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Abstract: Recently, an increasing amount of research has focused on the biological and
mechanical behavior of highly porous structures of metallic biomaterials, as implant
materials for dental implants. Particularly, pure titanium and its alloys are typically used due
to their outstanding mechanical and biological properties. However, these materials have
high stiffness (Young’s modulus) in comparison to that of the host bone, which necessitates
careful implant design to ensure appropriate distribution of stresses to the adjoining bone, to
avoid stress-shielding or overloading, both of which lead to bone resorption. Additionally,
many coating and roughening techniques are used to improve cell and bone-bonding to the
implant surface. To date, several studies have revealed that porous geometry may be a
promising alternative to bulk structures for dental implant applications. This review aims to
summarize the evidence in the literature for the importance of porosity in the integration of
dental implants with bone tissue and the different fabrication methods currently being
investigated. In particular, additive manufacturing shows promise as a technique to control
pore size and shape for optimum biological properties.
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1. Introduction

Dental implants are an effective treatment to replace the root part of the naturally missing tooth [1],
in order to restore patients’ appearance, speech and health [2]. They are completely placed into the jaw
bone and give support to a dental prosthesis [3]. They are categorized according to their shape, surface
roughness, surface treatment and the connection type with the prosthetic part. The length and diameter
of commercially available dental implants vary according to the clinical treatment requirements.
For example, the dimensions of cylindrical thread dental implants range from 3.25—-6.0 mm in diameter
and 5-18 mm in length [1]. Over the last decade, there has been a universal growing interest in dental
implants, which are used to treat about one million people per year around the world [4]. The increasing
demand for dental implants can be mostly attributed to their ability to completely restore dentition, the
significant increase in the mean age of the world population, the higher number of elderly people in the
population and higher public awareness [4]. Additionally, there are complications associated with
conventional removable dentures, fixed crowns and bridges; for example, the reduced bearing area that
supports the removable prosthesis due to the gradual bone resorption of the residual ridge following
tooth extraction. Thus, using endosseous titanium implants is more convenient with better functionality
than conventional dentures [5].

Nevertheless, dental implants, along with orthopedic implants face certain limitations, especially
when used in smokers, diabetics, elderly osteoporotic patients and people with low bone density, such
as a lack of biological interaction and interfacial stability with bone tissue [3,6]. Fundamentally, implants
need to be constructed from biomaterials compatible with the human body environment. Titanium and
its alloys have been reported as the materials of choice for most orthopedic and dental implants due to
their outstanding mechanical properties and biocompatibility [7]. However, the Young’s modulus of
these materials is higher than that of mineralized tissue. Furthermore, the traditional structure of titanium
for medical and dental implants is non-porous; this dense structure of implants can cause a mismatch
between the Young’s modulus of the titanium implant (110 GPa) and natural cortical (17-20 GPa) and
cancellous bone (around 4 GPa) [8,9].

The high Young’s modulus of titanium implants leads to stress shielding and inadequate loading of
the underlying bone tissue [10]. Since bone is a living tissue which is continuously modified by the bone
cells in response to external signals, reduced mechanical loading leads to resorption of bone, implant
loosening and ultimately failure, which has particularly been a problem for orthopaedic implants in the
past [9]. Alternatively, overloading also creates high stresses in local regions of bone which can also
initiate resorption [11]. Accordingly, many attempts have been undertaken to develop biomaterials with
mechanical properties well-suited to the bone tissue. Most of these studies have aimed at optimising the
important features of interactions between the implant surface and bone tissue. Advances in orthopaedic
and dental implant design, as well as scaffolds for bone tissue engineering, have all contributed to the
fabrication of novel porous titanium structures, and these fields draw on each other’s technologies.
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Implant morphology has a crucial role in bone-implant contact and can enhance the osseointegration
process. To improve dental implant stability different surface modifications have been proposed to adapt
the properties of titanium dental implants [12]. Modifying the implant surface can improve the implant
to bone interaction, however, there is not always a clear explanation for the mechanism of improvement.
For example, a morphological or a chemical mechanism, such as roughening the implant surface can
also create modifications in the chemistry of the dental implant surface [13]. Plasma spraying with
different powder particles such as titanium oxide, calcium phosphate and hydroxyapatite has been used
to coat dental implants [14]. Sand blasting with stiff particles such as alumina, TiO2 and ceramic has
also been suggested to roughen the dental implant surface [4]. Celen & Ozden in 2012 advocated another
more controllable technique of laser micro-machining of commercially pure titanium dental implant [15].
Materials with nanometer-scale porosity such as TiO2 nanotubes have also been used recently as implant
surface-treatments. These materials can be generated on the titanium dental implant by controlling the
anodizing process (Figure 1) [16].

Figure 1. SEM images of different diameter sizes of TiO2 nanotubes, (a) 30; (b) 50; (¢) 70
and (d) 100 nm using 200 nm scale bar. Adapted from Ref. [16].

Despite being very successful, there are some shortcomings associated with these procedures; the
bulk structure is still high-density titanium, the coating materials can dissolve over a long period of time.
Moreover, coating particles that break away from the surface could have a negative biological effect on
the adjacent tissue such as peri-implantitis [14]. Therefore, several alternative approaches have been
proposed to overcome these drawbacks of coating materials by creating porous biomaterials as a
substitute for the classical solid structure. Cellular structures can provide a suitable biological
environment for the host tissue to grow into the pores [6], providing improved early implant stability, as
demonstrated by commercially available dental implants from Zimmer with a porous tantalum central
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region. To our knowledge, the Zimmer implant is the only porous dental implant on the market and
animal and short-term clinical studies indicate excellent bone integration and implant stability [17].
However, tantalum is an expensive material which may not be affordable to many seeking dental implant
treatments, and, therefore, methods of providing a porous structure in titanium or a titanium alloy is of
strong interest to the dental implant community [18].

To date, numerous studies have been undertaken to manipulate the mechanical and topographical
properties of titanium implants. In many studies, micro- and nanoporous titanium has been proposed as
a promising alternative to solid structures for biomedical and dental implant applications. Many
fabrication methods have been used to fabricate porous titanium for medical purposes. However, the
size, shape, percentage and distribution of pores were variable and need further optimization [19]. This
review article aims to summarize the evidence in the literature of the benefits of using porous structures
to improve integration of titanium dental implants with bone tissue. Furthermore, the most widely
used fabrication methods for porous titanium are discussed as well as their potential to be used for
dental implants.

2. Titanium and Its Alloys as Implant Materials

Ever since the 1960s, commercially pure titanium and its alloys have been shown to be versatile
biomaterials that can be used to produce a variety of medical devices including those used in dentistry [7].
This is mostly related to their unique properties such as excellent mechanical behavior, superior
corrosion [20], as well as high ratio of strength to weight [21]. Titanium is biocompatible because it is
biologically nearly inert and well tolerated by the environment of the human body. According to the
British Standards for surgical implants, the oxygen percentage should not exceed 0.5% [22].
Furthermore, the properties of titanium are influenced by its structure which is made up of two allotropic
structures: a close packed hexagonal (a phase) and body-centered cubic crystal ( phase). These phases
enable titanium to undergo a reversible transformation; at room temperature it tends to be categorized as
a phase and transfer to 3 phase as the temperature exceeds 883 °C [23].

The strength properties of commercially pure titanium are weaker than that required for medical
implants [23]. Thus, to improve these properties, titanium alloys have been proposed via incorporation
of variable types and quantities of elements such as Al, Mo, V, Nb, Ta, Mn, Fe, Cr, Co, Ni and Cu. Each
of these elements has a different impact on the transition temperature of titanium alloys. Those that
increase the transition temperature, such as aluminium, are identified as o stabilizing element, whereas
those that decrease it, such as vanadium, are referred to as [ stabilizing elements. Accordingly,
alloys are classified into three main types (o, B, and a + B alloys) depending on their transition
temperature [23].

Through the years, several types of titanium alloys have been developed as implant biomaterials
such as Ti—6Al-4V, Ti-Nb-Ta—Zr [24], Ti-Ni-Ta [25], Ti—15Mo—5Zr-3A [8], Ni-Ti [26] and
Ti—Sn—Nb [27]. Among the aforementioned alloys, Ti-6Al-4V [28] and Ni—Ti [29] have been reported
as the most widely used biomedical materials for bone replacement devices, also in comparison to other
medical grade alloys such as stainless steel and Co—29Cr—6Mo. This is due to the better mechanical
performance of these titanium alloys [28], and their significant corrosion resistance, especially for the
interconnected porous titanium structures due to the free flow fluid inside the pores [30]. This allows
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them to be used as load-bearing implants for tissue engineering scaffolds [31]. Nevertheless,
Andani et al. stated that despite the flexible modulus of elasticity of NiTi, it was not straightforward to
design interconnected porous structured scaffolds with this alloy because of its high melting point [32].
Even with the popularity of Ti-6Al-4V and NiTi the potentially adverse biological reaction to their
elements by the living tissue still remains a matter of concern. This has directed researchers to keep
developing alloys aimed at improving biocompatibility such as Ti—6Al-7Nb, Ti—13Nb—13Zr. These are
more likely to mimic the biological and mechanical properties of Ti—-6A1-4V [33].

The elastic modulus of pure titanium and its alloy (Ti—-6Al-4V) is half that of Co—Cr, thus
stress shielding is lower [34]. In order to produce titanium alloy with reduced Young’s modulus and
adequate strength for orthopaedic implants, various attempts have been reported in the literature.
For instance, in 1998, Kuroda ef al. introduced Ti—-Nb-Ta—Zr, Ti—-Nb-Ta—Mo and Ti—Nb-Ta—Sn [35].
Matsumoto et al. (2005) introduced B-type titanium alloys (Ti—29Nb-13Ta—4.6Zr) and (Ti—Nb—Sn)
which showed a remarkably lower Young’s modulus [36]. Attempts have also been made to produce
porous Ti alloy compacts (Ti—15Mo—5Zr—3Al) using a hot-pressing technique, which could reduce the
Young’s modulus to within the range of cortical bone [8]. Another possibility is to incorporate
hydroxyapatite particles with titanium powder using an infiltration method and sintering [37]. The
addition of hydroxyapatite has the additional aim of improving bone fixation because bone cells attach
well to hydroxyapatite surfaces [38]. The Young’s modulus of porous titanium-hydroxyapatite
composites can be controlled by changing the percentage of hydroxyapatite particles [37].

3. Characteristic Features of Porous Metal

Due to their morphology, physical and mechanical properties, porous metal structures have many
possible applications in several different industries [39], including medicine [40]. Several classification
systems have been used in the literature for porous metals of different types; these can, for example, be
based on the structure, applications, properties or fabrication processes used. For bone applications,
porous metal is typically classified into three main forms, which describe the nature of the whole
component: completely porous across the whole metal parts, an entirely or partially porous layer coating
a dense core or structure composed of a fully solid and a porous metal part joined together [34].
Considering the porous part on its own, Goodall ef al. classified porous metals according to their
structure, producing five groups: materials containing isolated porosity, true metal foams, particle
packing to form a porous body, precursor based metal foams and lattices [41]. Additionally, for any of
these types, porosity can be designed in a graduated manner, for example, by increasing in quantity from
the core to the superficial layer [42,43]. Nevertheless, due to the reduction in mechanical properties that
the incorporation of porosity brings, an entirely porous metal structure is unlikely to be suitable for an
implant with a load bearing requirement. Therefore, a porous cover on a solid substrate is often
preferentially chosen for dental implants to ensure sufficient strength to tolerate the physiological
loads [34].

Porous metals exist in both closed (fully isolated pores) and open cell forms (connected with each
other and the external environment). Although both types are widely used, the open type is evidently
better for medical implant applications, because a degree of ingrowth into the structure is desired [44].
As well as providing a suitable environment for the bone cells such that they infiltrate into the porosity,
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an interconnected foam with sufficiently large pores allows the formation of the vascular system required
for bone maintenance [28,45].

Within the porous metals and the classification system used by Goodall et al. [41], lattices are those
structures made up of a regular repeating array of simple structural elements. These have certain
attractive features, such as the fact that the properties can in principle be predicted to greater accuracy
than when the pores are randomly located, though they have formerly been difficult to produce in
anything other than elementary forms and small sizes, barring certain structures such as honeycombs.
However, this is changing with the growth in, and further development of, additive manufacturing
technologies, which deposit or fuse material, building up a 3D structure (as detailed in Section 4).
Within the lattices, the regular repeating unit cell structure has a dominant role in determining the
mechanical properties of the structure overall [40]. An almost infinite array of designs is possible, and
many have been produced, two dimensional honeycombs [46], simple cubic lattices [47], thombic
dodecahedron [48] and diamond lattice (a cubic unit cell where the struts are positioned in the same way
as the atomic structure of diamond) [49,50]. Graded lattices are also possible; recently, van Grunsven et al.
used different strut thicknesses to produce a diamond lattice structure with graded porosity (Figure 2).
In this study, it was found that the mechanical properties that could be achieved could be relevant for
orthopedic implants [51]. Analytical and numerical solutions for the mechanical properties of a diamond
lattice structure of Ti—6Al-4V were reported by Ahmadi et al. The results were compared with
experimental observations. According to their findings, there was a good agreement between the
analytical solutions and experimental observations, whereas the prediction of the finite element models
was less likely to be accurate when compared with the experimental observations [40]. This is somewhat
unexpected as finite element methods should allow more complex behavior to be captured, but may
indicate imperfect input parameters for the base alloy. It has been pointed out that the mechanical
properties of the porous Ti—6Al-4V alloy with the diamond unit cell are similar to those of trabecular
bone [52]. A similar approach, but for random porous structures, has been used by Cheng et al., in which
they used human trabecular bone as a template to define a structure allowing an interconnected porous
Ti—6Al-4V structure to be created using different levels of porosity (15%—70%). By increasing the
porosity, a structure was created which closely mimics that of trabecular bone [3].

Figure 2. (a) SEM image of graded diamond lattice structure; (b) Micro CT scan of 3D
image shows different strut thicknesses. Adapted from Ref. [51].



Metals 2015, 5 1908

Typically, a porosity of 75%—-85% and a pore size of more than 100 um are considered to be preferable
for rapid bone ingrowth [19]. Wen et al. revealed that porous titanium with pore size ranging from
200-500 pm was sufficient for adequate bone formation and fluid transport [53]. Otsuki et al. have
examined sintered porous titanium implants with different levels of porosity (50% and 70%) and pore
sizes (250-500 pm) and (500—1500 pm). The results indicated 500—1500 um was the optimal pore size
for bone tissue ingrowth for both levels of porosity [54], whereas Murphy ef al. stated that the ideal pore
size for bone ingrowth was around 325 um [55]. A graded structure as a coating with macro and
nanoporosity (at a level of more than 70%) on titanium substrates was another approach developed by
Fu et al. Three different materials (hydroxyapatite, calcium carbonate and titanium) and a combination
of a modified plasma spray method and anodic oxidation process were used to produce porous scaffolds
with macro-, micro- and nanopores (100-350 um, 0.2-90 um and 100 nm, respectively). The result
showed that the mechanical properties were close to those of bone [56]. Chen et al. created titanium
scaffolds with a uniform and highly porous structure. The porous specimens were produced by stack
sintering of micro porous Ti spheres using centrifuge granulation technique. Based on the properties of
the original titanium powders specimens should have micro- and macroporosity of 6.1-11.8 pm and
180.0-341.8 um, respectively, and the mechanical properties were reported as being suitable for implant
applications in load-bearing areas [57].

As can be seen, there is no clear identification of the optimum pore size for bone ingrowth. In general,
the mechanical and biological performance of the porous metal structure is governed by the combined
effects of characteristic features of the porosity such as pore shape, size, distribution and their
interconnectivity, as well as the base metal from which the porous structure is made [58]. Thus, with the
current level of understanding the pore geometry needs to be optimized for each specific case to achieve
a suitable environment for the surrounding bone tissue. Furthermore, it should be noted that not only the
properties of the coating, but also those of the underlying base material will have an effect on the
mechanical properties of the final product.

4. Fabrication Methods and Mechanical Evaluation of Porous Titanium Dental Implants

Titanium is well known as a relatively high cost engineering material due to the difficulties in the
extraction, forming and machining processes [59]. Traditionally, a titanium alloy dental root implant is
manufactured via a casting or powder metallurgy route [60]. With the casting method, in particular,
machining and other finishing steps are required with a large amount of waste material [23].
Furthermore, the high melting temperature of the titanium base alloy and the high reactivity of titanium
with atmospheric gasses at elevated temperatures make it difficult to adapt many existing techniques
which were developed for lower melting point metals, such as aluminium [34]. Powder metallurgy has
more recently been promoted for titanium implant production. It is less expensive and has reduced
amounts of waste compared to the other production methods available [23]. Relatively simple techniques
for the production of porous materials include sintering hollow spheres or the use of thermal
decomposition of, for example, TiHz. Fairly homogenous foam structures have been made from high
melting temperature metals such as titanium and its alloys [19] and this method is also suitable for the
production of titanium foams with pore sizes meeting the standard requirements considered to be suitable
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for bone ingrowth [6]. Improving the compaction process of alloy powder also has an influence on the
accuracy and degree of porosity of the final part [61].

For porous materials as a whole, there are certain potential disadvantages for use as implants.
For example, the fatigue strength is unlikely to satisfy the requirements of implant devices. Nevertheless,
this can be improved. It has, for example, been shown that, for cases where a foaming agent is combined
with metal powder, the fatigue life can be increased by having a more uniform foam structure through
reduced stress concentrations. This is achieved by adjustments to the mixing strategy for the powder of
foaming agent, metal and binder as reviewed by Ryan et al. [34]. Other methods have shown their
suitability for the production of medical grade titanium alloy for medical applications, including
sintering of powders, compressing and sintering of titanium beads or fibers to create interconnected
porous structures [62].

For more regular titanium pore geometry, a controlled mix of removable space holder and titanium
metal powder particles has been suggested and explored by a considerable number of studies. The range
of materials used as a space holder include saccharose crystals [63], NaF [64], NaCl [65,66] and polymer
granules [67]. Magnesium has also been used as a space holder to produce porous dental and orthopedic
implants [68]. Jurczyk ef al. recommended ammonium hydrogen carbonate to produce a porous
nanocomposite scaffold using titanium containing 10 wt. % Si102 appropriate for dental applications [69].
Caution is recommended though as a strong reaction has been reported between titanium and some space
holders with both high and low melting temperatures, leading to the formation of impurities within the
foam [70].

With all the aforementioned approaches, titanium implants can be made with an entirely porous or
solid structure though it is not straightforward to produce a porous shell on a solid core. A variety of
methods have been developed over the last few decades to create dental root implants which mimic the
morphology and mechanical properties of natural dental roots [60]. One method involving an
electron-discharge compaction has also been reported to produce porous surface on the commercially
dental implant, porosity on a compact core was created using input energy 1-2.5 kJ/g to atomized the
Ti—6Al-4V powder [71]. A one-step microwave processing method has also been suggested to sinter
titanium powders in order to produce dental implants, with gradient porosity, microwave power energy
of 1-1.5 kW and a 30 min soaking period used. The pore size was about 30—100 um and thickness was
ranging from 100-200 pum, as determined by the level of microwave power [62].

Among these methods, additive manufacturing technology has been developed considerably [72]
including selective laser sintering (SLS) [73], selective laser melting (SLM) and electron beam melting
(EBM) [74]. The additive manufacturing approach is based on building up a three-dimensional structure
from a computer aided design (CAD) model [34]. Each fabrication method will have many variables;
for example, for SLS, parameters would include laser power, scanning speed, laser beam diameter and
layer thickness [72]. Additive processes are in general less time consuming overall [72] and allow the
creation of porous structures with different unit cells [40] and high resolution (i.e., small cell sizes) [3].

Additive manufacturing technology has more specifically been applied to produce non-porous parts
with complex geometry for use in implants, such as dental, craniofacial, maxillofacial and orthopedic
implants [75]. In 2002, Tolochko et al. demonstrated the possibility of producing dental root implants
from Ti powders with two different zones, comprising a compact core and irregular porous shell by
incorporating (SLS) for the porous surface and (SLM) for the solid core (Figure 2). The thickness of
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both layers was determined by the laser power. Microscopical examination showed that the average pore
size was 100-200 pm and the porosity 40%—45% [60]. Dental implant models with a dense core and
porous layer consisting of a series of channels which are 1 mm in depth and 1 mm in diameter have been
considered. Laser-forming techniques with continuous wave and pulsed lasers were used. The channel
diameters of the products were lower than those of the CAD model. The fatigue and tensile strength of
the titanium samples produced were influenced by the different processing parameters utilized in this
study. These variables include the scanning speed of the laser, the laser peak power and the hatching
pitch, all of which combine to alter the amount of energy input into the material, and thus influence the
solidification and cooling. The effect is to alter the microstructure of the material, and as the flow of
thermal energy is also affected by part shape and location in the part. This can occur in complex ways.
The processing parameters were found to be optimal at a scan speed of 6 mm/s, a laser peak power of
1 kW, and a hatching pitch of 0.4 mm [76]. Traini et al. have also produced titanium dental implants
incorporating graduated porosity from the inner core of the structure to the outer surface using titanium
alloy (Ti—-6A1-4V) powders with a laser sintering procedure. The average porosity was 28.7% and the
modulus value of the dense core was similar to that of a machined titanium implant whereas the porous
part was comparable to that of bone tissue [73]. The study of Mangano ef al. did not go quite as far as
producing a fully porous structure, rather stating that direct laser fabrication is an economical technique
that has potential to produce dental implants with irregular and narrow intercommunicating crevices and
shallow depressions using titanium alloy powder. The surfaces were analyzed under stereo scanning
electron microscopy. However, there was a residue of metal particles on the implant surface. Thus, they
suggested acid etching as treatment to eliminate the adherent particles [77].

Schiefer et al. examined the long term stability and mechanical properties of two types of porous
dental implants under static and dynamic conditions. Implants were surrounded by porous layers that
were made using ammonium hydrogen-carbonate (NH4)HCOs3 as space holder particles. Samples were
tested in fatigue according to modified ISO 14801 and finite element analysis (FEA) was used to predict
the fatigue behavior of these implants. This suggested that implants will struggle to perform well against
forces in a range similar to that produced by human jaw. Moreover, pore alignment can affect the
mechanical properties of porous titanium [10]. Murr et al. in 2010 used electron beam melting (EBM)
to produce Ti—6Al-4V open cellular foams with different cell wall structures (solid and hollow). The
elastic moduli were found to decrease with increasing porosity as widely known for porous metals of all
types. However, the micro indentation hardness of the solid cell wall structure was lower than that of the
hollow cell wall [75]. Li et al. established that the electron beam melting process has the potential to
process Ti—6Al-4V implants with versatile pore geometry. The compressive properties of porous
implants are variable with pore architecture and can be similar to those of natural bone [46]. To improve
the surface wear resistance of the titanium structures, Laoui et al. applied laser gas nitriding using a CW
Nd:YAG laser, and the coating layer was able to withstand more cycles without fracturing [76].

One of the essential requirements of dental implants is to have a rough surface with macroscopic
grooves and threads or a porous surface to provide primarily mechanical stabilization between implants
and bone tissues [60]. Furthermore, sufficient mechanical support should be provided between the root
of the dental implant and its superstructure crown. This can be achieved by creating a solid core and
porous shell as a substitute to an entirely porous structure [60]. One concern is that stress concentrations
could arise at the junction area of the shell and core of the implant where the mechanical properties
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change rapidly [34]. This weakens the bond between the covering layer of the implant and the core. To
reduce the component of this problem that is related to residual stresses, a post-sintering heat treatment
has been suggested by Clook and co-workers, which showed an improvement in the fatigue strength of
titanium alloy by about 15% [78]. Nevertheless, the idea of creating functionally graded structures can
be helpful to avoid the stress concentration between the interface layers where the elastic modulus
changes suddenly [79]. The concept of creation of functionally graded structures in porous materials by
changing the structure of the lattice has also been investigated [80].

Table 1. Comparison table of the main fabrication methods used for creating rough and
porous implants with potential dental and/or orthopedic applications.

Fabrication Methods References

Plasma spraying with different powder particles such as:
-titanium oxide

: [14]
-calcium phosphate

-hydroxyapatite

Sand blasted with stiff particles such as:
-alumina

-TiO;

-ceramic

[4]

Laser micro-machining technique [15]
Anodization TiO; nanotube [16]
Electron-discharge compaction [71]

One-step microwave processing method [62]

Powder metallurgy
-sintering hollow spheres [19.62]
-thermal decomposition

-sintering of powders, compressing and sintering of titanium beads or fibers

Removable space holder and titanium metal powder particles:

-saccharose crystals

-NaF

-NaCl [63-69]
-polymer granules

-Magnesium

-ammonium hydrogen carbonate

Additive manufacturing technology:
-selective laser sintering 160.66.74]
-selective laser melting 00,

-electron beam melting

Bandyopadhyay and colleagues suggested laser engineered net shaping (LENS™) to construct porous
structures from Ti—6Al-4V alloy across the range 23%—32% porosity with low modulus (7-60 GPa)
which can be tailored to match human cortical bone [81]. Nomura ef al. in 2010 recommended the
infiltration technique in a vacuum with sintering to create porous titanium/hydroxyapatite composites.
The Young’s modulus was estimated using the percentage of porosity and it was tailored to be in the
range of bone tissue (given by 24%-34% porosity). Porosity can be controlled by modifying the
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temperature and pressure applied in a hot-pressing stage. Furthermore, Hanks’ buffered salt solution was
used to reduce the Young’s modulus of the sintered porous titanium/hydroxyapatite composites [37].
Witek et al. measured the bone implant contact and removal torque of dental implants with a porous
layer produced by laser sintering and compared them with sandblasted-acid etched implant (i.e., those
with a rough, but not porous, surface). They concluded that porous dental implants produced by the
sintering process showed better biomechanical properties and biocompatibility [82]. The fabrication
methods discussed in this review are listed in Table 1.

5. Biological Interaction and Porous Surface Geometry

Most dental implant materials aim to support cell attachment by conferring suitable a area for cell
adhesion [83]. It has been demonstrated that bone cell interactions are mainly modulated by the
chemistry and mechanical properties of the substrate, the structure of the implanted material and the
fabrication method. Cell behavior has been stated to be more influenced by the topography of the surface,
it encounters than by the chemistry of implant material or processing method [84], although these effects
are difficult to separate as they are all interrelated [83]. In vivo and in vitro observations of the micro-
and macro-roughness of the surfaces of dental and orthopedic implants have been shown to play an
important role in improving the response of bone-forming cells (osteoblasts) [3]. Rough surfaces provide
better osteoblast attachment [19], improved cell proliferation and extracellular matrix formation which
in turn enhance the osseointegration process and durability of dental implants [85].

A porous implant surface has a high surface area which should enable more cells to attach compared
to a planar surface. In vitro observations have demonstrated a good range of bone ingrowth in porous
titanium implant using different manufacturing techniques [6]. Teixeira et al. examined the osteoblastic
response on porous titanium with different pore sizes (312, 130, 62 um) using a powder metallurgy
technique. The result showed the highest gene expression of bone markers was with 62 um porosity [6].
Mangano et al. seeded human dental pulp stem cells on direct laser metal sintered titanium scaffolds and
acid etched surfaces. They observed that gene expression and protein secretion were faster on laser
sintered scaffolds [86]. Another comparative study has been proposed between porous and non-porous
titanium alloy Ti—6Al-4V samples. The pore diameters were 500, 700 and 1000 pm. The result showed
that the osteoblast cell viability was maintained over 14 days and the cells entirely covered the porous
structure [87]. Cheng et al. proposed using a template from human trabecular bone to fabricate porous
Ti—6Al-4V materials using additive manufacturing technology, laser sintering in particular. Different
porosities (low, medium and high) ranging from 15%—70% with interconnected structure were fabricated
to produce structures that mimicked the trabecular bone of the human body. After specific surface
treatment with calcium phosphate particles and acid etching, the trabecular bone structure exhibited
micro and nanoscale porosity which was able to enhance osteoblast cell differentiation. Thus, the
trabecular structure has the potential to produce devices well-suited for dental and orthopedic
implants [3]. Another attempt to improve the mechanical and biological properties of porous titanium
structures also incorporated a modified sponge replication method and anodization process. Titanium
scaffolds with elongated pores were produced by coating a stretched polymeric sponge template with
TiHa2. The anodization of the titanium can produce a nanoporous surface that can increase osteoblast cell
(MC3T3-E1) proliferation and attachment on implant surfaces [10]. Pore geometry is likely to have a
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strong effect on cell attachment and matrix formation [88] but researchers rarely investigate different
pore geometries within a single material and manufacturing process. Recently, such a study was
undertaken by Markhoff et al. who evaluated the viability and proliferation of human osteoblast cells in
porous Ti—6Al-4V using different scaffold designs and cultivation methods. Additive manufacturing
technology was used to produce different pore geometries (cubic, diagonal, pyramidal), and static and
dynamic culture methods were used. Interestingly, there were no significant differences between the
static and dynamic cultivation methods, but cell activity and migration were best in the pyramidal design
with a 400—620 pm pore size and 75% porosity [89].

Although in vitro studies are often an essential step in the discovery of novel implant materials and
structures, there are many inherent limitations to the use of cell culture to predict the long-term survival
of an implant. These include the absence of a 3D environment that adequately mimics the chemical and
mechanical properties of bone, the lack of mechanical forces acting at the bone-implant interface after
implantation, the absence of the complex matrix of proteins and different types of bone cells that are
present at the bone-implant interface in vivo and the difficulty of maintaining the culture for long time
periods. While researchers are attempting to improve in vitro studies using 3D environments and
bioreactors, the current information regarding long-term implant stability comes from in vivo studies.

In vivo studies by Mangano and co-workers used a laser sintering process to design titanium dental
implants with interconnected pores and irregular crevices. The clinical observation showed 95% success
after one year post operation [72]. In histological evaluations, Shibli et al. measured human bone tissue
response to three types of dental implants: direct laser fabrication, sand-blasted acid-etched and
machined commercially pure titanium under unloaded conditions. The result indicated that after eight
weeks of implant insertion, the bone-implant contact produced by the direct laser and the sandblasted
acid-etched processes was not significantly different but was higher than that of machined implant, and
there were no significant differences between them. The authors attributed their finding to the surface
roughness that was produced by the laser and sandblasting techniques, which enhanced the
osseointegration process [90]. Another study using male Sprague-Dawley rats indicated that the
biological fixation was influenced by the percentage of porosity in titanium implants (25%, 11%, 3%).
After 16 weeks’ examination, the concentration of calcium ions increased proportionally with the
increasing porosity percentage [81]. Laoui et al. inserted a Ti implant into a dog’s lower jaw and revealed
clear bone growth into the porous structure within the porous surface layer, and no signs of inflammation
at the interface were observed [76]. Tolochko et al. inserted a prototype porous dental implant into the
lower jaw of a cadaver and demonstrated that the implant was firmly integrated into the alveolar ridge
of the lower jaw with a maximum gap width of 200-300 um between the implant and the bone [60].
Another attempt was made to reduce the healing period required for the dental implant and bone by
coating a titanium dental implant with TiO2 nanotubes, which was tested in a rat femur. Variable
diameter sizes were used (30 nm, 50 nm, 70 nm, and 100 nm nanotubes), the highest removal torgue and
osseointegration rate were observed in the 30 nm implants after two weeks whereas the 70 nm implants
exhibited the highest value after six weeks for both tests [16].
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6. Conclusions and Future Perspectives

Recent developments in the fabrication of porous architectures for bone ingrowth into dental implant
materials have been reviewed. Novel materials developed for orthopaedic implants and bone tissue
engineering could also be applied to dental implants due to their similar design requirements; the
materials should be biocompatible, non-toxic, corrosion resistant and load bearing. It is not
straightforward to create porous titanium with traditional methods. However, the development of
additive manufacturing technology enables a designer to produce more regular porous structures with
modulated pore sizes, shapes, percentages and distributions and to mimic the biological and mechanical
properties of natural bone.

Porous dental implant prototypes manufactured with the additive manufacturing technique have been
evaluated from a mechanical and biological point of view. As can be seen, introducing porosity appears
to improve implant stability. The optimal pore size is probably somewhere between 200 and 1000 pum,
and roughness and surface chemistry also play an important role in determining the fate of stem cells
and osteoblasts. Work in this area is promising and provides a basis for exciting improvements in dental
implant design for patients with compromised bone healing. However, the body of research to
date has still not clearly identified the optimal pore size, geometry and graduation for the most
effective biomechanical and biological properties. Therefore, further studies are necessary to evaluate
the potential of advanced manufacturing methods to optimize the porous titanium structure of
dental implants.
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