glycosaminoglycan [25]
that binds to cell surface receptors, such as CD44 [26] and the receptor for hyaluronic
acid-mediated motility [27, 28]. This binding event stimulates the osteogenic cell re-
sponse (migration, proliferation, and differentiation) [27, 29]. The presence of CNTs
functionalized with sodium hyaluronate was proposed to enhance the mRNA expres-
sion of types I and III collagen, osteocalcin, and bone morphogenetic proteins 2 and 4,
which enhanced the bone mineralization process.

In another study, the authors studied the adsorption of albumin on the surface of
COOH-functionalized multi-walled CNTs-coated titanium implants as an initial indi-
cator of cell adhesion on the implant surface. Using UV-Vis and Raman spectroscopy
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to assess the changes of multi-walled CNTs conformation during interaction with al-
bumin, the results from this study suggested that peptide bonds are formed between
albumin and the COOH-functionalized multi-walled CNTs-coating, resulting in the
formation of an albumin nano-layer coating the implant [30].

The interactions between CNT and the surrounding biomolecules may be modu-
lated by tailoring the surface functional groups, which in turn determines the material’s
surface-charge density and net polarity. For example, a surface with net positive or
negative charge may be more hydrophilic, in contrast to an electrically neutral surface
[31]. Pristine CNTs are hydrophobic due to their aromatic, nonpolar nature. As such,
CNTs interact with organic and charged molecules primarily via n-n and electrostatic
interactions, respectively. In general, there are four types of locations where biomole-
cules may adsorb on the CNT [32]: on the surface of the CNT (external surface), at the
grooves between two nanotubes at the periphery of a CNT bundle (external grooves),
at the channels between nanotubes in a bundle of CNTs (interstitial channels), and
within the hollow channel of the nanotubes (internal surface). The narrow diameter of
the CNTs restricts the adsorption of organic molecules larger than the CNT diameter on
the internal surface of the CNTs. Therefore, organic molecules predominantly adsorb
at the interstitial pore spaces between the tube bundles, or at the external surface of the
outermost CNTs. The modification of the CNT surface charge can induce electrical at-
traction or repulsion between the implant’s surface and the chemical species of interest
based on their polarity. As such, surface-charge modification of CNTs offers a promis-
ing new direction for improving osseointegration at the natural bone-implant interface.

The application of CNTs as a coating, or in a coating matrix (such as hydroxyap-
atite), has also enhanced the adhesion of osteoblasts on the implant surface due to an
increase in surface roughness. The implant’s surface texture is an important parame-
ter influencing successful osseointegration, and implants with a rough, instead of a
smooth, surface integrated better with the bone [33, 34]. Alongside a variety of fab-
rication methods to increase the surface roughness of the implant, for example, laser
treatment, sandblasting, acid etching, polishing, and anodic oxidation [35], coating
the implant with hydroxyapatite or via titanium plasma spraying are also able to add
surface texture. The incorporation of CNTs into the coating matrix acts as a reinforce-
ment material and increases the coating’s toughness.

5.2.2.2 Antifouling and bactericidal activity

Bacterial infection at the gum and bone region surrounding the dental implant may
pose serious risk to the implant’s structural integrity, and necessary preventive precau-
tions need to be taken in order to prevent medical complications. Peri-implantitis is a
commonly occurring disease and is caused by bacterial infection leading to the grad-
ual loss of the jaw bone supporting the implant [36]. The bacterial infection triggers
an inflammatory response from the soft tissue surrounding the dental implant, and if
left untreated, may eventually develop into the degeneration of connective tissue, and
destruction of the mucosal seal surrounding the implant. At this point, the subgingival
implant surface becomes exposed, and opportunistic pathogenic bacteria may prolif-
erate here. Bone loss is the eventual outcome as a result of triggering an inflammatory
response from the surrounding alveolar bone [37]. Strategies to minimize or prevent
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bacterial infection include the development of antifouling surfaces, or developing ma-
terials with bactericidal properties.

The interaction between CNTs and pathogenic bacteria has been investigated and
classified into two modes of operation: as an antifouling agent, or as a bactericidal
agent. Pristine CNTs are inherently cytotoxic in nature [34], and prohibit the growth of
pathogens on their surface, which serves as a useful antifouling layer on dental implants.

CNTs also exhibit bactericidal activity, whereby microorganisms exposed to CNT
concentrations above the cytotoxic dosage induce cell cycle arrest [38]. In an exper-
iment whereby human fibroblast cells were exposed to CNTs, a strong immune and
inflammatory response was induced from the skin fibroblasts due to the activation
of genes involved in cellular transport, metabolism, cell cycle regulation, and stress
response [38]. In another experiment, it was observed that incubating bacteria in sus-
pensions of single-walled CNTs and multi-walled CNTs caused the physiology of
the bacteria to be heavily compromised, whereby a cytotoxic dosage of 200 pg/mL of
SWCNTs was able to inactivate concentrated solutions of Salmonella (10’ CFU/mL)
within 15min [39], with no significant difference in antimicrobial activity between
gram-positive and gram-negative microorganisms. The penetration of the sharp and
narrow structure of CNTs onto the surface of pathogenic cells may have caused the
compromise in cell wall integrity, causing death via cell lysis. The cytotoxic effect was
also found to be dependent on the type of buffer solution [38].

CNTs may also serve as drug delivery carriers, supplying antibiotics whenever the
gum barrier is breached, or releasing drugs to facilitate the healing process. Local de-
livery of antibiotics at the implant site offers several advantages: (1) the drugs can be
delivered with high efficacy at the local site, and (2) localized drug delivery ensures
that antibiotics are targeting specific peri-implantitis pathogens, and it prevents the
development of antibiotic resistance. A group of researchers proposed a CNT-coated
titanium alloy surface that was able to successfully de-colonize a Staphylococcus epi-
dermidis biofilm through long-term release of antibiotics stored in the CNTs [40].
However, it must be taken into consideration that the amount of drug is finite, and that
the antibacterial effect will diminish over time. Moreover, the effect of CNT toxicity
on the surrounding tissues needs to be fully investigated.

5.3 CNT nanocomposites for dental implant applications

The incorporation of pristine or surface-functionalized CNTs into existing implant
materials, for example, titanium, zirconia, and glassy carbon, has been able to modify
the surface charge and texture. The effects of incorporating CNT into each matrix ma-
terial, and its specific challenges, will be discussed in the following sections.

5.3.1 CNT-titanium nanocomposites

Titanium is a metal that has found widespread application as a bioimplant material,
due to its biocompatibility and nonallergic properties. Titanium implants are used for
many medical procedures such as hips, bone screws, and heart valves. However, the
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cost of titanium implants is high, which limits wide access to using this material. The
long-term effects of titanium implants are debatable due to issues of corrosion. When
the implant is in the oral environment, it is exposed to organic fluids, for example,
saliva, which acts as a solvent to dissolve titanium, forming ions that may be distrib-
uted into the blood circulation stream and bind to other body proteins. At the local
level, metal leaching into the surrounding implant region results in an inflammatory
response all around the implant [41]. On a systemic level, ionic Ti may alter the ge-
netic makeup of cells in tissue culture (mutagenic effect). Metal ions, including Ti,
may also impose a destructive effect on cell DNA (genotoxic effect), which is thought
to be mediated by free radical attack on DNA, or by an indirect effect inhibiting the
repair of DNA [42].

CNTs have been applied as a surface charge modification in Ti implants, and tested
for strength as an indicator of bone growth. In a study investigating the effects of bone
tissue growth on CNT-Ti composites [43], cell proliferations on the CNT-Ti compos-
ite were similar to that of pure titanium. In fact, the initial cell distribution was more
rapid on the pure titanium surface, compared with the CNT-Ti composite, due to its
rough surface. Nevertheless, cell differentiation was better on the CNT-Ti composite,
as indicated by higher calcium deposition on the CNT-Ti composite material than on
pure titanium. Additionally, the high production of alkaline phosphatase (ALP) activ-
ity observed on the CNT-Ti composite suggested that the cells started to differentiate
earlier on this surface. The authors reported that the CN'T-Ti composite was nontoxic,
as no inflammatory response during the experiment was observed [43].

The results from one study indicated that an increase in the hydrophilicity of CNTs
(by introducing COOH groups on the surface) in CNT-coated titanium surfaces has a
positive influence on osteoblast proliferation, differentiation, and matrix mineraliza-
tion [23]. The hydrophilic properties were responsible for superior cytocompatibility
over MWCNTs [21].

5.3.2 CNT-zirconia nanocomposites

Zirconia implants were introduced as an alternative to titanium implants, with advan-
tageous properties such as aesthetic appearance, mechanical properties, biocompati-
bility, and low plaque affinity [44, 45]. Additionally, zirconia is a ceramic, and does
not pose issues of corrosion or metal leaching. Zirconium can also be used in patients
with metal allergies who may have problems with titanium. However, similar to other
metal implant materials, zirconia suffers from poor fracture toughness. Failure anal-
ysis of fractured dental zirconia implants revealed that fractures are often caused by
mechanical overloading. Notches and scratches on the surface of zirconia implants
due to sandblasting of the surface result in the concentration of stress at localized
areas, leading to mechanical overloading [46].

Zirconia is also prone to aging, which is a slow surface transformation of the
zirconia from its tetragonal structure into the thermodynamically stable monoclinic
phase in the presence of moisture. Aging is accelerated under humid conditions, and
induces microcracking, which in the most severe cases causes failure and loss of
functionality [47].
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A balance between aging and crack resistance was achieved as a result of formation
of zirconia crystals with small grain size, and the addition of a small amount of CNT
into the matrix as a reinforcement agent. The effect of aging was reduced when 3 wt%
CNTs were incorporated into the zirconia matrix, and the authors proposed two tough-
ening mechanisms: CNT pull-outs were observed on the fracture surfaces, as observed
using atomic force microscopy (AFM), and zirconia coated MWCNT bridges were
observed using scanning electron microscopy (SEM) [48].

Another study reported marginally delayed aging transformation from the tetrago-
nal phase to the monoclinic phase under humid conditions, as a result of incorporating
MWCNTs [49]. Alumina-toughened zirconia/CNT nanocomposites showed a mar-
ginal increase in the aging resistance, which the authors attributed to the hydrophobic
character of the MWCNTSs. Although the MWCNTs did not contribute significantly
to delay implant aging, nevertheless it remained as a reinforcement agent. It may be
termed as a reinforcement agent with mild aging resistance properties.

When CNT was applied as a coating on zirconia implants, better cell attachment
was seen on the multi-wall CNT-coated zirconia sample than on the uncoated zirconia
discs, most likely due to surface roughening effects [50]. A uniform and optimum
loading of CNTs in the implant matrix is essential for implant toughness. It has been
reported that the higher amounts of CNT added to the CNT-zirconia composite did not
show any improvement to the implant toughness, which was attributed to the lack of a
well-dispersed CNT net, which prevented its toughening action [48].

5.3.3 CNT-glassy carbon nanocomposite

Glassy carbon, also known as vitreous carbon implants, is an established technol-
ogy using chemically inert and biologically compatible carbon materials. Compared
with the metallic implants, carbon elicits a very minimal response from host tissues,
and is more inert under physiological conditions. Vitreous carbon has the modulus
of elasticity similar to that of dentine and bone. Vitreous carbon is a 99.99% pure
form of carbon, with a compressive strength of 50,000-100,000 pounds per square
inch, a transverse strength of 10,000-30,000 psi, and a modulus of elasticity between
3 and 4% 106psi. This modulus is similar to that of dentin; this is a significant fac-
tor in reducing shearing forces at the implant bone interface. Thus, carbon deforms
at a rate similar to the tissues, enhancing the transmission of biomechanical forces.
Nevertheless, glassy carbon is susceptible to fracture under tensile and stress condi-
tions because of its brittleness, and susceptibility to fracture under tensile stress in
the presence of surface flaws, which is usually generated as a component of flexural
loading [51]. For this reason, attention has been shifted from pure vitreous carbon to
silicon, zirconia, and titanium, as well as variants in the composite material.

5.3.4 CNT-hydroxyapatite nanocomposite

Hydroxyapatite [Ca;o(PO,)s(OH),] is a calcium phosphate ceramic [52], and has been
a common choice as a bone-substitute material due to its similar chemical composition
to bone (calcium-rich) and excellent biocompatibility. Dental implants are commonly
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coated with hydroxyapatite to provide a microretention surface and improve osseointe-
gration at the surface of the dental implant during the healing process. Hydroxyapatite
offers several advantages over titanium plasma spray coating, including faster bone
healing at the bone-implant interface, increased gap healing between bone and hy-
droxyapatite, and corrosion inhibition. Nevertheless, hydroxyapatite is a brittle mate-
rial, and its low strength and toughness limit its application as a coating, rather than as
a major load bearing implant material [53]. The formation of cracks in hydroxyapatite
coating expose the underlying dental implant body to bacterial infection. Other practi-
cal disadvantages of applying a coating over dental implants include increased risk of
infection, plaque retention when exposed above the bone, complication of treatment
of failing implants, and flaking, cracking, or scaling upon insertion.

Strategies to enhance the mechanical properties of the brittle hydroxyapatite matrix
involve the formation of nanocomposites with a variety of materials such as zirconia,
alumina, titania, carbon fibers, and carbon nanotubes as reinforcing materials [54].
CNT-hydroxyapatite composites have been prepared using various synthesis tech-
niques, including electrophoretic deposition [55], sol-gel [56], and plasma spraying
[57, 58]. CNTs were also grown in situ to enhance the dispersion of CNTs in the hy-
droxyapatite interface [59]. CNTs enhance the mechanical properties of hydroxyapa-
tite by increasing the fracture toughness of hydroxyapatite coatings. When coated over
dental implants, the high surface area of CNTs may complement structural modifica-
tions to enhance the functional surface area, which participates by actively dissipating
mechanical loadings at the implant-to-bone interface.

The high aspect ratio of CNTs results in its superb performance as a reinforcing
agent [60]. The incorporation of CNT into hydroxyapatite coatings increased the elas-
tic modulus and hardness of the composite coatings [61]. The incorporation of CNT
into brittle hydroxyapatite was also able to improve the fracture toughness by 56%
(0.61 +MPam™) [57].

Brittle ceramics (e.g., hydroxyapatite) suffer from low strength under tensile condi-
tions, and even the slightest flaw will amplify the applied stress. Thus, the CNTs serve
to impede crack growth, by suppressing the initiation and propagation of microcracks
during abrasion [53, 58]. The wear behavior of CNT-hydroxyapatite nanocomposites
has been found to be superior compared with pure hydroxyapatite nanocomposites,
whereby a 4 wt% CNT composition in hydroxyapatite coating reduced the volume of
wear debris generation by 80% [62]. The reduction of wear debris was attributed to
the improved elastic modulus and fracture toughness in the CN'T-hydroxyapatite nano-
composite. CNTs were also reported to enhance abrasion resistance in hydroxyapatite
coatings via stretching and splat-bridging mechanisms [58].

CNTs and hydroxyapatite were proposed to interact through physical cross-linking,
in a study reporting the fabrication of a CN'T-hydroxyapatite nanocomposite with a rel-
atively high modulus strength (~131.1 GPa) and hardness (~6.86 GPa) achieved at the
sintering temperature of 1100°C [63]. Alternatively, the functionalization of single-wall
CNTs with phosphonates and poly(aminobenzene sulfonic acid) may result in intimate
contact between hydroxyapatite and CNTs, as the study demonstrated nucleation and
crystallization of hydroxyapatite by self-assembly on the CNT surface [22].
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5.4 Challenges

CNTs are generally perceived to contribute positively when incorporated into the com-
posite matrix, demonstrating enhanced bone integration, antifouling, and bactericidal
properties. Nevertheless, challenges relating to composite fabrication and long-term
biological effects of the CNTs will remain.

Ensuring the uniform dispersion of CNTs in the composite matrix remains a chal-
lenge as CNTs tend to agglomerate in solution. This issue is applicable to the prepara-
tion of any CNT-based composite materials in general, as the agglomeration of CNTs
reduces the elastic stiffness of the matrix [64]. Pristine CNTs are chemically inert and
do not disperse in any common solvents, due to their strong interchain van der Waals
interactions. Hence, to enhance their dispersability and reactivity, carboxylation of the
nanotube chains are often carried out using strong acids.

There is also limited understanding of the cytocompatibility of carbon nano-
fibers. Some studies report cytotoxic properties, while some indicate the opposite.
For example, unrefined single-walled CNTs cause various adverse side effects, for
example, accelerated oxidative stress, decreased cell viability, and altered cell mor-
phology [65, 66]. Single-walled CNTs also induce apoptosis and decrease of cellular
adhesion [67], whereas nonfunctionalized multi-walled CNTs induce the release of
pro-inflammatory cytokine [68]. It was proposed that the toxicity of the CNTs may be
reduced by chemical functionalization and tuning of the surface charge. On the other
hand, CNT fibers with larger diameters and lower surface energies demonstrated pos-
itive effects on cell attachment and proliferation [69].

5.5 Conclusion

CNT nanocomposite materials have been fabricated with the goal of addressing
the weakness of current commercial dental implant materials. CNTs have unique
mechanical properties and biocompatibility that enhance the desirable properties
of the nanocomposite material (mechanical stability, bone growth, preventing
bacterial infection). Advances in research investigating the effects of CNT func-
tionalization on nanocomposite fabrication and biological response have fostered
greater understanding on the types of functional groups that may support osteo-
blast growth and antifouling properties, and enhance integration with a composite
matrix. Challenges will remain in the application of CNTs in dental implants as a
nanocomposite material due to limited control over the fabrication of CNT nano-
composites (to produce uniformly distributed CNTs in the matrix), as well as lim-
ited understanding on the cytocompatibility of CNTs in the human body. As such,
the research trends are focused on better control of surface properties of CNTs
to achieve the desired effect on nanocomposite materials (enhanced dispersion
and/or antibacterial properties), as well as continuing robust and long-term inves-
tigations on the cytotoxic properties of CNTs.
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