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Thesis outline and Objectives

This manuscript is structured in three separated chapters preceded by a general introduction that serves as context. Each chapter is organized in the form of a scientific article, which would be submitted contemporaneously to the file of the current document. The three chapters are independent to each other, but cover some of the most important features regarding the interactions between biological environment and implant surfaces. The use of roughness to promote osseointegration of implants is a common practice, especially on dental implants.

Roughening is often conducted by mechanical treatments, the most common being sandblasting. Therefore, chapter 2 focus on the implications of roughening by sandblasting on the mechanical behaviour of zirconia, alumina and a zirconiaalumina composite, and the differences between them.

The work brought in chapter 3 was carried out entirely during the six-month secondment at CeramTec GmbH. In a bearing couple, lubrication mechanisms are complex and wettability and proteins play a yet-to understand role. The study compared the wettability of different materials, their ability to welcome protein adsorption and the effect of different cleaning procedures on wettability measurements and protein adsorption.

Finally, the influence of the surface on cell activity is not driven exclusively by roughness: chemical modifications of the surface may enhance the perception of cells for the surface, and by careful tuning of the surface properties one may achieve a better integration without the downsides of roughness. In chapter 4, we explored a novel modification of zirconia, based on known techniques in chemistry, which introduces molecules with special functional groups capable of rendering the surface friendlier for cell adhesion, and opening the window for new exciting developments in the field of bioinert ceramics. 

GENERAL INTRODUCTION

Bioinert ceramics

The use of high-performance ceramics for biomedical devices has been documented since the early seventies [1,2]. They were developed as an alternative to surgical metal alloys [3] and as a way of overcoming the risks of periprosthetic osteolysis and intoxication from the debris released due to high levels of wear rates on metal-metal and metal-on-polymer implants for total hip arthroplasty (THA) [4,5], as well as early failure due to scratches and third-body wear [4,6,7]. While several materials have been used throughout the history of arthroplasty, in the following sections, I will be discussing some of the most relevant ceramics: alumina, zirconia and their composites.

Alumina

Alumina is found in nature in abundance. It occurs principally in the form of bauxites and laterites. It is represented as Al2O3 and it is available or prepared in several forms. Medical applications use α-alumina (corundum), but there exists other forms of alumina for other applications that may include γ-alumina, ηalumina or ρ-alumina [8].

It is normally colourless or ivory, although jewelry found the use of colored corundum as gemstones: rubies owe their red color to the minimal presence of chromium oxide and sapphires present blue color due to titanium oxide. The crystallographic structure of α-alumina is rhombohedral [9] and is often represented in an hexagonal super-cell as in Figure 1.1.

Alumina possesses several advantages including high hardness and scratch resistance, showing a low friction coefficient resulting in excellent wear resistance [2]. This is especially interesting in bearing implants for arthroplasty (e.g. shoulder, hip). In these applications, such properties allow as well a high resistance to third-body wear: when foreign particles are introduced between the two ceramic surfaces, they are broken down with the help of the friction movement and extruded with a lower damage of the bearing surfaces. However alumina materials present some limitations in terms of fracture toughness as they lack mechanisms to reduce crack propagation. Although these problems were already addressed by optimizing the microstructure and specially lowering average grain size and size distribution [10], the margin of improvement of toughness is limited, or even irrelevant [11].

Zirconia

Yttria-stabilized zirconia materials emerged as a natural alternative to alumina in the 80's. They were introduced for the first time in 1985, and standardized in 1997 (ISO 13356) [12]. Zirconia presents three allotropes: monoclinic (stable up to 1170 °C), tetragonal (stable between 1170 and 2370 °C) and cubic (stable from 2370 °C). Their crystallographic structures are presented in A martensitic transformation takes places during sintering, upon heating (monoclinic to tetragonal) and cooling (tetragonal to monoclinic). The tetragonal to monoclinic transformation is accompanied by shear strain and an important volume increase of about 3-5%. This brings important internal stresses that lead to the disintegration of pure zirconia during cooling and after sintering. Only two solutions can keep the integrity of the pieces: either sinter at a temperature lower than 1170 °C to maintain the monoclinic state during the sintering, or stabilize the tetragonal or cubic phase at room temperature to avoid the transformation during cooling. The materials obtained through the first solution do not present interesting mechanical properties.

The second solution is based on the fundamental approach described by Ruff et al. [13] almost a century ago: mixing zirconia and another oxide to partly or completely stabilize the cubic or tetragonal phase. The most common oxides used with zirconia are of Yttrium (Y2O3), Cerium (CeO2), Magnesium (MgO) or Calcium (CaO). Depending on the grade of stabilization, we distinguish three main types of microstructure: Fully-Stabilized Zirconia (FSZ), Partially-Stabilized Zirconia (PSZ) and Tetragonal Zirconia Polycrystal (TZP). In FSZ, there is only cubic phase, and it is generally obtained by adding large quantities of stabilizer (higher than 8% mol of Y2O3). In PSZ, the microstructure is composed by a cubic matrix with nanometric precipitates of tetragonal or monoclinic phases, and it is usually obtained by adding CaO or MgO. Finally, TZP is mostly composed of tetragonal phase, although they typically contain some cubic phase in minority. The majority of TZP materials available in the market are obtained by stabilizing the tetragonal phase with CeO2 or Y2O3 [14].

The interest of TZP materials in arthroplasty lays in their unique strengthening mechanism known as transformation toughening, which was first exploited by Garvie et al. in 1975 [15]: under stress, the metastable tetragonal grains transform to the monoclinic phase at the crack tip, inducing compressive stresses with the help of the volume expansion due to the structural change and effectively increasing the resistance to crack propagation.

In order to maximize the performance of TZP, there exists a certain preference for using Yttria as stabilizer (3Y-TZP): By using only 3% mol. of Y2O3, the tetragonal phase can be kept at ambient without significant spontaneous transformation during cooling and can transform locally under stresses, for example at the tip of cracks [14]. Unfortunately, the transformation can also be triggered by the presence of water [16]. Later on, through mechanisms of nucleation and propagation [17] the transformed grains generate micro-cracks allowing more water into the cracks and to affect not-yet-transformed zirconia grains, creating more cracks and leading to delayed failure. This mechanism is referred to as hydrothermal aging, low temperature degradation (LTD) or simply "aging". This process was underestimated at low temperatures, such as ambient or invivo, until 2001, when around 800 zirconia implants from two different lots of Prozyr ® ball heads catastrophically failed in vivo after less than two years of implantation. By then, different hypotheses were proposed to explain the failure: incompatibilities with the fixation on the stem, insufficient mechanical properties, etc. After a thorough investigation, it was contended that the failure was caused by an accelerated aging inside the neck of the ball head due to an undesired porosity. This triggered the transformation until catastrophic failure when the transformed, micro-cracked zone reached a critical size [18]. The poor density in the core was attributed to a change in the sintering process, from batch-based to tunnel-based. It is important to note that all implants complied with the relevant ISO Standards and regulations at the time of implantation.

Two main consequences followed: First, this incident gave the aging process a relevant perspective among researchers and manufacturers, and consequently the ISO 13356 was modified in 2008 to include an evaluation of LTD. Second, pure-zirconia components were since then condemned to abandon from arthroplasty applications, except in Japan. At the same period, the use 3Y-TZP was boosted in dentistry, thanks to its excellent aesthetic properties and improved strength compared to other ceramics. At the time of writing, fortunately, there has been no strong warning against zirconia aging in the dental field, but this mechanism remains a point of vigilance.

Zirconia-Toughened Alumina (ZTA)

A possible way to avoiding or reducing aging while keeping sufficiently high mechanical properties is to combine zirconia at different compositions in the form of composites with other oxides, but most commonly with alumina [19,20]: Zirconia-Toughened Alumina (ZTA) and Alumina-Toughened Zirconia (ATZ) (both composites are technically suitable, and are being used for joint replacement implants).

ATZ is typically composed of 80% in volume of TZP and 20% alumina. It is reported to have a superior mechanical and tribological properties compared to alumina [21]. Commercial components made of ATZ include Bio-Hip ® by Metoxit AG (Thayngen, Switzerland) and Ceramys ® by Mathys Ltd. (Bettlach, Switzerland).

ZTA is a more popular composite, containing up to 30% in volume of Y-TZP (but usually with a lower yttria content than in monolithic zirconia) in an alumina matrix. It combines the advantages of monolithic alumina and zirconia: the addition of zirconia to alumina provides higher strength and fracture toughness with little reduction in hardness and elastic modulus, compared to the monolithic components [21]. Examples of commercial ZTA materials are: Biolox ® delta by CeramTec Medical Products (Plochingen, Germany), and Bioceram ® AZ209 by KYOCERA Medical (Osaka, Japan).

ATZ and ZTA materials achieve their higher properties through several mechanisms that will be discussed below. While we focused on ZTA, the main features also apply for ATZ materials.

Phase transformation

Taking advantage of the reinforcing mechanism of TZP, the toughness of ZTA materials gets increased. The enhanced resistance to crack propagation is achieved through the transformation of tetragonal zirconia grains at the crack tip: Since the transformation is associated with a 3-5% volume expansion, the crack requires extra energy to propagate through the transformed compressive layer, and this either stops the crack or helps to reduce the net crack driving force.

However, compared to monolithic zirconia, ZTA is less prone to LTD, with generally lower kinetics and a lower impact of the transformation on structural integrity [20,22]. The generally higher stability of the composite is attributed to the alumina matrix, which keeps the transformed zone enclosed in a local region and limits the transformation from propagating to neighboring grains. It is to note, however, that several papers have documented time-dependent transformation of ZTA and ATZ under relevant low temperatures [22]. Therefore, the issue of aging cannot be fully discarded.

Platelets to block crack growth

Some manufacturers introduce strontium oxide crystals to create strontium aluminate composites, which form rod structures (platelets) of 3 μm of maximum length and generally account for 3% of the volume [21]. The reinforcing mechanism proposed is presented in Figure 1.3. According to Kurtz et al. [21], the platelets deflect the crack as it propagates. The use of strontium aluminate platelets is reported in both CeramTec Biolox delta, and KYOCERA Bioceram AZ209. When ZTA materials contain these platelets, they are often referred to as "zirconia toughened platelet-reinforced alumina" (ZTPA). 

Grain size control

As demonstrated by De Aza et al. [23], the reduction of grain size and the homogeneity of particle distribution allows to increase the composite's toughness. The microstructure resulted in submicrometer alumina grains and mainly intergranular, nano-sized zirconia particles with a narrow grain size distribution. The small size of zirconia allowed a larger amount of tetragonal zirconia grains in the alumina matrix, and the alumina matrix helped stabilizing the zirconia phase while still allowing the stress-induced toughening mechanism.

Strengthening additives

As explained with TZP, zirconia requires stabilizers to maintain the zirconia grains in the tetragonal phase at ambient temperature. This holds true on ZTA materials as well. However given the stabilizing effect of the alumina matrix, their amount can be reduced, as it happens for instance in Biolox delta [22]: the yttria content (1.3 mol%) is lower than the usual content in monolithic zirconia. Additional evidence is found in KYOCERA AZ209, which does not use any stabilizer.

Other additive found in Biolox delta is chromium oxide. Initially since conception, it was hypothesized that the presence of this oxide increased the hardness and wear characteristics [24], as well as providing its distinctive magenta tone. However, in a recently published statement [25] it was admitted that much higher chromia content is necessary to increase hardness, as independent research already showed in 2005 [26]. In opposition, chromia does seem to have an effect on hydrothermal degradation as reported by Pezzotti et al. [27]. According to this article, the zirconia phase is protected from aging at the expense of fast formation of oxygen vacancies in the chromium oxide stabilized alumina matrix.

Orthopaedic implants

An orthopaedic implant is a medical device that provides fixation of a damaged bone, or replaces articulating surfaces of a joint. The surgical procedures are performed by highly specialized surgeons and typically involve removal of the damaged joint and its substitution by an artificial prosthetic replacement.

There are many kinds of orthopaedic implants, and they use non-living materials to target the specific application: ceramics, metals, polymers and even composites. A great number of these implants deal with healing fractured bones. For these kinds of applications, pins, rods, screws and plates typically made of titanium or stainless steel are used to anchor the bone, and they do not necessarily substitute but support the function of those injured bones either temporarily until healing is complete, or permanently.

In other cases, orthopaedic implants are required to substitute partially or completely the function of a bone, or even the bone itself. This is the case of dental implants and joint substitutions. A very common case with needs for joint arthroplasty is patients with arthritis, which involve inflammation and usually pain in one or more joints. But also joint replacement surgery can follow other clinical pictures: diseases, injuries, etc. And it is in these kinds of applications where bioinert ceramics are considered valuable candidates. Figure 1.4 represents a good summary of technically available bone substitutions by bioinert implants. In the following lines, the specifics of some of those implants will be discussed. 

Dental

The global market of dental implants is estimated to grow at an annual rate of 7.2% from USD 7,336.7 Million in 2015 to USD 10,427.7 Million in 2020 [28]. Europe is estimated to contribute the maximum share to the global dental implants. The high sales numbers in the dental market are attributed to rising incidences of dental caries and other periodontal conditions, increasing incidences of tooth loss and specially the rising aging population. The access to better dental insurance coverage for dental implants and the advantages of dental implants over dental prosthetics due to better aesthetics and hygiene will further help the growth of this market [28]. Some major players in this market include Straumann (Switzerland), Nobel Biocare (Switzerland), Dentisply International (U.S.), Zimmer Holdings (U.S.), Osstem Implant Co. Ltd. (South Korea), Biomet 3i (U.S.), 3M ESPE (U.S.), Danaher Corporation (U.S.), and Avinent Implant System (Spain). Dental implants are best described as biocompatible anchors that permanently support crowns or dentures. A complete dental set consists of three parts: the implant itself, which is generally screwed to the jaw bone, the crown, which is the visible part that looks like the tooth, and the abutment, which connects the implant to the crown. Implants are preferred over traditional bridges because they do not require altering adjacent teeth, as shown in Up to now, there are three types of dental implants regarding the material they are conformed of: the older all-metal type, the newer ceramic-metallic, and the even newer all-ceramic (Figure 1.6). Until recently, practically all dental implants have been of metallic construction, made of commercially pure titanium or a titanium alloy. The main reason was to give mechanical strength and therefore augment the longevity of the treatment. The improvement of the manufacture techniques and the advancements of material science allowed the conception of ceramic-metal hybrids and all-ceramic implants. Nonetheless, titanium implants still take the biggest share of the dental implant market [29], and this is attributed to their lower costs of manufacture, their sufficiently high mechanical properties, and because they meet the requirements for most applications. In 2015, ceramic (zirconia) implants accounted for less than 2% of the global dental implant market, but it is expected to grow by 6% in 2020 [30]. However, in some particular cases, zirconia may be preferred to titanium: metallic implants are dark coloured and they can be visible while implanted through the gingival tissue (gum). This gives an unhealthy look to gums. On the contrary, ceramic implants are white, and when implanted, they are undistinguishable from bone from the outside, even in very thin gums (Figure 1

.7).

Other cases were zirconia is preferred to titanium include patients with sensibility to metal, or patients willing metal-free devices, given that ceramics are inert, non-corrosive and non-allergic. Furthermore, ceramic implants are designed as one single piece, in opposition to the two-piece design on metallic. This supposes an advantage, since the onepiece design reduces bacterial accumulation in the junctions and the risk of infection. Unfortunately, this design is considered a drawback for some dentists, who claim it reduces the degrees of freedom and make the placement more difficult.

Hip joint

The global market of hip reconstruction devices was valued at USD 4800 Million in 2014 and is expected to reach USD 5900 Million by 2020 at an annual growth rate of 3.0% from 2015 to 2020 [31]. The growth of this market is lower that for dental implants, mostly because it is more mature. Favourable to the growth of this market we have available the rising pool of arthritis patients, convenient reimbursements from health insurance policies, and technological advancements that allow higher success rates in ordinary surgeries as well as wider windows for riskier cases, specially among young patients. Additionally, the growing health awareness among masses, along with increasing spending capacity of the population is propelling the market growth. Some major hindering factors such as risks of complications after surgery (either related to the implant, to the patient's health, or to the surgery itself), the waiting list in hospitals and the maximum process fixed by national health authorities could compromise the prospective growth of the otherwise profitable market. Some of the major companies operating in this sector are Zimmer Biomet (USA), DePuy Synthes When the surgeon evaluates each patient's case, he integrates a great number of details, including (but not limited to) the patient's overall health, the medical prognosis, the quality of bone, his age, and his lifestyle's physical activity. To accommodate the wide range of needs, the surgeon can select the best implant from the multiple solutions offered by the market. One crucial classification of implants describes the way the actual joint is substituted: Hard-on-Hard (HoH) or Hard-on-Soft (HoS) bearings. This nomenclature refers to the nature of the materials used on the liner and the ball head, which are the parts in tribological contact that form the bearing couple. They use metals and ceramics as "Hard" materials, and polymers (polyethylene) as "Soft".

Each configuration has different features but also different associated problems. However, as the competing companies released their products on the market, different preferences and trends have been observed within the market throughout history. Initially, HoH bearings were constituted of metallic components (hence Metal-on-Metal or MoM), such as steel or Cobalt-Chromium-Molybdenum (CoCrMo) alloy. The high toughness of these materials made them great candidates. However, they are not hard enough and abrasion of the bearing surfaces emitted great quantities of ions and metallic particles that accumulated for years on the surrounding tissue. The process is called metallosis. Pseudotumors, risk of necrosis and generally local pain along with osteolysis are common consequences for affected patients. Loosening or dislocation of the noncemented implants is as well common. Finally, poisoning from metallosis is rare, but cobaltism is still an established health concern. The use of MoM bearings is currently on very low demand due to the associated problems described above.

HoS bearings represent a very common approach that emerged as an alternative to MoM. They consist on hard (either ceramic or metallic) ball heads and soft (polymeric) liners. The use of polymeric liners has huge industrial advantages such us the lower cost of fabrication and their easier implantation, both helped by the higher tolerances that are imposed in comparison with hard bearings. These two circumstances also allow a greater diffusion of the product among surgeons, including less-experienced ones, as the polymer tends to be a more "forgiving" material.

However, HoS bearings are limited in their performance. While the emission of metallic particles is greatly reduced (specially if the ball head is ceramic), the high wear rates on the polymeric component and consequently important incidence of osteolysis were still limiting factors. Accordingly, HoS bearings are not indicated for patients with active lifestyles (mostly young patients) because the high wear rate increases the risk of component loosening. Figure 1.9 displays an example of the extreme wear a HoS bearing can go through. Additionally, misalignment of components during surgery can be responsible for accelerated wear. Motivated by the poor wear resistance of polyethylene, liners of highly cross-linked polyethylene (XLPE) began to be manufactured and commercialized instead. XLPE is much more resistant to wear and generates smaller wear particles. However it has reduced mechanical properties, compared to conventional not cross-linked polyethylene. The high cross-linking of the polymer is achieved using high-dose irradiation (50-100 kGy), but it was observed that it also induced the formation of free radicals in the crystalline phase [32], and with time it could cause oxidative degradation of the material. To combat these free radicals, different annealing methods including post-radiation re-melting of the crystals were proposed to allow the recombination of the free radicals [32]. However, this reduced the crystallinity and therefore the fatigue strength. Alternatively, new products of XLPE make use of vitamin E stabilization, which is intended to provide oxidation resistance without sacrificing some of the fatigue strength. Recent results showed promising performance in terms for wear against standard XLPE [33]. The use of ceramics in HoH (hence Ceramic-on-Ceramic, written CoC from now) presents several advantages in comparison with HoS bearings: ceramic bearings have the lowest wear rates of any bearing combination, and the higher hardness of ceramics protects them against scratching and third body wear (the bearing breaks the foreign particles down, and extrudes them as shown in Figure 1.10). They are however more constrained by the positioning, and while a misalignment in HoS may lead to higher wear, in CoC it can lead to several postsurgery issues such as "chipping" of the implant, "squaking" of the bearing, or even fracture. Hence, CoC bearings require high precision and dexterity during implantation, which less-experienced surgeons may find unsettling. Lubrication in bearings is fundamental, and in hip implants a good lubrication allows to reduce the friction coefficient and hence the exposure to wear. The lowest friction coefficients are displayed by lubricated CoC bearings. However, when they are tested in "dry" conditions, the friction factor increases by 4 or 5 times [34]. Additionally, sometimes audible "squeaking" can be perceived, and is reported both in vitro and in vivo. It has been related to the loss in the lubrication film (specially after long periods of rest, before the lubrication is restored) and the direct contact of the two bearing surfaces. While a 'squeaky' joint may be fully operative in terms of performance and insignificant in patient satisfaction, it is usually considered multifactorial and it is important to identify the source of this squeaking as soon as possible to discard more severe problems [35].

The size of the natural femoral head ranges from 40 to 54 mm (with smaller sizes in women). During the initial development of hip replacement, surgeons tried to make the implants that mimicked the size of the natural femoral head. However, it was soon realized that the higher the contact bearing, the higher the (volumetric) wear. Hence, the ball heads of the first hip implants were designed to be 22 mm. Nonetheless at these sizes the risk of dislocation, shown for example in Figure 1.11, is very high. Nowadays implants have sizes starting at 28 mm. After surgery patients are encouraged to resume most of their activities. This strengthens the fixation by stressing the bone and forcing it to adapt to the new implant by means of the natural process governing bone growth. However, patients may still need to change the way they were used to use their joints prior to surgery. For example, they may need to change the way they bend down to prevent the hip from dislocating, i.e. the ball head coming out of the socket. In some cases, the doctors are able to perform the necessary movements to put it back, but in others surgery will be the only option. While re-educating the patient locomotion is crucial, varying the size of the ball head can increase the range of (ROM) of the artificial joint as well as reducing the risk of dislocation. In Figure 1.12, we can observe the different ROMs provided by each ball head size. The use of higher size ball heads allows larger ROMs and consequently improving the patient's life after surgery. Because higher size means higher volumetric wear, today they can only be conceived as CoC. 
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There exists another alternative to the conventional system, which is a procedure known as "Birmingham Hip Resurfacing" (BHR). It was pioneered by Derek McMinn and the design presents multiple advantages over the traditional hip replacement. The design of the implant is shown in Figure 1.13. The main advantage of this procedure is its minimum invasiveness: to implant joint, the surgeon only needs to remove a few millimetres from the articulating surface. This means the procedure conserves the majority of the bone that in a conventional THA would be otherwise removed, as shown in Figure 1.14.

Another great advantage is that as the size of the implant approaches the size of the original joint, larger ROM and lower risk of dislocation are expected. However, since they were conceived in metal as MoM bearings, large volumetric wear (and all the associated problems) is expected on active patients, leading in some cases to revision surgery and associated complications. CoC BHR implants would seem a priori the perfect combination. At the moment of writing this thesis, it is an open topic being discussed and researched. Nonetheless, it requires a careful and advanced design and planning for several reasons. One of the reasons may be related to the conformation design of the BHR implant in conjunction with the brittleness of ceramics: massive ball heads and liners are less prone to break than the thin components of BHR. Another reason is that even if the design is robust, if the implant is ceramic, the surgeon has to be skillful enough to avoid misalignment of the components (which can be an important cause of early failure). Third and equally important, BHR procedures are currently not massively present in the market. Although on paper they would seem very positive for the patients, in reality their success is conditioned to a progressive deployment where only positive results can testify for the success. In order for surgeons to adopt the new system, they need undeniable success stories. Otherwise, the fear of implant failure may doom the technique despite its numerous advantages on paper.

Cell -Material interactions

Fixation of implants

There are nowadays two ways of fixing implants to bone: through cements, or "cementless". In general terms, the first uses of cement-based fixation can be tracked down to the end of nineteenth century (1850s and later), first on dental [37], and later on THA in 1891 by Glück [38]. The use of cements in THA was popularized in 1950s by Sir John Charnley (the father of modern THA), who used cement already developed in dentistry. However, in 1980s failures of hip replacements by osteolysis were attributed to an undetermined "cement disease" [39], their use in THA was reduced in favor of cementless techniques. It is now known that such cement disease did not exist and the causes of osteolysis were, among others, the emission of particles from the bearing surfaces (mostly MoM and HoS) [40].

In dental restorations (implants, bridges and crowns), cemented and cementless solutions are applied, depending on the kind of restoration. While dental implants are typically screwed into the bone without using cements, bridges and crowns are cemented either to surrounding teeth or the abutment on the implant, or sometimes screwed to the implant as a temporary solution (Figure 1.15). Normally, these temporary restorations are substituted by cemented crowns (or bridges), which offer the elimination of anesthetic screw access holes (as shown in Figure 1.15) and greater resistance to porcelain fracture. However, excess of cement left behind inadvertently is considered a major problem and can result in soft tissue damage, bone loss and/or chronic inflammation [41]. In THA, the application of cementless implants extends from young patients to older patients with good bone stock (including revision THA). In other situations, cemented implants are preferred. The use of screws in THA is controversial [42], and may be indicated in osteoporotic bone and when there is insufficient bony coverage. On the negative side, there is suspicion that in some cases the use of screws may lead to osteolysis [42].

Cementless fixations are generally based on two mechanisms that work simultaneously: mechanical interlocking and biologic fixation. The first mechanism makes use of the bone rigidity to grip the implant under compressive stresses. In most cases, surgeons performing THA carve the acetabular socket a little bit smaller than the acetabular metallic shell, and literally hammer the shell into the pelvis to accommodate it. This design is generally known as "press-fit design" and works right from the moment of insertion, providing a stable fixation and allowing the second mechanism to take place in the next days after surgery. In other cases, the size of the implant is the same as what the surgeon carved, and often screws would be placed to ensure fixation.

In order to promote a simultaneous biologic fixation of the implant, the surface in contact with the bone has been modified in different ways to promote bone growth. Manufacturers propose different strategies of modification but in most cases they involve different scales of roughness, as observed for example in Figure 1.16. In general, there are two types of biologic fixations: "ingrowth", i.e. the bone grows into porous structure of implant, and "ongrowth", i.e. bone grows onto the micro-divots in a grit blasted surface. Bone ingrowth enhances mechanical fixation, but requires more growth time than ongrowth fixation. Both strategies can be pursued either with the use of coatings (this is specially true for ingrowth), or direct roughening of the surface by sandblasting or acid etching in the case of ongrowth. In some cases, hydroxyapatite coatings had been used as osteoconductive agent in combination with any of the two mentioned strategies. It is often claimed that it may allow a more rapid closure of gaps between bone and prosthesis. However, while it has shown a shorter time to biologic fixation in animal models, there are doubts on the clinical advantage in humans [43][44][45]. A known issue associated to an imperfect fixation is the encapsulation of the implant by a fibrous tissue. It is usually consequence of micro-motions and the usual consequence is revision surgery. Additionally, some studies suggest that rougher surfaces elicit a prolonged inflammatory response than smooth surfaces. This inflammation would be detrimental to bone ingrowth and could lead to fibrous encapsulation as well [46].

Importance of roughness

Compared to smooth surfaces, textured implants exhibit more surface area for integrating with bone via osseointegration process. A high number of in vivo studies have demonstrated that an increased surface area on the implant improves bone-to-implant contact after surgery [47], by enhancing cellular activity and improving bone apposition on the surface. A good example taken from the work of Gahlert et al. [48] is reproduced in Figure 1.17: the implant on top has been sandblasted and presents a much higher bone-to-implant than the implant on bottom, which presents a smoother machined surface. The reason of this better interaction is multi factorial and not fully understood. In many cases, cell adhesion and bone formation are more efficient for certain types of roughness, in particular those displaying nano-scale roughness [49]. In general terms, the increase of roughness can be achieved in any surface through either adding material (e.g. coatings, plasma spray, ion deposition) or removing it (e.g. grit-blasting, acid-etching, plasma-etching), and each different technique will provide a different surface texture, which is normally analysed using statistical parameters. These parameters are used to describe numerically the appearance of the surface topography. There exist three major groups: height, space and hybrid parameters. Height refers to the relative height of the features; spatial or texture parameters describe the horizontal distance between irregularities; hybrid include both spatial and height parameters to describe the developed area, the slope or the curvature of the irregularities [50]. In practice, there are many different surface roughness parameters (more than 150 can be found in literature according to Wennerberg et al. [50]), and it becomes a problem of comparability between works of different authors if they do not use the same parameters to describe their surfaces. However, there is still doubt about which set of parameters is the most suitable for implants. Typically, manufacturers and some researchers solely use the average peak height, either in the bidimiensional (Ra) or tridimensional form (Sa), to describe an implant's roughness. However, the average roughness parameter is known to be quite stable and not very sensitive to occasional high peaks or deep valleys, and it is incapable per se of differentiating profiles such as the ones shown in The techniques used to roughen a surface, in the majority of cases do not merely 'add' roughness, but they modify the material in more ways. From a theoretical point of view, a rough surface is plane surface with a distribution of surface defects. These defects may play different roles on the properties of the new surface, for example they may modify the mechanical properties of the material and its mechanical performance in long term. No matter how advanced the manufacture process is, all materials will present intrinsic flaws in their structure. When a material fails, the starting point of the cracks that lead to the failure is usually located in the best orientated and normally the biggest defect. This defect is known as the critical defect. If the surface treatment generates bigger defects than the intrinsic ones, then the treatment will be contributing to weakening the material. This is especially evident in the case of roughening by subtraction of surface material using blasting or grinding techniques. However, in those cases the treatment also exerts stresses to the surface, generating a distribution of residual (tensile and compressive) ones after it. Compressive residual stresses oppose to crack propagation, whilst tensile residual stresses facilitate it. It is obvious that if a surface treatment creates both surface defects and residual stresses, the interplay between both will define their impact on the mechanical properties of the material.

Many authors have studied the consequences of roughening techniques such as sandblasting or grinding on zirconia-based ceramics, and in the majority of cases reviewed sandblasting increased the overall strength of the material while grinding (either dry or wet) reduced it [51][52][53][54][55][56]. Other papers report increase in strength after grinding as well [57,58], and even some others describe loss of strength after sandblasting [56,59,60]. Additionally, when some of these blasted surfaces were annealed, they exhibited lower strengths [54,57], evidencing the role of compressive stresses on the higher values of strength. But as Chintapalli et al. showed, not all configurations of sandblasting treatments lead to better mechanical performance of zirconia [56].

Most of the literature found on the topic of mechanical effects of roughening ceramics focused on zirconia materials for dental applications, where roughness is in principle necessary to promote adhesion to cements and resins used to fix crowns and bridges. Surprisingly, little number of them [59,60] studied the same effects on alumina-based materials, despite the fact that they are still considered suitable candidates for crowns [61]. In fact, most of the literature found on sandblasted alumina studied the ability of rough ceramic surfaces to bond using different dental resin-cement systems, focusing in the short and the long term [62][63][64][65][66]. Being alumina materials much harder than zirconia but also less tough, risks of a higher damage on alumina may endanger its performance when only their bond to cements is studied. Moreover, it is of interest to study the differences between alumina and zirconia materials when they are exposed to the same sandblasting treatment, and this is the focus of chapter 2 of this manuscript.

Sandblasting and grinding are also known to alter the aging performance of zirconia-based materials [55,67,68]. On the one hand, open surface defects become entry points for water and nucleation points for the propagation of LTD, as explained by Deville et al. [18]. On the other hand, compressive residual stresses hinder the tetragonal-to-monoclinic transformation, stalling the propagation of LTD [55,[67][68][69][70][71]. These two effects counteract each other, and we have investigated them in chapter 2.

Additionally, another very important aspect affected by roughness is the amount and nature of proteins that adhere on the surface, which will define the interaction between biological environment and implant's material. The effect is dependent on the interplay between the difference in scale of the roughness and the adsorbing molecule. Generally speaking, there are two main factors affecting protein adsorption to consider: the increase in surface area, and the change of interaction potentials. The first implies that the higher the surface area, the larger the potential amount of adsorbed proteins, and this is especially true for small sized proteins. The second relates to the chemical interaction between substrate and protein: for example, the van der Waals interaction is very dependent on the geometry of the interacting entities [72]. This is only one aspect governing osseointegration. The ability of the surface to recruit the right molecules (proteins or others) to help cell adhesion is fundamental for an optimal integration.

Role of surface proteins

Throughout their lifetime, cells interact between each other, their environment and their substrate. They do it through complex cellular structures involving many proteins. There are significant differences between the complexes used by cells adhere to each other and those used to adhere to substrate, although the fundamental idea behind adhesion remains the same: to enable cellular communication through the generation and transduction of mechanical signals (i.e. forces produced by and exerted on the cell) [73].

Cell adhesions are mediated by either transmembrane cell-adhesion molecules (CAMs), which bind similar partner proteins, or adhesion receptors, which bind various ligands [74]. Some of these proteins include selectins, integrins, syndecans and cadherins. These proteins are used to essentially link the intracellular to the extracellular space to help relay information to the cell interior about the surroundings.

The extracellular matrix (ECM) is a collection of biomolecules secreted by cells that provide biochemical and structural support, and a medium for communication assisted by CAMs. In fact, recent research shows that the functioning of cells is very influenced by ECM [75], for example it is known that osteoblast cells secrete bone-forming ECM. The secreted molecules adsorb on the substrate following their own dynamics. Among all, glycoproteins such as fibronectin or vitronectin play a fundamental role in the adhesion and spreading of cells by allowing CAMs to bind to them [76]. However, as others have suggested [77] the actual substrate chemistry plays a very important role on the formation and degradation of ECM, and it is also correlated to as important other features as fibronectin adsorption or cell adhesion and signaling.

The nature of the interactions describing cell adhesion is far too complex [78] to be synthesized in a few lines, and exceeds the scope of this document. Therefore, we can just summarize it by saying that the ability of a substrate to allow the deployment of anchor points for cells increases the chances of a better integrated implant.

There are other facets of implant surface where proteins and other biological molecules are known to play some important role: in joint replacements, biological molecules may influence and even define lubrication in the bearing couple. While it is true that the lubrication mechanisms of joint replacements are not fully understood yet [79], it has been discovered that proteins (especially those with the highest molecular weight) help lubrication by avoiding surface-tosurface direct contact [80][81][82]. For example, Liao et al. [80] observed that using as lubricant a modified serum lacking high-molecular-weight proteins produced a much higher wear rate than control serum. A similar result was reported by Myant et al. on MoM [82]: for globulin-based lubricant wear was negligible, whereas for bovine serum and albumin-based lubricant important wear damage was found (globulin presents a much higher molecular weight than albumin).

The exact role of proteins in lubrication is still in question. However, it is possible that protein adsorption could also alter the surface properties of the material, modifying the wettability of the surface and affecting lubrication [81]. In general terms, a higher wettability has always been associated to a better lubrication. This conception comes from the idea that a hydrophilic surface should recruit a higher quantity of (water-based) lubrication. But a literature survey shows that the situation is much more complicated than that: Borruto et al. [83], and 12 years later Pawlak et al. [84], studied different combinations of hydrophobic and hydrophilic bearing couplings through pin-on-disc tests and reported that the lowest wear was achieved when pairing a hydrophilic pin against a hydrophobic disc. Additionally, as indicated by Wang et al. [85], protein adsorption may be influenced by the actual wettability of the surface. Moreover, it is not hard to find in literature contradictory reports on the wettability of typical bearing materials used for joint replacement (alumina, zirconia, CoCrMo) given the sensibility of these materials to organic contamination [86]. All these points of interest were addressed in chapter 3 of this manuscript, where we used wettability measurements to study protein adsorption and the effect of different surface cleaning methods on both wettability and protein adsorption.

Surface chemistry

It was hinted in the previous section that surface chemistry has an important role on the development of ECM and the perception of the substrate by cells. When we talk about surface chemistry, we are talking about the chemical properties that define the way a surface interacts with its environment. In crystallography, a surface is observed as a disruption of periodicity, where the crystallographic structure found in the bulk no longer applies. At the very surface, not all chemical bonds are satisfied (because the structure is discontinued) and this generates an instability that can only be reduced by either reacting with surrounding external molecules, recruiting adsorbents, rearranging bonds or a little bit of everything. The chemical properties of a surface derive from its urge for stability, which is given by the kind of bulk crystallographic structure and the different elements that compose it. This means that at a molecular level, the local chemical properties will also affect they way proteins adsorb, the way ECM forms and hence the way cells interact with the substrate. This opens the possibility of a new way of modifying a surface to promote more osseointegration: tuning the surface chemical properties will allow us to achieve a higher level of affinity and a richer interaction inside the body. A great deal of surface treatments has been used for years in chemistry to induce new chemical properties on surfaces. The simplest approach is to coat the surface. For example, the use of hydroxyapatite coatings of titanium implants has been around for more that two decades [87], with high success rate for some authors and mixed results for others [88]. One of the known problems of this technology comes from the risk of early resorption or even detachment and delamination of the coating from the implant [89], especially if the coating exceeds certain thickness.

Another more advanced approach would be the adsorption of chemical compounds on the surface. These can be either physisorbed (with the evident risk of desorption) or chemisorbed (which requires chemical interactions with the surface for the more stable adsorption). In the majority of cases, the physisorption is impractical for improving the integration of implants and it is only used as a way of studying the effect of different surface properties on cells and other biological agents, such as proteins [90]. If the adsorption is performed involving a chemical reaction of the adsorbents, it is rather called chemisorption and in this context it is frequently referred to as "surface functionalization".

The functionalization of a surface is normally carried out using linear molecules with the target functional group in one of the extremes, and another group capable of binding to the surface on the other. Typically, the adsorption of these molecules forms self-assembled monolayers (SAMs). The molecules involved normally present a "head-group" that reacts with the surface, and a "tail" that contains the functional group. Once the head is bonded, the self-assembly is achieved by the reciprocal repulsion of the tails, which end up all oriented to the same direction and pointing the functional group opposing to the surface. This technique encompasses a large family of modifications, and one of the most common ones is silanization.

Silanization is the modification of a silicon oxide surface by the introduction of an alkoxy silane to form a SAM. This modification is based on the formation of the siloxane bond (Si-O-Si), which uses one oxygen atom to bind a silicon atom of the surface and another silicon atom present in the alkoxy silane molecule. There exists extensive literature demonstrating the practical applicability of this technique, both in the semiconductor industry and biomaterials research [91,[START_REF] Lu | Self-Assembly for Semiconductor Industry[END_REF]. Multiple studies on cells used different functional groups on the modified surfaces and they observed a correlation between the functional group and the cellular activity. In general, researchers have identified amine (-NH2) and carboxyl (-COOH) terminated as better promoters of cell adhesion than hydroxyl (-OH) or methyl (-CH3) terminated SAMs [START_REF] Faucheux | Self-assembled monolayers with different terminating groups as model substrates for cell adhesion studies[END_REF][START_REF] Li | Effects of Self-Assembled Monolayers with Different Chemical Groups on Ovarian Cancer Cell Line Behavior In Vitro[END_REF][START_REF] Arima | Preferential adsorption of cell adhesive proteins from complex media on self-assembled monolayers and its effect on subsequent cell adhesion[END_REF][START_REF] Oliveros | Assessment of cell proliferation on 6H-SiC biofunctionalized with selfassembled monolayers[END_REF][START_REF] Schweikl | Proliferation of osteoblasts and fibroblasts on model surfaces of varying roughness and surface chemistry[END_REF][START_REF] Arima | Effects of surface functional groups on protein adsorption and subsequent cell adhesion using self-assembled monolayers[END_REF][START_REF] Keselowsky | Surface chemistry modulates fibronectin conformation and directs integrin binding and specificity to control cell adhesion[END_REF].

However, the use of silanization is not necessary the endpoint. Once a surface has been stably functionalized through SAMs, more layers could be added to increase the complexity of the framework. Given the high-level specificity of human cell interactions, last trends in biomaterial research focus on mimicking cellular environments to control cellular responses. It is clear that once a surface can be functionalized using whichever technique, the focus of research moves to the functional group on the external side of the SAM. In the case of ceramics, the great majority of research on this field was performed on silicon oxide (silica). This is because the surface of silica is naturally hydroxylated [START_REF] Zhuravlev | Concentration of hydroxyl groups on the surface of amorphous silicas[END_REF], which allows high densities of adsorbed molecules, and the formation of the siloxane bond ensures a stable functionalization. The technique is commonly used on gold, but it is available as well on other metals and semiconductors [START_REF] Ulman | Formation and Structure of Self-Assembled Monolayers[END_REF]. However the formation of SAM on these surfaces requires organosulfur compounds to bind with the surface.

The use of SAMs to promote osseointegration is not a novel idea. The limitations of this are given by the difficulty associated to establishing stable bindings and dense SAMs on the surface of an implant, which will rarely by conceived in silica or gold. The interest of adapting this technique to bioinert ceramics such as alumina or zirconia is evident: it opens the possibility of new ways of interaction by mimicking the surface of natural bone and allowing bone apposition. In chapter 4 of this manuscript, we explore a new paradigm of surface modification for zirconia by direct silanization of its surface. We strongly believe this kind of research will drive the next generation of implants to higher levels of integration while reducing the disadvantages associated to classical surface modifications (e.g. roughening). 

EFFECT OF ROUGHNESS

Impact of sandblasting on the mechanical properties and aging resistance of alumina and zirconia based ceramics

Introduction

The use of high-performance ceramics, such as alumina or zirconia, for biomedical devices has been documented since the early seventies [1,2]. They were developed as an alternative to surgical metal alloys [3] and as a way of overcoming the risks of periprosthetic osteolysis and intoxication by wear debris from metal-on-polyethylene or metal-on-metal implants for total hip arthroplasty [4,5], as well as early failure due to scratches and third-body wear [4,6,7]. The use of ceramic materials as femoral heads and/or acetabular cups reduces wear rate of bearing components and produces negligible amount of ion release. The clinical success associated to the use of ceramics led to the implantation of more than 12 million ceramic components over the last four decades [8]. High performance ceramics are also gaining popularity in dentistry [9]. This is in particular the case of zirconia, which is now widely used for dental restorations and under strong development for endosseous implants.

Nonetheless, both alumina and zirconia can be labeled as "bioinert" materials, since they do not cause adverse immunological reaction but neither positive cellular activity: indeed upon implantation, a fibrous non-adherent membrane shields the surface of the implant impeding a direct integration to bone [10,11]. The causes of this shielding are not yet fully clear, but they have been often correlated to micro-motion and migration of the prosthetic component, and lead to clinical loosening [12,13]. This is why, when implanted, the ceramic parts are usually coupled with a metallic structure (so called 'metal-back') in total hip arthroplasty (THA). The metal-back shell is usually made of titanium and entrusted with the task of attaching the acetabular cup to bone [14]. Its surface is usually treated to improve its attachment to bone and when necessary the fixation is improved with the use of screws. In some other cases the cup is cemented to the bone. In the case of dental implants, which by default involve a bone-implant interface, several strategies are currently explored to improve bone osseointegration by chemical or mechanical modification of the surfaces. Therefore, there is great interest in endowing osteoconductive and osseointegration capabilities to current bioinert ceramics: on one hand, it could permit the elimination of the metal-backing as it would be no longer needed, making the implant less invasive and hence conserving more bone stock. On the other hand, the growth of new bone over the implant surface could help fixing it, avoiding micro-movements or migrations. All this could mean reducing the incidence of revision surgeries and improving the patient's life. In the case of dental implants, only surfaces with a chemical and/or topographic modification are currently able to answer the need of sufficient osseointegration, warrant of a long lifetime.

Techniques such as sandblasting and chemical etching have been used with metals for long in order to increase their roughness and resulting in clinical success [15][16][17], especially in dentistry [18]. The same techniques have been used as well on ceramics [19]. However, sandblasting involves the creation of defects at the surface and of residual stresses under it. Since ceramics have limited fracture toughness in comparison to metals, a modification in the distribution of Surface Defects (SD) and Residual Stresses (RS) will affect the final strength of the piece.

In the present work, two zirconia-based materials were studied, in addition to alumina. Zirconia materials are typically designed to exploit a specific reinforcing mechanism known as "transformation toughening", in which crack propagation is hindered through the transformation of the tetragonal grains into the more stable monoclinic ones. Unfortunately, this transformation can also be triggered by the presence of water, which may progressively lead to surface roughening and micro-cracking, compromising the integrity of the material [20]. This mechanism is referred to as "hydrothermal aging", "Low Temperature Degradation (LTD)" or simply "aging". In the case of composites containing zirconia, aging is generally less rapid than in pure zirconia, in some cases practically inexistent, and its effects are more limited [21][22][23]. However, any process modification, including surface treatments, must be carefully assessed.

In literature, there are several examples of surface modifications that influenced LTD kinetics in zirconia-based ceramics: in some the outcome was positive due to compressive RS [24,25], and in others negative due to cracks on the surface [26]. Therefore, the combined effect of SD and RS would impact differently the behaviour of these materials against LTD and this needs to be evaluated. In addition to this, Whalen et al. [27] reported in 1989 a surface recrystallization after annealing a heavily damaged ground zirconia. According to them, the recrystallization process during annealing transformed the twinned monoclinic grains into more stable tetragonal nano-grains, and this impacted the aging behaviour: the recrystallization layer helped retarding the nucleation process of the LTD. Surprisingly, this study has not received the merited echo despite its fundamental and practical interest: recrystallization is possible for metals, but the amount of plastic deformation at the surface has to be important enough before annealing for short time treatments. This phenomenon could be exploited in zirconia for creating a surface with a lower sensitivity to aging without compromising its mechanical strength.

There is a great deal of works already studying the effects of blasting treatments on strength and fatigue on different zirconia-based materials [24,[28][29][30][31][32][33][34][35]. It was found as well a great number of works dealing with LTD [25,26,36,37]. However, none of the reviewed literature presented a comparison between different materials, their performance and behaviour after a roughening treatment, and the implications of such modification on their long-term stability.

Therefore the aim of this paper was to assess the effect of sandblasting on strength and aging kinetics (when relevant, i.e. in zirconia containing ceramics) and to understand the respective roles of SD and RS (possibly created by plastic deformation and/or tetragonal to monoclinic transformation). To study the individual contribution of each one, polishing (to remove SD) and annealing steps (to remove RS) were included in the sample preparation process. The effect of annealing treatments after sandblasting on surface microstructure and by consequence on strength and LTD were also explored.

Materials and methods

The materials studied in this work were Alumina, 3Y-TZP (Zirconia) and a Zirconia Toughened Alumina (ZTA), provided by CeramTec GmbH (Plochingen, Germany) in the form of sintered bending bars (3 × 4 × 60 mm3). All materials studied were biomedical grade and their properties are condensed in Table 2. 1 The specimens of each material were divided into six groups and were treated as shown in Table 2.2. All samples were ground by the supplier, using a proprietary standard procedure, on which and we had no information. Hence, we labelled this initial state as "As-Received". The polishing step was performed in an automatic polishing machine up to 1 μm of diamond suspension. The sandblasting treatment was performed using 110 μm diameter alumina powder as blasting medium, at a pressure of 2 bar in a 90° angle, a distance of 25 mm and during 10 seconds. We chose these conditions because Chintapalli et al. [37] found they increased the strength of zirconia. The annealing step was performed for 10 min in air, using heating and cooling rates of 5° C/min. A preliminary study was necessary to obtain the final annealing temperature, as we were aiming for the minimum temperature capable of removing the majority of residual stresses without modifying the microstructure and grain size.

Determining the Annealing Temperature to suppress residual stresses

The presence of RS due to polishing or sandblasting is imputable to a localized plasticity below the grinding particles by dislocation motion and t-m transformation in the case of zirconia. This creates an elastic-plastic mismatch when the particles are removed from the surface. Indentation is therefore an excellent tool to investigate localized plasticity and RS, as it induces the same type of RS, although different in magnitude. Indentations were therefore chosen as a model to obtain the annealing temperature capable of suppressing the majority of RS without substantially changing the microstructure.

The method followed is described in detail by Chevalier et al. [38]. Upon indenting a polished surface, a RS field is created around the indentation up to a certain distance. When indenting with secondary Vickers diamond pyramid with lower loads around the initial one at different distances making sure the cracks are aligned in the radial and tangential directions with the macro flaw as the center (Figure 2.1), we will observe that the closer in distance, the shorter the radial cracks and the longer the tangential ones are. This is because the radial cracks are affected by the residual tangential tensile stresses that promote the propagation, while the tangential cracks are closed by the radial compressive stresses. By carefully studying the RS distribution around the initial indentation after different thermal treatments, we can select the temperature that best suits our purposes (i.e. for which the tangential and radial stresses become null). As described by Chevalier et al., one can calculate both the tangential (σT) and radial (σR) RS by measuring the crack lengths in the radial (aR) and tangential directions (aT) of the small indent localized at a certain distance of the macroindentation, and making use of:

𝜎𝜎 𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐾𝐾 𝐼𝐼𝐼𝐼 1-(𝑎𝑎 𝑎𝑎 0 ) ⁄ -3/2 𝑌𝑌𝑎𝑎 1/2 (1)
where a0 represents the crack length at "infinite" distance from the macro indentation (i.e. out of the RS field generated by the indentation), and Y is a parameter that depends on the type of the crack and loading. In this particular case, we are only interested in the evolution of the variable part, as expressed in:

𝜎𝜎 𝑟𝑟𝑟𝑟𝑟𝑟 𝑌𝑌 𝐾𝐾 𝐼𝐼𝐼𝐼 = 1-(𝑎𝑎 𝑎𝑎 0 ) ⁄ -3/2 𝑎𝑎 1/2 (2) 
Hence, we can plot instead σresY/KIc versus distance to the macro indentation.

Four samples for each material were polished up to 1 μm of diamond suspension, and indented with loads of 196 N (20 kgf) in the case of Alumina, and 294 N (30 kgf) in the case of ZTA and Zirconia. After the macro-indentations, three samples were annealed following the procedure presented above and at the temperatures of 600, 900 and 1200° C, for Alumina and ZTA samples. Since Chevalier et al. [38] already proposed the temperature of 1200° C for the 3Y-TZP, in the present work only this temperature was studied for Zirconia.

After the thermal treatment, the samples were indented at different distances of the macro-indentation with micro-indentations of 4.9 N (0.5 kgf) in the case of Alumina and 9.8 N (1 kgf) in the case of ZTA and Zirconia. Before measuring the cracks, the samples were left five days in air at room temperature in a protective box to allow the stable crack propagation to stop.

For the measurement of the crack lengths, an optical microscope (Carl Zeiss AxioPhot) was used with a precision of up to 1 μm.

Surface Characterization

Surface roughness is generally reported using only the Arithmetical mean height of the Surface, Sa. For example, it is often argued that Sa of 1-2 μm is optimal for titanium implants in terms of bone integration. However, as pointed by Wennerberg et al. [39], this sole value is by far insufficient to describe the surface features. Following then the remarks made by Wennerberg et al., the sample surfaces studied in this work were extensively characterized by optical interferometry (OI, Veeco Wyko 9300NT, Bruker, Germany). We focused on four different 3D parameters of diverse nature, as done by Svanborg et al. [40]: one for amplitude (Sa), a spatial one (Sds), a hybrid one (Sdr) and finally a functional one (Sci). Table 2.3 summarizes their definitions. The measurement area was of 150 μm x 150 μm (resolution of 758 x 758 pixels). 

Sds

Summit density, i.e. number of summits per unit area. Summits are constrained to be separated 1% of the minimum X or Y dimension, and found above a threshold of 5% of Sz (maximum height of the surface) above the mean plane.

Sdr

Developed Interfacial Area Ratio represents the ratio of increment of specific surface over the sampling area.

Sci

Core Fluid Retention Index, represent a measure of the volume (for example, of a fluid filling the core surface) that the surface would support from 5% -80% of the bearing ratio. For a Gaussian height distribution, Sci approaches 1.56

The roughness parameters were calculated after applying a robust highfrequency-pass Gaussian filter, with a cut-off wavelength of 10 μm. This numerical filtering allows studying the roughness at different length scales of roughness. A 10 μm filter was selected to approach the typical scale of a cell. For each group, three specimens were studied.

In order to evaluate the presence of surface recrystallization on PASA Zirconia, we performed focused-ion beam (FIB, Nvision 40, Zeiss, Germany) nanotomography analysis (custom hardware and software developed by FIBICS Inc., Otawa, Canada), combining FIB and in-situ Scanning Electron Microscope (SEM) imaging with a voxel size target of 3 nm 3 . The analysis allowed us then to reconstruct 2D orthogonal views of the cross-sections.

Aging assessment

Aging was performed in autoclave at 134° C and under 2 bars steam pressure. The relative amount of monoclinic and tetragonal phase was evaluated through X-Ray Diffraction (Rigaku D/Max-B, Cu KL2,3 radiations) by comparing the areas of the corresponding peaks for the tetragonal (t101) and monoclinic phase (m111 and -111) of Zirconia and calculating the volume content by making use of Garvie-Nicholson equation [41], modified by Toraya [42].

Mechanical Characterization

For the evaluation of the mechanical behaviour, 4-point bending tests (inner and outer spans of 10 and 21 mm respectively) were performed in a universal testing machine (Model 8502, Instron Corp., Canton, USA) in air up to fracture of the specimen, using a constant test speed of 0.5 mm/min. The load at failure was recorded and the fracture strength was obtained through:

𝜎𝜎 = 3𝐹𝐹(𝐿𝐿-𝐿𝐿 𝑖𝑖 ) 2𝑏𝑏𝑑𝑑 2 (3) 
where F is the load at failure, L is the length of the support span, Li is the length of the loading span, b is the width of the specimen and d its thickness.

Statistical tests

The mechanical results were statistically analyzed by means of Weibull distribution, expressed in:

𝑃𝑃(𝜎𝜎) = 1 -𝑒𝑒𝑒𝑒𝑒𝑒 �-� 𝜎𝜎 𝜎𝜎 0 � 𝑚𝑚 � ( 4 
)
where P is the probability of failure, σ and σ0 are the applied stress and the distribution central value and m is the Weibull modulus. The sample population was adjusted to ten samples per condition and material. The probability of failure is evaluated by a ranking approach given by:

𝑃𝑃 = 𝑖𝑖-0,5 𝑁𝑁 ( 5 
)
where N is the number of specimens, and i is the ranking from 1 to N. P is then associated to the corresponding σ by ordering the failure data from the smallest to the largest.

When necessary, data was statistically compared through either t-test or oneway ANOVA, using both a confidence interval of 5% (α=0.05).

Results

Determining the Annealing Temperature to suppress residual stresses

The results from the indentation study are shown in Figure 2.2. In the horizontal axis is represented the distance to the center of the macroindentation, and in the vertical axis the function σresY/KIc expressed in equation (2). To simplify, the values reported by the function are proportional to the residual stresses.

In general terms, tangential stress distributions seemed very scattered and unclear in all three materials. On the contrary, radial stress plots allow discerning the effect of temperature. The higher the temperature, the more the residual radial stresses approaches to zero, even close to the big indentation, as shown by the bottom image of Figure 2.3.

Looking at results, the annealing temperature was fixed at 1200° C for the three materials, as it was the minimum temperature capable of eliminating the majority of RS. This temperature was already proposed by Chevalier et al. [38] for 3Y-TZP, and our results extended it for our Alumina and ZTA samples as well. 

Surface Characterization

Table 2. 4 summarizes the values obtained for each series. PASA and PAS roughness were never significantly different, and therefore are shown in the same line. PA Alumina exhibited a higher Sa and Sdr, and a lower Sds and Sci than ZTA or Zirconia due to the presence of grain pullouts in an otherwise flat surface. This also explains why Sci is particularly low in Alumina: its roughness is far from following a Gaussian distribution and the present voids in the surface belong to the lower heights (i.e. out from the 5 to 80% bearing area).

On all three materials, PAS and S series presented equivalent roughness. However, differences were found between materials. On the one hand, ZTA exhibited the lowest Sa, Sdr and Sds of the three materials in both series, providing a smoother surface compared to Zirconia and especially to Alumina.

The fact that Alumina presented the roughest surface may be explained by its lower toughness, which allowed a higher damage of the surface. Alumina presented as well twice as much specific surface as Zirconia and three times as much as ZTA. The FIB nano-tomography analysis performed on PASA Zirconia showed the presence of a very thin nano-grain layer at the surface up to 150 nm, as presented in Figure 2.4. The recrystallized zone in the surface can be distinguished from the bulk by looking at the difference in grain size: in the bulk, grain size is in the range of 500 nm while at the surface it goes below 100 nm. 

Aging assessment

The accelerated aging kinetic results are condensed in Figure 2.5. The aging evolution in all series of ZTA appears undistinguishable (ANOVA, p>>0.05). In Zirconia, significant differences (ANOVA, p<0.05) were found in all curves, except in PAS and S, which followed the exact same path (t-test, p>>0.05). Interestingly, in PASA Zirconia the increase of monoclinic phase for the first 10 hours of aging was zero, and it seemed to reach saturation at a lower content than 70%, unlike the other series.

Additionally, ZTA and Zirconia presented different monoclinic content from the beginning: while in ZTA monoclinic zirconia phase content departed from around 25%, in Zirconia, the monoclinic content was distributed from 0 to 10%. Moreover, sandblasting increased the monoclinic content on Zirconia, but it did not increase it on ZTA. As shown, each material reacts differently to sandblasting. For the comparisons between series, we focused on the central value of each Weibull distribution, σ0, which corresponds to a value of σ with a 63.2% of probability of failure (Table 

Mechanical Characterization

2.5).

In general terms, ZTA is the material whose Weibull distributions present the least differences. The plots of Alumina and specially Zirconia appear much separated. Indeed, among Zirconia series we can distinguish two separate groups: those samples containing RS (AR, PAS, S, SW) and those not (PA, PASA). No significant difference was found among the samples of the first group (ANOVA, p>0.05), or the ones of the second group (t-test, p>0.05), pointing to the idea that RS are dominant. The thin recrystallization layer in PASA Zirconia did not affect its mechanical resistance.

Regarding the values of strength, the difference between Alumina and TZPcontaining materials is manifest. Zirconia samples almost double and in some series triple the strength of Alumina. ZTA presented values close to those of Zirconia, despite their low content of Y-TZP (around 17% in volume [43]).

Additionally, we observed a decrease in strength in Alumina after sandblasting, both from PA to PAS and from AR to S. In ZTA, sandblasting has not much effect on the strength from PA to PAS, and very limited in the case of AR to S. Zirconia exhibited a large increase in strength from PA to PAS, and a moderated decrease from AR to S. Interestingly, while annealing PAS (to obtain PASA) reduced the strength on ZTA and Zirconia, on Alumina it increased. Finally, 50h aged (SW) ZTA presented a similar strength to as-sandblasted (S), and in Zirconia we observed a slight increase of strength after aging. 

Discussion

Surface Characterization

Roughness results on AR samples will not be discussed. The supplier machined the samples before we could get our hands on, and therefore we cannot know whether the differences observed are linked to different treatment conditions, or different material response. For this reason we decided to take the PA surfaces as "fresh" reference for the comparisons.

The relationship between roughness and in-vivo behaviour (i.e. biointegration) and especially the role of each surface feature is still a subject not fully understood. It is generally accepted that surfaces with Ra or Sa between 0.2 and 1 μm [44,45] promote cell attachment. In addition, Arvidsson et al. [18] concluded that lower Sci values promoted bone-anchoring in vivo.

As a way of giving context to these results, they were compared to the typical values found in commercial dental products: Nanotite ® (Biomet 3i, USA), Tioblast ® and Osseospeed ® (Astra Tech AB, Sweden) [40], WhiteSky ® (Brendent Medical GmbH, Germany) and Zit-Z ® (Ziterion, Germany) [46]. They are condensed in Table 2.6. The comparison puts in perspective the studied materials against commercial surfaces. Apart from Sa, authors and vendors do not usually provide more parameters. This circumstance leads to a poor understanding of surface topography and leaves us only in speculation of how close we are from real products. Besides, the values reported for Zit-Z and WhiteSky are not filtered, and hence they present a higher apparent roughness than filtered PAS Zirconia. This is why we have decided to include the non-filtered PAS roughness results.

This shows that at least, the values of each parameter are comparable to those of commercial products.

Titanium exhibits an overall rougher surface than our ceramic materials, which is comprehensible given the higher plasticity of metals. However, their Sdr appears lower than on PAS, even after having filtered them. This could reflect the more brittle nature of zirconia materials. In order to reach the roughness levels of titanium we should have had to increase the intensity of sandblasting, which might had been acceptable for zirconia and ZTA (in view of the fracture properties shown on Figure 2.6), but would have clearly compromised the integrity of Alumina.

Aging assessment

The fact that all series of ZTA appeared undistinguishable could be related to the higher stability of ZTA against LTD in comparison with pure 3Y-TZP [47]. Surprisingly, all type of samples started with the same amount of monoclinic phase, even PA and PASA. The reason could probably be that in ZTA, after the thermal treatment and during cooling, internal stresses arise from the difference of thermal expansion coefficients between zirconia and alumina phases, and this mismatch could be triggering the tetragonal to monoclinic transformation, even if at high temperature during annealing there is no monoclinic phase.

The absence of phase transformation after sandblasting was not expected either.

Assuming the alumina phase is under compressive RS while zirconia is under tensile ones, this result may be explained by RS related to thermal expansion coefficients mismatch being much higher than the stresses brought by sandblasting.

In Zirconia, the aging kinetics were more dependent on the treatments. AR, PAS and S series all present a significant initial monoclinic phase, due to the machining and sandblasting mechanical treatments. This initial monoclinic content is removed by the annealing treatment (PA and PASA).

Aging resistance can be influenced by two microstructural parameters: grain size and RS. Lower grain size is generally associated to higher resistance to ageing [48,49]; internal compressive RS may oppose to the grain volume increase during the t-m transformation, and thus delay or suppress ageing [23][24][25]41,50,51]. Our results were perfectly coherent with the known literature on the subject.

In PA Zirconia, the annealing step removed all the internal compressive RS, and as shown in Figure 2.5, the monoclinic content in PA Zirconia immediately rose within the first 5-10 hours of aging, being largely the first to reach saturation. This shows that having compressive RS (such as the ones deriving from sandblasting) helps retarding LTD.

PASA Zirconia had no more compressive RS, so according what it was exposed previously it should display behaviour similar to PA. However, its resistance to aging was much higher. The reason for this higher resistance to aging was associated to the layer of recrystallized tetragonal nano-grains, formed during the second annealing, as shown in Figure 2.4 and as reported by Whalen et al. [26]. Since the LTD process follows a cascade of propagating events since the first nucleation [52], retarding the apparition of the first monoclinic grains enhances the material resistance to aging. Kosmač et al. [23] also observed partitioned tetragonal grains that provided some resistance to LTD on ground and annealed Zirconia. However, once the degradation reached normal-sized deeper grains, at about 20 to 50 hours, it went as fast as PA Zirconia, because neither of them presented internal RS.

Additionally, the reason of PAS Zirconia for not reaching saturation at the same level as the others could be attributed to the fact that the XRD technique is more sensitive to the surface than the bulk. Degradation happened not because all the tetragonal nano-grains transformed on the surface, but because some did and allowed water through the cracks [35]. This means that even in saturation, some tetragonal nano-grains remain on the surface thus decreasing the measured monoclinic content.

AR, S and PAS series presented delayed ageing kinetics as compared to PASA and PA series, due to the presence of important compressive RS. S and PAS series exhibited identical behaviour probably because the selected sandblasting treatment was sufficient to remove and 'rewrite' the previous surface states. AR series aged a bit faster, probably because of less intensive compressive RS.

Mechanical Characterization

We can safely assume that PA contained no RS after annealing, and at least for ZTA and Zirconia, that the critical defects are intrinsic (i.e. not caused by the surface treatment). In the case of Alumina, the grain pullouts caused by polishing across its surface represent important extrinsic defects (i.e. induced by the surface treatment). However, it presented no statistical difference with PASA (ttest, p>>0.05). This means that both have statistically equal critical-defect sizes without the influence of any RS, which implies that these defects are intrinsic.

Following the same argumentation with ZTA and Zirconia, we can assume that PASA contained no RS but they did present SD resulting from sandblasting. In comparison with PA, only ZTA presents statistical differences (t-test, p<0.05), which points to extrinsic defects as the ones responsible for the failure of the samples.

PAS presented the same kind of SD as PASA, but it also contained RS. It is arguable that the critical defects in PAS would be of the same kind as in PASA,

given that now we have to consider the effect of RS. And there certainly seems to be differences between Alumina and TZP-containing materials: despite the unknown nature of defects, we could estimate an effective value of RS on each material by simply subtracting central values of PAS and PASA, yielding an effective tensile stress of 96 MPa for Alumina, and compressive effective stress of -108 and -405 MPa for ZTA and Zirconia respectively. The fact of having a weakening effect of RS on Alumina while strengthening on ZTA/Zirconia requires a more dedicated discussion that we will address in a separate section.

S series of Zirconia and ZTA presented no statistical difference (t-test, p>0.05) with their respective PAS series. Therefore, we shall conclude that their critical defects must be of the same type. While ideally the role of RS in S samples should have been compared to a hypothetical sandblasted-annealed surface (following the same terminology "SA"), our limited resources encouraged us to rather focus on PA, PAS and PASA. However, if we accept S and PAS are not significantly different from each other, for the comparisons with S we could use PASA instead.

If we did so, we would find that albeit the calculated RS in Zirconia for S and PAS were equal, in S ZTA they were significantly higher (t-test, p<0.05) than the ones in PAS (-150 vs. -108 MPa). This could be interpreted as a consequence of the different origins of S and PAS: S was obtained from AR, which contained RS; PAS was obtained from PA, which did not. This could mean either that we have smaller SD in S (due to the pre-existent compressive RS, which minimized the damage), that the sandblasting increased the compressive RS by merging with the pre-existent RS, or both.

Alumina presented a very small but statistically significant difference between S and PAS (t-test, p<0.05). This could be understood in the same way as in ZTA. Sandblasting increased the RS in S, but as we have seen before, the higher fragility of Alumina did not allow it to accommodate RS as well as on TZPcontaining materials, eventually weakening Alumina. The difference between S and PAS also meant that it was not possible to conclude with certainty whether or not that the intrinsic defects are the ones responsible for failure, which prevents us from estimating RS in S in comparison with PASA.

AR samples contained SD and RS strictly related to the grinding performed by the supplier. Their comparison to PA reveals that grinding induces a higher bending strength through compressive RS, and despite the creation of SD.

Although we lack information of their performance after annealing, we can safely assume intrinsic critical defects, since the AR surfaces are not rougher than S. The presence of highly compressive RS in all three materials is the reason why AR samples were the strongest among all series studied.

Finally, the effect of LTD on the flexural strength was investigated on Zirconia and ZTA by comparing S and SW. In both ZTA and Zirconia, differences between the two conditions were very small, pointing to the fact that even long times of accelerated aging were not sufficient to compromise the mechanical properties.

In both cases, the increment of monoclinic content was around 10% in volume.

ZTA presented a statistically significant (t-test, p<0.05) loss of strength of 7%. The explanation to this is probably multifactorial, but the exposition to LTD could have forced the t-m transformation on the SD crack tip, inducing more RS and possibly extending the existing crack. In fact, we calculated the critical defect size (ac) as:

𝑎𝑎 𝐼𝐼 = 1 𝜋𝜋 � 𝐾𝐾 𝐼𝐼𝐼𝐼 𝜎𝜎 0 � 2 (6) 
and we obtained 7.6 and 8.6 μm for ZTA S and SW respectively. Hypothetically just two or three transforming zirconia grains would be enough to account for the 1-μm difference. However, given the speculative nature of these arguments no conclusions can be sustained beyond reasonable doubt.

In Table 2.7, we present a summary of the conclusions extracted from the comparisons between series. 

On the different effective residual stresses after sandblasting

Let us assume that the distribution of intrinsic defects present in all three materials is equivalent, and we accept that the critical defect responsible for the failure of Alumina and Zirconia is intrinsic, and for ZTA extrinsic. Given the different bulk properties of each material, their response to sandblasting and the distribution of RS that is generated due to the treatment is hence difference. Our hypothesis is that in PAS Alumina, there is a bigger volume of material under tensile RS, in comparison with Zirconia, where the RS distribution may be more localized and smaller volume under tensile solicitations. The bigger the tensilestressed volume, the higher the probability of having a big defect with potential of becoming critical, and hence the lower the fracture strength. A graphical representation of this idea is shown in A future work will aim at quantifying the RS versus depth, to understand the mechanisms governing this phenomenon in each material and confirm the hypothesis schematized in Figure 2.7.

Conclusions

The results obtained can be summarized as follows:

1. The materials reacted differently against the same sandblasting treatment. The higher fragility of Alumina led to grain pullout and thus a rougher surface in contrast to the tougher ZTA and Zirconia, which presented a generally smoother surface.

2. Residual stresses are dominant in comparison with surface defects regarding their effect on mechanical properties and aging behaviour. Surface defects were of less importance than intrinsic ones except in ZTA, where they did show a significant influence reducing its flexural strength.

3. In Alumina, residual stresses associated to sandblasting weaken the material, while in Zirconia and ZTA they significantly reinforce it.

Effective tensile stresses are calculated in Alumina, while they are compressive for ZTA and zirconia. The actual mechanisms governing this phenomenon are still hypothetic and should be studied to optimize residual surface stresses.

4. Annealing sandblasted Zirconia generates a layer of recrystallized nano-grains of tetragonal phase, which constitutes an effective shielding against LTD. Such recrystallization was not observed in ZTA, whose aging performance seems not to be affected neither by surface roughness nor the presence of treatment-induced RS.

Glossary

ZTA: Zirconia-toughened alumina TZP: Tetragonal zirconia polycrystal AR: As-received PA: Polished, Annealed PAS: Polished, Annealed, Sandblasted PASA: Polished, Annealed, Sandblasted, Annealed S:

As-received, Sandblasted SW: As-received, Sandblasted, Aged for 50h in autoclave at 134º C FIB: Focus-ion beam SD:

Surface defects RS:

Residual stresses LTD: Low thermal degradation 

EFFECT OF PROTEINS

Introduction

In orthopedics, wettability has always been associated to tribology and the ability of the bearing to remain lubricated. However, the lubrication process in a bearing implant (such as in total hip or knee arthroplasty) is a complex phenomenon. Two model regimes of lubrication in artificial joints have been proposed for hard-on-hard bearing couples, as described by Myant et al. [1]: elastohydrodynamic film lubrication and boundary lubrication, depending on the formation or not of a fluid film in-between the two surfaces of friction. Additionally to these accepted regimes, proteins and other species present in the synovial fluid are involved in lubrication, becoming especially important in the boundary regime as potential lubricants [1]. In particular, it has been discovered that proteins (especially those with the highest molecular weight) help lubrication by avoiding surface-to-surface direct contact [2][3][4]. For example, Liao et al. [2] observed that using a modified serum lacking high-molecular-weight proteins as lubricant in a hip-joint simulator, it produced a much higher wear rate than control serum. A similar result was reported by Myant et al. on metalon-metal joints [4]: for globulin-based lubricant wear was negligible, whereas for bovine serum and albumin-based lubricant important wear damage was found (globulin presents a much higher molecular weight than albumin).

Unfortunately, wettability plays a yet-to-understand role in lubrication [5,6]. For instance, it may affect the available content of lubricant in the contact zone. In 1998, Borruto et al. [5] studied the effect of wettability on lubrication by pairing different materials with different wettability in a pin-on-disc tribometer, under dry conditions and using oil and water as lubricants. Inspired by this work, in 2011 Pawlak et al. [6] repeated the same kind of experiment on different materials, arriving to the same conclusions: best tribological performance (lowest friction coefficient) was obtained when pairing a hydrophobic disc against a hydrophilic pin. The accumulation of the lubricant under the hydrophilic pin, and the repulsion of it by the hydrophobic sliding disc were responsible for the enhanced lubrication. However, these results can hardly apply to ball bearings without further research given the complexity of lubrication in the typical hip simulator or the natural gait cycles in-vivo.

Regarding the proteins, according to Wang et al. [7] many factors can affect the adsorption of proteins on a surface, including wettability. The adsorption is primarily determined by the properties of proteins, the properties of substrate and media, and the protein-substrate interaction. For instance, hydrophobic surfaces show better bovine serum albumin (BSA) adsorption affinity [8,9]. According to Jachimska et al. [8], contact angle is very sensitive to the degree of protein adsorption on a solid surface. The cause of all these phenomena is given by the heterogeneous surface of proteins [7] and substrate: they will present different regions (polar, unipolar, positively charged, negatively charged, etc), and this will allow them to interact differently. The result of this interaction is that proteins may assemble differently on each surface depending on the favorable orientations, and that resulting wettability may as well be affected [8].

However in-vivo bearing surfaces will rarely be exposed to just proteins. Typical composition of synovial fluids include hyaluronic acid, lubricin, proteins and an assortment of other substances, which keep its viscosity high to reduce friction between the articular cartilage of synovial joints during movement [10]. Additionally, in-vitro simulations often use serum as lubrication medium [3,11]. This all means that lubrication is studied with a multi-component medium, where some of its components will adsorb on the bearing surface, and this circumstance will inevitably change the original wettability of the surface.

In general terms, contact angle represents the macro-scale effect of interactions that take place at the atomic level between the molecules of the surface, the liquid and the environment. Any other species on the surface will change the surface energy and affect the interaction. Hence, the preparation of the surface has a critical impact on the measurement and it is impossible for the operator to distinguish "bad" results from "good" results without previous experience and without valid values of reference. A good example is found in literature [12] when in 1964 it was attempted to obtain the wettability of pristine gold surfaces. The impossibility to distinguish between pristine and contaminated measurements derived in accusations and counter-accusations of hydrophobic/hydrophilic contamination between two research groups. The confrontation remained until 1970 with a new work that found a contact angle of zero under conditions designed to eliminate all sources of contamination.

In the absence of any contamination, the great majority of scientific evidence [12][13][14][15][16] points to the superhydrophilicity of metallic oxides (i.e. complete wetting, contact angle zero). But due to the omnipresence of hydrocarbon contamination, this clean state is metastable. To illustrate this, Preston et al. [14] plotted the wettability of water on different oxides versus the content of carbon on the surface, obtained by XPS. The plot is reproduced in Figure 3.1. The trend shows that the less carbon content (related to hydrocarbon contamination), the lower the contact angle in the equilibrium, being the limit at zero. In other words: in metallic oxides, carbon contamination raises the water contact angle from the initial superhydrophilic state. 

. Comparison of experimental data from Preston[14] to previously results for equilibrium contact angle as a function of surface atomic percent carbon (Source: Preston et al., 2014).

Among all the papers reviewed for this study, many different techniques have been reported to have an effect on such hydrocarbon layer at the surface. One of the most interesting mentions was the use of gamma irradiation [17], where researchers studied the effect of the treatment on the wettability of a fresh oxidized surface of Zircaloy (i.e. the surface is pure zirconium oxide). They observed an important decrease of the contact angle after the irradiation, especially when it was performed with the surface immersed in deionized water. The reason for this cleaning effect was attributed to the production of radicals and highly reactive species through radiolysis of water [17][18][19]. Although gamma irradiation as sterilization step is performed in vacuum, there are chances of radiolysis of the trapped air, which could potentially neutralize organic contamination present in the surface [17], and this needs to be evaluated.

In summary, wettability measurements are dramatically affected by surface contamination. In some occasions researchers use different cleaning methods regardless of their ability to remove such contamination [11,[20][21][22], underestimating or even ignoring its possible influence. With the objective to investigate the scope of this perturbation, in this work we first evaluated the ability of each presented cleaning protocol to remove contamination, and its effects on contact angle wettability on flat samples. Once selected the best cleaning protocol, we studied the wettability on curved surfaces (hip ball heads), and the effect of gamma irradiation as a post packaging procedure. Finally, we exposed the samples to solutions of serum and investigated the effect of the adsorption of proteins and other substances on wettability.

Materials and methods

The studied samples were provided by CeramTec GmbH (Plochingen, Germany), and consisted of cylinder-shaped pellets of Ø18 mm and ball heads of Ø28 mm, Ø32 mm and Ø36 mm of BIOLOX ® delta (Delta), BIOLOX ® forte (Forte) and Cobalt Chromium Molybdenum (CoCr) (ISO 5832-12). All samples (both pellets and ball heads) were polished to comply with ISO 7206-2:2011, which stipulates that ceramic ball heads must present an average roughness (Ra) of no more than 20 nm. Static and dynamic contact angle measurements were performed in a goniometer (DSA25, Krüss, Germany) equipped with an automatic drop dispenser using de-ionized water, and the images were analyzed using Krüss DSA4 proprietary software. All measurements were performed using 1 µL as the drop volume, and in a closed room where temperature and relative humidity was kept reasonably constant at 23 °C (±3) and 39 % (±7) of relative humidity. The cleaning procedures used in this work are summarized in Table 3.1. 

GS

The samples were cleaned as PC, kept in sealed plastic bags for 5 days and sterilized under gamma irradiation with a dosage of 27-28 kGy.

GS+Al

The samples were cleaned as PC+Al, kept in sealed plastic bags for 5 days and sterilized under gamma irradiation with a dosage of 27-28 kGy.

Selection of cleaning protocol

The presence of surface contamination is a source of surface heterogeneities, and contact angle hysteresis increases with amount of surface heterogeneities [23].

Hence, on equally mirror-finish polished surfaces, the cleaning method providing the lowest hysteresis is the one capable of removing the highest amount of contamination [24].

The evaluation focused on cleaning protocols typically used in laboratory (NoC, EthUS and EthUS+W) and compared them with typical cleaning protocols used at industrial scale (PC, PC+Al, PC+EthW). To avoid any effect of shape, only flat pellets were used.

We used one sample per condition, and each surface was tested at least at five different locations amid its area, making sure not to test the same spot twice.

Contact angle on curved surfaces

Wettability of ball heads was assessed by placing the water drop in the apex of the sphere and manually fitting the baseline to the curvature of the surface. In this part, we performed only quasistatic analysis due to the difficulties of measuring the receding angle, which in some cases coincided with the curvature of the test surface. Through image analysis, the software automatically calculated the angles assuming the deposited drop was perfect sphere [25]. Each surface was statically tested at least at eight different locations amid its area.

Effect of gamma irradiation

Ball heads cleaned as GS and GS+Al were sterilized in their sealed plastic bags according to current standards (DIN EN ISO 11137, as of March 2015) by an external service, which followed all safety standards and measures. All samples were kept in the same sealed bags until the moment of testing. The results of contact angle made on GS and GS+Al were compared to the ones obtained for PC and PC+Al to investigate the effect of gamma irradiation on the wettability of packed products.

Organic solvents, NBCS exposure and incubation

In order to study the effect on wettability of the serum adsorption films, some ball heads were incubated at 36° C for 30 min in diluted solutions containing Newborn Calf Serum (ISO 9001:2008, Biochrom AG, Germany). The concentration of the incubation environment was estimated in the range of 0.30 -0.35 g/L. After the incubation time, the surfaces were rinsed with deionized water and dried with a stream of N2 gas prior to the measurement. To verify the effect of the presence of adsorbents, "blank" incubations were performed and taken as reference. They consist of the same procedure at 36° C for 30 min, but only using deionized water as liquid medium. We studied as well the effect of the use of different cleaning procedures (PC, PC+Al, PC+AcetW, PC+IsopropW) prior to incubation on the contact angle of samples. Differences in results would be related to a different adhesion distribution, affected by the different surface preparation treatment.

For this, three different series were prepared: "Pristine" (i.e. as cleaned and no incubation), "Without Serum" (i.e. after incubation without serum) and "With Serum " (i.e. after incubation with serum). For each series, four groups were distinguished regarding the way they were cleaned. We used five ball heads per cleaning condition and each surface was tested at least at eight different locations amid its area, making sure not to test the same point more than once (a total of 40 drops per material and condition).

Statistics

Statistical analysis was performed using StatPlus (AnalystSoft Inc., Alexandria, USA). When necessary, data was statistically compared through either t-test or one-way ANOVA, using both a confidence interval of 5% (α=0.05). The results in this work are presented in the form of column plots where the value being plot is the arithmetic mean of a data population and the error bars represents two times the standard deviation of that population. Despite the higher variability in the measurements of contact angle hysteresis, the three materials exhibit a very similar wettability after each cleaning treatment, especially between Delta and Forte. The plots show a similar tendency in both parameters, presenting an overall decrease in the quasistatic value as the hysteresis lowers.

Results

Cleaning protocol

Effect of gamma irradiation

Results of the effect of gamma irradiation are summarized in Figure 3.3, where we compared the wettability of samples before and after storage and exposition to radiation. An overall increase in the contact angle is perceived on all surfaces after gamma exposition, except on CoCr under aluminum foil, which decreased.

The effect is much more intense from PC to GS, than from PC+Al to GS+Al. 

Cleaning protocol

Results evidenced a strong influence of the cleaning protocol on the wettability of studied materials, ranging from 26° to 93°. For each material, the lowest hysteresis was found on PC+Al surfaces. Additionally, hysteresis in Forte presented no statistical difference between PC and PC+Al. In general terms, these results mean that PC+Al managed to eliminate the majority of heterogeneities from the surface.

The difference between PC and PC+Al can be related to the potential exposition to contamination while storage. While the aluminum foil protected PC+Al samples, PC surfaces were always in contact with the plastic bags and this interaction contaminated them in an uncontrolled way.

EthUS surfaces exhibited the highest quasistatic angles. They were even more hydrophobic than NoC samples and they presented very high values of hysteresis as well. Hence, the immersion of the surface in ethanol left traces of solvent, and this provided an imperfect cleaning.

An interesting effect was found after wiping with an ethanol soaked tissue: although it still tent to level the values of quasistatic angle as happened with ethanol in ultrasonic bath, rubbing the surfaces with an ethanol soaked tissue lowered their values. This was especially evident in the case of EthUS vs EthUS+W and it means wiping possibly removed an excess of adsorbed ethanol from the surface.

Finally, very similar wettability was found between PC+EthW and EthUS+W, especially on Forte (t-test, p>>0.05). This circumstance supports the idea that even if wiping removes remainings of ethanol in EthUS, it still left traces on PC+EthW. The effect on PC is observable by comparing PC and PC+EthW. The abrupt change experimented by Delta and Forte can be explained by solvent contamination from the wiping.

Effect of gamma irradiation

Gamma irradiation has enough energy to break chemical bonds and create free radicals [17][18][19]. Depending on the dosage, radiation can even affect the structure of polymeric materials [26], and this is why a detailed history of sterilization is kept for multi-use components. Assuming that the vast majority of contamination present in the surface is related to carbon derivatives, gamma irradiation could also remove part of it by creating reactive species that would oxidize the adsorbed organic molecules [27].

However, results did not seem to support this hypothesis: no dramatic decrease in angle was found after gamma irradiation. According to previous results, PC presented higher angles than PC+Al because PC lacked the "extra" protection provided by the aluminum foil against contamination from the package. The higher contact angle observed on GS can only be attributed to contamination from the package during a longer storage time (5 days).

To isolate the effect of gamma irradiation, we can compare PC+Al and GS+Al. Delta presented no statistical difference while Forte described a slight increase in angle (p<0.05, t-test), and CoCr an undeniable decrease. Although the comparisons between Delta and Forte are statistically significant, the increase in Forte is minimum (4°) and could be put on the same level as Delta. Consequently, the protection of aluminum foil in PC+Al and GS+Al samples is the solely responsible for the lesser difference of Forte and Delta contact angles, in comparison with PC and GS.

In CoCr, the decrease in contact angle may point to a possible cleaning effect. Generally, CoCr exhibited the highest angles in all the series we evaluated. However it should theoretically present a similar wettability to Delta and Forte given the existence of a fine layer of chromium and molybdenum oxide on top [28]. One possible cause of the poorer wettability of CoCr could be a higher tendency to get contaminated. According to Takeda et al. [15], the higher OH density on the surface of a metal oxide, the higher its tendency to adsorb organic contamination from the atmosphere. In literature, we found different OH densities for CoCr: 2-5 nm -2 [21], and around 13 nm -2 [29], for alumina 14-19 nm -2 [30] and 15 nm -2 [29], and for zirconia 3-6 nm -2 [31]. These values are very similar to each other and they cannot justify the different behaviour observed in CoCr. Therefore, we conclude that these differences are most likely due to different requirements of CoCr in terms of cleaning. This would also explain why in Figure 3.2, PC+Al CoCr presents the lowest hysteresis and equivalent contact angle to Delta and Forte: when surface contamination is contained, CoCr presents a more similar wettability to Delta and Forte.

Moreover, the use of aluminum foil in a package system may in principle represent a barrier against gamma irradiation used for sterilization. However, having estimated the irradiation attenuation of a 25 µm thick layer, we conclude that the attenuation is inexistent (>99.9% is transmitted).

Organic solvents, NBCS exposure and incubation

When the surfaces were wiped with organic solvents after being cleaned as PC, we found a decrease of the contact angle in comparison with PC (Figure 3.4a). This decrease can be related to the removal of contamination from the plastic package. In comparison with PC+Al, Delta and Forte presented a slightly higher contact angle. If we assume that in PC+Al contamination levels are minimum, the loss of wettability after exposure to organic solvents would be the consequence of a possible contamination from the solvent itself.

Contrary to ceramics, both PC+AcetW and PC+IsopropW CoCr presented a statistically equivalent wettability to PC+Al (t-test, p>0.05, in both cases). These results are consistent with the previous presented results and confirm the deficient performance of organic solvents as cleaning method.

More evidence of this is found in Figure 3.4b, where we plotted the results of contact angle taken after immersion of the surfaces in deionized water in the same conditions as the incubation with serum. While all samples were dried with a dry nitrogen gas stream before being tested, if affinity for water is high enough, some adsorbed molecules of water may remain at the surface [32,33]. In the plot, PC+Al Delta and Forte stand out from the rest of the columns exhibiting very low contact angles, evidencing a higher interaction of water with the surface of the ceramics. PC+Al provides the best cleaning state (the surfaces present the lowest hysteresis and hence the less amount of contamination), and the water molecules interact better with the surface, possibly forming H-bonds with the oxide, as schematically represented in For each condition tested, all materials tended to level to the same angles after the incubation, blurring the pre-existing differences. However, each condition tested leveled to a different angle, even though all have been exposed to the same kind of serum solution. On the one hand, PC+Al approached to 45°, and had the lowest standard deviation. Being serum an assortment of proteins, complex lipids, vitamins, minerals and other substances, this result may be indicative of a homogeneous distribution of adsorbents in the surface. On the other hand, PC+IsoporpW clearly approached to 60°, exhibiting a higher standard deviation. No statistical differences were found between the three materials after incubation in serum (ANOVA, p>0.05). The reason for the difference with PC+Al may be that the adsorbents from the serum are attaching differently (i.e. using different zones for the adhesion and hence exposing different zones to the exterior) due to solvent traces in the surface. This may also explain the higher standard deviation, given that the presence of solvent traces represents a source of heterogeneity.

PC and PC+AcetW exhibited angles somewhere in the range of 50°, although in the later the extreme variability complicated any analysis. The large standard deviation registered for PC+AcetW Delta was caused by the apparition of two groups of data: one that approached to 35° and another that approached to 58°, as shown in Figure 3.6. In the case of Forte and CoCr, this phenomenon was observed with less intensity and only after incubation without proteins. This may be related to the fact that surfaces cleaned with acetone have a less controlled amount of contamination in the surface. 

Conclusions

In the present work, we have studied the influence on the water contact angle of different surface preparation procedures, typical packaging solutions and protein adsorption through incubation in diluted calf serum. The main conclusions can be summarized as follows:

1. The usage of organic solvents to prepare samples for wettability assessment is heavily discouraged in any form, neither in ultrasonic bath, nor wiping with clean tissue afterwards. We found higher angle hysteresis pointing to not-removed traces of solvent in the surface of the samples, resulting in higher and abnormal contact angles.

2. Even without organic solvent usage, surface wettability is constrained by the amount of adsorbed hydrocarbon contamination on it. The cleaning procedure for any surface study should put the focus on the removal of any contamination from the surface, including these adsorbed species.

For this, XPS analysis can be used in a first instance to ensure no traces of solvents remain in the surface. Once the presence of other contaminants has been ruled out, contact angle measurements could be used to study qualitatively the amount of hydrocarbon contamination.

3. Storage conditions have a potential contaminating effect. It is recommended to keep the surfaces in a closed atmosphere-controlled environment and avoid direct contact of the surface to plastic bags and packages. As it was already proposed in literature [34,35], aluminum foil may be used to preserve pristine surfaces from contamination.

4. Gamma irradiation as sterilization procedure has a negligible impact on the wettability of the studied materials. The higher angles found after sterilization are explained by hydrocarbon contamination from the package.

5. Exposition to serum in diluted solutions has an impact on wettability. The adsorption of serum components follows the same mechanism as contamination, including proteins: the original pristine surface is masked by layers of different adsorbed substances, and this "new" surface would be the one to interact with the water drop during the wettability test.

6. Our results showed that the wettability of a surface exposed to serum is independent to the actual composition of the material among the samples studied, but it is somewhat dependent on the cleaning procedure they followed.

7. The set of experiments presented here had for main goal to ascertain the efficiency of cleaning procedure. The results should not be extended to wettability in vivo by synovial fluid, since the wettability by this fluid will not be the same as the wettability by water.

EFFECT OF SURFACE CHEMISTRY

Direct silanization of zirconia for increased biointegration
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Introduction

The global medical ceramics market is projected to be worth USD 16.3 Billion by 2020, registering an expected mean annual growth rate of 6.4% between 2015 and 2020 [1]. Among the medical materials, structural ceramics, such as zirconia, are projected to be the largest and fastest-growing type of medical ceramics between 2015 and 2020, as the demand in end-use applications is growing rapidly [1]. Typical applications of these materials are dental and orthopedic bone-substitution implants. In these cases, materials are required to withstand high loads and fatigue, as well as resisting any degradative or corrosive attack by physiological fluids. Furthermore the implant should not alter the composition of tissues or plasma during their life-time [2].

These materials are considered as 'biologically inert'. This means that when implanted, they do not initiate any negative reaction to surrounding biological tissue. However, this feature also hampers osseointegration: since bone cannot naturally grow on their surface [3], other means of fixation are necessary, such as cements or metallic shells. One typical strategy to improve a direct fixation of ceramic to bone is to add roughness to the surface at different scales [4][5][6]. This not only helps implant fixation through mechanical interlocking mechanisms, it also promotes bone ingrowth and a more natural way of osseointegration [7].

However, not all kinds of roughness have the same effect [4], and its true key parameters are still under debate [6]. Increasing the roughness of ceramic implants appears as promising and it is already developed at a clinical level, especially for dental implants [8,9]. However, even if it is overall positive, the main issue with roughening a surface is twofold: on the one hand it can decrease the mechanical properties of the implant [10][11][12] especially as far as ceramics are concerned, and on the other it can provide the perfect host substrate for bacterial adhesion and biofilm formation [13].

A way to avoid this is to control the chemical interaction of proteins and cells with the substrate. Since the conception of Self-Assembled Monolayer (SAM) in 1946 by Zisman [14], chemists have developed different techniques of surface modification based on the molecular adsorption and self-organization of molecules on the surface. These molecules typically present a "tail" that binds to substrate, a "body" that is usually hydrocarbonated, and a "head", which is pointing away from the substrate and left free to interact with the environment. The body can present variable length. Chemists wield a fine control of the chemistry of the new surface by carefully tailoring head, body and tail groups of the constituent SAM molecules to the specific needs. One of the techniques encompassed in surface modification through SAMs is silanization. It uses organofunctional alkoxysilanes as the adsorbing molecules and it requires the presence of hydroxyl groups (OH) on the substrate, which typically is silica. The formation of the bond is schematically described in The ability of silanization to modify the chemistry of the surface exhibits potential to be used in medical devices in vivo, as others have suggested [15][16][17][18][19][20].

The scale difference between molecules and cells implies that the biological environment is only concerned by the head group of the assembly. Thus the density should be high enough to 'mask' the substrate. By comparing carboxyl and methyl as head group, researchers observed high cell adhesion and growth on carboxyl-terminated SAM, while on those methyl-terminated cells exhibited rounded and clustered morphology, and in general poor adhesion capabilities [21][22][23]. Others have used amine-terminated SAMs on silica or gold as substrate, and compared them with carboxyl, methyl, hydroxyl and other groups (e.g. PEG or vinyl) [24][25][26][27][28][29]. They found that amine and carboxyl groups promote cell adhesion and spreading in contrast to methyl and hydroxyl, and regardless of the substrate (silica or gold) [24][25][26][27][28][29]. Additionally, researchers have investigated calcium phosphate nucleation and precipitation on these SAMs. They obtained dense and uniform precipitates after seven days, thereby supporting the possibility to be used as substrate for bone tissue [30]. The adduced precipitation mechanism consisted in an initial nucleation of the Ca 2+ ions the surface, followed by the adsorption of the phosphate ions.

The use of silanes for oxide modifications is widely reported [31][32][33]. However on biological studies it is mostly limited to silica, although attempts have been made on other substrates such as titanium or alumina [26,[34][35][36][37]. To our knowledge, there was only one study reporting the silanization on zirconia particles for chromatographic applications [38]. The main disadvantage of zirconia versus silica is the lower density of surface OH. In order to silanize a surface, silanes need to interact with the OH on the substrate and use them as anchor points. A possible strategy is the coating of zirconia by a silica layer similarly to the work of Schickle et al. [36,37]. They coated their initial alumina substrate with silica through Physical Vapor Deposition (PVD). While PVD allows thin depositions, in this case the stability of the SAM relies upon the ability of such coating to remain attached to the material. The use of SAMs on implants to improve osseointegration necessitates a stable and permanent attachment. In this work, we were therefore willing to explore the direct silanization of zirconia with the use of O2 plasma to promote hydroxylation of the surface both through ion implantation and through exposure to ambient moisture and water immersion.

Zirconia materials for biomedical applications are typically designed to exploit a natural toughening mechanism present within its structure, known as "transformation toughening": metastable tetragonal grains retained after sintering can transform to the more stable monoclinic phase when mechanically solicited. The transformation is accompanied by a volume expansion due to the structural change, generating compressive stresses that hinder crack propagation. However, this becomes as well their main disadvantage because the same transformation can be triggered by the presence of water, through a nucleation and growth mechanism [39]. This process is referred to as "hydrothermal aging", "Low Temperature Degradation (LTD)" or simply "aging". Although LTD can be mitigated thanks to the advance development of new formulations to stabilize the structure, a modification such as the one presented in this paper could influence somehow its resistance to LTD, and this needed to be evaluated.

Therefore, in this work we aimed at developing a method to allow direct silanization on zirconia without the need of coatings. For this, we attempted silanization on polished and plasma-cleaned samples of zirconia. The samples were characterized, mechanically tested and their resistance to LTD was analyzed to check for changes related to the modification. Finally, functionalized zirconia was evaluated for osteoblast cell growth.

Materials and methods

Sintered discs of medical grade Yttria-stabilized Tetragonal Zirconia Polycrystal (Y-TZP) Nacera ® Pearl were bought from DOCERAM (MOESCHTER Group, Dortmund, Germany) (Table 4.1) measuring ∅20 mm and 1 mm thickness. The samples were obtained by conventional ceramic technology (cold isostatic pressing, followed by sintering at 1550°C for 2 hours, to achieve more than 99% of theoretical density). They were all polished in an automatic polishing machine up to 1 μm of diamond suspension prior to any treatment or test. Three types of samples were prepared, summarized in Table 4.2. After polishing, the samples for PC, PC H2O and PCS series were first ultrasoniccleaned in isopropanol and afterwards subjected to plasma cleaning using O2.

Only the polished face of each sample was plasma-cleaned. We used a NGP 80 Reactive Ion Etching system (Oxford Instruments, UK) to generate the O2 plasma of 100 W for 5 min, under 100 mTorr of vacuum pressure. The plasma power and chamber vacuum were selected to ensure the quality and stability of plasma during the cleaning. Regarding the duration of the treatment, De Ridder et al. [40] studied the cleaning effect of atomic oxygen and acknowledged that treatments longer than 5 min did not lead to a cleaner surface.

Since the hydroxylation of the surface would happen upon the exposure to ambient moisture, we hypothesized that we could increase the rate of hydroxylation by immersing the samples in deionized (DI) water, immediately after plasma cleaning. Thus, we took fresh PC samples and immersed them in DI water for 4 hours, and we labeled the group as "PC H2O". Prior to silanization, all glass and Teflon ® equipment was washed with fresh Piranha solution (H2SO4/H2O2, 7:3, v/v) for 10 min, rinsed with DI water and dried at 110° C. To ensure absence of water in the environment, the plasma cleaned samples for PCS group were placed inside the reactor and left for 2h under a stream of dry N2 at 147° C. The silanization was performed under controlled conditions in pentane, dried with molecular sieves. Amino propyl dimethyl ethoxysilane (APDMES) was added to pentane, to a final concentration between 0.06% and 0.6% (v/v) and allowed to react at room temperature under stirring for 1 h. Pentane was later evaporated, and the reaction was allowed to proceed under nitrogen stream at 150° C overnight. The silanized samples were then rinsed with pentane, tetrahydrofuran, and dichloromethane in an ultrasonic bath for 10 min each. Finally, the samples were stored in a desiccator at low vacuum for further use.

Surface characterization

We performed X-ray Photoelectron Spectroscopy (XPS) analysis on the three types of surfaces to study the effect of the plasma on PC series and the state of silanization on PCS series. The analysis was done in an AXIS Ultra DLD (Kratos Analytical, UK) using a monochromatic Al source (1486.6 eV) and operated using hybrid lens, slot aperture and a pass-energy of 20 eV for regional scans and 160 eV for the survey scan. Charge neutralization was used at default parameters. In all analysis, the angle of the beam was fixed at 90°. Additional analysis at 40° was performed on PCS samples to increase the sensitivity to the species on the surface. In all cases, the binding energies of all peaks were referenced to Zr3d5/2, fixed at 182.2 eV corresponding to a ZrO2 [41]. The atomic percentages of each component were calculated and corrected using the XPS sensitivity factors provided by the manufacturer. Furthermore, since the surfaces of PC H2O were transported in DI water, they were dried under a stream of dry N2 gas before placing them in the sample holder.

In parallel, we estimated the density of aminosilanes attached to the surface by means of the modified ADECA method (amino density estimation by colorimetric Assay) [42][43][44]. The principle of this method is based on three steps: staining, washing and detection. Three solutions were prepared: Two solutions (T1 and T3) and a staining solution (S2) containing Coomassie Brilliant Blue (CBB) colorimetric reagent. T1 contained 100 mL of methanol, 50 mL of acetic acid and 850 mL of DI water. S2 was prepared by dissolving 25 mg of CBB in 25 mL of acetic acid, 50 mL of methanol and DI water to a final volume of 500 mL. Finally, T3 contained 50 mL of 1M ammonia buffer and 50 mL of methanol.

First, the aminated surfaces were protonated in solution T1 for 10 min, and immediately immersed in S2 solution for 15 min. Each CBB molecule forms a complex with each N + , such as the one in each amine groups. Once the immobilized aminated layer was stained, the CBB was washed off the surface by immersion under stirring for three times in T1 during 10 min and then another 10 min in DI water. After drying under a stream of nitrogen gas, the samples were transferred into solution T3 for 5 min under stirring, and this solution was collected and quantified by the Beer-Lambert law at 611 nm. For comparisons, we used a fresh PC sample as the negative control.

Static contact angle measurements were used as quality control on NT, PC and PCS, using DI water as the contact liquid. The samples of NT and PCS were cleaned using ethanol and DI water, and dried using a stream of nitrogen gas. The PC samples were tested right after plasma without further cleaning. The measurements were performed in a goniometer (Digidrop goniometer, GBX, France), and the images were analyzed using Windrop++ software. All measurements were performed the same day using 1 µL as the drop volume and within ten seconds after drop deposition.

Mechanical testing

To study the effect of the treatment on the mechanical performance, 15 treated and untreated discs were tested by 3-ball-on-3-ball biaxial bending on a universal testing machine. The used setup followed the guidelines presented by Fett et al [45]. Between the two possible configurations of the test, we selected the one where the loading and supporting spheres are in line. Hence, we used the following expression to calculate the maximum stress:

𝜎𝜎 𝑚𝑚𝑎𝑎𝑚𝑚 = 𝐹𝐹 𝑡𝑡 2 0.656 � 𝑡𝑡 𝑅𝑅 1 � -0.196 + 0.274 � 𝑡𝑡 𝑅𝑅 1 � -0.448 𝜐𝜐 (1) 
where F is the load on failure, t represents the thickness of the sample, R1 is the radius of the loading spheres location circle and ν is the Poisson's ratio.

Aging kinetics

LTD was studied through accelerated aging tests in autoclave at 134° C and under 2 bars steam pressure. Through X-Ray Diffraction (Rigaku D/Max-B, Cu KL2,3 radiations), we evaluated the relative amount of monoclinic and tetragonal phase. Afterwards, we compared the areas of the corresponding peaks for the tetragonal (t101) and monoclinic phase (m111 and -111) and calculated the relative volume content by making use of Garvie-Nicholson equation, modified by Toraya.

Cellular tests

We tested the proliferation rate and the adhesion response of osteoblasts (MG-63, American Type Culture Collection, USA) by culturing them over NT and PCS surfaces. The MG-63 cell line is composed of osteoblastic cells originally isolated from a human osteosarcoma. The culture was done in the presence of RPMI 1640 medium (L-glutamine stable red phenol), with 10% of fetal bovine serum and 5% of antibiotics. The evaluation was carried out using the PrestoBlue ® reagent: the blue non-fluorescent dye is rapidly taken up by cells, and reduced by the mitochondrial metabolic activity inside the cells. The by-product is a redfluorescent dye. We then measured the fluorescence in a fluorimeter INFINITE PRO 200 (Tecan, Switzerland) to infer the cell proliferation.

The adhesion response was studied qualitatively through Scanning Electron Microscopy (SEM) by focusing on the cell morphology. For this, the cells were fixed with glutaraldehyde and progressively dehydrated by ethanol, followed by a gold/palladium plasma coating.

Three time-points were selected: 3, 6 and 10 days, and three samples per series were tested at each time-point. Blank reference consisted of 10%vol. PrestoBlue reagent in RPMI 1640 medium, and it was used to correct fluorescent values of the samples. Additionally, for each sample, a plastic control (cell culture-treated polystyrene) was included to verify the correct behavior of cells, and it was referred to as "Reference".

Statistical tests

The data obtained in the mechanical tests was studied through Weibull statistics by fitting it to:

𝑃𝑃(𝜎𝜎) = 1 -𝑒𝑒𝑒𝑒𝑒𝑒 �-� 𝜎𝜎 𝜎𝜎 0 � 𝑚𝑚 � (2) 
where P is the probability of failure, σ the applied stress, σ0 the distribution central value and m the Weibull modulus. We adjusted the sample population to ten samples per condition and material. The probability of failure is evaluated by the ranking approach given by:

𝑃𝑃 = 𝑖𝑖-0.5 𝑁𝑁 ( 3 
)
where N is the number of specimens, and i is the ranking from 1 to N. P is associated to the corresponding σ by ordering the failure data from the smallest to the largest. The distributions are linearized and plotted in logarithmic scales.

On both mechanical and cellular tests, we carried out statistical tests using t-test and a confidence interval of 5% (α=0.05) to discuss the significance of results.

Additionally, the error bars accompanying plots represent two times the standard deviation.

Results

Surface Characterization

The atomic percentages of each element are presented in Table 4.3. Important Fluorine concentrations were found in PC, and were still present in PCS, while NT materials were free of it. The chemical shift was the same in all samples where F was detected. It confirmed its fluoride state and the binding energy matched the expected one for Zr-F and/or Y-F bonds [46][47][48]. The F 1s spectrum of PC is provided as an example in Figure 4.6. Its source can certainly be tracked down to the plasma reactor, given that the instrument is operated by multiple users using different gases including SF6. However, the chamber is regularly cleaned after each operation using intense cleaning protocols (at least one hour long) using plasma of oxygen and nitrogen, and the presence of this element was neither wanted nor expected.

Analysis of PC material by XPS showed a decrease in the Carbon content after plasma and no increase of Oxygen related to OH in the surface. Four peaks were identified. Three of them (type i, ii, and iii) were respectively associated to C-C/C-H, C-O, O-C-O/C=O bonds. The forth one (type iv) can either be interpreted as carbonate [49,50] or C-F bonds [51,52]. Since the F1s peak is located between 684 and 686 eV (Figure 4.6), these energies are incompatible with a C-F bond as they usually are presented at 689 eV and above [53,54]. Hence the "type iv" peak in Figure 4.2 was interpreted as carbonate. Additionally, we found that after plasma, the two peaks corresponding to the Zirconium and Yttrium 3d orbitals (5/2 and 3/2) split into another two (Figure 4.4 and Figure 4.5). This effect was also present in PCS samples, but the peaks showed a lower intensity.

After silanization, Figure 4.7c confirms the presence of N at energies compatible with amine-carbon binding [55,56]. XPS analysis also detected Si, and the peaks can be observed in Figure 4.5c for Si2s, and Figure 4.8 for Si2p. The binding energies of both peaks were compatible with a organo-silicon involved in a siloxane bond [57,58], which would confirm a successful silanization of the surface. However, the N/Si ratio for S(θ=90°) and S(θ=40°) was of 0.63 and 0.69 respectively, and away from the theoretical 1 that would come from the 1:1 proportion of N and Si in the APDMES molecule. The estimation of density using the modified ADECA method yielded 8.55 × 10 13 amino groups/cm 2 on a PCS sample after comparison with a freshly PC surface. This amount is slightly lower than APDMES on silica, which can yield up to 1.3 × 10 14 amino groups/cm 2 [44].

Contact angle measurements are summarized in Figure 4.9. The contrast between series is evident, being NT the least wettable. PC exhibited a very low contact angle, but it increased after immersion in water for four hours. PCS samples presented a consistent contact angle value, in between NT and PC. 

Cellular tests

Results of cell proliferation are summarized in Figure 4.12. Cell growth is visible on the two materials and along the experiments, proving that the chemical process did not modify in any way the proliferation of the studied cells and it had no toxic or adverse effect. No significant differences were found in the amount of cells at day 3 and 10 (t-test, p>0.05 both), but at day 6, significantly higher number of cells (t-test, p<0.05) was detected on PCS surface. Cell attachment, studied qualitatively through the SEM pictures, revealed an apparent higher affinity for the silanized surface after three days of culture (Figure 4.13a and b). Cells appeared highly spread in PCS, while in NT they presented a rounded form signifying a poorer cellular interaction with the surface. After six and ten days, both surfaces displayed well-spread attached cells, but density appeared higher on PCS. 

Discussion

Surface characterization

Plasma cleaning removed from the surface adsorbed species, mainly hydrocarbons, as observed in the levels of C in NT in respect to PC. Figure 4.2a and b show however a decrease mainly on the C-O type (labeled as "ii" in the plot) as well as a softer decrease on the C-C/C-H type ("i" in the plot). Immersing the PC samples in water (PC H2O) resulted in an increase of C as well as the apparition of Na and S species. The origin of such contamination is uncertain to us, but it is reasonable to think that it may come as impurities in the immersion water. After silanization, C levels also rose, but this is linked to the fact that each APDMES molecule contains five atoms of C. The two methyl groups were expected to show a new peak below 285 eV, but no new peaks were found at PCS. Regarding the presence of Na and S species, it is clear that the immersion exposes the surface to uncontrolled contamination. Although we used DI water, the purity level was not enough and the surfaces adsorbed some of the present impurities and possibly the glassware contained residual pollution. All the same, even if the surfaces were dried under a stream of pure nitrogen gas, this increase in the O-H peak could still be caused by multilayers of physisorbed water that remained attached. Unfortunately, it would be very complicated to attempt to separate both signals, physisorbed and chemisorbed water, from the main peak. Alternatively, we can proceed by deduction: since XPS analysis was performed at 3 × 10 -9 Torr of chamber pressure, there is little chances for a physisorbed layer of water to remain stable on the surface, given that the vapor pressure of water at 20° C is about 17.5 Torr. Redfern et al. [59] used theoretical simulations to study the hydroxylation of ( 100), ( 101) and (110) surfaces of tetragonal zirconia. According to them, the simulations predict the formation of a 50% covered monolayer on ( 100) and (110), while in the case of ( 101) no layer will form. The increment of OH presence between PC and PC H2O could then be possibly explained by having different degrees of coverage on the favorable orientations.

Another noticeable change is the splitting of 3d3/2 and 3d5/2 peaks of Zr. This splitting is mostly evident after the plasma step. However, it fades away with the exposure of the surface to 4h immersion in water or to the silanization process.

In Y peaks, a similar effect was observed with even higher intensity than in Zr. The same phenomenon was observed by Piascik et al. [60], where the authors attempted plasma of SF6 as a way of promoting hydroxylation of Yttria-stabilized Zirconia. According to the authors, the peak splitting on the 3d orbital peak of Zr is caused by the substitution of the Zr-O bonds with Zr-F bonds, in a competitive fluorination. The result is a glassy fluorozirconate phase of 2-3 nm and distributed non-uniformly across the surface. The formation of new 3d peaks are related to the difference in electronegativity between O and F, which shifts slightly the peak towards higher energy in the case of Zr-F. Those results are in line with what we observed in our materials, and the new peaks on Y and Zr spectra exhibited binding energies compatible with Y-F [48,61] and Zr-F bonds [46,47,62,63].

More intense peak splitting was observed on PC samples, where the F happened to be at maximum intensity. Interestingly, upon exposure to solvents, either water or the ones involved in the silanization process, both the levels of F and peak splitting were reduced to a minimum. A possible explanation to this was found in an old publication by Pantano and Brow [64], where the authors demonstrated the high solubility of fluorozirconates in aqueous environments.

The dissolution of the glassy layer of fluorozirconate during the immersion in solvents would explain the disappearance of both F and the observed peak splitting phenomenon on Zr and Y.

The use of the modified ADECA method confirmed the presence of amino groups on PCS and provided an estimation of the molecule density (8.55 × 10 13 per cm 2 ). Redfern et al. [59] estimated the OH density coverage of zirconia for the ( 100) and (110) family of planes at 6 × 10 14 and 3 × 10 14 OH-/cm 2 respectively, assuming a 50% coverage, while their calculations gave no stable coverage on [START_REF] Ulman | Formation and Structure of Self-Assembled Monolayers[END_REF]. If we assume that each APDMES is bonded to an OH group on the surface, the estimated APDMES density was about 25% the theoretical values of OH density provided by Redfern et al. assuming a randomly oriented grain distribution on the surface. However, given the speculative nature of these estimations, the main conclusion to be drawn is that APDMES density in PCS was lower than theoretically possible but still in the range.

Finally, contact angle measurements represent the result of the interaction between the environment, the liquid and the surface. Since the interaction takes place at the molecular scale, anything on top of the surface will modify the energy of the surface, including adsorbed carbon derivatives from the atmosphere [65][66][67][68][69]. In literature, all scientific evidence reviewed [67,[70][71][72][73] pointed to the superhydrophilicity of metal oxides, such as zirconia. In their article, Preston et al. provided an interesting comparison of experimental data obtained from published results of contact angle as a function of surface atomic percent carbon. The plot is reproduced in Figure 4.14, and we included the points corresponding to NT, PC and PC H2O to further illustrate the idea. High angles were expected on NT surfaces, given their exposure to organic solvents and atmospheric contamination. The low contact angle obtained for PC is representative of the clean state of the zirconia surface. Strohmeier [70] obtained very similar results for aluminum foil cleaned by oxygen plasma. However, comparisons of surface atomic carbon on surface should be done with care because these data points were taken by different research groups, at different moments in time, using different equipment, studying different materials (hence different penetration coefficients in XPS) and in different environmental conditions (which are known to affect wettability). PC H2O exhibited a higher contact angle, and this can be correlated to the higher amount of C measured by XPS. Regarding PCS, the value was not represented in the plot of 

Mechanical testing

Biaxial bending tests appear clear: there is no significant difference between both distributions (t-test, p>>0.05). This proves that the chemical treatment, including the plasma-cleaning step, has no impact, neither on the population of defects, nor on the crack resistance of the ceramic.

Aging kinetics

Results of Figure 4.11 show a clear effect of plasma cleaning on the aging kinetics of LTD on tested samples. However, little evidence was found in literature that could explain this phenomenon. Dos Santos et al. [76] attempted to study the aging performance of plasma cleaned zirconia. Although the procedure they used was very different to the one presented here, they used oxygen plasma as the last step, which would provide an equivalent state to PC. Still in their case, plasma cleaning had no obvious effect on ageing kinetics.

Rohnke et al. [77] suggested the possibility of oxygen reduction and emission under oxygen plasma on zirconia. If that is the case, a higher stability of tetragonal zirconia should be expected due to the creation of oxygen vacancies [78][79][80]. Alternatively, as seen in section 4.3.1 the plasma treatment introduced F in the surface. The formation of a non-uniformed layer of fluorozirconate [60] possibly protected the inner layers from the degradation, shielding the material against the nucleation and propagation of LTD until it is dissolved [64]. There is not enough evidence to support either of these hypotheses in our case, and so we can only leave it to speculation. In any case there is an undeniable positive shielding-effect of plasma that retarded degradation without affecting the bulk's mechanical properties.

Cellular tests

Although we do not have quantitative data on the cell affinity to each surface, cells appeared much spread on PCS after the first three days, which could be attributed to the amino groups on the surface. We suspect the amines could have allowed a higher adsorption of proteins or a more favorable configuration of them that helped cell attachment (such as fibronectin or vitronectin). As expressed previously [21,23,29,35,81] the surface has a chemical effect on protein adsorption, and that will also influence cell adhesion [21][22][23]29]. There are however, many aspects of protein adsorption that contribute to their affinity to a surface and their effect on cells [21,81]. If there are chemical differences between zirconia and aminosilanized surfaces, they could be responsible for the different initial cell adhesion response through a different interaction with the medium proteins. According to Wang et al. [81], the electrostatic interactions between ceramics and proteins may take the dominant role. To qualitatively compare the net charge, we can make use of ζ-potential. The isoelectric point is defined as the pH at which the ζ-potential becomes zero. For both zirconia and aminosilanized surfaces, the isoelectric point was found to be higher than 7: close to pH 9 for zirconia [82][83][84], and closer to pH 10 for aminosilanized surfaces [85][86][87][88]. On top of that, both types of surface present a positive charge at pH 7. As reported by Wang et al., a protein oppositely charged to the surface adsorbs much higher amounts than an equally charged surface. Given that both present electrical charges of the same sign, this means that if any, the differences between the two should come from the actual value of the charge.

Wang et al. described several other parameters as possible influences: surface roughness, surface reactivity or hydrophobicity. The initial samples were the same and they presented the same roughness; no surface reactivity is expected either in the way it is expected from bioactive glasses. Hence, among all of them, we can only consider hydrophobicity. The measurements of contact angle in Figure 4.9 revealed the higher hydrophobicity of NT. Tidwell et al. [21] obtained high cell densities on functionalized surfaces of gold using a carboxylic group as the terminal group and after three days, the cells appeared well spread in contrast to what they obtained of methyl or acetyl terminated chains. They contended that the carboxyl-terminated surfaces presented a higher affinity to fibronectin, which helps cell adhesion, and a lower affinity to albumin. Although cell growth cannot be correlated with one single aspect of protein adsorption, their results point to the idea that higher affinity to albumin hinders cell adhesion. Arima et al. [28] observed a better adhesion of cells to amine and carboxyl-terminated SAMs than to methyl or hydroxyl-terminated ones, even on albumin-preadsorbed surfaces. They concluded that fibronectin and vitronectin were displacing the adsorbed albumin, following the mechanism described as "Vroman effect" [89].

Given the chemical similarities of both substrates, except hydrophobicity, one possible explanation to the difference after three days of culture could be a slightly higher affinity of fibronectin and vitronectin to amine-terminated surfaces than to zirconia (NT). While in both surfaces displacement of albumin is expected, on PCS it happened at a faster rate, allowing a richer interaction with cells than on NT. This should explain the density difference observed in Figure 4. 13 between left (NT) and right (PCS) columns. However, the evolution of cells on the NT surface shifts to resemble the one of PCS after 10 days. This could mean that the displacement of adhesion-blocking proteins eventually happens on NT, but later than PCS.

Alternatively, multiple works demonstrated the higher preference of albumin for hydrophobic surfaces [35,81,90,91]. This means that the higher hydrophobicity of NT would recruit more albumin to its surface. If we accept that the Vroman effect is governing the protein adsorption in this case, then NT surfaces would have more albumin to displace, and hence it would take longer to present a friendlier surface for cell adhesion.

Conclusions

In the present work, we have proven the feasibility of directly silanizing the surface of zirconia using plasma cleaning as pretreatment. Our results open the window of a new generation of surface modification techniques that rely on the subtlety of the chemical interactions between the material and the biological agents, allowing increasing levels of complexity and higher control of the surface properties for tailoring them to the specific application needs. The main conclusions can be summarized as follows:

1. The silanization was a success, but it yielded slightly lower densities of APDMES on the modified surfaces of zirconia than on typical silica substrates.

2. Oxygen plasma as pre-treatment did not increase the amount of OH on the surface, but it helped cleaning it without physical damage. Hydroxylation of the surface through immersion in water seems feasible and displays potential to allow higher silane density. However risk of uncontrolled contamination limited our use of it. In future works, this strategy could be explored again, but putting special care on controlling the exposure to contamination.

3. We have discovered an important, initially unexpected, increase in the aging resistance of zirconia after plasma cleaning. Further research will have to be conducted to determine the real cause of such enhancement. The fortuitous involvement of unwanted fluorine from the plasmacleaning step remains a question.

4.

No adverse effect of silanization was found on the mechanical response of the treated samples. The modification techniques only took part on the surface, without creating critical surface defects or damaging anyhow the structure.

5. Cell tests showed that, despite the lower density of silanes compared to silanization on typical silica surfaces, it was sufficient to improve adhesion. The reason of this improvement was associated to a higher ability of the silanized surfaces to recruit proteins that help cell adhesion. On NT surface, the recruitment eventually happens, but at a slower speed than on PCS, providing a more favourable onset for the silanized surface.

RESUME

Ce travail de thèse est structuré en trois parties séparées ayant chacune des objectifs différents, mais étant toutes trois axés autour de l'étude de la surface de matériaux pour applications biomédicales. Chaque chapitre a été élaboré séparément sous la forme d'article scientifique correspondant aux publications des résultats de la présente thèse. Les résultats montrent une très forte influence du traitement de nettoyage dans la mesure des hystérèses enregistrée. Pour tous les matériaux, PC+Al a été le traitement avec l'hystérèse le plus faible, signifiant que ce traitement est capable d'éliminer la majorité des hétérogénéités de la surface.

De façon similaire, nous avons mesuré l'angle de contact de l'eau sur des têtes fémorales. La particularité dans ce cas est que la surface présente une courbure, ce qui complique les mesures dynamiques. Ainsi dans cette partie, nous avons utilisé des mesures en mode quasi-statique (nous ne faisons pas varier le volume de la goute, mais elle est toujours soumise à l'évaporation). Il est à noter que ces résultats ne sont pas comparables directement avec ceux présentés dans la Quand les échantillons ont été testés directement après nettoyage, on observe beaucoup de contraste entre chaque condition, et l'on peut distinguer des différences entre chaque matériau. Par contre, l'exposition au sérum déclenche l'adsorption des protéines, qui vont masquer la surface. A ce point, on observe peu de différences entre les matériaux, mais on les détecte entre traitements de nettoyage. Cet effet peut être causé par une distribution différente de protéines (ou de leur orientation) sur chacune des surfaces, motivée par une distribution différente des hétérogénéités (i.e. contamination).

La chimie de surface a en fait un très grand effet sur l'adsorption de protéines. Elles sont très importantes aussi dans les interactions cellule-prothèse. En ce qui concerne l'intégration des prothèses dans le corps humain, les cellules utilisent Ce travail de thèse est axé autour de l'étude de la surface des matériaux pour applications biomédicales, et il a été structuré en trois parties indépendantes. La surface des céramiques bioinertes (zircone, alumine), utilisées dans des dispositifs médicaux pour l'orthopédie et l'odontologie, est souvent traitée pour augmenter sa rugosité, de façon à améliorer la fixation à l'os ou aux ciments et résines. Malheureusement, ces modifications peuvent endommager les matériaux et affecter leur intégrité à long terme. La première partie de cette thèse se focalise sur l'évaluation de l'impact d'un même traitement de rugosité par sablage réalisé après frittage sur une alumine, une zircone (3mol.%Y-TZP) et un composite alumine-zircone (ZTA), en se focalisant sur les défauts en surface et la distribution des contraintes résiduelles. Des différences très marquées ont été observées entre chaque matériau : dans l'alumine la distribution des contraintes résiduelles affecte de manière négative la contrainte à la rupture, alors que dans la zircone on observe un renforcement.
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La surface des implants n'est pas uniquement destinée à leur fixation. Elle peut également posséder une fonction très spécifique, comme par exemple celle de substituer l'articulation (hanche, épaule, genou, etc.) avec des couples de frottement orthopédiques. La lubrification joue un rôle fondamental, minimisant l'usure et donc augmentant la vie moyenne des implants. Il est généralement admis que la mouillabilité est un facteur important dans la lubrification. Cependant la lubrification est aussi liée à la présence de protéines, et leur adsorption notamment change les propriétés chimiques des surfaces, la mouillabilité incluse. De plus, la mouillabilité d'une surface affecte les mécanismes d'adsorption de protéines. Dans le deuxième chapitre, nous avons étudié les effets de la contamination, et de différentes techniques de nettoyage permettant de la réduire, sur la mouillabilité vis-à-vis de l'eau. Nous avons étudié des matériaux typiquement utilisés pour réaliser des têtes de prothèses totales de hanche : alumine, composite alumine-zircone et alliage cobalt-chrome-molybdène. Puis nous avons sélectionné les plus pertinentes parmi ces techniques de nettoyage et nous avons étudié leur impact sur l'adsorption des protéines en utilisant des mesures de mouillabilité.

Au-delà de la simple lubrification, les protéines jouent aussi un rôle dans l'interface implant -tissus vivant. En effet, les cellules utilisent les protéines en surface comme points de fixation et identification. Les implants présentant une surface capable de recruter plus de protéines aidant à l'adhésion des cellules auront plus des chances d'être intégrés que des implants recrutant des protéines qui empêchent l'adhésion. Dans le troisième et dernière chapitre, on a exploré un nouveau concept de modification de surface de la zircone consistant en un greffage d'organosilanes directement sur les groupements hydroxyle (-OH) présents à la surface de la zircone sans utiliser de couche intermédiaire. Pour favoriser l'hydroxylation de la surface, nous avons exploré la voie du nettoyage par plasma d'oxygène afin d'éliminer la contamination organique et d'augmenter la densité de groupements hydroxyles en surface. Le but final de cette partie du projet est d'adapter la technique de la silanisation à la zircone de manière à prouver son potentiel pour l'amélioration de l'ostéointegration de prothèse sans endommager leur performance mécanique. 
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Figure 1

 1 

Figure 1 . 2 .

 12 Figure 1.2. Crystallographic structure of the allotropes of zirconia.
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 13 Figure 1.3. Crack deflection on strontium aluminate platelet. (Source: CeramTec GmbH www.ceramtec.com)
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 14 Figure 1.4. Body parts susceptible of being replaced by permanent bioinert implants nowadays.

Figure 1

 1 

Figure 1 . 5 .

 15 Figure 1.5. Parts on a dental implant.
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 16 Figure 1.6. Evolution in implant dentistry. (Source: CeraRoot, Oral Iceberg S.L. www.ceraroot.com)
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 17 Figure 1.7. Titanium implant (left) and zirconium implant (right). (Source: Miles of Smiles, www.milesofsmilesdental.net)

(

  USA), Stryker (UK), and Smith & Nephew (UK), B. Braun Melsungen AG (Germany), Corin (UK), and Waldemar LINK GmbH & Co. KG (Germany). Hip joint interventions typically consist of the complete replacement of the joint by a multi component system, detailed in Figure 1.8: two components go in the acetabular socket, and another two in the femur. The operation requires carving and cutting the original joint to accommodate the implant. As with the stem, the acetabular shell can be either cemented or more commonly forced directly into the bone.
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 18 Figure 1.8. Parts on a total hip replacement
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 19 Figure 1.9. Ceramic-on-Polymer joint. The ceramic ball head wore the liner and even continued through the metallic shell. (Source: Dr. med. Karl-Heinz Günther, www.doccheck.com)
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 110 Figure 1.10. Third body wear resistance in CoC. (Source: CeramTec GmbH www.ceramtec.com)
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 1 Figure 1.11. X-ray on hip joint showing dislocation of head (Source: Singh et al. [36])
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 112 Figure 1.12. Different of ranges of motion (ROM) as a function of the ball head size. (Source: CeramTec GmbH www.ceramtec.com)

Figure 1 . 13 .Figure 1 . 14 .

 113114 Figure 1.13. Birmingham Hip Resurfacing implant. (Source: The McMinn Centre www.mcminncentre.co.uk)
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 115 Figure 1.15. Detail of screw hole access on a temporary screw-retained restoration (Source: loveperio.com)
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 116 Figure 1.16. Example of dental implant with roughness at different scales. (Source: dentis-implant.com)
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 117 Figure 1.17. Zirconia dental implants in vivo. The images on top correspond to a sandblasted surface, while the images at the bottom correspond to a machined surface. (a) Implant, (b) bone, (c) tissue at the neck of the implant, (d) peaked threads. (Source: Gahlert et al. [48])
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 118 Figure 1.18. Four different profiles with the same average height parameter (Ra).
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 21 Figure 2.1 Representation of a macro indentation and its effect on the crack lengths of the smaller indentation through the residual stress field.
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 22 Figure 2.2. Residual stresses around the macro indentation on each material
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 23 Figure 2.3. Indentations on the surface of ZTA. (a) Annealed at 900° C, and (b) completely annealed at 1200° C.
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 24 Figure 2.4. On the left the analyzed volume (3.2 x 3.1 x 2.9 μm) and on the right, the cross-section showing the profile in depth. The recrystallized zone is highlighted by the dashed red rectangle.
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 25 Figure 2.5. Evolution of monoclinic zirconia content after accelerated aging in autoclave in ZTA (a) and Zirconia (b).
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 26 Figure 2.6 and Table2.5 summarize the results obtained for each series and material. The data is presented by means of Weibull statistic.
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 26 Figure 2.6. Weibull distributions of 4-point bending test results
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 27 Figure 2.7. Graphical representation of the hypothesized residual-stress distribution for each material
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 31 Figure 3.1. Comparison of experimental data from Preston[14] to previously results for equilibrium contact angle as a function of surface atomic percent carbon (Source: Preston et al., 2014).

  Quasistatic and hysteresis results of contact angle measurements performed on flat surfaces cleaned through different methods are presented in Figure 3.2.
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 32 Figure 3.2. (a) Results of quasistatic contact angle, and (b) hysteresis after dynamic measurements. All these results were obtained on flat surfaces
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 3333334 Figure 3.3. Comparison of quasistatic contact angle before and after gamma irradiation. Results obtained on ball heads
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 353 Figure 3.5. Representation of H-bonds on an aluminum oxide lattice
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 36 Figure 3.6. Results distribution of PC+AcetW Delta. Two groups can be observed among the population: one approaching to 35° and another to 58°.
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 41 Figure 4.1. Schematic representation of silanization of silica.
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 42 Figure 4.8.
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 42 Figure 4.2. XPS spectra corresponding to the C 1s region of NT (a), PC (b), PCS θ=90° (c), and PC H2O (d). Deconvoluted peaks are: (i) C-C or C-H type, (ii) C-O type, (iii) O-C-O or C=O type, and (iv) CO3 type.
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 43 Figure 4.3. XPS spectra corresponding to the O 1s region of NT (a), PC (b) and PC H2O (c).
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 44 Figure 4.4. XPS spectra corresponding to the Zr 3d region of NT (a), PC (b), PCS θ=90° (c), and PC H2O (d).
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 45 Figure 4.5. XPS spectra corresponding to the Y 3d region of NT (a), PC (b), PCS θ=90° (c), and PC H2O (d). Additionally, in (c) the corresponding peak to Si 2s is comprised.
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 46 Figure 4.6. XPS spectrum corresponding to the F 1s region of PC.
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 47 Figure 4.7. XPS spectra corresponding to the N 1s region of (a) PC, (b) PC H2O and (c) PCS θ=90°.
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 48 Figure 4.8. XPS spectra corresponding to the Si 2p region of PCS θ=90°.
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 49432 Figure 4.9. Contact angle measurements
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 410 Figure 4.10. Mechanical tests: Biaxial bending test results presented in a Weibull plot.
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 411 Figure 4.11. Aging kinetics: Evolution of monoclinic phase versus time in autoclave, after accelerated aging.

Figure 4 . 12 .

 412 Figure 4.12. MG-63 proliferation averaged results of three series on NT and PCS samples and the reference (cell culture treated polystyrene).
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 4413 Figure 4.13. SEM images of NT(a, c, e, g) and PCS (b, d, f, h) on time-points 3, 6 and 10 days.
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 4 Figure 4.3b shows that oxygen content in PC samples is only reduced in the C-O type.No increase of O-H type was detected. However, keeping the plasmacleaned samples in water for 4 hours did seem to increase the degree of hydroxylation of the surface, as shown by Figure4.3c, which may be indicative of a chemisorbed monolayer of water in the form of OH groups coating the surface. All the same, even if the surfaces were dried under a stream of pure nitrogen gas, this increase in the O-H peak could still be caused by multilayers of physisorbed water that remained attached. Unfortunately, it would be very complicated to attempt to separate both signals, physisorbed and chemisorbed water, from the main peak. Alternatively, we can proceed by deduction: since XPS analysis was performed at 3 × 10 -9 Torr of chamber pressure, there is little chances for a physisorbed layer of water to remain stable on the surface, given that the vapor pressure of water at 20° C is about 17.5 Torr. Redfern et al.[59] used theoretical simulations to study the hydroxylation of (100), (101) and (110) surfaces of tetragonal zirconia. According to them, the simulations predict the formation of a 50% covered monolayer on (100) and (110), while in the case of (101) no layer will form. The increment of OH presence between PC and PC H2O could then be possibly explained by having different degrees of coverage on the favorable orientations.
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 414 Figure 4.14. Comparison of experimental data from the present work to previously published results for equilibrium contact angle as a function of surface atomic carbon (Source: Preston et al., 2014; References:[67,[70][71][72]).
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 4 14 because APDMES contains carbon atoms that shall not be considered as contamination. The contact angle for PCS averaged 55°, which is in the range of what other authors have reported for amine-terminated SAMs[26- 29,74,75]. Hence, these results of contact angle confirmed once again the presence of APDMES on PCS.
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 12 Figure R. 1. Distribution de Weibull des résultats de fléxion 4-point

Figure R. 3 .

 3 Figure R. 3. À gauche, le volume analysé (3.2 x 3.1 x 2.9 μm). À droite, la section transversale montrant le profile d'épaisseur. La zone recristallisée a été marquée en rouge.

L

  'efficacité des traitements de nettoyage pour éliminer la contamination a été mesurée à travers de tests dynamiques de mouillabilité en mesurant l'angle de contact au début en ajoutant de l'eau (angle d'avancée), et après en la soustrayant (angle de reculée). Pour cela, nous avons utilisé des disques plats et polis. La différence entre ces deux mesures d'angle est connue comme étant une « hystérèse », et elle est liée à l'hétérogénéité d'une surface. Si tous les échantillons présentent une surface polie avec une rugosité très faible, la source principale de l'hystérèse sera la contamination en surface. Les résultats de l'hystérèse sont présentés en Figure R. 4.

Figure R. 4 .

 4 Figure R. 4. Résultats de hystérésis mesurée sur surface plates.
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 45 Figure R. 5. Résultats d'angle de contact sur les têtes fémorales avant immersion dans le sérum et après.
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 67 Figure R. 6. Région du spectre XPS correspondant à N 1s pour PC et PCS.
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 7 Figure R. 7. Evolution de la fraction en volume de phase monoclinique en fonction du temps en autoclave à 134ºC.

Figure R. 8 .

 8 Figure R. 8. Images à microscope électronique de balayage des cultures cellulaires après 3 jours de a) la surface de NT, et b) la surface de PCS.
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	1. Properties of studied materials					
		Standard	Alumina	ZTA		Zirconia
					Al2O3	74	ZrO2	93
			Al2O3	99.8				
	Composition (wt%)	---	Other	Rest	ZrO2	24	Y2O3	4.9
			oxides		Other		Other	
					oxides	2	oxides	2.1
	Grain size (μm)	---	1.8		Al2O3 0.87 ZrO2 0.36	0.15 -0.20
	Bulk Density (g/cm 3 )	DIN EN 623-2	3.96		4.37		6.08	
	Fracture toughness, KIc (MPa•m 1/2 )	SEVNB 14425-1 DIN CEN/TS	4.3		6.4		6.7	
	Young's Modulus (GPa)	DINV ENV 843-2	406		357		210	
	Poisson's ratio	DINV ENV 843-2	0.23		0.24		0.3	
	Vickers Hardness HV1	DINV ENV 843-4	2000		1760		1350	
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 22 

			Expected
	Series	Treatments	qualitative content
			SD	RS
	AR	As-Received	+	++
	PA	Polished + Annealed		
	PAS	Polished + Annealed + Sandblasted	+	+
	PASA	Polished + Annealed + Sandblasted + Annealed	+	
	S	Sandblasted	++	++
	SW	Sandblasted + aging 50h in water at 134° C	++	++

. Group names, treatments followed and expected presence of SD and RS. Single plus (+) represents low, double plus (++) high, and null ( ) absence.
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3. Statistical parameters studied and their definitions

Parameter Description Sa Arithmetical mean height of the surface (arithmetic average of the absolute values of vertical deviation from the mean surface).

Table 2 . 4 .

 24 Results of surface roughness for each material and series, obtained through OI.

		Material	Sa (nm)	Sdr	Sds (x10 3 mm -2 )	Sci
		Alumina	253 (33)	58.0 (5.7)	58 (7)	1.12 (0.03)
	AR	ZTA	126 (6)	26.0 (2.6)	46 (8)	1.14 (0.05)
		Zirconia	93 (16)	7.6 (1.8)	31 (7)	1.18 (0.18)
		Alumina	82 (45)	9.19 (6.9)	17 (17)	0.36 (0.15)
	PA	ZTA	12 (4)	0.19 (0.1)	50 (22)	1.21 (0.30)
		Zirconia	5 (≈0)	0.04 (≈0)	83 (3)	1.49 (0.02)
		Alumina	243 (28)	75.2 (14.9)	46 (6)	1.21 (0.04)
	PAS/PASA	ZTA	134 (22)	23.5 (7.3)	39 (2)	1.36 (0.04)
		Zirconia	236 (25)	43.3 (0.7)	50 (2)	1.28 (0.11)
		Alumina	277 (3)	82.9 (3.8)	55 (3)	1.12 (0.02)
	S	ZTA	138 (6)	27.1 (1.5)	43 (1)	1.37 (0.03)
		Zirconia	233 (23)	43.1 (2.9)	49 (1)	1.31 (0.09)

Standard deviation is presented in parentheses. High-frequency-pass Gaussian filter 10 x 10 μm
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		Alumina		ZTA		Zirconia	
	PA	623	17	1230	29	1174	41
	PAS	520	22	1271	14	1560	23
	PASA	616	24	1163	17	1155	42
	AR	744	19	1480	17	1612	17
	S	488	20	1313	19	1556	15
	SW	---	---	1232	21	1618	24

. Central value of Weibull distributions corresponding to a probability of failure of 63,2% (MPa) (left) and Weibull modulus (right).
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		Name	Sa (nm)	Sdr	Sds (x10 3 mm -2 )	Sci
		Nanotite*	280 (6) 17,04 (5.46) 224 (60)	1,49 (0.03)
	Titanium	Tioblast*	640 (3) 17,82 (1.51) 125 (9)	1,46 (0.07)
		Osseospeed*	1320 (21) 32,8 (7.30) 102 (6)	1,44 (0.07)
		Zit-Z	660 (50) -	-	-
	Zirconia	WhiteSky PAS**	1310 (60) -236 (25) 43.3 (0.7) 50 (2) -	-1.28 (0.11)
		PAS (no filter) 607 (45) 44.6 (0.5) 43 (1)	1.43 (0.04)
	Standard deviation is presented in parentheses		
	* The data presented were measured after application of high-frequency-pass Gaussian filter of
	size 50 x 50 μm			

. Surface roughness of commercial dental implants (Source: Svanborg et al.

[40] 

(Titanium); Zinelis et al.

[46] 

(Zit-Z and WhiteSky)) ** Idem after high-frequency-pass Gaussian filter of size 10 x 10 μm
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 27 Summary of results obtained for each series and material of estimated RS and defect types responsible of failure. Positive RS (>0) mean tensile, and negative (<0) compressive. Defects are either intrinsic (i.e. already present in the material, and related to fabrication) or extrinsic (i.e. created during surface modification). A question mark (?) expresses uncertainty due to lack of explicit evidence.

			Alumina		ZTA		Zirconia
	Series	RS (MPa)	Defect type	RS (MPa)	Defect type	RS (MPa)	Defect type
	PA	0	Intrinsic	0	Intrinsic	0	Intrinsic
	PAS	96	Intrinsic	-108	Extrinsic	-405	Intrinsic
	PASA	0	Intrinsic	0	Extrinsic	0	Intrinsic
	AR	-121	Intrinsic	-250	Intrinsic	-438	Intrinsic
	S	?	?	-150	Extrinsic	-401	Intrinsic
	SW			-69	Extrinsic?	-468	Intrinsic

Table 3 . 1 .

 31 Description of the cleaning procedures.

	Treatment label Description
	NoC	No Cleaning -Samples were tested as-polished, without
		further cleaning.
	EthUS	Ethanol in UltraSonic bath -The samples were immersed in
		ethanol inside an ultrasonic bath for 5 min, and dried with a
		stream of pure N2 gas.
	EthUS+W	Ethanol in Ultrasonic bath and Wipers -The samples were
		cleaned as EthUS, and cleaned again with clean-room wipers
		soaked in ethanol.
	PC	Production Cleaning -Samples were cleaned by CeramTec
		GmbH using a proprietary procedure consisting of
		subsequent ultrasonic baths at different pH, and a final step of
		rinsing in deionized water to neutralize. After this, the
		samples were dried under a stream of hot air and packed in
		sealed plastic bags under vacuum.
	PC+Al	Production Cleaning Al Foil -Samples were equally cleaned
		as PC, but the samples were wrapped in aluminum foil before
		being packed in sealed plastic bags under vacuum.
	PC+EthW	Production Cleaning and Ethanol Wipers -The samples were
		cleaned as PC, and cleaned again right before the
		measurements with clean-room wipers soaked in ethanol.
	PC+AcetW	Production Cleaning and Acetone Wipers -The samples were
		cleaned as PC, and cleaned again right before the
		measurements with clean-room wipers soaked in acetone.
	PC+IsopropW	Production Cleaning and Isopropanol Wipers -The samples
		were cleaned as PC, and cleaned again right before the
		measurements with clean-room wipers soaked in
		isopropanol.

Table 4 . 1 .

 41 Properties of zirconia samples as provided by the manufacturer

		ZrO2	92.5
	Composition (wt%)	Y2O3 HfO2	5.5 1.9
		Other oxides	0.1
	Bulk Density (g/cm 3 )	6.05	
	Color	White	
	Fracture toughness, KIc (MPa•m 1/2 )	8.0	
	Young's Modulus (GPa)	205	
	Vickers Hardness HV 0.5	1300	

Table 4 .

 4 

		2. Type of samples studied
	Series label Description
	NT	Polished
	PC	Polished + Plasma Cleaned
	PC H2O	Exactly as PC but kept in DI water for 4h.
	PCS	Polished + Plasma Cleaned + Silanization

Table 4 . 3 .

 43 Atomic percentages of species on surface obtained by XPS analysis

	Sample	Zr	O	Y	C	F	N	Si	Na	S
	NT	17.6 47.1	1.2	33.8	-	-	-	0.4	-
	PC	21.4 36.3	3.7	14.7 24.0	-	-	-	-
	PC H2O	16.4 38.2	1.1	38.2	3	-	-	0.3	1.8
	PCS (θ=90°) 18.6 44.6	1.8	25.5	7.7	0.7	1.1	-	-
	PCS (θ=40°) 16.6 40.1	1.7	32.4	6.9	0.9	1.3	-	-
	Regional scans are presented in						

Table 4 . 4 .

 44 Summary of Weibull parameters obtained for each tested series.Figure 4.11 shows monoclinic content versus accelerated aging time for each material.Initially only NT and PCS were studied. After analyzing the results, we decided to perform another test on PC samples, to investigate the causes of difference in behaviour between NT and PCS, and discern whether the effect was caused by the silanization or the plasma. Because the process is very timeconsuming, we decided to focus on the interval 2 -50 h. Results show two different behaviours: NT presents a faster increase in monoclinic content than PC or PCS, which display a very slight increase on the first 10 h of aging, a moderate one between 10 and 50 h and a large one from 50 h and up to saturation.

	Series	Central Value (MPa)	Weibull modulus
	NT	1620	7.2
	PCS	1568	7.0
	4.3.3 Aging kinetics	

  La surface des céramiques bio-inertes (zircone, alumine), utilisés dans des dispositifs médicaux pour l'orthopédie et l'odontologie, est souvent traitée pour augmenter sa rugosité, de façon à améliorer sa fixation à l'os ou à des matériaux antagonistes à l'aide de ciments et résines. Il s'agit d'une pratique habituelle héritée des implants en métal. L'alumine et la zircone présentent des avantages par rapport aux métaux comme par exemple une meilleure résistance à l'usure, une excellente biocompatibilité et, pour les pièces dentaires, une meilleure esthétique. Malheureusement, elles présentent aussi des désavantages : les céramiques sont en effet plus fragiles que les métaux, et donc plus exposées aux risques d'endommagement par rupture. La zircone dispose d'un mécanisme de résistance accrue à la propagation de fissures appelé « renforcement par transformation de phase » (Phase Transformation Toughening en anglais), qui est fondé sur la transformation sous contraintes de grains quadratiques en grains monocliniques. Cette transformation s'accompagne d'une augmentation de volume, ce qui aide à fermer la fissure et arrêter sa propagation et qui, in fine, augmente la ténacité de la zircone. Malheureusement, cette transformation peut aussi être activée en présence d'eau, ce qui pose des problèmes de contraintes résiduelles et de microfissurations en surface qui peuvent faire augmenter la fragilité de la pièce et provoquer sa défaillance prématurément. La dégradation de la zircone par transformation de la phase quadratique en présence d'eau est connue sous le nom de « vieillissement » (ou Low Temperature Degradation, LTD). première partie de cette thèse se focalise sur l'évaluation de l'impact d'un même traitement de rugosité par sablage réalisé après frittage sur une alumine, une zircone (3mol.%Y-TZP) et un composite alumine-zircone (ZTA), trois céramiques fréquemment utilisées dans des dispositifs médicaux commerciaux. Le traitement de sablage consiste en une projection de grains abrasifs à grande vitesse. Ce traitement crée de la rugosité, mais en même temps des défauts en surface (sous la forme de petites fissures) et une certaine distribution de contraintes résiduelles en fonction de l'épaisseur. Dans cette étude comparative, nous avons analysé comment chacun de ces éléments modifie le comportement mécanique des matériaux, et dans le cas de la zircone et le composite ZTA, comment le traitement modifie leur sensibilité au vieillissement. Nom de groupes, et traitements suivis pour chacun.

	Groupe	Traitement						
	AR	Sans traitement. Comme reçu				
	PA	Poli + Recuit						
	PAS	Poli + Recuit + Sablé					
	PASA	Poli + Recuit + Sablé + Recuit				
	S	Sablé						
	SW	Sablé + 50h immergé dans l'eau à 134° C		
	Les barrettes ont été testées en flexion quatre-points. Les résultats ont été traités
	et analysés suivant une statistique de Weibull. Les graphiques résultants sont
	présentés en Figure R. 1.					
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	La Nous avons reçu de la part de la société CeramTec GmbH (Plochingen,

Allemagne) des barrettes d'alumine, zircone et ZTA (de dimensions : 3 × 4 × 60 mm 3 ) de qualité biomédicale, que nous avons séparées en groupes et traitées comme indiqué dans le Tableau R. 1. Tableau R. 1.

  Enfin, quelques auteurs soutiennent que la mouillabilité d'une surface affecte les mécanismes d'adsorption de protéines.Dans le deuxième chapitre, nous avons donc étudié l'effet de la contamination, et des différentes techniques de nettoyage permettant de la réduire, sur la mouillabilité des surfaces par l'eau. Nous avons étudié des matériaux typiquement utilisés dans la tête des implants de hanche : alumine (« Forte »), composite alumine-zircone (« Delta »), cobalt-chrome-molybdène (« CoCr »). Ensuite, nous avons sélectionné parmi ces techniques de nettoyage celles le plus pertinentes et nous avons étudié leur impact sur l'adsorption des protéines en utilisant des mesures de mouillabilité. L'ensemble des traitements étudiés est explicité dans le Tableau R. 1.

	Tableau R. 1. Description des différents traitements de nettoyage étudiés et ses
	abréviatures	
	Abréviature	Description
	NoC	« No cleaning » -Les échantillons ont été testés après
		polissage et sans nettoyage spécifique.
	EthUS	« Ethanol in Ultrasonic bath» -Les échantillons on été
		immergés dans de l'éthanol dans un bain à ultrason pendant 5
		min, puis séchés avec un courant d'azote pure.
	EthUS+W	« Ethanol in Ultrasonic bath and Wipers » -Les échantillons
		ont été nettoyés comme EthUS et avec un tissu de salle
		blanche trempé dans de l'éthanol.
	PC	« Production Cleaning » -Les échantillons ont été nettoyés
		par CeramTec GmbH utilisant un procédé propriétaire
		consistant à les immerger dans différents bains à ultrason à
		différents pH puis dans de l'eau désionisée comme rinçage
		neutralisant. Enfin, les échantillons sont séchés avec un
		courant d'air chaud et emballés dans des sachets en plastique
		sous vide.
	PC+Al	« Production Cleaning Al Foil » Les échantillons ont été
		nettoyés comme PC, et emballés cette fois dans une feuille
		d'aluminium avant mettre l'ensemble dans sachets en
		plastique sous vide.
	PC+EthW	Production Cleaning and Ethanol Wipers -Les échantillons
		ont été nettoyés comme PC, puis juste avant les mesures
		nettoyés avec un tissu de salle blanche trempé dans de
		l'éthanol.
	PC+AcetW	Production Cleaning and Acetone Wipers -Les échantillons
		ont été nettoyés comme PC, puis juste avant les mesures
		nettoyés avec un tissu de salle blanche trempé dans de
		l'acétone.
	PC+IsopropW	Production Cleaning and Isopropanol Wipers -Les

échantillons ont été nettoyés comme PC, puis à nouveau avec un tissu de salle blanche trempé dans de l'isopropanol.

  surface comme points de fixation et d'identification. Les implants avec une surface capable de recruter plus de protéines qui aident à l'adhésion des cellules auront plus des chances d'être intégrés que des implants avec protéines qui empêchent l'adhésion cellulaire. Il existe déjà des implants céramiques ayant des compositions très proches de la partie inorganique de l'os, comme ceux basés sur la hydroxyapatite, mais malheureusement, ces implants ne sont pas mécaniquement performants et présentent des taux de dissolution incompatible avec un soutien à long terme.Ainsi, pour ces applications où il est nécessaire d'avoir une solution de longue durée (comme des implants orthopédiques ou odontologiques), il serait intéressant d'avoir un implant inert avec une surface active et chimiquement similaire à l'os. Dans le troisième et dernière chapitre de cette thèse, nous avons exploré un nouveau concept de modification de surface de la zircone consistant en un greffage des organo-silanes directement aux groupes hydroxyle (-OH) présents à la surface de la zircone sans utiliser de couche intermédiaire. Le processus est connu en chimie sous le nom de « silanisation ». Ce type de modification est très efficace sur la surface de la silice (SiO2), qui peut facilement être hydroxylée quand elle est immaculée et exposée à l'humidité ambiante. Malheureusement, la surface de la zircone présente moins de groupement OH que la silice. Pour favoriser son hydroxylation, nous avons exploré une voie de nettoyage par plasma d'oxygène avec pour l'objectif d'éliminer la contamination organique et d'augmenter le nombre de groupement OH en surface par implantation des ions. Le but final de cette partie du projet est d'adapter la technique de la silanisation à la zircone de manière à prouver son potentiel pour l'amélioration de l'osseointegration de prothèse sans endommager leur performance mécanique.

	PC des protéines en Nous avons établi trois types d'échantillons, décrits dans le Tableau R. 2. Pour PC+Al PC+AcetW PC+IsopropW Angle (°) Avant sérum Delta Forte CoCr a Angle (°) Après sérum Delta Forte b
	l'organosilane, nous avons choisi le 3-aminopropylethoxysilane (APDMES). Il CoCr s'agit d'un silane avec un groupe amine (-NH2) comme groupe fonctionnel, dont
	des travaux antérieurs ont montré qu'il interagit bien avec les cellules.
		PC	PC+Al	PC+AcetW PC+IsopropW
	Nous avons caractérisé les échantillons par XPS (X-ray Photoelectron
	Spectroscopy), puis étudié les effets du plasma et de la silanization sur leur
	comportement mécanique, résistance au vieillissement, et sur l'adhésion
	cellulaire. Les résultats sont présentés sur les Figure R. 6, Figure R. 7 et
	Figure R. 8.		
	Tableau R. 2. Description des types d'échantillons
	Abréviature Description	
	NT	Poli	
	PC	Poli + Nettoyé par plasma
	PCS	Poli + Nettoyé par plasma + Silanisé
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