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Abstract: Despite many discussions about Ti versus Zr, Ti remains the golden standard for dental
implants. With the extended use of implants, their rejection in peri-implantitis due to material
properties is going to be an important part of oral health problems. Extended use of implants leading
to a statistical increase in implant rejection associated with peri-implantitis raises concerns in selecting
better implant materials. In this context, starting in the last decade, investigation and use of TiZr
alloys as alternatives for Ti in oral dentistry became increasingly more viable. Based on existing new
results for Ti16Zr (Roxolid) implants and Ti50Zr alloy behaviour in oral environments, this paper
presents the trends of research concerning the electrochemical stability, mechanical, and biological
properties of this alloy with treated and untreated surfaces. The surface treatments were mostly
performed by anodizing the alloy in various conditions as a non-sophisticated and cheap procedure,
leading to nanostructures such as nanopores and nanotubes. The drug loading and release from
nanostructured Ti50Zr as an important perspective in oral implant applications is discussed and
promoted as well.
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1. Introduction

The advancement of science and technology has led to a constant improvement of dental implants.
The studies performed on stainless steels, cobalt-chromium, titanium alloys, and zirconia have
provided suitable data to conveniently select materials appropriate for restoration works and implants
in dentistry [1–3].

The extended use of dental implants is leading to a statistical increase of the number of patients
that suffer inflammatory processes of the tissues surrounding implants and eventual rejection of the
implants [4]. This inflammatory process is a result of bacterial biofilm accumulation as a function of
diseases such as peri-implantitis, which is a chronic pathological microbial process [4] that affects the
soft tissue and surrounding bone areas of an implant.

Implant loss can be attributed to a number of factors, ranging from the bone quality and general
health of the patient [5] to the incompatibility of the implant, in addition to incorrect insertion techniques.
Implant rejection in peri-implantitis caused by the materials’ properties and their behavior [6] is an
important part of oral health problems. Based on ratios between cortical and trabecular tissues, as well
as vascularization, bones can be classified into four types, with type I being the most dense and least
vascularized, and type IV being the lightest but with high vascularization. One finite element study [5]

Coatings 2020, 10, 422; doi:10.3390/coatings10040422 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-9727-3624
https://orcid.org/0000-0002-7365-9362
http://dx.doi.org/10.3390/coatings10040422
http://www.mdpi.com/journal/coatings
https://www.mdpi.com/2079-6412/10/4/422?type=check_update&version=2


Coatings 2020, 10, 422 2 of 14

established functional loads and how bone loss affects the longevity of the implants. This study found
that implants have a lifetime of more than 10 years in type I bones, and strains were immediately
deleterious for implants in type IV bone. Material properties, incorrect insertion techniques, and the
incompatibility of the implant are other factors of implant rejection [6].

In this context, selection of dental implant materials and procedures for their improvements need
more attention, and research in the field of biomaterials is a new dynamic challenge.

Titanium (Ti) has merits such as high resistance to corrosion and biocompatibility. Ti has a silvery
grey-white color that darkens when oxides are formed on its surface. Ti alloying was chosen mostly to
improve different properties, and a large variety of such alloys were proposed and investigated [7,8].
The introduction of alloying elements changes the phase compositions of Ti (α, β, and α–β), modifying
the bulk Ti-alloy properties as well [9]. The α alloys have a hexagonal closely packed crystallographic
structure, while the β alloys have a body-centered cubic form. Ti is an α-type material, having a closely
packed hexagonal structure and a density of 4.5 g/cm3. The α to β transformation temperature of Ti
changes from 882 ◦C to a higher temperature with an α stabilizer such as Al, or to a lower value with
a β stabilizer such as V. In the case of Ti6Al4V, which is the most common ternary Ti alloy used in
dentistry, the α-phase is stabilized by Al, which increases the strength of the alloy but also, due to its
low density (2.7 g/cm3) lowers the density of the alloy. The β-phase is stabilized by V, which enhances
the ultimate tensile strength, lowering the elongation [10]. The β alloys are more advantageous in
processing compared to α + β alloys, because of their lower modulus of elasticity, which is closer to
that of bone [8].

Ti forms spontaneously on its surface oxide particles (TixOy), which cover the surface of the metal
with a film of around 3–10 nm in thickness, which is very stable and has high corrosion resistance. The Ti
oxide layer can adsorb Ca and P ions, forming apatite. It can also adsorb some proteins, promoting
osseointegration, depending on surface characteristics such as micro- and nanoroughness [11]. Ti6Al4V
has standard specifications and is largely used for orthopaedic and dental implants due to its mechanical
aspects, such as high strength and fatigue performance [12]. The release of V and Al ions resulting from
corrosion has been shown to cause detrimental health effects [13]. Ti6Al7Nb, a substitute for Ti6Al4V,
has gained more interest for surgical implants [14]. This alloy still incorporates Al, a potentially
dangerous element in the human body that is able to induce osteoporosis and some degenerative
diseases [15]. Such aspects related to ternary alloys prompted researchers to study binary alloys,
and according to literature [9], the binary Ti alloys with Zr, In, Ag, Cu, Au, Pd, Nb, Mn, Cr, Mo, Sn,
and Co have potential as implant materials based on their mechanical performance and favorable
biological behaviour.

Zr has a higher density than Ti (6.52 g/cm3), a convenient Young’s modulus at 88 GPa, and a lateral
shear strength of 33 GPa. Zr spontaneously produces a native passive oxide film on the surface named
“zirconia” (ZrO2), has better osseointegration when compared to Ti [16,17], and is not affected by plaque
accumulation in the oral cavity. In the last decade, alloys of Zr and Ti in different proportions were
more intensely investigated as alternatives for Ti in applications of restorative works [18,19], having
better mechanical properties than Ti and having excellent in vitro and in vivo behaviour [17,18]. Both
Ti and Zr are excellent for use in dental implants, but the advantage of TiZr alloying is the increased
mechanical stability [20] compared to cp-Ti, having an endurance level 13%–42% higher compared to
cp-Ti implants with the same dimensions. In 2009, Straumann introduced Roxolid (Ti 13%–17% Zr)
as a small dimensional implant (3.3 mm in diameter) that could be used in molar and premolar
restorations, eliminating the need for additional bone structure [21]. Roxolid is a representative metallic
biomaterial for implants, especially for cases where the space between teeth is limited. Values for
different mechanical properties of materials used as implants are shown in Table 1.
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Table 1. Mechanical properties of Ti and Ti-based alloys (adapted from [8,16,18,20]).

Material Young’s Modulus
(GPa)

Tensile Strength
(MPa)

Elongation
(%)

Density
(g/cm3)

cp-Ti 104 450 15 4.5
Ti6Al4V 113 860 10 4.4

Ti6Al7Nb 100 995 14 4.5
Roxolid Ti16Zr 54.5 953 12 4.75

A series of TiZr alloys were compared with cp-Ti. The TixZr alloys with Zr content ranging
from 5% to 85% were characterized [22–24] in terms of stress distribution, surface topography at the
micro-level, electrochemical stability in a simulated oral cavity environment, in vitro cell cultures, and
pre-clinical and clinical studies. Fracture of the implant body and bone resorption caused by stress
around implants were investigated by finite element method, and clinical investigations concluded
that the narrow-diameter TiZr implants present similar success rates and peri-implant bone resorption
as cp-Ti implants of comparable dimensions [24].

The corrosion investigations revealed from the polarization curves that the alloys with Zr
contents [25] ranging between 10% and 50% had a large passive range (an inactive state of metals in
Pourbaix equilibrium diagrams), which increased with the Zr amount, and were resistant to localized
corrosion. Recently, it was shown that the degradation of the oxide layer formed on alloys with more
than 50% Zr led to the apparition of local corrosion [26]. The results from the electrochemical studies,
coupled with the superior mechanical behaviour of Ti50Zr [27], make this alloy suitable as another
candidate for safe dental implants [28–31], which needs more consideration regarding its use as an
alternative for Roxolid in dentistry.

In addition to their excellent biocompatibility and electrochemical stability, which make them
perfectly suited for biomedical applications, Ti and Zr have uses in other fields of science, including as
catalysts for reactions [32,33], photocatalysts [34], or dye-sensitized solar cells [35].

The goal of this manuscript is to illustrate the merits of Ti50Zr in oral cavities as functions of
surface treatment. Based on the existing expertise, we chose to present the unmodified and modified
surface properties of Ti50Zr [36–38] with better biocompatible antibacterial coatings. Drug loading
and release from such coatings [39–42] are discussed as a part of the coated Ti50Zr performance, and
future trends in dental materials applications are presented.

2. TixZr Alloys

Structural investigation indicated that α and α’ phases exist in TixZr alloys. The X-ray diffraction
patterns of alloys revealed that the α phase corresponds to a structure rich in Ti and the α’ phase to a
Zr-rich structure. The porosity of TixZr alloys was about 10% [20]. The Zr content in the studied alloys
ranged from 5% to 45%. The alloys exhibited a decrease of the elastic modulus (from 59 GPa to 53 GPa)
with the increase of Zr content, which remained lower than that of Ti (104 GPa). One reason for the
decrease of the modulus is probably the occurrence of pores in the alloy. Another reason may be the
increase of interatomic distance after Zr addition, leading to an interatomic force decrease.

Electrochemical results for TixZr performed in many tested solutions, such as physiological
solution (NaCl 0.9%), simulated body fluid, and Fusayama saliva, indicate a better stability than Ti
and an increase of corrosion resistance with Zr content in the alloy [43,44]. The fact that TiZr alloys
exhibit superior electrochemical behaviors than cp-Ti is attributed to their more resistant passive layer
containing Ti2O3, TiO2, and ZrO2 [45]. A test of a dental implant performed with 1000 h of immersion
in Carter–Brugirard saliva with pH values that simulate the conditions in the oral cavity showed
how the protective properties of Ti20Zr were enhanced due to the new phosphate–rich layer that
formed at the interface [45]. Other papers [46] focus on the detection of the cause of the Ti6Al4V dental
implant’s fracture during the cutting process on the basis of its structural and fractographic analysis.
Recently, a study of the corrosion resistance of TiZr binary alloys evidenced an interesting finding when



Coatings 2020, 10, 422 4 of 14

correlating the electrochemical results with the composition change. The samples were cp-Ti, Ti10Zr,
Ti30Zr, Ti50Zr, Ti70Zr, and pure Zr. The corrosion resistance was evaluated by anodic polarization
using Fusayama artificial saliva and a solution of lactic acid with added NaCl [26]. The aim of this
study was to promote corrosion of the whole alloy components, with Zr being corroded by chloride
ions, whereas Ti was corroded by the lactic acid + NaCl mixture. Based on literature results, Figure 1
presents the corrosion current density dependence as a function of Zr content for different TixZr alloys.
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The content limit with a positive effect is 50% Zr. The degradation of the oxide layer, which led to
the development of local corrosion, was observed in alloys with less than 30% and with more than 50%
Zr content, which led to the development of local corrosion. We can assume that in the case of TiZr
alloys, a percentage of less than 30% of any element has a negligible effect and that the alloy behaves as
the dominant metal.

Ti50Zr maintains its good stability in aggressive media; however, the same material can have
slightly different behaviors in various electrolytes, as exemplified in Figure 2.
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The observed superior electrochemical and mechanical properties of Ti50Zr [27] suggest that this
material can safely replace Roxolid as a dental implant. It is known that despite the use of a good
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method of implantation and a suitable treatment after this operation, bone loss can still occur [46,47].
The fracture of the central screw and other implant parts was investigated and the results showed
that implant failure is mainly caused by mechanical aspects [48,49], such as fatigue or overload with
high-level cyclic stresses. In artificial saliva, the passive film of the implant is damaged under cyclic
tensile loading. Local corrosion takes place when the film is destroyed and can further develop
into fatigue as an expression of a corrosion-assisted fatigue process. In a recent mechanical test [27],
according to ISO 14801 standard [50], the commercial Roxolid Ti16Zr alloy was compared to Ti50Zr.
The experimental results show that Ti50Zr limits were up to 1001 ± 8 MPa for strength and up to
500 ± 10 MPa for fatigue, representing an improvement of between 23% and 32%. The maximum
cycling loads for Ti50Zr implants were 400 N in air, 400 N in artificial saliva, and 350 N for sandblasted,
large grit, acid-etched implant surfaces (SLA) (5 × 106 cycles without failure). Such improvement of
the mechanical properties for Ti50Zr [27] is attributed to various factors, such as the mechanism of
acicular martensite strengthening, presence of nanotwins, and dislocation strengthening.

3. Ti50Zr Alloy Surface Modification

The biological effects of a biomaterial are largely determined either independently or associatively
through its corrosion resistance, composition (surface chemistry), topography, microroughness, and
surface energy [51].

As was highlighted above, the corrosion resistance is a key parameter in establishing the suitability
of a metal for use in surgical implants. The corrosion resistance of Ti and Ti alloys comes from their
tremendous affinity for oxygen and due to their spontaneous tendency to form a natural protective
oxide layer when the metal is exposed to the atmospheric environment. Due to the high surface energy,
Ti and its alloys are very reactive metals, which in air form a compact and thin oxide film adherent on
the substrate in milliseconds, measuring approximately 1.5–10 nm in thickness [52,53]. TiZr shows
the highest corrosion resistance in the presence of cells (cell assays using human lymphoid cells
(CEM) and MC3T3-E1 cells) and various electrolytes compared with cp-Ti and Ti6Al4V alloys [18,54].
The evaluation of oral microbial corrosion of dental implant materials revealed that TiZr surfaces had
similar behaviors regarding colonization and surface degradation by oral Streptococcus species to those
of cp–Ti [55]. The oxides and hydroxides of Ti and Zr have low solubility, acting as passive oxide films
with excellent corrosion resistance. The fact that the Ti alloy biomaterials are covered with oxides
not only inhibits corrosion but also increases biocompatibility. Thus, there is a sustained concern for
growing and organizing oxide layers on the surface of these alloys in order to improve the surface
properties [55–63].

Oxidation of TiZr alloy in air or oxygen has been studied since 1994, highlighting the role of alloy
composition in kinetic and morphological evolution from pure Ti to pure Zr [64,65].

Biomimetic TiZr foams with macropores and micropores were fabricated by mechanical alloying
using amorphous TiZr alloy powder. The porous structure and the mechanical properties of the TiZr
foam were very close to those of natural bone [66].

A good in vitro bioactivity was demonstrated after TiZr surface modification by alkali heat
treatment, leading to the formation of a bioactive nanoporous sodium titanate/zirconate hydrogel
surface layer. This surface modification induced the deposition of calcium phosphates during the
immersion in simulated body fluid (SBF), making TiZr an attractive artificial bone material with a good
equilibrium between bioactivity, excellent mechanical properties, and low processing costs [67]. It was
discovered that the roughness of the surface is an important factor determining apatite formation on
the surfaces. The island-like spherulites of apatite deposited on treated surfaces after being incubated
in the SBF for 7 days showed that these particles preferred to cling to the surface along the grooves
created during the grinding process [68]. An average roughness of approximately 600 µm led to
the forming of a dense, uniform, and continuous apatite layer for two weeks on Ti and three weeks
on Zr and TiZr after immersion in SBF [69]. Sol–gel-derived HA/TiO2 [70], hydroxyapatite-chitosan
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composite [71] and biomimetic processed nanocrystallite apatite coatings [72] were also deposited on
TiZr to improve the bone-like apatite deposition from SBF.

Self-organized and highly ordered oxide nanostructures were obtained by TiZr anodizing.
A schematic representation is shown in Figure 3. The anodizing process involves the application of
a suitable voltage to the surface of a metal and the formation of metal cations. Depending on the
conditions, the metal cations that can either dissolve or react with existing O2−, forming a metal oxide
layer on the surface of metal. The metal oxide can be insoluble or be partially dissolved due to the
composition and conditions of the electrolyte [73].
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The reported electrolytes can be divided into four categories: acidic, buffered, polar organic,
and non-fluoride-based [74,75]. The nanotubular surface produced by anodization can promote
accelerated attachment and differentiation of osteoblast cells, enhancing their behaviour at the cellular
and molecular levels. Higher hydrophilicity and roughness attract more tissue fluid to increase the
migration and arrangement of osteogenic cells, which is beneficial to osseointegration. Microvilla and
filopodia are more easily permeable to the energy barrier between the material and the cells themselves
at the early stage of cell attachment. Significant extension of the cell process was observed on anodized
surfaces compared to non-anodized surfaces [75]. Thus, optimization of surface properties in terms
of morphology, surface wettability, enlarged surface area, and microroughness can synergistically
improve the biological behaviour of cells attached on the materials [76]. Since 2010, Schmuki has
reported formation of the nanotube bundles (10–15 nm diameters) on TiZr by one-step anodization
in chloride–perchlorate mixed solution buffered at pH = 4 [77]. Then, TiO2–ZrO2 nanotubes with
different diameters (20–70 nm) were produced in two-step anodization procedures, applying different
potentials in a range from 15 to 45V on Ti50Zr [78]. Two-step anodization procedures form nanotube
coatings containing crystalline phases, both before and after annealing [38]. All nanotubular samples
provided better cell viability than the base metal. Samples anodized at smaller potentials (5–10 V)
formed only nanopores, with diameters increasing with the increase of the applied potential from 8 nm
to 33 nm [23]. The larger diameters and hydrophilic character of samples anodized in two steps at 15
and at 30 V were correlated with higher rates of cell proliferation and viability. However, no detectable
expression of mRNA for osteocalcin and osteonectin was observed [78]. Less proliferative cultures
observed on nanotubes formed at 45 V manifested osteogenic differentiation [76]. The hydrophilic
properties of the nanotubular surface of one-step anodized Ti50Zr increased with an increase in
the F- concentration and the applied potential due to changes in the distribution of the nanotube
size. Generally, the water contact angle on these surfaces decreased when the roughness parameters
and surface energy of the surface increased. The surface energy followed the same increasing trend
of hydrophilic properties [73]. Surfaces with small-diameter nanotubes (20–30 nm) showed better
antibacterial effects compared to those with larger diameters (50–70 nm), due to the smaller active
area available for bacterial colonization on such nanotubes [79]. The mixed nanotubes composed of
TiO2–ZrO2–ZrTiO4 formed on Ti50Zr with variable nanotube size, distribution, and other properties,
such as surface wettability and microroughness, are more promising for biomedical applications
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than the 100% TiO2 nanotubes formed on cp-Ti [74,75]. Nevertheless, other studies state that the
composition of the surface oxide layer is not important in determining osseointegration kinetics [80].

The fabrication of nanochannelar non-thickness-limited 1D structures by anodizing Ti50Zr in hot
glycerol-phosphate electrolyte has been also reported [29]. The nanostructures were partially crystalline,
composed of anatase, ZrO2, and orthorhombic srilankite. The surface morphology and chemistry
produced higher hydrophilicity and improved corrosion resistance compared to compact oxide layers
produced in the same alloy. In vitro studies performed on RAW 264.7 macrophages showed the potential
of surfaces covered with nanochannels to reduce foreign body reactions against Ti50Zr biomedical
implants. This phenomenon is achieved by decreasing the proliferation rate, supporting macrophage
adhesion but not permitting macrophage fusion, thus reducing the inflammatory response. Ti50Zr
surfaces covered with nanochannels improve the adhesion and proliferation of mouse pre-osteoblast
MC3T3-E1 cells and enhance their osteogenic differentiation. This specific nanochannelar topography
inhibits nuclear factor kappa-B ligand (RANKL)-mediated osteoclastogenesis. The TiZr surface
modification with nanochannel structures could be a viable strategy for fabricating Ti alloy implants
able to inhibit bone resorption and improve osseointegration [30].

Ti50Zr surfaces were coated with n-type semiconductor TiO2 nanowires by electrospinning,
improving the surface hydrophilicity and corrosion behaviour without generating significant
inflammatory processes [39].

Sandblasted, large grit, acid-etched TiZr dental implant surfaces enhanced hydrophilicity
significantly, promoting better adsorption of certain proteins and osteoblastic differentiation and
maturation of human bone mesenchymal stem cells (hBMSCs) [80–83]. The mRNA levels of bone
morphogenic proteins (BMPs) were increased. They are known to promote osteogenesis, which
facilitates osteoblastic differentiation and maturation [83].

Plasma electrolytic oxidation treatment appears to be a feasible alternative for Ti15Zr surface
modification with biofunctional coating, improving surface characteristics and electrochemical stability,
as well as enhancing the adsorption of albumin on the material surface and limiting bacterial
adhesion [81].

4. Drug Loading and Release from Anodized Ti50Zr

A promising strategy for releasing drugs on the target site is to incorporate them in implants,
thus achieving minimal systemic adverse effects. Ti and its alloys have good biocompatibility and
ability to form a variety of nanostructures on their surfaces suited for controlled loading and release of
drugs. The main advantages of these nanostructures is the relative ease of fabrication and the control
of their characteristics (length, diameter, wall thickness, corrosion resistance, wettability, etc.) [84–87].
The main mechanisms for drug delivery are diffusion, erosion, and swelling, which can be tweaked by
varying the characteristics of the nanostructures, or even controlled by applying electrical or magnetic
fields, osmotic pressure, or drug convection along fluids.

The drug release from TiO2 nanotubes is mainly based on desorption and diffusion. Fickian
equations are usually employed to describe the diffusion and drug release kinetics from implants
by estimating the concentration change with respect to time due to diffusion. Several other release
models were developed (Equations (1)–(4)), namely Higuchi, Korsmeyer–Peppas, Peppas–Sahlin, and
Lindner–Lippold models [88–91]. The equations used to illustrate the diffusion parameters are:

Y = kt0.5 (1)

Y = ktn (2)

Y = atn + bt2n (3)

Y = ktn + b (4)
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where Y is the drug fraction released at time t, k is a kinetic constant that incorporates the structural and
geometric characteristics of the system, and n is the exponent that indicates the mechanism of release.
The values of n depend on the geometry of the carrier; for cylinders, Fickian diffusion is represented
with n ~0.5, anomalous transport with 0.45 < n < 0.89, and relaxational case II transport with n > 0.89.

Drug release depends not only on nanotube surface chemistry, surface area, and pore size, but
also on drug molecule size, charge, drug solubility, and diffusion coefficients.

A larger molecule experiences difficulties in the loading mechanism, rendering a greater portion
of the drug as surface-bound instead of inside the nanostructures, producing an early-phase burst.

The Desai group fabricated different types of TiO2 nanotubes, varying their dimensions to better
understand the release rates of albumin, lysozyme, and antibiotics (sirolimus and paclitaxel) [92,93].
They were able to control the release of these molecules through burst release, where the majority
was eluted in a few hours, as well as through prolonged release over a week. Nemati and Haljizadih
loaded gentamicin on simple and nanostructured Ti surfaces, observing that the drug was released in
30 min from the bare Ti surface and in 3 days from the anodized surfaces [94].

To achieve prolonged release of drugs, some studies proposed biodegradable films to seal
the loaded nanostructures [95]. Gentamicin encapsulation in TiO2 nanotubes was studied by
Kumeria et al. [96], who sealed the nanotubes with chitosan and PLGA. The observed release rates of
gentamicin ranged from 7 days for the uncapped nanotubes to 22 days for chitosan encapsulation and
27 days for PLGA encapsulation. Our group studied nanoporous and nanotubular TiZr surfaces as
drug delivery systems for gentamicin. The nanostructured surfaces were covered with pores (~ 70 nm
in diameter and 100 nm in depth) or nanotubes (~ 120 nm interior diameters and lengths reaching
10 µm) by anodization. Gentamicin (molecular size < 1 nm) was bound on these surfaces by physical
adsorption. The loaded nanostructures were then coated with chitosan. Figure 4 shows a schematic
representation of obtained coated nanostructures and drug release.
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The gentamicin release mechanism was studied with three mathematical models:
Korsmeyer–Peppas, Peppas–Sahlin, and Lindner–Lippold models. A faster release rate was observed
in the case of nanopores, with 95% of the amount of gentamicin being released in 10 days from
the nanoporous structures and in 21 days from nanotubes. The best approximation for the release
mechanism was obtained with the Lindner–Lippold model [40].

A balance must be reached between short-term fast delivery of high doses, which can reach toxic
levels, and long-term slow release, which may not reach the desired therapeutic level. The risk in
slowly releasing antibiotic systems is that there strains of bacteria may survive the initial contact
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with the drug, thus developing resistance. Ideally, the antibiotics should be introduced immediately
post-surgery before the formation of the bacterial biofilm. It is known that the dose necessary to destroy
bacteria-protected biofilms is about 1000 times higher than that necessary to neutralize bacteria in
suspension. Therefore, the local release of antibiotics should be divided into two stages: a fast initial
release lasting up to 6 h after intervention in order to aid the weakened immune system and a slow
release lasting up to a few days as a prophylactic, combating the latent infection [97,98]. In our studies
of gentamicin release from nanoporous and nanotubular TiZr oxide structures, the minimum effective
gentamicin concentration against most bacteria (1–4 µg/mL) [40] was reached in 4 h after immersion.

Another suggested mechanism for gentamicin loading is presented in Figure 5. Gentamicin
loading can occur either by physical deposition in the TiO2–ZrO2–ZrTiO4 nanotubes or due to
the electrostatic interactions between the negative charges of nanotubes and positive charges of
gentamicin in physiological pH (7.4). Gentamicin is an aminoglycoside antibiotic mixture of three
major components, namely gentamicin C1 (R1 = R2 = CH3), C1a (R1 = R2 = H), and C2 (R1 = CH3;
R2 = H), as well as a number of minor components. At pH = 7.4, aminoglycosides have a high positive
charge and behave as cations.
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electrostatic interactions.

Another method of drug loading is the use of covalent anchoring of cationic antimicrobial agents
to Ti alloy surfaces using a silane chemical-linker.

Song et al. [99] were among the first to study light-induced drug release from TiO2 nanotubes.
TiO2 nanotubes were coated with (3–aminopropyl)triethoxysilane (APTES)—a siloxane linker loaded
with horseradish peroxidase, which catalyzes the oxidation of various organic substrates—and capped
with octadecylphosphonic acid.

Through this method, our group linked cysteine on Ti50Zr [37]. The cysteine sulfhydryl group is
easily oxidized, giving some interesting properties. Cysteine has anti-inflammatory effects in human
coronary arterial endothelial cells and is an excellent bacterial inhibitor [100]. Cysteine coated TiZr
surfaces led to bacterial inhibitions as high as 56.74 % for S. aureus and 63.94% for E. coli, whereas the
inhibition rates of polished Ti50Zr were 27.39 % for S. aureus and 29.15% for E. coli.

The inhibition rate is usually calculated by the following equation (Equation (5)):

I% =
(C24 −C0) − (T24 − T0)

(C24 −C0)
× 100 (5)

where I% is the growth inhibition index, C0 is the blank-corrected optical density of the positive
control at time 0, C24 is the blank-corrected optical density of the positive control after 24 h, T0 is
the blank-corrected optical density of infected media in the presence of test samples, and T24 is the
blank-corrected optical density of infected media in the presence of test samples at 24 h [41].
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5. Conclusions

Based on the existing data, we can conclude that the biocompatibility of Ti50Zr is comparable to
that of Roxolid and superior to that of cp–Ti. From an electrochemical testing perspective, Ti50Zr had
the best corrosion resistance and stability compared to either pure Ti, pure Zr, or alloys with different
Ti–Zr ratios. The superior mechanical properties of Ti50Zr make this alloy a better suited material for
small dental implants. The α structure of this alloy permits various surface treatments that enhance
cell attachment and osseointegration. Depending on the purpose for which it is used, the surface of
Ti50Zr can be tailored with relative ease to accommodate a wide range of structures, ranging from
compact oxide to nano- and micropores, to more intricate structures such as nanotubes, nanochannels,
and nanowires, an ability which is preserved from pure Ti. However, the same structures are harder to
obtain with pure Zr. Drug loading and release from Ti50Zr is not well investigated and more extensive
studies need to be done for this material, combining the excellent biocompatiblity, electrochemical, and
mechanical properties of this material with the benefits of targeted drug release. The investigations
focused on biomedical applications of TiZr need to be continued to over a longer time period in order
to validate its use in implants. Other industrial uses, such as for automotive purposes, solar cells,
water splitting, or catalysts, may benefit form extensive research performed on Ti50Zr.
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