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Abstract: Dental implants are frequently used to support fixed or removable dental prostheses to
replace missing teeth. The clinical success of titanium dental implants is owed to the exceptional
biocompatibility and osseointegration with the bone. Therefore, the enhanced therapeutic effectiveness
of dental implants had always been preferred. Several concepts for implant coating and local
drug delivery had been developed during the last decades. A drug is generally released by
diffusion-controlled, solvent-controlled, and chemical controlled methods. Although a range of
surface modifications and coatings (antimicrobial, bioactive, therapeutic drugs) have been explored
for dental implants, it is still a long way from designing sophisticated therapeutic implant surfaces to
achieve the specific needs of dental patients. The present article reviews various interdisciplinary
aspects of surface coatings on dental implants from the perspectives of biomaterials, coatings, drug
release, and related therapeutic effects. Additionally, the various types of implant coatings, localized
drug release from coatings, and how released agents influence the bone–implant surface interface
characteristics are discussed. This paper also highlights several strategies for local drug delivery and
their limitations in dental implant coatings as some of these concepts are yet to be applied in clinical
settings due to the specific requirements of individual patients.

Keywords: coating; dental implant; drug delivery; leaching; surface treatment; topography;
prosthodontics; therapeutic agents

1. Introduction

Natural teeth are commonly lost due to oral diseases such as tooth decay, periodontal diseases,
and trauma [1–3] that affect appearance, speech, and the masticatory system. Aiming to improve
patients’ quality of life by restoring lost teeth, function, and esthetics, dental implants are commonly
used [3–8]. Dental implants are fixtures that are surgically embedded in the jaw bone to substitute the
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root part of the tooth [3]. Although intraosseous dental implants are usually cylindrically shaped, there
are wide variations in terms of their dimensions and surface morphologies [9]. Dental implants are
used to support fixed or removable dental prostheses following satisfactory osseointegration [10–13].
The term “osseointegration” was first devised by Brånemark, a Swedish orthopedic surgeon and a
scientist who explored the growth and regeneration behavior of bone on titanium (Ti) implants [4].
Osseointegration was defined as a process of the formation of an effective and functional interface
between the implant surface and bone [14]. The osseointegration of dental implants is essential for
the long-term prognosis [14–18]. Osseointegration may be affected by a number of factors including
the implant’s material properties, surface topography, and geometrical features [16,19]. Therefore,
enhancement of the osseointegration of dental implants is always desired to achieve clinical success.

In terms of biomaterials, a variety of materials including metals [20–23], polymers [17,24–28], and
ceramics [29–33] have been explored for dental implant applications. However, all materials have
their own limitations; for example, metals have high-elastic-modulus and corrosion issues [34,35],
polymers absorb water and usually have poor mechanical (wear, strength) properties [36], while
ceramics are hard and brittle [36]. In the current scenario, Ti and its alloys are considered as the
gold standard and material of choice for dental implants due to their excellent biocompatibility and
osseointegration [37]. Commercially pure titanium (CpTi) has high strength, excellent biocompatibility,
and corrosion resistance [23,34]. In addition, an oxide layer is formed upon air exposure that facilitates
the material–bone interface through the apposition of bone matrix [38,39]. The commonly used titanium
alloy included Ti-6 aluminum-4 vanadium (Ti6Al4V) that is preferred due to its better mechanical
properties and excellent biocompatibility [36]. However, toxic effects from the release of vanadium and
aluminum remain the main concern for these alloys [40]. Although the Young’s modulus of elasticity
of Ti and its alloys (~110 GPa) is lower than that of cobalt chrome alloys, it is still remarkably greater
than the Young’s modulus of elasticity of bone (10–30 GPa) [41]. Such a gross mismatch in the elastic
moduli results in an uneven transfer of stresses (stress shielding), and atrophy of bone, leading to the
loosening and failure of implants [42]. On the other hand, using an implant material with lower elastic
moduli enhanced the homogeneous stress distribution at the implant–bone interface, thus reducing
the bone atrophy [43]. To overcome such issues and to improve the implant material–bone interface,
various surface treatment and coating options have been explored for the last few years. As a result, a
few surface-modified dental implants are commercially available for clinical use [44].

Considering that the biological tissues establish an interface with the materials’ surface, the surface
modifications (etching, sandblasting, and anodizing) enhance the materials’ biological response and
osseointegration without affecting the bulk properties [45–48]. In addition to surface modifications,
surface coatings of dental implants using a variety of materials and biomolecules have been explored
in recent decades [49–53] to achieve certain beneficial effects. For example, the coating of bioactive
materials (calcium phosphates and hydroxyapatite (HA)) enhances the surface bioactivity, leading to an
improved bone–implant interface [54]. Similarly, coating implants with various pharmacological agents
such as bisphosphonates [50,55–57], antibiotics [49,58], antimicrobial peptides, and biomolecules [59–61]
has been reported with promising outcomes in terms of surface properties and therapeutic effects.
Additionally, the release of medicaments from implant coatings may have certain therapeutic effects for
a certain period of time depending on sustained or controlled release. Therefore, to achieve the targeted
drug delivery and beneficial therapeutic effects (such as reduced bacterial activity, and enhanced
osteoblastic proliferation and activity), drug elution is desired for a prolonged period of time. The
present article reviews various interdisciplinary aspects of surface coatings on dental implants from
the perspectives of materials, coatings, and drug release. Furthermore, the various types of implant
coatings, localized drug release from coatings, and how released agents influence the bone–implant
surface interface characteristics are discussed.
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2. Mode of Action of Drug-Releasing Coatings

Drug release from implant coatings has attracted the attention of the scientific community around
the globe. Classification of implantable drug-releasing devices is not straightforward, due to the
presence of many complex implants belonging to hybrid categories [62]. Nevertheless, based on the
release potential, drug releasing can be categorized as active or passive. Examples of the structures
of different kinds of carrier-based drug delivery systems are shown (Figure 1). Generally, in passive
implants, the drug-releasing characteristics are uncontrollable once installed clinically. In passive
implants, the drug-releasing potential is eventually governed by the nature of the implant material
and drug formulation. Biodegradable and non-biodegradable implants are two subtypes of passive
implants. An encapsulated drug in a biocompatible polymeric matrix is a typical example of passive
implants. In such implants, modification of numerous key parameters such as the nature of the polymer
backbone, drug type or its concentration, implant design, and surface characteristics are varied to
control the drug-release kinetics. However, implants are normally metallic in nature where the elution
of therapeutic agent is activated by external stimuli targeting the optimal regulation of drug dosage
according to the patients’ requirement and therapeutic effects [63].
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Figure 1. Drug release from implantable biomaterials and description of various types of carrier-based
drug-releasing biomaterials [64].

Drug-eluting implants impart healing in addition to their regular task of support. For example,
healing therapy is facilitated by controlled release of drug molecules from the implants into the
surrounding environment. Drug release is a well-known research area of drug delivery. Due
to the recent technological advancement, a plethora of new materials with improved functions
and applications have been investigated and incorporated into the development of drug delivery
biomaterials. Many macromolecules having natural or synthetic origin have shown excellent potential
in controlled drug-release platforms. Most common platforms for sustained drug release include
polymer coatings, the drug itself, or a ceramic material. Controlled drug release can be attained by
coatings of pH-responsive, as well as enzymatically degradable, soluble polymers [65,66]. Controlled
drug release plays a crucial role in maximization of the bio-efficacy and improvement in the quality
of life. Drug elution is a process that involves the transfer of drug molecules (the solutes) from the
original position to the matrix (biomaterials) to the external surface and then releases in the medium in
a controlled or desired manner [67].

A drug carrier implant consists of active molecules (drugs) either on its surface or within the bulk
structure, designed in such a manner that it should both retain the activity of the drug for a specific
time period and control the release rate as well. Typically, the release of therapeutic agents around
the local environment of an implant is governed by diffusion or osmatic pressure and via matrix
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degradation [68]. Generally, a drug is released through four main mechanisms: (1) Diffusion-controlled,
(2) solvent-controlled, (3) chemically controlled (such as polymer degradation), and (4) pH-sensitive.
Diffusion-controlled drug-eluting systems are of two types: (a) Reservoirs and (b) matrices. Similarly,
chemically controlled drug release is achieved by two main routes: (a) Material biodegradation, and
(b) chemical cleavage of the drug moiety from a biomaterial. On the other hand, solvent activation
phenomena comprise either osmotic effects or swelling [67]. Many mechanisms have been investigated
that describe how drug release behavior of a drug from a particular matrix is controlled (Figure 2).
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Figure 2. Different drug release mechanisms from nano-carriers have been presented schematically:
(a) Diffusion-controlled; (b) solvent-controlled; (c) polymer-degraded; (d) pH-sensitive; (from Son et
al. [69]); Reprinted with permission from [69]. Copyright 2017 Springer.

Physiochemical and biological mechanisms such as dissolution, diffusion, portioning, erosion,
osmosis, swelling, targeting, and molecular interactions between the matrix and drug are frequently
involved in controlling the drug release [70–72]. A drug-eluting implant can exhibit either one or a
combination of more than one mechanistic model for an effective controlled drug release. During a
drug release process in targeted applications, these mechanisms either exhibit their role at different
stages or in a simultaneous fashion. Therefore, the classification of controlled drug-releasing models
pertaining to drug release is based on the main mechanisms [73,74]. The major aim of the drug-eluting
models is to permit an effective, benign, and reliable supply of the drug to the target site during
therapy, and to obtain an anticipated therapeutic response. To this end, the controlled drug release
phenomenon is considered critical to keep the drug concentration in the blood (or in a localized area in
the case of dental implants) within the therapeutic range [75].

3. Controlling the Drug Release from Coatings

The elution time period of the drug molecule strictly depends upon the technical topographies
integrated in implant coatings and the drug load. A range of nanomaterials including polymeric
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systems [76,77], hydrogel-based models [78–80], and nanoporous materials [81,82] have been explored
for the manufacturing of drug-eluting dental implants. A novel drug delivery model should ensure
drug safeguard from a hostile environment, plausible controlled release (in response to environmental
stimuli like temperature or pH), and selectivity of a drug to specific organs, cells, or tissues in order to
show improved pharmacodynamic parameters of the drug [83,84]. Multiple factors influence drug
release kinetics during therapy. A brief summary of these driving factors is shown in Figure 3.Coatings 2020, 10, x FOR PEER REVIEW 5 of 36 
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Many drug-embedding approaches such as incorporation of the drug in the surface coatings,
soaking, and chemical bonding have been used, but the burst release of drug molecules provides less
control upon drug elution kinetics. Potential drug release around the local environment of an implant
is directly related to molecule size, drug solubility in the released medium, ionic charges, and the
molecular weight of drugs [85]. Therefore, fundamental characteristics of drug molecules have a strong
association with the plausible release of the drug from the matrix for optimal therapeutics. Creel et al.
showed that drug hydrophobicity and hydrophilicity have a strong association with drug release. The
nature of the drug affects its aqueous solubility, protein binding, local drug concentrations, and tissue
retention characteristics [86]. The physicochemical properties of the drug molecules are important in
governing their transportation mechanism and binding potential with tissues during the course of
drug delivery. Although hydrophilic drugs exhibit free distribution but rapid clearance remains the
major concern. The hydrophilic nature of drugs encapsulated in a matrix is not adequate to control the
drug release mechanisms, so nanogels have also been reported to delay release kinetics (rates) and
offer multiple release kinetics, unlike the pure-Fickian mechanism [87,88]. However, hydrophobic
drugs show insoluble behavior in aqueous media, binding potential with fixed tissue elements, and
more tissue residence and biological effects [86]. Kamath et al. showed that diffusion or dissolution
characteristics of drug molecules affect their release kinetics [89]. Drug release, if governed by the
pure diffusion mechanism, is very quick due to the high in vivo clearance [78,79]. To attenuate the
diffusional drug release of molecules, biorthogonal strategies were introduced to develop an affinity
bond between the polymeric network and peptide (an affinity-based approach) that covalently links a
small protein receptor and the observed tunable release rates [90]. Many other investigators have shown
similar approaches but developed different functionalization methods for linking drug molecules to
the polymeric network [78,91,92].

Venkatraman et al. [93] demonstrated that solubility in the polymer (matrix) also affects the release
kinetics of drug molecules. The study inferred that in multilayered coating implants, the drug release
was diffusion and degradation-controlled (dominant under high water intake), and the drug load
did not affect the release kinetics [93,94]. Too fast a drug release before reaching the target site may
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lead to the toxicity and decrease in the drug’s concentration, while too slow a release can hamper
the drug efficacy at the target site. Likewise, Ranade et al. found that the higher solubility of the
drug molecule in release media showed a higher drug release rate, which is not required for optimal
controlled release [95].

As the properties of rate controlling may influence the release kinetics of drug molecules, several
characteristics such as initial molecular weight of the polymer, co-polymer ratio, pH of the medium,
absorption rate, and time period significantly influence the degradation behavior and drug release time
period in the case of biodegradable materials [96,97]. A number of studies have shown that thermal
properties such as glass transition temperature and crystalline melting temperature of rate-controlling
polymers also affect the degradation of the matrix, hydrophobicity, drug release, and solubility in the
case of biodegradable materials [98,99]. For drug release from matrix systems, the degree of crystallinity
is another factor that affects water diffusion and drug solubility, and influences biodegradation and
drug-release biomaterials [99–101].

Processing parameters also play a crucial role in drug delivery and influence the drug release
kinetics. Several studies have shown that a selection of coating methods such as air brush, ultrasonic
atomization, and dip coating can affect coated film characteristics and drug release [102–105].
Furthermore, solvent properties such as the boiling point, and evaporation kinetics also significantly
influence the residual solvent, merging of coatings, and release kinetics [106].

The coating design further influences the release kinetics of drug molecules. Kamath et al. found
that the drug-to-matrix ratio influenced the drug loading capacity of matrix and drug elution [89]. A
careful optimization of the drug-to-matrix ratio [89], drug density [107], compatibility between drug
and matrix [108], physical dimensions of coatings or the coated device, and processing parameters
can provide adequate control over the rate of drug release. Raval et al. [109] investigated that coating
layer features such as composition and topography further influence the diffusion of the drug through
the coating. An adequate control over drug release was achieved by coating the matrix and can be
explained by an initial burst release and dissolution. Additionally, a process was recently reported in
which a drug moves within the device in multiple layers to provide different drug release rates [109].
Balakrishnan et al. [110] showed that drug concentration and distribution within complex polymeric
coatings can be comprehended by a simple Fickian’s diffusion model [89,110]. Furthermore, the
microstructure of the coating can exhibit processing conditions and eventually affect drug release
kinetics. The thickness of the surface layer of the coating and hydrophobicity of the biomaterial
also control drug release kinetics by lowering the diffusion process [111]. Otsuka et al. found that
mechanical properties of the coated film also affect coating integrity [112].

4. Desired Properties for Drug-Releasing Dental Implants

The main aim of the drug-eluting implant is to achieve a favorable host response and beneficial
effects through the effectively controlled, benevolent, and reliable release of the active drug at the
localized site. It is critical for eluting implants to release a drug in a controlled manner, maintain a
therapeutic concentration at the local site for a feasible period of time [75], and a sustained release of the
therapeutic drug [113]. Therefore, an ideal drug-eluting implant coating should release active agents in
such a manner that it maintains the drug concentration for a specific period of time, which is required
for the targeted therapeutic action. The implant coating should be biocompatible; the eluting active
drug or the matrix biodegradation should not have any toxicity or harmful effects both locally and
systemically. In addition to excellent biocompatibility, the dental implant coating is desired to improve
the tissue–biomaterial interface and to enhance osseointegration. Consequently, bioactive material
coatings are known to encourage bone formation and are preferred over bioinert and biotolerant
coatings (Figure 4).
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As discussed earlier, osseointegration is essential for the stability and clinical success of implants.
According to the original definition, osseointegration is the direct contact between bone and a
loaded implant surface at the microscopic level [14]; however, more recently, it is described as an
immune-driven demarcation response (type IV hypersensitivity) to a foreign body Ti implant that
is immovable (ankylose) in bone [114]. This biotolerant nature of commercially pure Ti encourages
contact osteogenesis [115] due to close apposition of the bone on their surface (Figure 4). It is well
established that Ti is stable in a biological environment and does not trigger a foreign body reaction.
Several in vivo and in vitro studies have successfully demonstrated that the clinical success of a dental
implant and the resultant osseointegration is directly linked to the implant surface properties such as
chemical composition, micro/nano-structured surface topography, and hydrophilicity [37,116,117]. By
contrast, failure to osseointegrate results in alveolar bone resorption, loosening, and, ultimately, failure
of the implant [118].

The main reasons for failure to establish osseointegration include patient-related factors (poor
bone quality and volume, presence of periodontitis, poor systematic health, and smoking) [119,120]
and implant characteristics (such as surface texture, shape, and biomaterial) [17,121]. Accordingly, the
current research [48,122–124] focused on improving the bone–implant interface and osseointegration
while studying various surface treatments for dental implants. To further improve the osseointegration
of dental implants, a number of surface modifications had been considered; the hydrophilic surfaces
promote cellular adhesion by means of various surface modifications and coatings. Additionally,
surface coatings of osseoconductive materials (calcium phosphate (CaP) and HA) promoted the surface
properties [125,126].

Immobilization of bioactive materials, osseoconductive biomolecules, and growth factors has
been reported to enhance the osseointegration [127]. Additional features (such as bactericidal activity,
enhancement of cellular attachment, and inhibition of bacterial film formation) can be added to the
implant coatings that are also beneficial in improving the implant–tissue interface and clinical success.
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In terms of mechanical properties, the implant material is required to have properties approximating
the tissues to be replaced. For example, a gross mismatch of Young’s modulus of elasticity and
compressive strength of the implant material and bone is likely to generate areas of stress concentration,
bone atrophy, loosening, and failure of the implant [42]. Therefore, the implant surface should have a
modulus of elasticity, strength, wear, and fracture resistance [128,129] approximating that of alveolar
bone [36].

5. Methods of Drugs Coating on Dental Implants

The purpose of implant modification with drugs and biomolecules is not only to retain the
bioactivity but also to minimize complications linked to uncontrolled drug delivery dose. Soon after
the insertion of the dental implant in the bone, it is covered with a biofilm containing blood cells,
proteins, extra cellular bone matrix ions, cytokines, and growth factors that influence migration,
growth, adhesion, and differentiation of the bone cell [130,131]. Three main methods including
physisorption, covalent binding, and carrier systems [132] are reported in the literature to describe
the modification of implant surfaces with proteins, enzymes, and peptides immobilization (Table 1).
Moreover, desirable results are obtained by immobilizing growth factors on a nano-coating surface
having a higher surface area and affinity. A simple dipping method is used for the adsorption of
biomolecules, but this has the drawback of a limited control over the release kinetics and drug delivery,
resulting in a disturbance in the retention of the adsorbed molecules, which depends only on weak
van der Waals forces (physisorption) [132,133]. Similarly, a controlled drug release is achieved by
the physical entrapment of biomolecules in the carrier system, which is attached by a barrier but not
chemically bound [134]. The covalent binding of biomolecules to surfaces is a more complex but
alternate method of therapeutic agent delivery, which is covalently bonded to the implant surface and
releases a lower amount of drug but has a higher loading potential [36,135,136].

The clinical use of localized drug delivery via dental implant surface coatings is still under
research and development and not yet well established. In several experimental models, a variety
of implant surface modifications to carry different therapeutic agents have effectively been studied.
The most common methods for localized drug delivery include the surface treatment or surface
modification of implants [58,137,138], microsphere loading [139,140], therapeutic agent loading via
scaffolds with a miniature [141,142], loading a hollow cylindrical implant with growth factors and
biological molecules [139,143], and photodynamic therapy of implants to drug delivery [144]. However,
local pharmacokinetics and predictable quantitative drug elution to an individual targeted dental
implant in the peri-implant space site are still at the experimental stage. A sufficient amount of
drug delivery into the healthy/inflamed soft tissue around dental implants is also limited by the
thickness of the gingival epithelium, and mucosal permeability [145,146]. Therefore, implant surface
modifications offering controlled and effective drug elution over a control time due to biodegradable
or non-degradable polymers at the nanoscale are possible via structural modification of implant
coatings [145].

As discussed, the biochemical methods of implant surface modifications offer a good alternative
to physiochemical treatment and topographical alterations of the dental implant (Table 1). These
biochemical functionalization approaches study the interaction of host tissue cells (peptides and
extracellular proteins) and the implant interface. A good review of in-vitro and in-vivo studies of
surface modification by peptides or extracellular matrix proteins on the Ti implant surface reported that
these physicochemical interactions of immobilized biological agents is an effective way to stimulate
the bone regeneration and enhance cell adhesion remarkably [36,147]. For example, the increase in
surface roughness from micron to sub-micron scales (Figure 5) resulted in enhanced differentiation
of osteoblast and tissue regeneration, especially when a combination of both micro- and nano-sized
surface roughness topographies are employed together [148,149].
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Table 1. Methods of biochemical modification and immobilization approaches for bioactive molecules
on dental implant surface.

Description Problems/Benefits Consequences Examples

Physisorption or Adsorption [130,133,136,150,151]

Depending on the implant surface
features (roughness, chemistry,
surface energy, and wettability),

which results in spontaneous
adsorption of drugs and therapeutic

agents on Ti implant surface via
weaker van der Waals forces.

Lack of control over the
delivery of molecules.

Several parameters such as
micro movement of the implant,

pH, temperature, and solvent
conditions

It is achieved by dipping
method

Uncontrolled adsorption from
the surface

A burst release system,
(80%–90%) in 1 h of adsorbed

molecule
Superficially adsorbed

BMP-2 released rapidly in
higher concentration

Covalent Binding [134,152–155]

Cellular adhesion of proteins via
covalent bond to prevent systemic

effects of drugs

Immobilization of molecules
promote mineralization

Proteins bond to the implant
surface directly or through a

spacer such as hydroxyl (−OH)
or amine (−NH) groups

Cell-adhesive proteins
(collagen, osteopontin,

fibronectin, or vitronectin)

Carrier Systems or Self-Organized Nanoporous Surfaces on Silicon, Aluminum, and Titanium [132,136,156,157]

Direct integration of drug into the
coating material via carrier

molecules (polylactide, polyglycolic
acid, hydrogels, polypyrrole, and

CaP/HA coating)

Growth factors or antibiotics
are incorporated into a HA

coating; can be delivered in a
physiologic-like manner

Antibiotics, proteins, and
growth factors are entrapped in
crystals formed by precipitation

of CaP/HA solution

A slow-release system,
protein loaded into the

carrier can be 10 times higher
than adsorption
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More recently, there has been interesting developments related to the use of porous titanium-based
implant materials. There are two common methods to produce porous implant surfaces modifications
with highly defined external dimensions: Selective laser melting (SLM) and atomic layer deposition
(ALD). In the SLM process, a selective consolidation of melted titanium powders coating
layers generated a complex 3D personalized implant surface using focused thermal energy of a
computer-controlled laser beam to produce an optimum surface [158,159]. Liu et al. compared surface
coatings produced by SLM and sandblasted-large-grit-acid-etched (SLA) methods on dental implants
and reported the higher mineral apposition rate of the SLM implant and enhanced osseointegration
to the surrounding bone tissue after 12 weeks [160]. Moreover, coating of the SLM-fabricated
porous Ti implant surface with CaP and magnesium to encourage bone formation is an attractive
development [161]. Recently, investigators have reported a novel ALD method of CaCO3 films on
the Ti6Al4V to coat HA and TiO2 nanotubes (TNT) to produce a bioactive Ti6Al4V/TNT/HA coating
surface with optimal biocompatibility, antibacterial activity, topography, and mechanical properties. In
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addition, it was claimed that the ALD system has resulted in enhanced fibroblast cell adhesion and
proliferation along with good antibacterial activity [162,163].

6. Understanding Coating–Implant Adhesion Interface

The interaction of the implant coating surface and the host tissues is considered one of the main
factors for the long-term clinical survival of dental implants [164]. This implant–bone interface is
determined using bone formation on the implant surface toward the bone (contact osteogenesis)
and bone formation from the old bone toward the implant (distance osteogenesis) [115]. There is
an influence of topographical and wetting characteristics on coating–implant adhesion. Surface
modifications of the dental implant are important for the clinical outcome and implant–bone interface
success and is achieved by a variety of coating procedures, as shown Figure 6 [37,115].

Coatings 2020, 10, x FOR PEER REVIEW 10 of 36 

 

fabricated porous Ti implant surface with CaP and magnesium to encourage bone formation is an 
attractive development [161]. Recently, investigators have reported a novel ALD method of CaCO3 
films on the Ti6Al4V to coat HA and TiO2 nanotubes (TNT) to produce a bioactive Ti6Al4V/TNT/HA 
coating surface with optimal biocompatibility, antibacterial activity, topography, and mechanical 
properties. In addition, it was claimed that the ALD system has resulted in enhanced fibroblast cell 
adhesion and proliferation along with good antibacterial activity [162,163]. 

6. Understanding Coating–Implant Adhesion Interface 

The interaction of the implant coating surface and the host tissues is considered one of the main 
factors for the long-term clinical survival of dental implants [164]. This implant–bone interface is 
determined using bone formation on the implant surface toward the bone (contact osteogenesis) and 
bone formation from the old bone toward the implant (distance osteogenesis) [115]. There is an 
influence of topographical and wetting characteristics on coating–implant adhesion. Surface 
modifications of the dental implant are important for the clinical outcome and implant–bone interface 
success and is achieved by a variety of coating procedures, as shown Figure 6 [37,115]. 

 

Figure 6. Schematic presentation of surface modification of grade IV commercially pure titanium 
(cp-Ti). * Sa (the arithmetic mean height of the surface), ^ SLActive (Straumann Institute AG, Basel, 
Switzerland), $ TiUnite surface (Bra ̊nemark System, Nobel Biocare, Göteborg, Sweden), £ Osseospeed 
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The influence of surface roughness, topographic characteristics, and wetting behavior of submicron-
and nanocoatings on the differentiation of cells and tissues around dental implants is well-documented.
To accelerate the osseointegration, the contact osteogenesis is largely dependent upon the modification
of implant coating surfaces [115,165]. Therefore, several techniques have been reported regarding
implant surface modification at submicron (1–10 micron)-level topographical modification and the
addition of nanotechnological chemical features to the implant surface [165]. The fundamental
coating principle of commercially pure titanium (cp-Ti) implant modification was intended to improve
the early biological response (growth factors release from the bone matrix) to dental implants that
commenced at the surgical osteotomy sites [166]. Additionally, the long-standing clinical survival of
dental implants demands that the bone remodeling process should be harmonized with the modified
implant surface to achieve predictable success. It is believed that the chemical and physical nature
of the implant coating surface improves the quality and speed of the healing process [167]. Figure 6
describes two types of implant modifications of grade 4 CpTi, namely micro-roughened modification
(sandblasted-large-grit-acid-etched (SLA) surface and anodic oxidation) and molecular modification
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(TiO2 nanotube, functional peptides, fluoride treatment, HA/CaP compounds, photo-functionalization,
and laser ablation). However, some of the recent nano-level modifications presented in Figure 6 have
not yet been clinically tested in humans, but these nanoscale surface-modification techniques have
shown excellent in vitro and in vivo data; thus, they have promising potential for future clinical use.
Nonetheless, biomechanical, micro-radiographic, histological, and drug-elution studies should be
conducted in a controlled environment before such experimental coated implants are placed in humans.

7. Therapeutic Dental Implant Coatings

Current biomimetic approaches regarding dental implant coatings encompass the fabrication of
biocompatible nanomaterials to effectively control the processes of tissue regeneration, cell adhesion,
proliferation, and differentiation. A variety of organic and inorganic nanocoating agents have
been studied to achieve optimum therapeutic outcomes from dental implant-coating materials
(Table 2). Therefore, there is potential to improve osseointegration along with therapeutic effects by
immobilization of bioactive agents, osseoconductive drugs, and growth factors on implant coatings via
several possible surface treatments and coating agents [168].

Table 2. List of various materials and biomolecules studied as potential therapeutic dental implant
coating agents.

Type Subgroup Substance/Biomolecule References

Inorganic Elemental

Nano-diamond [169–171]
Graphene [172,173]

Carbon nanotube [174–177]
Silver [178,179]
Ca-P [180–183]

Titanium [117,184]

Organic

Protein

Fibronectin [185]
Elastin [186]

Laminin [187,188]
Collagen [131,185,189]

Bone sialoprotein [185,189]
Osteopontin [190]

Growth factors Bone morphogenetic proteins [133,191–193]

Peptides
Arginylglycylaspartic acid [131]

Parathyroid hormone [194–196]
Antimicrobial GL13K [197,198]

Polysaccharides

Hyaluronic acid [193,199]
Chondroitin 4-sulfate [131]

Chitosan [58,200,201]
Pectin [179,202,203]

Drugs

Bisphosphonate [50,57,204,205]
Simvastatin [194,206,207]

Strontium ranelate [208]
Gentamycin [191,209]
Tetracycline [58]
Vancomycin [210–212]
Doxycycline [213,214]
Norfloxacin [215].

Chlorhexidine [58,216]

7.1. Biomimetic and Bioactive Coatings

To improve the osteoconductivity and osseointegration of dental implants, the biomimetic layers
of calcium phosphate (CaP) and hydroxyapatite (HA) coatings had been deposited on implants. One
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of the most successful current clinical therapeutic coatings of dental implants employed to achieve
biocompatibility and enhanced peri-implant bone formation is CaP and HA [48,217,218]. Earlier, the
plasma-sprayed HA coating was thick and rough, which resulted in clinical failures and cracking;
however, new physical deposition and chemical techniques facilitated the deposition of thinner
(100 nm) CaP/HA coatings having an accelerated and increased bone formation [37,219]. Similarly,
organic implant nanocoatings comprising proteins, growth factors, polysaccharides, and drugs were
incorporated into the latticework of CaP and HA for numerous therapeutic properties [173,215,217].

An accelerated osseointegration during the early healing phases can be obtained using implant
coatings having a composition similar to the human bone [220]. For example, the CaP apatite
composition is similar to the mineral bone phase and activates osteoblast cells to initiate bone tissue
formation [221]. In addition, bioactive implant surfaces significantly reduced the time required for
osseointegration of Ti implants due to improved wettability and better protein adsorption capacity.
The bioactive implant coating is characterized by stimulation of the biological activity of surrounding
bone tissues (Figure 1). Mostly, nanocoatings, where the coating thickness ranges from 1 to 100 nm, are
bioactive [222,223]. Several organic and inorganic molecules have been reported to provide enhanced
bioactive nanocoating bonds on the implant and bone interface (Table 2). It is well documented in
the literature that the micron/submicron-scale surface roughness enhances osseointegration through
osteoblast differentiation [58,115,173]. Moreover, Gittens et al. suggested that the combination
of micro-/submicron-scale roughness along with nanoscale structures in vivo improves osteoblast
differentiation to indicate the potential for improved implant osseointegration [149]. Bioactive
interactions lead to a close adhesion and interconnection along the interface of the implant and
surrounding tissues [224].

Following implantation of the CaP-coated implant, Ca and P are released into the surrounding
tissues and stimulate precipitation of apatite on the implant surface [180,181]. The stimulation of
new bone formation in the case of CaP-coated implants enhances the healing and the clinical success
rate [225]. The biomimetic CaP-coated implants establish a greater bone-to-implant contact area
compared to uncoated implants [226,227]. These findings and long-term success rate advocated an
improved interface and osseointegration in the case of CaP-coated implants.

7.2. Antibacterial Coatings

Infections associated with dental implants are often very complex, multifactorial, and challenging
to manage. The most common bacterial infections related to dental implants are Gram-positive bacteria,
i.e., Staphylococcus epidermidis, Staphylococcus aureus, and Enterococcus spp., and Gram-negative bacteria,
for example, Pseudomonas aeruginosa [191,228,229]. The implant surface provides a medium for bacterial
adhesion by forming a physical defensive biofilm and diminishes the systemic antibiotic diffusion,
resulting in relatively limited drug availability at the infection site [230]. Therefore, scientists are
constantly making efforts to develop and optimize antibiotic-loaded therapeutic coatings for dental
implants to treat chronic peri-implant infections [164,231,232]. Several therapeutic modifications of
implant coatings treating localized implant–bone infections have been proposed by incorporating
antibiotics, antimicrobial peptides, and disinfectants. In order to avoid and treat a potential infection
adjacent to the implant–bone (host–device) interface, the following should always be considered
regarding drug-loaded implant coatings [232,233]:

(a) As acute infections occur immediately after implant surgery, short-term antimicrobial drug
delivery coatings to the host tissues and device interface would help to prevent bacterial
colonization, thus preventing the infection.

(b) Similarly, long-term bacteria can colonize the implant surface; therefore, consistent antimicrobial
drug delivery coatings are required to inhibit microbial colonization on the surface over time.

(c) It is important that, while maintaining both long and short-term drug elution from implant
coatings, there should be no alteration in the surface materials’ properties; otherwise, it may
deteriorate the implant’s osseointegration.
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A number of studies [58,228,231,234–236] have investigated the incorporation of antimicrobial
agents to the implants’ coating using dip or spray coating methods. However, it is very challenging to
meet the desired requirements during production of implant coatings. A controlled and sustained local
drug delivery from dental implants has a substantial potential to replace the use of systematic drugs
due to the adequate physiological stability and availability at the local implant site, thus reducing the
toxicity risks and higher cost [233,237]. Antimicrobial agents are generally adsorbed on the surface via
dip or spray coating methods, but the adsorption of antimicrobial molecules to the implant surface is
very weak, which may precipitously cause damage in physiological situations. Due to this reason,
the release of antimicrobial agents may either have a relatively short-term potency or result in rapid
desorption of the antimicrobial from the implant surface [229].

Consequently, the antibiotic-loaded (gentamycin, amoxicillin, and vancomycin) bioactive coating
on dental implants is an attractive possibility to treat the localized infection site by increasing infection
prophylaxis confined at the implant site. Various antibacterial implant coatings showing antimicrobial
activity to the implant–bone junction have been investigated (Table 2).

Gentamycin is a widely used broad-spectrum antibiotic for coating the implant surface along
with the layer of HA to act as a local prophylactic agent [191,209]. Previously, a biodegradable
gentamicin-polylactic acid-coated implant was investigated using a rat model. It was reported
that adding 10% gentamicin to the polylactic acid coating remarkably decreased implant-related
infections [209]. An in vitro study investigated titania nanotubes loaded with gentamicin and reported
therapeutic release of the drug, reduction in bacterial adhesion, and enhanced osteoblastic activity [238].
Elution of therapeutic drugs significantly reduced the bacterial adhesion and enhanced osteoblastic
differentiation [191,231,239]. Similarly, tetracycline coatings enhanced the attachment and retention of
blood clots on the surface during an earlier phase of healing, thereby promoting osseointegration [58].

Vancomycin loaded silica sol–gel film on the implant demonstrated a slow release of
vancomycin [210–212], resulting in a lower adherence of bacteria such as Staphylococcus aureus
to the Ti implant. Vancomycin was covalently attached to the implant surface to make an antibacterial
surface to prevent the bacteria attachment for a long time [240]. Ferreira et al. incorporated nanotubes
loaded with doxycycline on the dental implant surface to deliver the antibiotic locally and reported
that P. gingivalis growth was suppressed in the experimental media during a 28 day time interval [214].
Likewise, it was reported recently that an implant surface coated with doxycycline prevented bacterial
colonization to control peri-implant mucositis and peri-implantitis [213].

Norfloxacin-biocompatible antibacterial nanocoatings for dental implants containing norfloxacin
have been reported using the novel method of nano-spray drying technology along with nanocoatings
of poly(lactic-co-glycolic acid) as a biodegradable polymer and norfloxacin as a model antibiotic [215].
The adsorption of the norfloxacin antibiotic was carried out on the nanoparticles obtained from CaP,
demonstrating a controlled drug delivery from these nanorod-like structures with an antibacterial
potential [241].

Chlorhexidine (CHX) is a broad-spectrum organic antimicrobial and antifungal agent, which is
well known in the treatment of several periodontal pathogens [242]. It was absorbed on the Ti implant
by inducing surface mineralization with the HA coating [58,216]; however, the resultant CHX-coated
surface helped to reduce the bacterial load for a limited time due to short-term antibacterial properties.
The CHX-hexametaphosphate nanoparticle was used to fabricate a porous coating on the Ti implant
surface having a concentration equivalent to 5 mM of CHX for dental implant coatings [243]. Moreover,
CHX delivery from the CHX-polybenzyl acrylate Ti implant coating resulted in inhibition of streptococci
adhesion, particularly useful to control bacterial infection around the dental implant during the early
phase of implant placement [244].

7.3. Antimicrobial Metallic/Metalloid Coatings

A range of metallic biomaterials with antimicrobial properties have been investigated for implant
coatings (Table 2). Silver, zinc, and copper are the most widely used biocidal, bactericidal and
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bacteriostatic metallic agents having higher efficiency against broad spectrum pathogens [165] and no
toxic effects when used in a controlled concentration. The antibacterial activity of silver electrodeposited
on tricalcium phosphate (TCP)-coated titanium implants showed the desired bactericidal activity
without toxicity in the optimal silver concentration [245,246]. Similarly, the cold-spray coating technique
utilized polyether ether ketone (PEEK), silver-doped HA powder, and the chitosan–copper composite
for creating antimicrobial implant coatings [247,248].

Recently, different types of graphene implant coatings (reduced graphene oxide and graphene
oxide) have been explored as an attractive option for an implant surface coating material due to
their higher biocompatibility and antibacterial effects. Several in vivo and in vitro studies have
reported a very high surface area and improved osseointegration of a graphene-based implant
coating [172,249]. Zeng at el. reported that a graphene/HA coating deposited on the Ti implant
showed better biocompatibility, higher bond strength, and better bioactivity compared to only a HA
coating or only CpTi [250]. Moreover, the antibacterial activity of graphene is due to the damaging
of cell membranes through oxidative stress against multi-resistant bacteria and fungi species [251].
Although a very limited amount of research has been conducted for graphene application-coated
dental implants, this material has created new horizons in drug delivery and tissue engineering
applications in the near future. In addition, nano-diamonds have been reported for their bioactive
and bactericidal potential for implant coatings, thereby enhancing osseointegration and reducing
the incidence of peri-implantitis [50,178]. The nano-diamonds surface contains oxygen-carrying
groups and charges that are responsible for antimicrobial properties [252]. Silver and nano-diamond
implant coatings showed antimicrobial properties against Escherichia coli [169]. Biocompatibility of
potential coating materials is essential. Vaitkuviene et al. [253,254] comprehensively investigated the
biocompatibility of nano-diamond materials using neural cells. It was reported that the thin coating
of oxygenated and boron-doped nanocrystalline diamond (BDD) significantly improves the cellular
adhesion and proliferation of neural cells. These findings demonstrated the nano-diamond coatings’
good biocompatibility and potential for maintaining the cell viability and proliferation [253]. Another
in vivo study [255] investigated the biocompatibility of BDD using an animal-based implantation model.
Although the formation of a thin fibrous capsule and mild inflammation was observed, there were no
significant differences comparing BDD and the control titanium alloy [255]. The biocompatibility of
the nano-diamonds may vary depending on the materials’ properties and target tissues. The larger
diamond particles (100 nm or more) showed better biocompatibility than smaller particles [256,257].
However, further studies are required to evaluate the nano-diamonds’ biocompatibility using various
types of cells and materials’ parameters. In addition, the current literature determining the mechanical
properties and bond strength of nano-diamond coatings on dental implants is scarce and requires
further research.

7.4. Antimicrobial Peptides (AMPs) Coatings

Antimicrobial peptides (AMPs) are covalently bonded or physically adsorbed on the implant
surface after being derived from human proteins. The broad spectrum capability of AMPs has an effect
of antimicrobial activity; therefore, they are particularly useful due to the low host cytotoxicity and
bacterial resistance [191,258]. Lee et al. reported that the dual-drug-eluting (gentamicin and bone
morphogenetic proteins) Ti implant system can reduce infections and improve osteointegration [191].
In the last two decades, the resistance of antibiotics and microbial agents combating was compromised
due to superbugs [259]. This problem is the main hurdle in the successful osseointegration of dental
implants and has compromised the oral health in adult, as well as in geriatric, patients [260]. For this
reason, new antimicrobial drug approaches are being investigated such as coatings of the antibiotics,
laser treatments of the surface, and peptides binding with bioactive ingredients [261,262]. The human
body is made up of millions of proteins and peptides and play their role in maintaining body defense,
repair, and regeneration. Proteins are genetically coded for their specific functions. Therefore, studying
the structures of these proteins and synthetically designing for specific functions can be very futuristic.
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The antimicrobial peptides (AMPs) are a natural weapon for the defense against microbes [263].
These AMPs are present in the human body epithelial and non-epithelial surfaces, maintaining natural
barriers and fighting against microbial invasions. The oral cavity has a dynamic environment and is
lined by specialized mucosa and secretary glands, helping in expressing the defensins, cathelicidins,
histatins, statherin, adrenomedullin, and neuropeptides [264]. All these antimicrobial peptides have
different roles in the defense of the oral cavity against microbes, viruses, and fungi. In addition, the
composition of human saliva is full of bioactive ingredients with potential diagnostic and monitoring
capability. There are many proteins and peptides identified from human saliva such as the statherin
family, which helps in the remineralization of the dental hard tissues. Table 3 enlisted various AMPs
commonly found in the oral cavity.

Table 3. List of key antimicrobial peptides (AMPs) present in the oral cavity [264].

Antimicrobial Peptides Type Site of Expression

α-Defensins

HNP-1
Neutrophils (azurophilic granules), gingival crevicular

fluid, and bone marrowHNP-2
HNP-3
HNP-4 Neutrophils

β-Defensins
hBD-1 Saliva and suprabasal layer of stratified epithelium
hBD-2 Gingival epithelium and saliva
hBD-3 Skin and salivary gland

Histatin
1

Saliva (parotid and submandibular)3
5

Adrenomedullin - Epithelium

Cathelicidins LL-37 Neutrophils, inflamed epithelia, and saliva and
submandibular glands

The AMPs act against oral microbes by various approaches including the barrel-stave model,
carpet model, and toroidal model (Figure 7). It is not proven which is more dominant, but in the
last few decades, many experiments have been reported on the basis of the proposed models. In
the barrel-stave model, peptides can position themselves to attach to the microbes’ cell membranes,
leading to the aggregation process of peptides and bilayer formation (Figure 7a) [264]. A prolonged or
carpet-like layer formation by the disruption of the cell membranes by peptides is known as the carpet
model (Figure 7b). In the toroidal model, all the attached peptides begin to aggregate and bind to the
lipid monolayer through pores (Figure 7c).

The use of AMPs in dentistry and medicine has been increasing in the last few decades due
to the dynamic combating outcomes. In the past, extensive literature reported on the role of
histatins, cathelicidins, and oral defensins peptides in dentistry such as dental implants coatings,
and in periodontal tissue regeneration, reducing dental caries and remineralization of dental hard
tissue [265–267]. Solid-phase peptide synthesis (SPPS) and recombinant DNA technology have been
used to encounter the need for AMPs [268,269]. It has been observed by the coating of AMPs on the
dental implant surface that it can actively reduce bacterial infection during the healing period.

The most common dental implant materials of titanium, zirconia, polyetheretherketone (PEEK),
and polyetherketoneketone (PEKK) are available on the market [26,262]. All these materials have pros
and cons according to their chemistry, biomechanics, physics, surface, and esthetic properties [262,270].
In the past, titanium was coated with antibiotics such as cephalothin, amoxicillin, and gentamycin [154]
as discussed above. All these approaches can be applied onto three different dental implant surface
biofunctionalization levels, as shown in Figure 8 [271]. The use of peptides in combination with
the bioactive ingredients has proven to be a promising futuristic coating for the dental implants for
better osseointegration, improved implant and soft tissue sealing, and reducing microbial attacks
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during healing time. A protocol was reported by Rodriguez et al. on the binding of KKLPDA
and EEEEEEEE peptides on the Ti6Al4V and hydroxyapatite surfaces for reducing the bacterial
infection, as well as bringing a new drug delivery system for the orthopedic and dental implant surface
functionalization [59].Coatings 2020, 10, x FOR PEER REVIEW 16 of 36 
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Another study reported on the biomodification of new zirconia-based implants with short-motif
arginylglycylaspartic acid oligopeptides tailored on the surface and observed rapid osseointegration
and improved peri-mucosal sealing, and AMPs reduced the chance of peri-implant infection [272].
With the help of GL13K, a cationic antimicrobial peptide that reduces the Porphyromonas gingivalis
growth also inhibits its adhesion [273]. In this in vitro study, the GL13K peptides conjugation onto
the titanium microgroove proved the improved antibacterial cytocompatibility and promoted the cell
growth in the microgrooves [273]. In the in vitro study against the two oral stains of Streptococcus
sanguinis and Lactobacillus salivarius with the titanium surface immobilized with the lactoferrin-derived
hLf1-11 antibacterial peptide, it showed an outstanding reduction in the bacterial growth [274].
With the help of human lactoferrin-derived (hLf1-11) peptide, bacterial adhesion on the Ti surface
was reduced, inhibited the formation of biofilm, and showed good compatibility with the human
fibroblast [275]. Oral defensins peptides are another family member of AMPs found in the oral
cavity. The six short motifs of defensins peptides were synthesized by SPPS and characterized against
Streptococcus epidermidis and Pseudomonas aeruginosa [276]. In this study, DLAMP-3 (CRVRGGRCA)
showed inhibitory effects against the S. epidermidis at 4.37 mg/mL. This DLAMP-3 showed an effect
against P. aeruginosa at 35 mg/mL [276]. Human beta defensins peptides have an immuno-modulatory
effect that promotes bone remodeling [267]. Similarly, Righino et al. reported the new approach for
mimicking human antiviral salivary proline-rich peptide (PRP) for medical purposes [277]. Warnke
et al. reported a recombinant human beta defensin-2 coating for biocompatibility assessment with
the human mesenchymal stem cells (hMSCs) and human osteoblasts, and found no toxicity [278].
Bifunctional peptide binding (BPB) on the titanium discs were engineered in this study to combat the S.
mutans bacteria, and the results were promising for the coating on dental implants due to antibacterial
and antibiofouling activity over the four fouling/cleaning cycles [279]. Human saliva contains many
antimicrobial proteins and peptides (defensins, cathelicidins, histatins, statherins, and proline-rich
peptides), which are useful for oral health. In the previous discussion, we found that most of them are
synthetically engineered and bonded to orthopedic and dental implant surface modifications [264].

7.5. Bisphosphonates Coatings

Bisphosphonates drugs are used to treat patients with resorptive bone disorders including
hypercalcemia, osteoporosis, multiple myeloma, and Paget’s disease [280]. Commonly used
bisphosphonate drugs (alendronate, etidronate, tiludronate, and zolendronate) act by stimulating
osteoblasts and bone formation [281], as well as by inhibiting the osteoclastic activity and bone
resorption [282]. In patients suffering from the resorptive bone disorders (such as osteoporosis),
the altered metabolism and quality of bone may compromise the implant–bone interface and
osseointegration [283,284]. Although bisphosphonate therapy may improve the bone metabolism,
the long-term systemic administration may lead to bisphosphonate-related osteonecrosis of the jaws
(BRONJ) [285] that can be prevented by localized delivery of such drugs. The localized application of
bisphosphonates showed promising results for a range of conditions affecting the jaw bone specifically;
for instance, improved periodontal healing following mechanical debridement [286], regeneration of
the alveolar ridge following extraction [287], and prevention of root resorption [288,289]. Localized
bisphosphonates delivery around dental implants reduced the postoperative marginal bone loss and
improved the osseointegration [57,290].

A recent systematic review by Najeeb et al. [50] comprehensively analyzed the
bisphosphonate-releasing dental implant in terms of osseointegration and advocated the positive
effects on dental implant osseointegration. It was further reported that various bisphosphonate
drugs (alendronate, pamidronate, and ibandronate) investigated for implant coatings in combination
with other compounds (collagen, calcium phosphate, and chondroitin sulphate) showed a significant
improvement in the bone formation [50]. Considering the promising benefits of bisphosphonate-coated
dental implants, various researchers have further investigated the use of a variety of coating techniques
and compositional variables [204,291,292]. For example, plasma spraying was used to apply biomimetic
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coatings of calcium phosphates and hydroxyapatite combined with bisphosphonates [291,292].
Similarly, techniques such as heat treatment, anodization [293], and immobilization on a porous
surface [294] have been used to coat the Ti implants. Additional surface treatments such as surface
anodization enhances surface porosity and the area of titania, hence facilitating the loading and delivery
of coated bisphosphonates to the bone [20,293,294]. Similarly, using fibrinogen, an intermediate layer
between the Ti implant and bisphosphonate coating may enhance the osseointegration [280]. Although,
the clinical studies by Abtahi et al. [57,280] reported a reduction in the marginal bone loss while using
the bisphosphonate-coated implants when patients were followed-up for a short period of time.

Currently, there is no consensus in terms of dosage and release of drugs from the bisphosphonate
coatings. Increased bisphosphonates release (from 8 to 80 µg/mL) in an animal study promoted
bone formation; however, no remarkable effects were observed on bone–implant contact [292]. By
contrast, Abtahi et al. [57,280] used a bisphosphonate concentration (less than 1 µg/cm2), but the
effects of varying dose or concentration on human subjects were not investigated. Although, the
preliminary and experimental research has shown promising results in terms of new bone formation
and osseointegration around bisphosphonate-coated dental implants. However, information regarding
the long-term prognosis and effects of variables such as drug concentration is scarce. The systemic and
localized effects of bisphosphonate release on peri-implant tissues have not been addressed adequately.
Therefore, further clinical trials with a longer follow-up period are essential to validate the current
evidence and clinical efficacy for using the bisphosphonate-coated dental implants.

7.6. Zirconia Coatings

In 1789, a German chemist, Martin Klaproth, discovered zirconium dioxide (ZrO2) during analysis
of the mineral zircon (ZrSiO4). However, it was Swedish chemist, Jöns Jacob Berzelius, who isolated
the zirconium/zirconia (Zr/ZrO2) in the pure form in 1914 [295,296]. There are three crystalline phases
of ZrO2 (monoclinic, cubic, and tetragonal phases). The tetragonal phase is used for dental applications.
However, in later years, due to research efforts, a combination of Zr-yttria was developed and named
yttria-stabilized tetragonal ZrO2 polycrystals (Y-TZP) [297]. This was made available for usage and
was considered the material of choice for hip implants in the late 1990s [296,298]. Use of ZrO2 as a
biomaterial in orthopedics first started in 1984, mainly in the United States and Australia. This rapid
shift toward Y-TZP in the late 1980s and 1990s was due to a much better strength and lower grain size,
resulting in better wear properties and technical advantages in terms of sintering [299].

Today, due to excellent esthetics, biocompatibility, and physical properties, Y-TZP became the
material of choice for all-ceramic-material indirect dental restorations [298,300]. Its use in dentistry
started in the 1990s first for root canal posts and later for prosthetic abutments. The development of its
use in the dental prosthetics started with the opportunity for manufacturing ceramic posterior-fixed
partial prostheses [301] followed by its use as an intraosseous dental implant in late 1990s [302]. During
the last decade, ZrO2 dental implants have emerged as a viable alternative to Ti dental implants due to
its potential osseointegration and bioinert properties, in addition to its esthetic superiority [303–305].
Its radiopacity is similar to that of Ti and can be visualized radiographically [306]. Other advantages of
ZrO2 over Ti are less bacterial colonization on ZrO2 and the absence of corrosion as Ti is reported to
produce corrosion products at the site of dental implants [307,308].

Zirconia is known for excellent mechanical and physical properties [309]. Apart from superiority
in the physical properties, research studies show better performance for ZrO2 implants over the
Ti implants in terms of biocompatibility due to the non-release of ions and creation of an excellent
osteoblast attachment and cellular proliferation that are essential for fast growth of the bone around the
implant surface [308,310]. By contrast, Ti implants compromise cell viability, inducing apoptosis, with
a decrease in active osteoblasts and compromising the quality of bone [311]. Evaluation of periodontal
integration showed improved adhesion of fibroblasts on the ZrO2 surface and stronger attachment,
respectively [312,313]. Despite possessing several advantages, current literature reported a limited
number of long-term studies involving ZrO2 implants [29]. To date, although the Ti dental implant
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is still considered the gold standard for dental implant applications, some studies have reported
allergic reactions related to Ti [314]. Besides, the generation of galvanic effects after contacting saliva
intraorally [308] and wear particles leading to inflammatory responses are also reported due to Ti
implants [315]. Therefore, more clinical studies are required to further explore the potential of ZrO2

implants without having adverse reactions [19]. In order to combine the advantages of both the
commonly used dental implant materials, i.e., ZrO2 and Ti, a combination of Ti implants coated with
ZrO2 particles seems a viable option to explore [19].

The quality of osseointegration mainly depends on the surface properties of dental implants [316].
It is logical to combine the superior osseointegration, biosecurity, and esthetic abilities of ZrO2 with
the better fracture resistance of Ti [317]. A number of surface modifications to improve the surface
chemistry/topography of coated ZrO2 interacting with biological tissues were studied. Mainly, these can
be classified into three groups of physical (e.g., plasma spraying), chemical (acid etching), and biological
(e.g., protein absorption) [124,317]. The methods used successfully for the surface modifications on
Ti with ZrO2 includes sandblasting with or without acid etching (SLA), dip-coating, and plasma
spraying [311,318]. Among these methods, plasma-sprayed coating can be considered a powerful tool
due to the significant improvements in the physical/chemical properties of substrate materials. In
addition, by manipulation of some parameters, the physical properties such as surface topography,
roughness, porosity, and crystallization can be controlled [319,320].

In a recent study, Huang et al. [321] compared the plasma-sprayed nanostructured ZrO2-coated Ti
implants and reported the superior osseointegration of plasma-sprayed ZrO2 implant coatings in all
quantified parameters [321]. They also claimed an increased number of osteoblastic attachments on
ZrO2-coated implants in the early stages. After two weeks, the histological analysis revealed increased
osteoblasts attached on the ZrO2-coated implants, and this was further confirmed by micro-CT images,
which showed an abundance of bone formation around the ZrO2-coated implants. The plasma-sprayed
ZrO2 coating produces an ordered microscale surface layer that improved the osteoblastic attachment,
proliferation, and differentiation [322]. These results validated the theory that a higher free-energy
surface promotes the attachment of osteoblasts [323]. The difference in the osseointegration between
the Zr-coated Ti implants and the Ti implants decreased at four weeks, whereas, at 12 weeks, an
almost similar bone trabeculae thickness, a space indicating similar trabeculae arrangement, and
the quality of bone were found [324]. The initial and better osseointegration exhibited by the Zr
implants and similar osseointegration to that of Ti implants later in the healing period are reported in
several research studies [310,322–326]. Though this finding may be non-significant in terms of final
osseointegration outcome, the initial rapid and fast osseointegration shown by the Zr-coated implants
can be useful in some clinical scenarios to achieve improved stability of the implants to enhance
the osseointegration and prognosis [327,328]. Plasma-sprayed nanostructured Zr-coated Ti implants
emerged as a promising alternative to commercially pure Ti implants, due to excellent biocompatibility,
better esthetics, soft-tissue response, increased osteoblastic activity, and osseointegration at the early
stages of healing. Further studies in different clinical scenarios at longer follow-up times are mandatory
to validate these findings.

8. Limitations and Future Challenges for Coated Dental Implants

In the recent decades, although plenty of research studies have investigated various coating
materials, drugs, and techniques, there are currently very few coated dental implants available for
clinical applications. In order to translate implant coatings for clinical applications and to obtain
benefits from the controlled targeted therapeutic release, additional clinical studies overcoming
various obstacles are a prerequisite. Clinical failure of dental implants is still observed despite
the promising outcomes from the outgoing research [118,329,330]. The peri-implant infections and
malfunction of the bioactive surface coating are associated with implant failure [329,330]. For example,
poorly bonded or undermined coatings may chip off under the mechanical stress of screwing or may
laminate prematurely, resulting in an inadequate osseointegration and failure of dental implants [121].
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Generally, mechanical properties (such as modulus, tensile, and fatigue strength) of coating materials
are remarkably weaker compared to the underlying metal or alloy [331]. The poor mechanical
characteristics of therapeutic coating materials resulted in the formation of surface microcracks, leading
to fracture and failure [332]. Considering the complex dynamic stresses applied at the implant surface
following fixation, further improvements in the mechanical properties of implant coatings are essential
for long-term clinical success.

Plasma spraying is commonly used to coat HA on the implant surface [123,333–335]. However,
there are certain limitations such as a thicker coating (few microns) and the need of substrate surface
pretreatment such as grit blasting [121]. In addition, unfavorable porosity, crystallinity, and residual
stresses at the implant–CaP coating interface remained the main concerns [331]. In the clinical prospects,
the most important is delamination, that is, failure of the coating layer at the interface due to poor
bond strength and residual stresses at the implant–CaP coating interface. Such delamination and
release of coating particles may lead to implant failure [336,337]. The shortcomings of plasma-sprayed
coatings can be overcome using simulated body fluid biomimetic biomineralization approaches to
deposit a layer of CaP apatite [121]. In addition, a roughened substrate surface as a result of surface
treatment enhanced the mechanical stability of the CaP coatings. Therefore, the coating–implant
interface bond strength and mechanical properties are crucial, and there is need of future research to
improve these properties.

The biocompatibility of coated dental implants needs special attention as current literature
reporting long-term clinical studies about the biocompatibility of therapeutic coated implants is scarce.
During the active release of drug molecules by diffusion or osmatic pressure, the coating matrix
degrades [68]. The coating material and its dissolved agents and byproducts must be biocompatible
to prevent any localized or systemic toxic effects. Although the main purpose of the drug-eluting
coating is to permit an effective and reliable supply of the drug to the target site for an anticipated
therapeutic effect, it is not a straightforward phenomenon. Nonetheless, controlling the drug release
involves a number of factors including the materials’ chemical interaction and physical properties
such as dissolution, diffusion, erosion, and osmosis [70–72]. The initial burst release of the drug upon
implantation leads to poor control over drug elution kinetics and also compromises the sustained
release required to achieve the therapeutic effects for a longer time. Therefore, it is important to
control the drug release rate; drug elution at a faster rate may have unwanted toxic effects, while
a slower release rate compromises the therapeutic efficacy. Significant research including in vitro
experiments, animal models, and clinical studies has been conducted with promising outcomes; yet,
the aforementioned limitations are the main obstacles for translating various coated implants from the
laboratory bench to the market. Currently, a number of researchers are focusing on addressing the
limitations and improving the properties of implant coatings. As a result, more therapeutic coated
dental implants are expected to be available for clinical applications in the near future.

9. Conclusions and Future Trends

The present article reviewed various aspects of therapeutic surface coatings on dental implants
from the perspectives of materials, coatings, drug release, and related beneficial effects. Various
types of eluting implant coatings targeted to improve the surface properties, implant–bone interface,
and osseointegration were reviewed. Currently, scientists are actively exploring the preclinical
characteristics of a variety of medicaments, and inorganics and organic biomolecules including
peptides and growth. Available data have indicated that the therapeutic coatings on dental implants
effectively improved the surface properties and implant–bone interface by delivering various drug
molecules or bioactive components locally without exerting any systemic side effects. Furthermore,
the bioactive implant coating strategies clearly suggested the improvement in the osseointegration
by mimicking bone remodeling characteristics at the submicron/nanoscale level and enhancing
osteoblasts differentiation and bone regeneration. In addition, bioactive materials, bisphosphonates,
and antibacterial and antimicrobial implant coatings effectively achieved the respective therapeutic
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actions. However, only a few of the coated implants are commercially available, while the majority
of therapeutic coated dental implant research is at preclinical stage. Although plenty of in vitro and
animal studies have been conducted to explore a variety of coating materials, drugs, and techniques, an
inadequate number of clinical studies have investigated the long-term performance of coated implants
under the complex dynamic conditions of the oral cavity. Future research should focus on bridging
the gap between current evidence and clinical applications. To this end, additional clinical studies
involving longer follow-up are essential. Additionally, extensive supplemental research is required
to address the limitation of the coated implants, such as the poor coating–implant bonds; related
mechanical properties need gross improvement to avoid chipping and biocompatibility issues; and
biodegradation products should be focused on in the clinical settings. In terms of drug release kinetics,
the controlled release of active biomolecules maintaining the required drug concentration for an optimal
period of time at the target site is challenging and requires further investigations. Further developments
and translating various coated dental implants to clinical applications have vital significance as the
demand of dental implants is increasing sharply due to multiple factors such as population growth,
increased life expectancy (aging population), and improved quality of life. In the coming decade,
we hope that more therapeutic coated dental implants with improved physical/chemical/mechanical
properties, biocompatibility, and controlled drug release will be available at a lower cost for clinical
use and to benefit the enormous number of dental patients.
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LeskelÃ¤, M.; Bartmański, M.; Szkodo, M. Titania nanotubes/hydroxyapatite nanocomposites produced with
the use of the atomic layer deposition technique: Estimation of bioactivity and nanomechanical properties.
Nanomaterials 2019, 9, 123. [CrossRef]

163. George, S.M. Atomic layer deposition: An overview. Chem. Rev. 2010, 110, 111–131. [CrossRef]
164. Ripamonti, U.; Roden, L.C.; Renton, L.F. Osteoinductive hydroxyapatite-coated titanium implants.

Biomaterials 2012, 33, 3813–3823. [CrossRef]
165. Gotfredsen, K. Implant coatings and its application in clinical reality. In Implant Surfaces and Their Biological

and Clinical Impact; Springer: Berlin/Heidelberg, Germany, 2015; pp. 147–155.
166. Yeo, I. Surface modification of dental biomaterials for controlling bone response. Bone Response Dent. Implant

Mater. 2017, 43–64. [CrossRef]
167. Kunrath, M.; Hübler, R. A bone preservation protocol that enables evaluation of osseointegration of implants

with micro-and nanotextured surfaces. Biotech. Histochem. 2019, 94, 261–270. [CrossRef] [PubMed]
168. Manickavasagam, D.; Oyewumi, M.O. Critical assessment of implantable drug delivery devices in glaucoma

management. J. Drug Deliv. 2013, 2013, 1–13. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.biomaterials.2011.01.029
http://www.ncbi.nlm.nih.gov/pubmed/21310480
http://dx.doi.org/10.1002/hed.22958
http://dx.doi.org/10.1177/154405910708600114
http://dx.doi.org/10.1016/j.jhin.2009.02.010
http://dx.doi.org/10.1021/bm900203w
http://dx.doi.org/10.1002/jbm.b.31463
http://dx.doi.org/10.1016/S0927-7765(99)00055-7
http://dx.doi.org/10.1163/156856201744452
http://www.ncbi.nlm.nih.gov/pubmed/11334190
http://dx.doi.org/10.1002/(SICI)1097-4636(20000605)50:3&lt;405::AID-JBM15&gt;3.0.CO;2-Z
http://dx.doi.org/10.3390/ijms19061619
http://dx.doi.org/10.1080/10255842.2019.1616085
http://dx.doi.org/10.1002/jbm.b.33170
http://dx.doi.org/10.3390/nano9010123
http://dx.doi.org/10.1021/cr900056b
http://dx.doi.org/10.1016/j.biomaterials.2012.01.050
http://dx.doi.org/10.1016/B978-0-08-100287-2.00003-3
http://dx.doi.org/10.1080/10520295.2018.1552017
http://www.ncbi.nlm.nih.gov/pubmed/30556450
http://dx.doi.org/10.1155/2013/895013
http://www.ncbi.nlm.nih.gov/pubmed/24066234


Coatings 2020, 10, 568 29 of 37

169. Xu, T.; Wu, L.; Yu, Y.; Li, W.; Zhi, J. Synthesis and characterization of diamondâ€“silver composite with
anti-bacterial property. Mater. Lett. 2014, 114, 92–95. [CrossRef]

170. Najeeb, S.; Khurshid, Z.; Agwan, A.S.; Zafar, M.S.; Alrahabi, M.; Qasim, S.B.; Sefat, F. Dental Applications of
Nanodiamonds. Sci. Adv. Mater. 2016, 8, 2064–2070. [CrossRef]

171. GonÃ§alves, J.P.L.; Shaikh, A.Q.; Reitzig, M.; Kovalenko, D.A.; Michael, J.; Beutner, R.; Cuniberti, G.;
Scharnweber, D.; Opitz, J. Detonation nanodiamonds biofunctionalization and immobilization to titanium
alloy surfaces as first steps towards medical application. Beilstein J. Org. Chem. 2014, 10, 2765–2773.
[CrossRef]

172. Park, C.; Park, S.; Lee, D.; Choi, K.S.; Lim, H.; Kim, J. Graphene as an enabling strategy for dental implant
and tissue regeneration. Tissue Eng. Regen. Med. 2017, 14, 481–493. [CrossRef]

173. Kaviya, M.; Ramakrishnan, P.; Mohamed, S.; Ramakrishnan, R.; Gimbun, J.; Veerabadran, K.; Kuppusamy, M.;
Kaviyarasu, K.; Sridhar, T. Synthesis and characterization of nano-hydroxyapatite/graphene oxide composite
materials for medical implant coating applications. Mater. Today Proc. 2020. [CrossRef]

174. Kaya, C.; Singh, I.; Boccaccini, A.R. Multi-walled carbon nanotube-reinforced hydroxyapatite layers on
Ti6Al4V medical implants by Electrophoretic Deposition (EPD). Adv. Eng. Mater. 2008, 10, 131–138.
[CrossRef]

175. Hirata, E.; Uo, M.; Takita, H.; Akasaka, T.; Watari, F.; Yokoyama, A. Multiwalled carbon nanotube-coating of
3D collagen scaffolds for bone tissue engineering. Carbon 2011, 49, 3284–3291. [CrossRef]

176. Hahn, B.; Lee, J.; Park, D.; Choi, J.; Ryu, J.; Yoon, W.; Lee, B.; Shin, D.; Kim, H. Mechanical and in vitro
biological performances of hydroxyapatite–carbon nanotube composite coatings deposited on Ti by aerosol
deposition. Acta Biomater. 2009, 5, 3205–3214. [CrossRef] [PubMed]

177. Terada, M.; Abe, S.; Akasaka, T.; Uo, M.; Kitagawa, Y.; Watari, F. Multiwalled carbon nanotube coating on
titanium. Biomed. Mater. Eng. 2009, 19, 45–52. [CrossRef] [PubMed]

178. Zhao, L.; Wang, H.; Huo, K.; Cui, L.; Zhang, W.; Ni, H.; Zhang, Y.; Wu, Z.; Chu, P.K. Antibacterial
nano-structured titania coating incorporated with silver nanoparticles. Biomaterials 2011, 32, 5706–5716.
[CrossRef] [PubMed]

179. Pallavicini, P.; Arciola, C.; Bertoglio, F.; Curtosi, S.; Dacarro, G.; D’Agostino, A.; Ferrari, F.; Merli, D.;
Milanese, C.; Rossi, S. Silver nanoparticles synthesized and coated with pectin: An ideal compromise for
anti-bacterial and anti-biofilm action combined with wound-healing properties. J. Colloid Interface Sci. 2017,
498, 271–281. [CrossRef] [PubMed]

180. De Groot, K.; Wolke, J.G.C.; Jansen, J.A. Calcium phosphate coatings for medical implants. Proc. Inst. Mech.
Eng. Part H J. Eng. Med. 1998, 212, 137–147. [CrossRef]

181. Kay, J.F. Calcium phosphate coatings for dental implants. Current status and future potential. Dent. Clin.
N. Am. 1992, 36, 1–18.

182. Alghamdi, H.S.; Cuijpers, V.M.J.I.; Wolke, J.G.C.; van den Beucken, J.J.J.P.; Jansen, J.A. Calcium-phosphate-coated
Oral Implants Promote Osseointegration in Osteoporosis. J. Dent. Res. 2013, 92, 982–988. [CrossRef]

183. Leeuwenburgh, S.C.; Wolke, J.G.; Siebers, M.C.; Schoonman, J.; Jansen, J.A. In vitro and in vivo reactivity of
porous, electrosprayed calcium phosphate coatings. Biomaterials 2006, 27, 3368–3378. [CrossRef]

184. Bjursten, L.M.; Rasmusson, L.; Oh, S.; Smith, G.C.; Brammer, K.S.; Jin, S. Titanium dioxide nanotubes enhance
bone bonding in vivo. J. Biomed. Mater. Res. Part A 2010, 92, 1218–1224.

185. Hilbig, H.; Kirsten, M.; Rupietta, R.; Graf, H.; Tbalbammer, S.; Strasser, S.; Armbruster, F. Implant surface
coatings with bone sialoprotein, collagen, and fibronectin and their effects on cells derived from human
maxillar bone. Eur. J. Med. Res. 2007, 12, 6.

186. Raphel, J.; Karlsson, J.; Galli, S.; Wennerberg, A.; Lindsay, C.; Haugh, M.G.; Pajarinen, J.; Goodman, S.B.;
Jimbo, R.; Andersson, M.; et al. Engineered protein coatings to improve the osseointegration of dental and
orthopaedic implants. Biomaterials 2016, 83, 269–282. [CrossRef] [PubMed]

187. Werner, S.; Huck, O.; Frisch, B.; Vautier, D.; Elkaim, R.; Voegel, J.; Brunel, G.; Tenenbaum, H. The effect of
microstructured surfaces and laminin-derived peptide coatings on soft tissue interactions with titanium
dental implants. Biomaterials 2009, 30, 2291–2301. [CrossRef] [PubMed]

188. El-Ghannam, A.; Starr, L.; Jones, J. Laminin-5 coating enhances epithelial cell attachment, spreading, and
hemidesmosome assembly on Ti-6Al-4V implant material in vitro. J. Biomed. Mater. Res. 1998, 41, 30–40.
[CrossRef]

http://dx.doi.org/10.1016/j.matlet.2013.09.119
http://dx.doi.org/10.1166/sam.2016.2993
http://dx.doi.org/10.3762/bjoc.10.293
http://dx.doi.org/10.1007/s13770-017-0052-3
http://dx.doi.org/10.1016/j.matpr.2020.02.932
http://dx.doi.org/10.1002/adem.200700241
http://dx.doi.org/10.1016/j.carbon.2011.04.002
http://dx.doi.org/10.1016/j.actbio.2009.05.005
http://www.ncbi.nlm.nih.gov/pubmed/19446047
http://dx.doi.org/10.3233/BME-2009-0562
http://www.ncbi.nlm.nih.gov/pubmed/19458445
http://dx.doi.org/10.1016/j.biomaterials.2011.04.040
http://www.ncbi.nlm.nih.gov/pubmed/21565401
http://dx.doi.org/10.1016/j.jcis.2017.03.062
http://www.ncbi.nlm.nih.gov/pubmed/28342310
http://dx.doi.org/10.1243/0954411981533917
http://dx.doi.org/10.1177/0022034513505769
http://dx.doi.org/10.1016/j.biomaterials.2006.01.052
http://dx.doi.org/10.1016/j.biomaterials.2015.12.030
http://www.ncbi.nlm.nih.gov/pubmed/26790146
http://dx.doi.org/10.1016/j.biomaterials.2009.01.004
http://www.ncbi.nlm.nih.gov/pubmed/19168216
http://dx.doi.org/10.1002/(SICI)1097-4636(199807)41:1&lt;30::AID-JBM4&gt;3.0.CO;2-R


Coatings 2020, 10, 568 30 of 37

189. Graf, H.L.; Stoeva, S.; Armbruster, F.P.; Neuhaus, J.; Hilbig, H. Effect of bone sialoprotein and collagen
coating on cell attachment to TICER®and pure titanium implant surfaces. Int. J. Oral Maxillofac. Surg. 2008,
37, 634–640. [CrossRef]

190. Fiorellini, J.P.; Glindmann, S.; Salcedo, J.; Weber, H.; Park, C.; Sarmiento, H.L. The effect of osteopontin and
an osteopontin-derived synthetic peptide coating on osseointegration of implants in a canine model. Int. J.
Periodontics Restor. Dent. 2016, 36, e88–e94. [CrossRef]

191. Lee, D.; Yun, Y.; Park, K.; Kim, S.E. Gentamicin and bone morphogenic protein-2 (BMP-2)-delivering
heparinized-titanium implant with enhanced antibacterial activity and osteointegration. Bone 2012, 50,
974–982. [CrossRef]

192. Liu, Y.; de Groot, K.; Hunziker, E.B. BMP-2 liberated from biomimetic implant coatings induces and sustains
direct ossification in an ectopic rat model. Bone 2005, 36, 745–757. [CrossRef]

193. Aebli, N.; Stich, H.; Schawalder, P.; Theis, J.; Krebs, J. Effects of bone morphogenetic protein-2 and hyaluronic
acid on the osseointegration of hydroxyapatite-coated implants: An experimental study in sheep. J. Biomed.
Mater. Res. Part A Off. J. Soc. Biomater. Jpn. Soc. Biomater. Aust. Soc. Biomater. Korean Soc. Biomater. 2005, 73,
295–302. [CrossRef]

194. Tao, Z.; Zhou, W.; Tu, K.; Huang, Z.; Zhou, Q.; Sun, T.; Lv, Y.; Cui, W.; Yang, L. The effects of combined human
parathyroid hormone (1–34) and simvastatin treatment on osseous integration of hydroxyapatite-coated
titanium implants in the femur of ovariectomized rats. Injury 2015, 46, 2164–2169. [CrossRef]

195. Ardura, J.A.; Portal-Núñez, S.; Lozano, D.; Gutiérrez-Rojas, I.; Sánchez-Salcedo, S.; López-Herradón, A.;
Mulero, F.; Villanueva-Peñacarrillo, M.L.; Vallet-Regí, M.; Esbrit, P. Local delivery of parathyroid
hormone-related protein-derived peptides coated onto a hydroxyapatite-based implant enhances bone
regeneration in old and diabetic rats. J. Biomed. Mater. Res. Part A 2016, 104, 2060–2070. [CrossRef]

196. Yu, X.; Wang, L.; Jiang, X.; Rowe, D.; Wei, M. Biomimetic CaP coating incorporated with parathyroid hormone
improves the osseointegration of titanium implant. J. Mater. Sci. Mater. Med. 2012, 23, 2177–2186. [CrossRef]
[PubMed]

197. Li, T.; Wang, N.; Chen, S.; Lu, R.; Li, H.; Zhang, Z. Antibacterial activity and cytocompatibility of an implant
coating consisting of TiO2 nanotubes combined with a GL13K antimicrobial peptide. Int. J. Nanomed. 2017,
12, 2995–3007. [CrossRef] [PubMed]

198. Chen, X.; Hirt, H.; Li, Y.; Gorr, S.U.; Aparicio, C. Antimicrobial GL13K peptide coatings killed and ruptured
the wall of Streptococcus gordonii and prevented formation and growth of biofilms. PLoS ONE 2014, 9,
e111579. [CrossRef] [PubMed]

199. Hwang, D.S.; Waite, J.H.; Tirrell, M. Promotion of osteoblast proliferation on complex coacervation-based
hyaluronic acid – recombinant mussel adhesive protein coatings on titanium. Biomaterials 2010, 31, 1080–1084.
[CrossRef]

200. Bumgardner, J.D.; Wiser, R.; Gerard, P.D.; Bergin, P.; Chestnutt, B.; Marini, M.; Ramsey, V.; Elder, S.H.;
Gilbert, J.A. Chitosan: Potential use as a bioactive coating for orthopaedic and craniofacial/dental implants.
J. Biomater. Sci. Polym. Ed. 2003, 14, 423–438. [CrossRef]

201. Husain, S.; Al-Samadani, K.H.; Najeeb, S.; Zafar, M.S.; Khurshid, Z.; Zohaib, S.; Qasim, S.B. Chitosan
Biomaterials for Current and Potential Dental Applications. Materials 2017, 10, 602. [CrossRef]

202. Kokkonen, H.; Cassinelli, C.; Verhoef, R.; Morra, M.; Schols, H.; Tuukkanen, J. Differentiation of osteoblasts
on pectin-coated titanium. Biomacromolecules 2008, 9, 2369–2376. [CrossRef]

203. Kokkonen, H.; Niiranen, H.; Schols, H.A.; Morra, M.; Stenbäck, F.; Tuukkanen, J. Pectin-coated titanium
implants are well-tolerated in vivo. J. Biomed. Mater. Res. Part A 2010, 93, 1404–1409. [CrossRef]

204. Abtahi, J.; Agholme, F.; Sandberg, O.; Aspenberg, P. Effect of Local vs. Systemic Bisphosphonate Delivery on
Dental Implant Fixation in a Model of Osteonecrosis of the Jaw. J. Dent. Res. 2013, 92, 279–283. [CrossRef]

205. Zuffetti, F.; Bianchi, F.; Volpi, R.; Trisi, P.; Del Fabbro, M.; Capelli, M.; Galli, F.; Capsoni, F.; Testori, T. Clinical
application of bisphosphonates in implant dentistry: Histomorphometric evaluation. Int. J. Periodontics
Restor. Dent. 2009, 29, 31–39.

206. Yang, G.; Song, L.; Guo, C.; Zhao, S.; Liu, L.; He, F. Bone responses to simvastatin-loaded porous implant
surfaces in an ovariectomized model. Int. J. Oral Maxillofac. Implant. 2012, 27, 369–374.

207. Du, Z.; Chen, J.; Yan, F.; Xiao, Y. Effects of Simvastatin on bone healing around titanium implants in
osteoporotic rats. Clin. Oral Implant. Res. 2009, 20, 145–150. [CrossRef]

http://dx.doi.org/10.1016/j.ijom.2008.01.021
http://dx.doi.org/10.11607/prd.2830
http://dx.doi.org/10.1016/j.bone.2012.01.007
http://dx.doi.org/10.1016/j.bone.2005.02.005
http://dx.doi.org/10.1002/jbm.a.30299
http://dx.doi.org/10.1016/j.injury.2015.08.034
http://dx.doi.org/10.1002/jbm.a.35742
http://dx.doi.org/10.1007/s10856-012-4682-7
http://www.ncbi.nlm.nih.gov/pubmed/22639151
http://dx.doi.org/10.2147/IJN.S128775
http://www.ncbi.nlm.nih.gov/pubmed/28442908
http://dx.doi.org/10.1371/journal.pone.0111579
http://www.ncbi.nlm.nih.gov/pubmed/25372402
http://dx.doi.org/10.1016/j.biomaterials.2009.10.041
http://dx.doi.org/10.1163/156856203766652048
http://dx.doi.org/10.3390/ma10060602
http://dx.doi.org/10.1021/bm800356b
http://dx.doi.org/10.1002/jbm.a.32649
http://dx.doi.org/10.1177/0022034512472335
http://dx.doi.org/10.1111/j.1600-0501.2008.01630.x


Coatings 2020, 10, 568 31 of 37

208. Maïmoun, L.; Brennan, T.C.; Badoud, I.; Dubois-Ferriere, V.; Rizzoli, R.; Ammann, P. Strontium ranelate
improves implant osseointegration. Bone 2010, 46, 1436–1441. [CrossRef] [PubMed]

209. Lucke, M.; Schmidmaier, G.; Sadoni, S.; Wildemann, B.; Schiller, R.; Haas, N.P.; Raschke, M. Gentamicin
coating of metallic implants reduces implant-related osteomyelitis in rats. Bone 2003, 32, 521–531. [CrossRef]

210. Radin, S.; Ducheyne, P. Controlled release of vancomycin from thin sol–gel films on titanium alloy fracture
plate material. Biomaterials 2007, 28, 1721–1729. [CrossRef]

211. Adams, C.S.; Antoci, V., Jr.; Harrison, G.; Patal, P.; Freeman, T.A.; Shapiro, I.M.; Parvizi, J.; Hickok, N.J.;
Radin, S.; Ducheyne, P. Controlled release of vancomycin from thin sol-gel films on implant surfaces
successfully controls osteomyelitis. J. Orthop. Res. 2009, 27, 701–709. [CrossRef]

212. Antoci, V., Jr.; King, S.B.; Jose, B.; Parvizi, J.; Zeiger, A.R.; Wickstrom, E.; Freeman, T.A.; Composto, R.J.;
Ducheyne, P.; Shapiro, I.M. Vancomycin covalently bonded to titanium alloy prevents bacterial colonization.
J. Orthop. Res. 2007, 25, 858–866. [CrossRef]

213. Xing, R.; Witsø, I.L.; Jugowiec, D.; Tiainen, H.; Shabestari, M.; Lyngstadaas, S.P.; Lönn-Stensrud, J.;
Haugen, H.J. Antibacterial effect of doxycycline-coated dental abutment surfaces. Biomed. Mater. 2015, 10,
055003. [CrossRef]

214. Ferreira, C.F.; Babu, J.; Hamlekhan, A.; Patel, S.; Shokuhfar, T. Efficiency of Nanotube Surface-Treated
Dental Implants Loaded with Doxycycline on Growth Reduction of Porphyromonas gingivalis. Int. J. Oral
Maxillofac. Implant. 2017, 32, 322–328. [CrossRef]

215. Baghdan, E.; Pinnapireddy, S.R.; Vögeling, H.; Schäfer, J.; Eckert, A.W.; Bakowsky, U. Nano spray drying: A
novel technique to prepare well-defined surface coatings for medical implants. J. Drug Deliv. Sci. Technol.
2018, 48, 145–151. [CrossRef]

216. Vitti, R.P.; Pacheco, R.R.; Silva, E.J.N.L.; Prati, C.; Gandolfi, M.G.; Piva, E.; Ogliari, F.A.; Zanchi, C.H.;
Sinhoreti, M.A.C. Addition of phosphates and chlorhexidine to resin-modified MTA materials. J. Biomed.
Mater. Res. Part B Appl. Biomater. 2019, 107, 2195–2201. [CrossRef]

217. Nasar, A. Hydroxyapatite and its coatings in dental implants. In Applications of Nanocomposite Materials in
Dentistry; Elsevier: Amsterdam, The Netherlands, 2019; pp. 145–160.

218. Xiong, J.Y.; Li, Y.C.; Hodgson, P.D.; Wen, C.E. Bioactive hydroxyapatite coating on titanium-niobium alloy
through a sol-gel process. In Materials Science Forum; Trans Tech Publ.: Zurich, Switzerland, 2009; Volume
618, pp. 325–328.

219. Visentin, F.; El Habra, N.; Fabrizio, M.; Brianese, N.; Gerbasi, R.; Nodari, L.; Zin, V.; Galenda, A. TiO2-HA
bi-layer coatings for improving the bioactivity and service-life of Ti dental implants. Surf. Coat. Technol.
2019, 378, 125049. [CrossRef]

220. Junker, R.; Dimakis, A.; Thoneick, M.; Jansen, J.A. Effects of implant surface coatings and composition on
bone integration: A systematic review. Clin. Oral Implant. Res. 2009, 20, 185–206. [CrossRef]

221. Jalota, S.; Bhaduri, S.B.; Tas, A.C. Osteoblast proliferation on neat and apatite-like calcium phosphate-coated
titanium foam scaffolds. Mater. Sci. Eng. C 2007, 27, 432–440. [CrossRef]

222. Choi, A.H.; Ben-Nissan, B.; Matinlinna, J.P.; Conway, R.C. Current perspectives: Calcium phosphate
nanocoatings and nanocomposite coatings in dentistry. J. Dent. Res. 2013, 92, 853–859. [CrossRef]

223. Ben-Nissan, B.; Choi, A.H. Sol-gel production of bioactive nanocoatings for medical applications. Part 1: An
introduction. Nanomedicine 2006, 1, 311–319. [CrossRef]

224. Lin, O.C.; Chao, E. Perspectives on Biomaterials: Proceedings of the 1985 International Symposium on Biomaterials,
Taipei, Taiwan, 25–27 February 1985; Elsevier Publishing Company: Amsterdam, The Netherlands, 1986;
Volume 33.

225. Morris, H.F.; Ochi, S.; Spray, J.R.; Olson, J.W. Periodontal-Type Measurements Associated With
Hydroxyapatite-Coated and Non—HA-Coated Implants: Uncovering to 36 Months. Ann. Periodontol.
2000, 5, 56–67. [CrossRef]

226. Habibovic, P.; Li, J.; Van Der Valk, C.M.; Meijer, G.; Layrolle, P.; Van Blitterswijk, C.A.; De Groot, K. Biological
performance of uncoated and octacalcium phosphate-coated Ti6Al4V. Biomaterials 2005, 26, 23–36. [CrossRef]

227. Barrere, F.; Van Der Valk, C.; Meijer, G.; Dalmeijer, R.; De Groot, K.; Layrolle, P. Osteointegration of biomimetic
apatite coating applied onto dense and porous metal implants in femurs of goats. J. Biomed. Mater. Res. Part
B Appl. Biomater. 2003, 67, 655–665. [CrossRef]

228. Yarramaneni, V.; Aparna, I.; Sachdeva, A.; Balakrishnan, D.; Prabhu, N. Emerging antibacterial coated dental
implants: A preventive measure for peri-implantitis. World J. Dent. 2016, 7, 195–198. [CrossRef]

http://dx.doi.org/10.1016/j.bone.2010.01.379
http://www.ncbi.nlm.nih.gov/pubmed/20116464
http://dx.doi.org/10.1016/S8756-3282(03)00050-4
http://dx.doi.org/10.1016/j.biomaterials.2006.11.035
http://dx.doi.org/10.1002/jor.20815
http://dx.doi.org/10.1002/jor.20348
http://dx.doi.org/10.1088/1748-6041/10/5/055003
http://dx.doi.org/10.11607/jomi.4975
http://dx.doi.org/10.1016/j.jddst.2018.09.008
http://dx.doi.org/10.1002/jbm.b.34315
http://dx.doi.org/10.1016/j.surfcoat.2019.125049
http://dx.doi.org/10.1111/j.1600-0501.2009.01777.x
http://dx.doi.org/10.1016/j.msec.2006.05.052
http://dx.doi.org/10.1177/0022034513497754
http://dx.doi.org/10.2217/17435889.1.3.311
http://dx.doi.org/10.1902/annals.2000.5.1.56
http://dx.doi.org/10.1016/j.biomaterials.2004.02.026
http://dx.doi.org/10.1002/jbm.b.10057
http://dx.doi.org/10.5005/jp-journals-10015-1395


Coatings 2020, 10, 568 32 of 37

229. Inzana, J.A.; Schwarz, E.M.; Kates, S.L.; Awad, H.A. Biomaterials approaches to treating implant-associated
osteomyelitis. Biomaterials 2016, 81, 58–71. [CrossRef] [PubMed]

230. Chen, W.; Shen, X.; Hu, Y.; Xu, K.; Ran, Q.; Yu, Y.; Dai, L.; Yuan, Z.; Huang, L.; Shen, T. Surface functionalization
of titanium implants with chitosan-catechol conjugate for suppression of ROS-induced cells damage and
improvement of osteogenesis. Biomaterials 2017, 114, 82–96. [CrossRef] [PubMed]

231. Karacan, I.; Ben-Nissan, B.; Wang, H.A.; Juritza, A.; Swain, M.V.; Müller, W.H.; Chou, J.; Stamboulis, A.;
Macha, I.J.; Taraschi, V. Mechanical testing of antimicrobial biocomposite coating on metallic medical
implants as drug delivery system. Mater. Sci. Eng. C 2019, 104, 109757. [CrossRef]

232. De Avila, E.D.; Castro, A.G.; Tagit, O.; Krom, B.P.; Löwik, D.; van Well, A.A.; Bannenberg, L.J.; Vergani, C.E.;
van den Beucken, J.J. Anti-bacterial efficacy via drug-delivery system from layer-by-layer coating for
percutaneous dental implant components. Appl. Surf. Sci. 2019, 488, 194–204. [CrossRef]

233. Mandracci, P.; Mussano, F.; Rivolo, P.; Carossa, S. Surface treatments and functional coatings for
biocompatibility improvement and bacterial adhesion reduction in dental implantology. Coatings 2016, 6, 7.
[CrossRef]

234. Sani, E.S.; Lara, R.P.; Aldawood, Z.; Bassir, S.H.; Nguyen, D.; Kantarci, A.; Intini, G.; Annabi, N. An
antimicrobial dental light curable bioadhesive hydrogel for treatment of peri-implant diseases. Matter 2019,
1, 926–944. [CrossRef]

235. Water, J.J.; Bohr, A.; Boetker, J.; Aho, J.; Sandler, N.; Nielsen, H.M.; Rantanen, J. Three-dimensional printing
of drug-eluting implants: Preparation of an antimicrobial polylactide feedstock material. J. Pharm. Sci. 2015,
104, 1099–1107. [CrossRef]

236. De Cremer, K.; Braem, A.; Gerits, E.; De Brucker, K.; Vandamme, K.; Martens, J.A.; Michiels, J.; Vleugels, J.;
Cammue, B.P.; Thevissen, K. Controlled release of chlorhexidine from a mesoporous silica-containing
macroporous titanium dental implant prevents microbial biofilm formation. Eur. Cell. Mater. 2017, 33, 13–27.
[CrossRef]

237. Baghdan, E.; Raschpichler, M.; Lutfi, W.; Pinnapireddy, S.R.; Pourasghar, M.; Schäfer, J.; Schneider, M.;
Bakowsky, U. Nano spray dried antibacterial coatings for dental implants. Eur. J. Pharm. Biopharm. 2019, 139,
59–67. [CrossRef]

238. Popat, K.C.; Eltgroth, M.; LaTempa, T.J.; Grimes, C.A.; Desai, T.A. Decreased Staphylococcus epidermis
adhesion and increased osteoblast functionality on antibiotic-loaded titania nanotubes. Biomaterials 2007, 28,
4880–4888. [CrossRef]

239. Cox, S.C.; Jamshidi, P.; Eisenstein, N.M.; Webber, M.A.; Hassanin, H.; Attallah, M.M.; Shepherd, D.E.;
Addison, O.; Grover, L.M. Adding functionality with additive manufacturing: Fabrication of titanium-based
antibiotic eluting implants. Mater. Sci. Eng. C 2016, 64, 407–415. [CrossRef]

240. Swanson, T.; Cheng, X.; Friedrich, C. Development of chitosan–vancomycin antimicrobial coatings on
titanium implants. J. Biomed. Mater. Res. Part A 2011, 97, 167–176. [CrossRef]

241. Rojas-Montoya, I.D.; Fosado-Esquivel, P.; Henao-Holguín, L.V.; Esperanza-Villegas, A.E.; Bernad-Bernad, M.;
Gracia-Mora, J. Adsorption/desorption studies of norfloxacin on brushite nanoparticles from reverse
microemulsions. Adsorption 2019, 1–10. [CrossRef]

242. Russell, A.D.; Day, M.J. Antibacterial activity of chlorhexidine. J. Hosp. Infect. 1993, 25, 229–238. [CrossRef]
243. Wood, N.J.; Jenkinson, H.F.; Davis, S.A.; Mann, S.; O’Sullivan, D.J.; Barbour, M.E. Chlorhexidine

hexametaphosphate nanoparticles as a novel antimicrobial coating for dental implants. J. Mater. Sci.
Mater. Med. 2015, 26, 201. [CrossRef]

244. Cortizo, M.C.; Oberti, T.G.; Cortizo, M.S.; Cortizo, A.M.; de Mele, M.A.F.L. Chlorhexidine delivery system
from titanium/polybenzyl acrylate coating: Evaluation of cytotoxicity and early bacterial adhesion. J. Dent.
2012, 40, 329–337. [CrossRef]

245. Dias, H.B.; Bernardi, M.I.B.; Bauab, T.M.; Hernandes, A.C.; de Souza Rastelli, A.N. Titanium dioxide and
modified titanium dioxide by silver nanoparticles as an anti biofilm filler content for composite resins.
Dent. Mater. 2019, 35, e36–e46. [CrossRef]

246. Roy, M.; Bandyopadhyay, A.; Bose, S. In vitro antimicrobial and biological properties of laser assisted
tricalcium phosphate coating on titanium for load bearing implant. Mater. Sci. Eng. C 2009, 29, 1965–1968.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.biomaterials.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26724454
http://dx.doi.org/10.1016/j.biomaterials.2016.10.055
http://www.ncbi.nlm.nih.gov/pubmed/27846405
http://dx.doi.org/10.1016/j.msec.2019.109757
http://dx.doi.org/10.1016/j.apsusc.2019.05.154
http://dx.doi.org/10.3390/coatings6010007
http://dx.doi.org/10.1016/j.matt.2019.07.019
http://dx.doi.org/10.1002/jps.24305
http://dx.doi.org/10.22203/eCM.v033a02
http://dx.doi.org/10.1016/j.ejpb.2019.03.003
http://dx.doi.org/10.1016/j.biomaterials.2007.07.037
http://dx.doi.org/10.1016/j.msec.2016.04.006
http://dx.doi.org/10.1002/jbm.a.33043
http://dx.doi.org/10.1007/s10450-019-00138-x
http://dx.doi.org/10.1016/0195-6701(93)90109-D
http://dx.doi.org/10.1007/s10856-015-5532-1
http://dx.doi.org/10.1016/j.jdent.2012.01.008
http://dx.doi.org/10.1016/j.dental.2018.11.002
http://dx.doi.org/10.1016/j.msec.2009.03.009
http://www.ncbi.nlm.nih.gov/pubmed/21461340


Coatings 2020, 10, 568 33 of 37

247. Rottmar, M.; Müller, E.; Guimond-Lischer, S.; Stephan, M.; Berner, S.; Maniura-Weber, K. Assessing the
osteogenic potential of zirconia and titanium surfaces with an advanced in vitro model. Dent. Mater. 2019,
35, 74–86. [CrossRef] [PubMed]

248. Sanpo, N.; Ang, S.M.; Cheang, P.; Khor, K.A. Antibacterial Property of Cold Sprayed Chitosan-Cu/Al Coating.
J. Therm. Spray Technol. 2009, 18, 600. [CrossRef]

249. Xie, Y.; Li, H.; Ding, C.; Zheng, X.; Li, K. Effects of graphene plates’ adoption on the microstructure, mechanical
properties, and in vivo biocompatibility of calcium silicate coating. Int. J. Nanomed. 2015, 10, 3855–3863.
[CrossRef] [PubMed]

250. Zeng, Y.; Pei, X.; Yang, S.; Qin, H.; Cai, H.; Hu, S.; Sui, L.; Wan, Q.; Wang, J. Graphene oxide/hydroxyapatite
composite coatings fabricated by electrochemical deposition. Surf. Coat. Technol. 2016, 286, 72–79. [CrossRef]

251. Chen, J.; Peng, H.; Wang, X.; Shao, F.; Yuan, Z.; Han, H. Graphene oxide exhibits broad-spectrum antimicrobial
activity against bacterial phytopathogens and fungal conidia by intertwining and membrane perturbation.
Nanoscale 2014, 6, 1879–1889. [CrossRef]

252. Mochalin, V.N.; Neitzel, I.; Etzold, B.J.M.; Peterson, A.; Palmese, G.; Gogotsi, Y. Covalent incorporation of
aminated nanodiamond into an epoxy polymer network. ACS Nano 2011, 5, 7494–7502. [CrossRef] [PubMed]

253. Vaitkuviene, A.; McDonald, M.; Vahidpour, F.; Noben, J.; Sanen, K.; Ameloot, M.; Ratautaite, V.; Kaseta, V.;
Biziuleviciene, G.; Ramanaviciene, A. Impact of differently modified nanocrystalline diamond on the growth
of neuroblastoma cells. New Biotechnol. 2015, 32, 7–12. [CrossRef]

254. Vaitkuviene, A.; Ratautaite, V.; Ramanaviciene, A.; Sanen, K.; Paesen, R.; Ameloot, M.; Petrakova, V.;
McDonald, M.; Vahidpour, F.; Kaseta, V. Impact of diamond nanoparticles on neural cells. Mol. Cell. Probes
2015, 29, 25–30. [CrossRef]

255. Alcaide, M.; Taylor, A.; Fjorback, M.; Zachar, V.; Pennisi, C.P. Boron-doped nanocrystalline diamond
electrodes for neural interfaces: In vivo biocompatibility evaluation. Front. Neurosci. 2016, 10, 87. [CrossRef]

256. Mohan, N.; Chen, C.; Hsieh, H.; Wu, Y.; Chang, H. In vivo imaging and toxicity assessments of fluorescent
nanodiamonds in Caenorhabditis elegans. Nano Lett. 2010, 10, 3692–3699. [CrossRef]

257. Liu, K.; Cheng, C.; Chang, C.; Chao, J. Biocompatible and detectable carboxylated nanodiamond on human
cell. Nanotechnology 2007, 18, 325102. [CrossRef]

258. Townsend, L.; Williams, R.L.; Anuforom, O.; Berwick, M.R.; Halstead, F.; Hughes, E.; Stamboulis, A.;
Oppenheim, B.; Gough, J.; Grover, L. Antimicrobial peptide coatings for hydroxyapatite: Electrostatic and
covalent attachment of antimicrobial peptides to surfaces. J. R. Soc. Interface 2017, 14, 20160657. [CrossRef]

259. Frieden, T. Antibiotic Resistance Threats in the United States; Centers for Disease Control and Prevention:
Atlanta, GA, USA, 2013; pp. 1–114.

260. Bazli, L.; Chahardehi, A.M.; Arsad, H.; Malekpouri, B.; Jazi, M.A.; Azizabadi, N. Factors influencing the
failure of dental implants: A Systematic Review. J. Compos. Compd. 2020, 2, 18–25.

261. Kelly, M.; Williams, R.; Aojula, A.; O’Neill, J.; Trzińscka, Z.; Grover, L.; Scott, R.A.; Peacock, A.F.; Logan, A.;
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