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Abstract

Due to their outstanding mechanical properties and excellent biocompatibility, the use of
zirconia-based ceramics in dental and orthopedic applications has grown rapidly over the last
decades. However, both alumina and zirconia are bioinert, which hampers their implantation in
direct contact with bone. Furthermore, infections remain one of the leading causes of implant
failure. To address both issues, an improved surface design is required: in particular, an adequate
topography can promote osseointegration and limit bacterial adhesion.

On the other hand, long-term reliability is a major concern for load-bearing implants, and
zirconia-containing ceramics require special attention. As for other ceramics, surface alterations
can impair their mechanical properties. Besides, the tetragonal to monoclinic phase
transformation, which accounts for their exceptional toughness, can occur spontaneously in the
presence of water, potentially deteriorating the material properties. The Kkinetics of this
phenomenon, known as hydrothermal ageing, are highly sensitive to processing changes. Any
surface modification of zirconia-containing ceramics should thus be accompanied by a careful

assessment of its impact on implant reliability.

Based on these observations, the objective of this thesis was to develop processes to
modify the surface of zirconia-based implants, in particular the topography, without
compromising their mechanical properties and hydrothermal stability. The research effort
focused on two materials of particular interest: yttria-stabilized zirconia (3Y-TZP), which is
increasingly used for prosthodontic applications (e.g., crowns, implants), and zirconia toughened
alumina (ZTA), which is the current gold standard in orthopedics for the fabrication of load-

bearing ceramic components. Accordingly, this work can be divided into two main parts.

In the first part, an extensive study of the hydrofluoric acid (HF) etching of zirconia was
carried out. It was shown that monitoring etching time allows controlling the roughness and
fractal dimension of the surface. Furthermore, the results indicated suitable processing conditions
for a fast and uniform roughening of zirconia components, without compromising substantially
their strength and ageing resistance. Based on these findings, zirconia samples with roughness

gradients were obtained by immersing specimens into an etching solution with a controlled
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speed. Thanks to this method, which drastically reduces the efforts and resources necessary to
study cell-surface interactions, a rapid screening of the influence of HF-induced micro- and
nano-topography on mesenchymal stem cell morphology was conducted. Correlations between
roughness parameters and cell morphology were evidenced, highlighting the importance of
multiscale optimization of topography to induce the desired cell response.

In the second part, an integrated strategy was developed to provide both osseointegrative
and antibacterial properties to ZTA surfaces. The micro-topography was controlled by injection
molding. Meanwhile a novel process involving the selective dissolution of zirconia by HF
(selective etching) was used to produce nano-roughness and interconnected surface
nanoporosity. Potential utilization of the porosity for delivery of antibiotic molecules was
demonstrated, and it was shown that liposomal encapsulation could improve drug loading.
Furthermore, the impact of selective etching on mechanical properties and hydrothermal stability
was shown to be limited. The combination of injection molding and selective etching appears
thus promising for fabricating a new generation of ZTA components implantable in direct
contact with bone.

Keywords: zirconia, zirconia-toughened alumina, surface modification, chemical

etching, dental and orthopedic materials, topography, roughness, drug delivery, strength, ageing
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Preface

This dissertation is submitted for the degree of Doctor of Philosophy at the Universitat
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repair). The experimental work was realized at three different places: the Department of
Materials Science and Metallurgical Engineering of the Universitat Politecnica de Catalunya, the
Laboratory “Matériaux, Ingénierie et Science” (MATEIS) of the National Institute of Applied
Sciences of Lyon (INSA Lyon, France) and the Department of Materials of Imperial College
London (UK). It also involved collaborations with the AO Foundation (Davos, Switzerland) for
stem cell cultures and with the ceramic manufacturer CeramTec GmbH (Plochingen, Germany)

for the fabrication of the zirconia-toughened alumina samples.

This thesis is presented as a collection of papers, which are listed in the next section.
Chapter 1 is a review about the state of the art of zirconia-based bioceramics, their applications
in orthopedics and dentistry and the existing methods for modifying their surface. The aims and
scope of the thesis are presented in Chapter 2. The experimental details can be found in each
article and related supplementary information (if present). The main findings are summarized in
Chapter 3. General conclusions and perspectives are presented in Chapter 4. The full articles are

appended at the end of the manuscript.
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Chapter 1.

Introduction

1.1. Ceramics in orthopedics and dentistry

1.1.1. A brief history

The concept of bioceramic, which designates a ceramic material used for the repair and
reconstruction of diseased or damaged parts of the body [1], is much older than one might think:
in 1972, Amadeo Bobbio discovered 4000 year old Mayan skulls in which missing teeth had
been replaced by nacre substitutes [2]. However, it was no until the end of the eighteenth century
that the modern use of ceramics as biomaterials started with the first successful fabrication and
implantation of porcelain dentures by the Parisian apothecary Alexis Duchateau and the dentist
Nicholas Dubois de Chemant [3], while the diversification of materials and applications, as well

as the industrial production, took place during the twentieth century (Figure 1.1).

In 1920, tricalcium phosphate (TCP) was proposed as potential filler for bone gaps.
Nevertheless, its weak mechanical strength discarded its utilization for bearing purposes. The
first to consider ceramics as replacement materials for joints was Rock, who received a German
patent for alumina ceramics in 1930, but at that time performances were hampered by the poor
quality of pre-war alumina [4]. More than three decades later, in 1965, Sandhaus proposed and
patented an alumina material for hip joints, which can be considered as the first “high-tech”

ceramic designed for orthopedics [4].

In the 1970s, hydroxyapatite, which is bio-stable and has a bone-like crystal structure,
was introduced for the coating of dental implants and metallic hip joints [4], while the discovery
of bioactive glass, which directly binds to bones, brought a new generation of bone tissue
replacement products to the market [5]. Since then, the development of bone substitutes, fillers,

and cements, which are bioresorbable, have been the focus of considerable interest.

Regarding structural applications, the revolution came from the discovery in 1975 of the
transformation toughening phenomenon occurring in zirconia [6], which led to the development

of tetragonal zirconia polycrystals (TZP). Two decades later, yttria-stabilized zirconia (Y-TZP)
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ceramics became a popular alternative to alumina thanks to their outstanding fracture toughness
and higher strength [4,7]. Nevertheless, issues related to the phenomenon of ageing, also known
as hydrothermal degradation or low temperature degradation (LTD), that will be discussed later,
were at the origin of the early failure of Prozyr® zirconia femoral heads in 2002 [8]. Even if the
cause of this unfortunate event was process related and clearly identified, Y-TZP suffered from
bad publicity in the orthopedic community and the development of other materials such as ceria-
stabilized TZP (Ce-TZP) and zirconia-alumina composites was encouraged. In particular,
zirconia-toughened alumina (ZTA) has become the gold standard for the fabrication of ceramic
load-bearing components for joint replacements. Meanwhile, the use of Y-TZP as a bioceramic
has not been abandoned: in particular, the utilization of Y-TZP for the fabrication of dental
components such as crowns, bridges, abutments or implants has been growing fast in the last
decade.

APPLICATIONS OF CERAMICS
IN MEDICAL DEVICES
1920-2000

Crrantles

Bocks >\
-

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Figure 1.1. Application of ceramics in medical devices from 1920 to 2000 (reproduced from [4]).

1.1.2. Bioinert and bioactive ceramics

Bioceramics can be classified into two families depending on the type of peri-implant

tissue response:
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- Ceramics for which no direct bone-material interface is created are referred to as
“bioinert” (although a material should never be considered as totally inert). Alumina,
zirconia and their composites belong to this category.

- Ceramics that attach directly by chemical bonding to the bone are referred to as
“bioactive” [1]. This is the case of bioactive glass and calcium phosphates.

This classification can be refined by considering the porosity and the resorbability of the
material (see Table 1.1).

Table 1.1. Tissue attachment and bioceramic classification (reproduced from [1]).

Table IIl. Types of Bioceramics
~Tissue Attachment and Bioceramic Classification

Type of
bioceramic Type of attachment Example

1 Dense, nonporous, nearly inert  Al,Oj; (single crystal and
ceramics attach by bone polycrystalling)
growth into surface
irregularities by cementing
the device into the tissues,
or by press fitting into a
defect (termed morphologi-
cal fixation).

2 For porous inert impiants Al,Q; (porous poiycrystalling)
bone ingrowth occurs, Hydroxyapatite-coated porous
which mechanically metals
attaches the bone to the
material (termed biological
fixation).

3 Dense, nonporous, surface- Bioactive glasses
reactive ceramics, glasses, Bioactive glass-ceramics
and glass-ceramics attach Hydroxyapatite
directly by chemical
bonding with the bone
(termed bioactive fixation).

4 Dense, nonporous (or porous), Calcium sulfate (plaster of Paris)

resorbable ceramics are
designed to be slowly
replaced by bone.

Tricalcium phosphate
Calcium phosphate salts

In the case of bioinert ceramics, a soft tissue interlayer always shields the bone from the
implant. This unfortunately leads to mechanical stress shielding of the bone, known to promote
micro-motion and subsequent aseptic implant loosening. On the other hand, the poor mechanical
properties of bioactive ceramics impair their use for structural applications [7]. Overall, so far, no
tough and strong ceramic is able to create a good interface with bone. Hence, there is much
interest in developing surface modification processes that improve bone anchorage of bioinert

ceramics.
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1.2. Alumina and zirconia based ceramics for biomedical
applications

Alumina, zirconia and their composites are tough and strong ceramics (see Table 1.2),
biocompatible and chemically resistant [9]. Besides, they exhibit a very low wear rate and
release negligible quantities of metallic ions. This excellent combination of properties makes
them an interesting alternative to metals for structural biomedical applications [10,11]. They
have become materials of choice in orthopedics: in the last three decades, more than 3.5 million
alumina, 600 thousand zirconia and 6 million ZTA components (e.g., femoral heads, inserts...)
have been implanted worldwide [7,12]. Furthermore, their white color gives them a clear
esthetical advantage for dental applications, in which the use of zirconia-based ceramics is

growing fast [13,14].

Table 1.2. Mechanical properties of different bioceramics (reproduced from [7]).

Material Toughness (Kic, MPam!/2) Threshold (Kg, MPam!/2) Strength (MPa) Vickers hardness
Alumina 4.2 24 400-600 18002000
Zirconia 54 3.5 1000 1200-1300
A10Z0Y 5.8 4 700-900 1800
Hydroxyapatite 0.9 0.6 50-60 500
Tricalcium phosphate 1.3 0.8 50-60 900
Mg-PSZ 8 6 600 1000
12Ce-TZP 7.8 5.1 700 1000-1100
Micro-nano-alumina—zirconia 6 5 600 1800
Nano-nano-Ce-TZP-alumina 84 4.6 900 1300
Silicon nitride 10* ? 1000* 2500

Toughness (Kic) and threshold stress intensity factor (Kjp) were measured by the Double Torsion method (except for values with *, extracted from Ref. 23) and
strength by four point bending.

1.2.1. Aluminaas a bioceramic

Most of alumina biomedical devices consist of polycrystalline a-Al,O3; produced by
pressing and sintering at temperatures ranging from 1600 °C to 1800 °C [15]. A small amount of
additives such as magnesium oxide (<0.5%), associated sometimes to zirconium oxide, is
generally used as a grain growth inhibitor, and is essential to achieve a fully dense microstructure
with fine grains. Strength, fatigue resistance and fracture toughness are a function of density,
grain size and purity [15,16]. As mentioned above, alumina was the first ceramic to be used in
total hip replacements (THR). In the 1980s, the progresses in powder processing, which enabled
grain size reduction of the sintered alumina ceramics from 10 pum down to 2 pum, improved
significantly their performances [17]. Alumina exhibits a very high hardness, and a satisfying
flexural strength but a rather low fracture toughness and high sensitivity to surface flaws, which

increase the risk of failure and limit design flexibility (see Table 1.2).
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1.2.2. Zirconia as a bioceramic

Zirconia is a well-known polymorph that occurs in three forms: monoclinic (m), cubic (c)
and tetragonal (t) (Figure 1.2). Pure zirconia is monoclinic at room temperature but the tetragonal
phase can be stabilized by alloying with other oxides [18,19]. In 1975, Garvie et al. discovered
the phenomenon of phase transformation toughening: under tensile stress, the metastable
tetragonal phase can transform into monoclinic. This t-m phase transformation implies a volume
expansion of about 3-4 %. The consequent grain expansion under matrix constraint is the origin
of a compressive stress field that operates inversely to the tensile stress that leads the crack. The
result is that the phase transition “stops the crack”, and the fracture toughness of the material is
increased (Figure 1.3) [6,20].

(b)

Figure 1.2. Schematic representation of the three polymorphs of ZrO,: (a) cubic, (b) tetragonal, and (c)

monoclinic (reproduced from [20]).

(a) process zone
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Figure 1.3. Representation of stress-induced transformation toughening process. Energy of the advancing
crack is dissipated in phase transformation and in overcoming the matrix constraint by transforming grains
(reproduced from [21]).
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Thanks to phase transformation toughening, zirconia exhibits the best mechanical
properties of single-phase oxide ceramics: a high bending strength, high fracture toughness and
fairly high hardness (see Table 1.2 and Table 1.3). These properties made it a good candidate to
replace alumina for biomedical applications [8]. Historically, several solid solutions, such as
Zr0,-MgO, Zr0,-Ca0 and ZrO,-Y,03 were tested for this purpose, but rapidly research efforts
focused on yttria-stabilized zirconia. Indeed, thanks to their fine grained microstructures, Y-TZP
have the best mechanical properties of TZP ceramics (see Figure 1.4) [18]. In particular, 3 mol.
% Y-TZP (3Y-TZP) exhibit the best combination of strength, toughness and hardness [20].

Table 1.3. Alumina vs. zirconia bioceramics comparative assessment (reproduced from [4]).

Comparable properties =~ Advantages2rO,  Advantages ALO,
Biocompatibility Strength Historical experience
Geometry (surface, sphericity) Young’s modulus Price
Chemical and corrosion resistance Burst strength Hardness
Life expectancy of implant Fracture toughness
Hard-hart articulation Safety
3.0
= A Y-TZP
@ Ce-TzZP
O Mg-PSZ

~ .

m 2'0

o.

O

~r i

w

wn

-

»n 10

0 | 1 | | 1

0 5 10 15 20
Fracture toughness (MPa m'/2)

Figure 1.4. Strength versus fracture toughness for a selection of ZrO,-toughened engineering ceramics.
Maximums in the curves indicate a transition from flaw-size control of strength to transformation limited
strength (reproduced from [20]).
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Unfortunately, because of the metastability of the tetragonal phase, TZP ceramics are
prone to ageing [22]. Ageing occurs by a water-assisted phase transformation, which propagates
at the surface by a nucleation-and-growth mechanism and then invades the bulk (Figure 1.5). It
results in roughening and microcracking, which in the case of femoral heads induces wear and
the release of wear debris in the body. In the worst cases, it leads to failure of the component
[23].

(&)

Surface
uplift

Figure 1.5. Scheme of the ageing process occurring in a cross section, showing the transformation from
neighbor to neighbor. (a) Nucleation on a particular grain at the surface, leading to microcracking and
stresses to the neighbors. (b) Growth of the transformed zone, leading to extensive microcracking and
surface roughening. Transformed grains are gray. Red path represents the penetration of water due to

microcracking around the transformed grains (reproduced from [8]).

The ageing phenomenon is complex and not fully understood at the moment. It is
influenced by the presence of oxygen vacancies, which, in the case of Y-TZP, are induced by the
difference of valence between yttrium and zirconium ions. Ageing behavior also depends on

several parameters such as grain size, sintering conditions, residual stresses and porosity and is
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thus very sensitive to processing changes, which explains the unexpected failure of Prozyr®
femoral heads mentioned previously [23-25]. However, since this event, improved techniques
have been developed to monitor and predict ageing behavior, which helps design safer implants
[23]. Besides, it has been shown that adding small amounts of Al,O; and incorporating the
stabilizer by yttria coating of the ZrO, starting powder had a pronounced effect on retarding the
degradation without compromising on the transformation induced fracture toughness [26]. In
parallel, a lot of research efforts have been done to find an alternative to Y-TZP by using other
dopants. The best example is the development of Ce-TZP: since cerium and zirconium ions have
the same valence, cerium does not induce oxygen vacancies in the crystalline structure, which

drastically reduces their ageing sensitivity.

1.2.3. Zirconia-toughened alumina as a bioceramic

As discussed above, despite their good properties, both alumina and zirconia present
limitations for biomedical applications: alumina is very hard, but not tough and strong enough
while zirconia is tough and strong but not as hard and suffer from ageing (Table 1.3). Therefore
the idea of fabricating composites to obtain a material that combines the assets of both ceramics
without their drawbacks is appealing. Zirconia-alumina composites can be divided into two main
categories, depending on which oxide constitutes the main phase: alumina-toughened zirconia
ceramics (ATZ) and zirconia-toughened alumina ceramics (ZTA). Although ATZ exhibit some
interesting properties, in particular a lower susceptibility to ageing as compared to 3Y-TZP [27],
the present manuscript will focus on ZTA, which is currently the gold standard for the

fabrication of orthopedic load-bearing components.

ZTA is an alumina matrix composite ceramic, in which alumina is the primary or
continuous phase and zirconia is the secondary phase (Figure 1.6). Under the condition that most
of the zirconia is retained in the tetragonal phase, the addition of zirconia to alumina results in
higher strength and fracture toughness (Figure 1.7) with little reduction in hardness and elastic
modulus as compared to monolithic alumina ceramics. Additionally, the excellent wear
characteristics and low susceptibility to stress-assisted degradation of alumina ceramics are

preserved [28].

ZTA ceramics exhibit two main toughening mechanisms: phase transformation
toughening, which is similar to the phenomenon observed in monolithic zirconia, and microcrack
toughening. Microcrack toughening occurs as follows: some zirconia particles transform to the
monoclinic phase during cooling, and tangential stresses are generated around the transformed

monoclinic ZrO, particles. These, in turn, induce microcracks at the boundaries between the
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inclusions and the matrix. The microcracks, by their ability to open in the stress field of a
propagating crack, or deflect the propagating crack, can then absorb fracture energy [29].

Figure 1.6. Microstructure of a zirconia-toughened alumina composite with 17 vol.% zirconia content.
Alumina grains appear darker than zirconia grains.
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Figure 1.7. Fracture toughness and strength of alumina matrix containing unstabilized zirconia particles

as a function of the zirconia volume fraction (reproduced from [29]).
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The zirconia phase which is added to alumina can be either pure ZrO, (in this case there
is a partial stabilization of the tetragonal phase by residual compressive stresses due to the
alumina matrix) or TZP (e.g., Y-TZP or Ce-TZP). The main difference between these two forms
of ZTA lies in the primary toughening mechanism: microcrack toughening in the former,
transformation toughening in the latter [20].

Regarding hydrothermal stability, if the zirconia secondary phase is stabilized with yttria,
ageing is possible but much slower than with monolithic zirconia, and can be avoided if the
zirconia volume fraction is chosen below the percolation point [30,31]. In the case that the
zirconia secondary phase is not stabilized, ageing seems to be occurring by water diffusion
within the cracks created during cooling. If the zirconia volume fraction is kept low enough,
those microcracks are not percolated, thus water is not able to diffuse and the material shows no
evidence of ageing [31].

1.3. Biological response to implant materials

1.3.1. Osteoinduction, osteoconduction and osseointegration

Osteoinduction, osteoconduction and osseointegration are three key concepts related to
bone response when implanting a device, but their definition can change depending on the

authors. We report here the definitions proposed by Albrektsson and Johansson in ref. [32].

- Osteoinduction: this term means that primitive, undifferentiated and pluripotent cells
are somehow stimulated to develop into the bone-forming cell lineage. One proposed
definition is the process by which osteogenesis is induced. It is a phenomenon
regularly seen in any type of bone healing process. Osteoinduction implies the
recruitment of immature cells and the stimulation of these cells to develop into
preosteoblasts. In a bone healing situation such as a fracture, the majority of bone

healing is dependent on osteoinduction.

- Osteoconduction: this term means that bone grows on a surface. An osteoconductive

surface is one that permits bone growth on its surface or down into pores, channels or
pipes.

- Osseointegration: the term was first defined as direct contact (at the light microscope

level) between living bone and implant. Osseointegration is also histologically
defined as the direct anchorage of an implant by the formation of bony tissue around
the implant without the growth of fibrous tissue at the bone-implant interface (see

Figure 1.8). Since the histological definitions have some shortcomings, mainly that
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they have a limited clinical application, another more biomechanically oriented
definition of osseointegration has been suggested: “a process whereby clinically

asymptomatic rigid fixation of alloplastic materials is achieved, and maintained, in

bone during functional loading”.

Figure 1.8. Left: zirconia machined implant showing a low degree of bone-to-implant contact after 12
weeks of healing: (a) implant; (b) bone; (c) tissue at the neck of the implant; (d) peaked threads. Right:
zirconia sandblasted implant showing a high degree of bone to implant contact after 12 weeks of healing:

(@) implant; (b) arrows showing mineralized bone at the neck of the implant (reproduced from [33]).

Osteoinduction, osteoconduction and osseointegration are interrelated, but not identical
phenomena. Osteoinduction is part of normal bone healing and is responsible for the majority of
newly formed bone. The implant itself may be osteoinductive, but this is not a prerequisite for
bone induction. Osteoconduction and osseointegration both depend not only on biological

factors, but also on the response to a foreign material [32].

Both zirconia and alumina have been shown to be osteoconductive [9,34,35].
Nevertheless, the osteoconductive response may be rather short lived, contrary to successful
osseointegration, which maintains bone anchorage over a long period [32]. As will be discussed
in the next sections, surface design is one of the keys to achieve it, which shows the need for
developing surface modification processes able to promote osseointegration of zirconia-based

ceramic implants.

1.3.2. Influence of surface properties on bone tissue response

Numerous factors affect bone tissue response: implant material, implant design, surface

conditions (Figure 1.9), porosity, status of the bone, surgical technique and implant loading
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conditions [36]. Nevertheless, considering the scope this thesis, this section will focus on the
influence of surface properties.

Surface Roughness implant Rlotein Osteoblast CeII Proliferation
$ Surface Adsorption $
Surface Energy ¢——— “ — @ ——— Cell Differentiation
Surface Chemlstry Bone Mineralization

Figure 1.9. Diagram showing the direct and indirect interactions between surface properties (e.g. surface
roughness, surface energy, surface chemistry) and biological events, such as protein adsorption and

osteoblast response (e.g. proliferation, differentiation, bone mineralization). Reproduced from [37].

The surface characteristics of an implant that influence the speed and quality of
osseointegration are numerous: they include surface chemistry, topography, wettability, charge,
surface energy, crystal structure and crystallinity, roughness, chemical potential, the presence of
impurities... [36,37] Wettability and free surface energy, which is directly related to roughness,
play an important role. It has been demonstrated that osteoblast adhesion is related to the degree
of roughness and the hydrophobicity / hydrophilicity of a surface [38]. Hydrophilic surfaces are
better for blood coagulation than hydrophobic surfaces [36] and hydrophilic treatments on
zirconia seem to enhance initial attachment of osteoblast-like cells [39]. Besides, it has been
suggested that increased hydrophilicity could accelerate dental implant osseointegration [40].
However, whether or not hydrophilicity has a beneficial effect on implant anchorage is still

questioned [41].

Roughness is a scale-dependent measurement and usually authors distinguish micro-
roughness (roughness at the micrometer scale) from nano-roughness (roughness at the nanometer

scale). Each topographical scale influence tissue response at a different level (Figure 1.10).

On the one hand, implant micro-roughness has been shown to strongly influence bone
response [37,41-43]. On surfaces with rough micro-topographies, osteoblasts secrete factors that
enhance osteoblast differentiation and decrease osteoclast formation and activity [44]. Besides, it
has been demonstrated experimentally that osseointegration can be improved and accelerated
through various roughening procedures and that there exists an optimal range in the micrometer
scale [43]. The so-called moderately micro-roughened implant surfaces have been proven to

present improved osseointegration in several experimental and clinical studies [42,45].

On the other hand, implant nano-roughness can influence osteoblast and stem cell
behavior [41-43]. The positive effect of surfaces presenting nanoscale features on the adhesion,

spreading, motility, proliferation, adhesion selectivity, and differentiation has been reported
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[37,46-51], evidencing that certain cellular phenomena can be triggered through nanometer
length-scale modification. Furthermore, it has been suggested that the combination of both
micro- and nano-roughness can have synergistic effects [52]. Nevertheless, little is known
beyond data from in vitro experiments, and further research is needed to validate the clinical
relevance of these observations [41,43].

Microscale Submicroscale Nanoscale
Topography Topography Topography

Cells

Bone Implant Collagen &
Proteins

Figure 1.10. Schematic of the interactions between bone and the implant surface at different

topographical scales (reproduced from [37]).

Finally, the degree of organization of a surface might play an important role: Anselme et
al. showed that fractal parameters have an influence on cell behavior [53], whereas Dalby et al.
evidenced that nanoscale disorder was able to stimulate human mesenchymal stem cell (hMSC)

production of bone mineral in vitro, in the absence of osteogenic supplements [54].

Despite a huge number of studies, there is currently no consensus on the optimal surface
topography required to promote osseointegration [55]. One of the reasons for this lack of
knowledge is that the majority of published papers present an inadequate or insufficient surface
characterization [42]. Another reason is that there is a strong interdependence between surface
properties, which makes difficult to isolate the effect of a single parameter. In any case, there is a

need for further research including more in-depth surface characterization.

1.3.3. Bacterial adhesion versus tissue integration: the race for the surface

It is well known that biomedical implants provide a substrate for the adhesion of bacteria,

which can proliferate and form biofilms, dramatically increasing the resistance to therapeutic
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agents [56]. The so-called “race for the surface” between bacteria and host cells makes it
therefore critical to eliminate or contain pathogens as early as possible [57,58] and there is a
strong interest in developing surfaces that can prevent infections, which have become the leading
cause for arthroplasty revision [59-61]. Osseointegration and infection prophylaxis are often
treated as separated issues. However, they are intimately related and should be addressed
simultaneously [58,61]. As for host cells, surface properties such as topography and chemistry
have a strong influence on bacterial adhesion (Figure 1.11) and growth [62,63]. Hence, one of
the main issues faced when designing an implant is that a surface that promotes tissue integration
may also favor biofilm formation. ldeally, surfaces with multiple functionalities that reliably
select host cells over pathogens should thus be created. To do so, numerous surface engineering
strategies have been explored (Figure 1.12). A lot of them involve the use of coatings, either to
prevent bacterial adhesion thanks to a specific surface chemistry/topography or to the release of
antibacterial agents [58,61].

Interactions between substrate and bacterial cells

Adhesion Attachment Topography Chemistry
Electrostatic Interactions of Surface topography  Surface chemistry
attraction & repulsion curli, flagella, & pili changes bacterial changes bacterial

adhesion adhesion

e Genetic regulatory

== networks start to
N— change expression profiles
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van der Waals forces Hydrophobic interactions Steric forces Chemical modifications

Figure 1.11. Properties of the surface such as charge, hydrophobicity, topography, and the identity of the
exposed chemical groups interact with physico-chemical properties of bacterial cells and influence

attachment (reproduced from [62]).
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Antimicrobial functionality [ Possible applications ]

-
Microbe
« Contact lenses and lens cases

« Catheters
«Voice prostheses
+ Dental implants (subgingival component)

Unsuitable for any implant application
in absence of other antimicrobial
functionalities

Useful added functionality for all
applications requiring nonadhesive
surfaces

Highly suitable in revision surgery
after biomaterial-associated infection
to clear infection from surrounding
tissues and local antibiotic prophylaxis
in primary surgery

Ideal for applications requiring tissue

integration:

+Vascular grafts

* Bone anchoring in dental implants and
joint prostheses

« Scaffolds in tissue engineering

¢
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Figure 1.12. Function requirements to biomaterials and coatings in different clinical applications. A
schematic presentation of different antimicrobial functionalities that can be added to the surface of a

biomaterial implant or device, together with their possible application (reproduced from [58]).
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1.4. Surface modifications of zirconia-based ceramics and their

Impact on reliability

As discussed in the previous section, surface properties have a strong influence on bone
response and biofilm formation. Hence, numerous processes have been proposed to modify the
surface of ceramic implants, with the purpose of improving osseointegration and limiting
infections. Nevertheless, ceramics are sensitive to surface alterations. In particular surface
defects have a strong influence on their strength [64]. Furthermore, as discussed previously, in
the case of zirconia-containing ceramics, the ageing sensitivity should be assessed with a special
care after any change in the fabrication route. Accordingly, the present section gives an overview
of the processes that have been proposed to modify the surface of zirconia-based ceramic
implants and of their impact on reliability (when documented). Considering the scope of this
thesis, a special emphasis is given to the processes aiming to modify the topography.

1.4.1. Machining and grinding

Machining and grinding are part of the typical processing route of implants. By
monitoring the processing conditions, it is possible to control the topography to some extent [65].
Nevertheless, these conditions also have a strong influence on the mechanical properties.
Kosmac¢ et al. found that dental grinding of Y-TZP at a high rotation speed leads to substantial
strength degradation: it lowers the mean strength under static loading and the survival rate under
cyclic loading [66,67]. By contrast, Mufioz-Tabarez et al. evidenced that the compressive
residual stresses induced by grinding of Y-TZP could lead to an increase in strength [68].
Similarly, Xu et al. found that the strength of ZTA could decrease or not depending on grinding
conditions [69]. Optimizing the balance residual stress / damage is thus critical to ensure implant

reliability.

1.4.2. Sandblasting

Sandblasting on bioceramics is typically performed with alumina particles and results in
a micro-rough surface. By varying parameters such as particle size, pressure or impact angle, it is
possible to tailor the topography obtained [70]. Besides, it has been found that sandblasting
performed on zirconia ground implants could improve osseointegration (Figure 1.8) [33].
Regarding mechanical properties, with adequate parameters the compressive residual stresses
induced by the process can lead to an increase in flexural strength and higher survival rate under
cyclic loading [66,67]. However, as for grinding, these parameters should be chosen carefully to

avoid excessive damage [70-72].
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1.4.3. Chemical etching

Chemical etching can induce a fine roughness, down to the nanoscale, which is why it is
often combined to micro-roughening treatments (e.g., sandblasting) [73,74]. The most promising
etchant for zirconia is hydrofluoric acid (HF). Although other chemicals, such as
hypophosphorous acid or an equimolar mixture of potassium hydroxide and sodium hydroxide,
have been reported to successfully etch Y-TZP [75,76], HF presents the advantage to be a fast
etchant at room temperature. Besides, the incorporation of fluoride at the surface could enhance
osteoblastic differentiation and interfacial bone formation and inhibit bacterial growth, as it does
for titanium [77,78]. Furthermore, Gahlert et al. evidenced that HF etching of zirconia implants
enhances bone apposition resulting in high removal torque values [79]. Finally, Ito et al. showed
that the combination of sandblasting with HF etching leads to an increase in the proliferation rate
and expression of ALP activity of osteoblast-like cells (MC3T3-E1) [73], Bergemann et al.
found that it enhanced the human primary osteoblast maturation [80] and Saulacic et al. showed
that acid etching of sandblasted zirconia increased bone-to-implant contact, which was not the
case of alkaline etching [81].

1.4.4. Coating

Several coating strategies have been developed to improve an implant’s ability to bond to
bone. A first possibility is to deposit a coating of the same material as the substrate with a
porosity that promotes osseointegration or even allows bone in-growth [24,82]. Nevertheless, in
the absence of a careful control of the processing, porosity can impair mechanical properties and
ageing resistance [24]. A second approach is to coat the implant with bioactive materials able to
promote cell attachment, differentiation, and bone formation such as hydroxyapatite [83,84].
However, as discussed previously, these materials have poor mechanical properties, which may
compromise long-term reliability. Additionally, a general issue related to coatings is the lack of

adherence to the substrate and the associated residual stresses that may provoke delamination.

Regarding antibacterial coatings, literature is scarce for zirconia-based ceramics. An
interesting approach is that implemented by Liu et al., who showed that a polydopamine coating
could reduce substantially bacterial activity [85]. Furthermore, numerous strategies have been
developed for other materials and could be transposed to zirconia-based ceramics, such as the
deposition of silver-releasing coatings, antibiotic-releasing coatings, polymer-brush coatings or

chitosan coatings [61].
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1.4.5. Other techniques

The processes detailed above are the most commonly reported but the list is far from
exhaustive. Numerous other techniques have been proposed to modify the surface of ceramic
implants. For instance, lasers can be used to modify topography: it has been shown that a YAG
laser can efficiently increase surface roughness of zirconia [86]. Furthermore, thanks to its
precision and the minimal damage induced in the processing area, it has been suggested that
femtosecond laser microstructuring could offer an interesting alternative to conventional
roughening treatments [87]. Regarding the modifications of surface physico-chemistry, several
techniques have been experimented such as oxygen plasma, CO, laser, ultraviolet light or
hydrogen peroxide treatment, which can increase the surface wettability [39,88,89]. Concerning
infections, antibacterial strategies similar to those developed for titanium such as antibiotic
immobilization or silver implantation might be successfully transposed to zirconia-based
ceramics [61]. Finally, one of the most promising approach might be surface functionalization to
immobilize biological agents, which have the potential to promote osteoinduction and
osseointegration and limit biofilm formation: for instance Schickle et al. managed to immobilize
proteins on inert alumina surface [90] and Fernandez-Garcia et al. succeeded to immobilize

peptides on zirconia surface [91].
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Chapter 2.

Aims and scope of the work

As has been shown in Chapter 1, zirconia-based bioceramics are bioinert, which hampers
their implantation in direct contact with bone. On the other hand, infections are a major cause of
failure for implants. One of the keys to address both issues is an optimized surface design, which
can improve osseointegration and limit infections. There is thus a strong interest in developing
processes to tailor surface properties. On the other hand, surface modifications can have a
negative impact on implant reliability, which should thus be carefully assessed.

Based on these observations, the main objective of this thesis was to develop processes to
modify the surface of zirconia-based implants, in particular the topography, without
compromising their mechanical properties and hydrothermal stability. The research effort
focused on two materials of particular interest, which were described in details in Chapter 1:
yttria-stabilized zirconia (3Y-TZP), which is increasingly used for prosthodontic applications,
and zirconia toughened alumina (ZTA), which is the current gold standard in orthopedics for the
fabrication of load-bearing ceramic components. Accordingly, this work can be divided into two

main parts.

2.1. Surface modification of zirconia by hydrofluoric acid etching

As reported in numerous studies (see Chapter 1), hydrofluoric acid (HF) etching can be
used to induce roughness on zirconia with the purpose of improving osseointegration.
Nevertheless, even if acid etched dental implants are already on the market (CeraRoot with ICE
surface®), little is known about this process. The first part of this work was thus dedicated to the

understanding, development and optimization of the HF etching of zirconia.

2.1.1. Understanding the etching mechanism and finding suitable processing
conditions

Addressed in: Article |
The first objective of this thesis was to understand the HF etching mechanism through the

study of the etching solution and the etching products, and to establish suitable conditions for a

fast and uniform roughening of the zirconia surface.
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2.1.2. Correlating processing conditions and surface properties
Addressed in: Article |

As discussed in Chapter 1, most of the studies about surface modification of implants
present an improper or incomplete surface characterization. Hence, the second objective of this
thesis was to perform an in-depth chemical, microstructural and topographical analysis of the
zirconia surface after HF etching, and to establish correlations between the surface properties, in
particular the topographical parameters, and the etching conditions.

2.1.3. Evaluating the impact of HF etching on reliability
Addressed in: Article 11

As discussed in 1.2, minor changes in the fabrication of zirconia components may affect
their resistance to hydrothermal degradation. Besides, as for other ceramics, surface alterations
can have a strong impact on their mechanical properties. In spite of the common use of acid
etching on zirconia, to the best of the knowledge of the author, no assessment of the effects of
this process on implant reliability had been reported. The third objective of this work was thus to
evaluate the impact of HF etching on surface integrity, strength and resistance to ageing of

zirconia.

2.1.4. Fabrication of roughness gradients for rapid screening of cell-surface
interactions

Addressed in: Article 111

Cell-surface interactions are still poorly understood. One factor that explains this lack of
knowledge is the large amount of time and resources required in classical cell studies. To address
this issue, the fourth objective of this thesis was to develop a method to induce roughness
gradients at the surface of zirconia by HF etching. To get an insight of the influence of
topography on the early response of human bone marrow derived mesenchymal stem cells
(hMSCs) and to validate the method, hMSCs were cultured on the gradient samples, and
potential correlations between topographical parameters and cell morphology were

systematically investigated.

2.2. Surface modification of zirconia-toughened alumina
As discussed in Chapter 1, ZTA is bioinert, which hampers its implantation in direct
contact with bone. Furthermore, periprosthetic joint infections are now the leading cause of

failure for joint arthroplasty prostheses. To address both issues, in the second part of this thesis
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we developed an integrated strategy aiming to provide both osseointegrative and antibacterial
properties to ZTA surfaces.

2.2.1. Tailoring the micro-topography by injection molding

Addressed in: Annex A

As discussed in 1.3.2, surface micro-roughness has a strong influence on bone response.
The first objective of this second part was thus to produce ZTA specimens with a tailored micro-
topography. Among the diverse surface micro-structuring techniques existing for ceramics,
injection molding was selected as the most promising. In contrast to grinding or sandblasting for
instance, it does not induce additional surface defects. Besides, it provides a high flexibility since
it is theoretically possible to obtain any kind of micro-topography. Finally, it enables the mass

production of complex components, which is an advantage from an industrial point of view.

2.2.2. Inducing nano-roughness and surface porosity by selective etching
Addressed in: Annex A

As discussed in 1.3.2, surface nano-roughness influences osteoblast and stem cell
behavior. Furthermore, porosity can be used to load therapeutic agents. Accordingly, the second
objective was to induce nano-roughness and porosity at the surface of ZTA, without affecting the
micro-topography obtained by injection molding. To do so, a novel process involving the

selective dissolution of zirconia by HF (selective etching) was developed.

2.2.3. Using surface porosity for drug delivery
Addressed in: Annex A

The third objective was to prove that the surface porosity obtained by selective etching
can be used to load and deliver antibiotics in order to provide antibacterial properties to the
surface. Different loading methods were experimented and in vitro drug release experiments and

bacteria cultures were carried out to demonstrate the concept.

2.2.4. Evaluation of the impact of selective etching on reliability
Addressed in: Annex A

Porosity can have a strong impact on ceramic mechanical properties. Besides, as
discussed in 1.2, any surface modification of zirconia-based ceramics should be followed by an
assessment of its effect on mechanical properties and resistance to hydrothermal degradation.
The last objective of this work was thus to evaluate the impact of selective etching on surface

mechanical properties, strength and hydrothermal stability.
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Chapter 3.

Summary of the results

3.1. Surface modification of zirconia by hydrofluoric acid etching

3.1.1. Determination of suitable etching conditions

Among the different concentrations tested, 40 wt.% seems to be the most suitable for the
HF solution because it leads to the fastest and most homogeneous roughening of the surface
(Article 1). Regarding etching time, it appears that it should be kept below one hour, since a
longer duration induces substantial damage and decrease in strength (Article I1).

3.1.2. Etching mechanism
The following etching mechanism was suggested by the analysis of the etching products

and the etching solution (Article I):

- HF dissolves zirconium oxide and yttrium oxide. Fluoride, oxide, and hydroxide
complexes are formed. Etching is slightly preferential at the grain border, but also

occurs inside the grains.

- Yttrium complexes have very low solubility. From the beginning of the etching

process, yttrium trifluoride (YF3) octahedral crystals precipitate on the surface.

- Zirconium complexes are partially soluble. After a certain time, an “adhered layer”
composed of yttrium, zirconium and fluorine precipitates, probably because the

saturation threshold for zirconium fluoride complexes is reached.

Furthermore, the exponential relationship between mass loss and concentration suggested

the existence of a phenomenon of auto-catalysis.

3.1.3. Tailoring surface properties by monitoring etching time

The characterization of surface topography evidenced that it is possible to control
roughness and fractal parameters by monitoring etching time (Article I, Article 111). HF etching
also induces an increase in the fluorine content of the surface but it is not correlated to the

duration of the treatment (Article I).
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3.1.4. Impact of etching on reliability

HF etching induces a sub-superficial damage, an increase in monoclinic phase content
and a decrease in the biaxial flexural strength. In both cases, these changes do not exceed 15 %
for etching durations below one hour. Besides, HF etched zirconia does not seem to exhibit an
increased sensitivity to low temperature degradation. The strength of etched specimens can even
increase with ageing, which could be explained in terms of crack tip blunting by phase
transformation (Article 11).

3.1.5. Fabrication of roughness gradients and rapid screening of hMSC
morphology

Roughness gradients have been successfully produced at the surface of zirconia by
controlling the speed of immersion of specimens into HF. The variation of topography
influenced hMSC morphology, with significant changes in cell area, aspect ratio and solidity.
Nano-topographical parameters were linearly correlated to cell solidity, while micro-
topographical parameters appeared to be non-linearly correlated to cell area, which highlights the
importance of multiscale optimization of implant topography (Article 111).

3.2. Surface modification of zirconia-toughened alumina

3.2.1. Tailoring micro-topography by injection molding
Injection molding was shown to be a versatile process for surface micro-structuring, with
a large possible range of values for roughness parameters such as the average roughness (S, ) and

the developed interfacial area ratio (S¢r) (Annex A).

3.2.2. Inducing nano-roughness and surface porosity by selective etching
Selective etching is a novel process for ZTA, which can be used for two purposes
(Annex A):

- With a short etching time, it allows superposing of a substantial nano-roughness to a
pre-existing micro-topography such as that produced by injection molding, without
affecting the bulk of the material. According to the literature, this combination of
micro- and nano-roughness should be favorable in terms of osseointegration. Besides,
the process induces an increase in the fluorine content of the surface that could
enhance osteoblastic differentiation and interfacial bone formation as it does for
titanium. Finally, bacteria cultures suggested that the selectively etched surface could

reduce bacterial adhesion.
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- With a longer etching time, it allows the production of an interconnected nanoporous
alumina layer with a controlled thickness. This layer can be used for the loading of
therapeutic agents (see next section).

3.2.3. Using surface porosity for drug delivery

In vitro release experiments demonstrated that the porous layer induced by selective
etching has the potential to be used as a carrier for drug delivery, providing antibacterial
properties to the surface. Furthermore, the proposed liposomal encapsulation technique improves
antibiotic loading. Since liposomes can be loaded with both hydrophobic and hydrophilic
molecules, the method is flexible. Nevertheless, the quantities loaded which represent about
0.5%-1% of the total porous volume available still appear small and there is thus room for
optimization: in particular it should be possible to increase the quantity of drug loaded and the
sustainability of the release by tuning liposome size (Annex A).

3.2.4. Evaluation of the impact of selective etching on reliability

The main benefit of selective etching when compared to other existing processes to
produce nanoporous alumina on implants is that the layer obtained is not a coating. There is no
interface with the bulk, which is highly beneficial in terms of reliability since it avoids any
problem related to lack of adhesion or delamination. Furthermore, spherical nanoindentation
testing evidenced that the contact behavior of the porous layer obtained is quasi-plastic (no
cracks were observed under indentations), and the elastic modulus (£ =~ 275 GPa), the yield
stress (oy = 3300 MPa) and the indentation hardness (plateau at 8 GPa) are maintained at high
values. Besides, it was shown that the presence of a ~10 um thick porous layer does not impair
flexural strength: the decrease in average strength, which was moderate, was compensated by an
increase in Weibull modulus and the minimum strength was not affected. Finally, regarding
phase transformation, the influence of selective etching is limited to a small increase in the initial
volume of monoclinic phase content, without any impact on LTD Kinetics. The excellent

resistance to ageing of ZTA is thus not compromised by the treatment (Annex A).
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Chapter 4.
Conclusions and

perspectives

4.1. Surface modification of zirconia by hydrofluoric acid etching

HF etching is a straightforward process that allows tailoring zirconia surface topography
by monitoring the etching time. It results from a complex phenomenon involving the dissolution
of zirconium and yttrium oxides and the precipitation of fluoride crystals, which is reported for
the first time in this thesis. Etching has some impact on reliability, especially for long durations:
it induces sub-superficial damage, an increase in monoclinic phase content and a decrease in the
biaxial flexural strength. Nevertheless, HF etched zirconia does not seem to exhibit an increased
sensitivity to low temperature degradation and the strength of etched specimens can even
increase with ageing. Besides, as has been shown in another work from the author (not included
in this thesis, see ref. [92]), reliability concerns can be addressed: the surface integrity and the
resistance to ageing of etched specimens can be dramatically improved by a cerium salt

infiltration and diffusion treatment.

Furthermore, roughness gradients can be fabricated by immersing specimens into HF
with a controlled speed. A rapid screening of hMSC morphology on the gradients was carried
out and evidenced correlations between cell morphology and micro- and nano-topography,
which highlights the importance of multiscale optimization of implant surfaces. The gradient
method has the potential to be transposed to other type of surfaces and cell-surface interaction
studies, drastically reducing the amount of samples and resources required. The main
shortcoming of this approach, however, lies in the intrinsic limitations of in vitro studies: while
in vitro models allow a precise control of the culture conditions, they lack to reproduce the
complex environment encountered by the implant inside the human body. Gradients should thus
be used for screening purpose before moving to further in vivo evaluation of the most promising

surfaces.
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4.2. Surface modification of zirconia-toughened alumina

The combination of injection molding and selective etching, a novel process developed in
this thesis, allows the manufacture of ZTA samples with a substantial nano-roughness
superposed to a controlled micro-topography. Selective etching also enables the formation of an
interconnected porous alumina layer, which can be used as a carrier for drug delivery.
Furthermore, the liposomal encapsulation technique proposed in this work improves drug
loading and provides a high flexibility regarding the choice of the therapeutic agent.

The main benefit of selective etching when compared to other existing processes to
produce nanoporous alumina on implants is that the porous layer obtained is not a coating. There
is no interface with the bulk, which is highly beneficial in terms of reliability. Moreover, the
contact behavior of the layer is quasi-plastic and the elastic modulus, the yield stress and the
hardness are maintained at high values. Finally, it was shown that the presence of a ~10 pum thick
layer does not impair flexural strength and that the excellent resistance to ageing of ZTA is not
compromised by the treatment.

An on-going cooperation with the AO Foundation (Davos, Switzerland) aims to study the
influence of injection molding and selective etching on osteoblast behavior, and should give an
insight into the potential held by these processes to improve osseointegration. Future studies
should also aim to optimize drug loading and evaluate the impact of the porous layer thickness

on mechanical properties.
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Rough surfaces have been shown to promote osseointegration, which is one of the keys for a successful
dental implantation. Among the diverse treatments proposed to roughen zirconia, hydrofluoric acid (HF)
etching appears to be a good candidate, however little is known about this process. In this work, the
effect of HF concentration and etching time on the surface topography and chemistry of yttria-stabilized
zirconia was assessed. Besides, to understand the etching mechanism, the reaction products present
in solution and on the surface were characterized. The results indicate suitable parameters for a fast
and uniform roughening of zirconia. The formation of adhered fluoride precipitates on the surface is
reported for the first time and highlights the importance of cleaning after etching. Finally, it is shown
that monitoring the time allows controlling the surface roughness, smooth-rough transition and fractal
dimension, which should make possible the fabrication of implants with an optimal topography.

Dental
Roughness

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP, short:
zirconia) are biocompatible and exhibit the best combination of
strength and toughness of single-phase oxide ceramics. They were
introduced as biomaterials in the end of the 1980s to overcome
the limitations of alumina in the field of orthopedics [1]. While
monolithic zirconia has been almost abandoned for orthopedic
applications, in the last decade its use in restorative dentistry
has been growing fast [2]. In particular, its good esthetics, high
resistance to corrosion and the absence of allergic reaction make
zirconia a good candidate to replace titanium for the fabrication of
dental implants [3]. However, some authors reported a higher fail-
ure rate and a higher marginal bone loss when comparing zirconia
to titanium. According to them, the use of zirconia implants does

Abbreviations: AFM, atomic force microscopy; DI water, deionized water; EDS,
energy dispersive spectrometry; ESI-FTMS, electrospray ionization Fourier trans-
form mass spectrometry; HF, hydrofluoric acid; SEM, scanning electron microscopy;
SRC, smooth-rough crossover; TEM, Transmission electron microscopy; WLI,
white light interferometry; XPS, X-ray photoelectron spectroscopy; Y-TZP, Yttria-
stabilized tetragonal zirconia polycrystals; 3Y-TZP, 3 mol% Y-TZP.
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not appear recommendable at the moment except for specific cases
(e.g. allergy to titanium), and there is a need for further research
before generalizing their clinical use [4,5].

The key to solve the problem of bone loss mentioned above is
to achieve a good osseointegration, which depends on numerous
parameters such as surface topography and chemistry [6]. In par-
ticular it has been shown that rough surfaces exhibit a better bone
response than smooth ones, and that the combination of micro- and
nano-scale roughness could have synergistic effects [7-9]. Never-
theless, what is the optimal roughness for a dental implant remains
unclear [8,9]. On the other hand, a complementary approach to the
classical roughness parameters calculation is to perform a fractal
analysis. It has been demonstrated that osteoblastic cells prolif-
eration and adhesion is strongly correlated to fractal parameters
[10]. There is therefore a strong interest in developing processes
which allow controlling the roughness and the fractal dimension
of a surface.

Among the different surface chemical treatments already exper-
imented in the literature to achieve this purpose, hydrofluoric acid
(HF) etching appears to be a good candidate. Although other chem-
icals, such as hypophosphorous acid or an equimolar mixture of
potassium hydroxide and sodium hydroxide, have been reported
to successfully etch Y-TZP [11,12], HF presents the advantage to
be a fast etchant at room temperature. More importantly, Gahlert
et al. evidenced that HF etching of zirconia implants enhances
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Fig. 1. Left: mass loss per initial sample external area as a function of (a) etching time for different HF concentrations, (b) HF concentration for different etching times.
Right: (c) Sa, (d) Sdr and (e) Sz parameters determined from AFM and WLI data as a function of etching time for different HF concentrations. For all graphs each data point

corresponds to a distinct specimen.

bone apposition resulting in high removal torque values [13].
Besides, HF etching can be successfully associated to sandblasting.
Ito et al. showed that the combination of both treatments leads to
anincrease in the proliferation rate and expression of ALP activity of
osteoblast-like cells (MC3T3-E1) [14] and Bergemann et al. found
recently that it enhanced the human primary osteoblast matura-
tion [15]. Additionally, the incorporation of fluoride at the surface
could enhance osteoblastic differentiation and interfacial bone for-
mation, as it does for titanium [ 16]. Finally, zirconia dental implants
with acid etched surface are already commercialized (CeraRoot
implants with ICE™ surface) and apparently have shown a sim-
ilar or higher success rate as compared to titanium implants after
five years of follow-up [17].

Despite of numerous studies in which HF has been used for
the etching of Y-TZP, to the best of the knowledge of the authors,
very little is known about the chemical reaction involved. Besides,
the influence of parameters such as time and concentration is not

documented. The objectives of the present work are therefore to
determine suitable conditions for a fast and uniform roughening
of dental zirconia, to provide a complete surface characterization
with a special emphasis on topography and to contribute to the
understanding of the etching mechanism. Questions related to the
influence of etching on the mechanical properties and long-term
reliability are treated in a second article [18].

2. Materials and methods
2.1. Zirconia disks preparation

Commercial 3Y-TZP powder (TZ-3YSB-E Tosoh Co., Japan) was
cold isostatically compacted under pressure of 200 MPa in a cylin-
drical mold for producing a green body, and then sintered in an
alumina tube furnace at 1450°C for two hours (3 °C/min heating
and cooling rates), as described in previous work [19]. The sin-
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Table 1
Applied restrictions for the calculation of molecular formulas from ESI-FTMS spectra.

Isotope Minimum number Maximum number
160 0 15
12C 0 5
H 0 30
14N 0 5
89y 0 10
90Zr 0 10
19F 0 10

tered ceramic cylinders were cut into specimens in the form of
disks (2 mm thick, 9 mm diameter), which were ground and pol-
ished down to a 3 wm diamond suspension. The samples were
then successively cleaned for five minutes with acetone, ethanol
and deionized water (DI water) in an ultrasonic bath in order to
remove contaminants. The polishing step, which is not likely to be
part of the processing for a commercial implant, was introduced in
order to facilitate the surface characterization. It was assumed that
the effects of etching on a machined and annealed surface or on a
sintered surface would be comparable.

2.2. Chemical etching

Concentrated HF (Hydrofluoric Acid 40% QP Panreac, Spain)
was used to prepare aqueous solutions with respective mass con-
centrations of 5%, 20% and 40%. Etching was performed at room
temperature on zirconia disks in high-density polyethylene flasks.
The volume of acid was 1 mL by sample. The disks were placed
with the polished side upwards. Just after being removed from HF,
they were rinsed with DI water in order to stop the reaction. Unless
otherwise specified, after etching samples were cleaned twice ten
minutes with fresh DI water in an ultrasonic bath in order to remove
any remaining product of the reaction from the surface.

2.3. Preliminary study: determination of adequate etching
conditions

A preliminary study was carried out to determine which com-
binations of concentration and time were more suitable to achieve
rapidly an appropriate roughness on the zirconia surface. One ultra-
sonically cleaned sample was used for each condition. Atomic Force
Microscopy (AFM Veeco Dimension 3100) in tapping mode and
White Light Interferometry (WLI, Veeco Wyko 9300NT) were used
in order to characterize the topography at different scales. AFM
measurements were performed on 50 pm x 50 wm areas (resolu-
tion: 512 x 512 pixels) and WLI measurements were performed on
150 wm x 150 wm areas (stitching of 4 images acquired at magnifi-
cation 50x, resolution: 758 x 758 pixels). The roughness analysis of
the data from AFM and WLI was performed using Veeco’s Vision®
software. Tilt was corrected and a robust short wavelength pass
Gaussian filter (cut-off wavelength: 10 um) was applied to the data
in order to separate waviness from roughness. Then the 3D rough-
ness parameters S,, S; and Sy, were determined (for definitions, see
Table 2).

The mass loss per initial external sample area and the roughness
parameters were determined as a function of concentration and
etching time. Based on this preliminary study the main part of this
work was focused on the etching with HF 40% for times between
zero and two hours. The reasons for this choice will be discussed
later.

2.4. Analysis of the etching solution

In order to identify the soluble products of the reaction, 1 mL of
the solution resulting from the etching of a zirconia disk with HF

40% was evaporated. The dry residue was dissolved in 1 mL of DI
water with 0.1% of formic acid (HCOOH). Electrospray ionization
Fourier transform mass spectrometry (ESI-FTMS) of the resulting
solution was carried out on a LTQ Orbitrap™ Velos mass spectrom-
eter coupled with a Thermo Scientific Accela™ High-Performance
Liquid Chromatography system. The solution was introduced by
the flow injection analysis method (flow rate: 100 pwL/min, mobile
phase: H,O/CH3CN (1:1) with 0.1% of formic acid, injected volume:
5 wL). Mass spectra were acquired in both positive and negative
mode. For the calculation of molecular formulas the restrictions
detailed in Table 1 were applied.

2.5. Analysis of the etching products

To understand the etching mechanism and to identify the pre-
cipitates which formed during the treatment, zirconia disks were
immersed for different times in HF 40%. To avoid removing the reac-
tion products from the surface, after etching the samples were not
subjected to sonication but only rinsed with DI water. In the rest of
this work, this state of the surface will be referred to as “as etched”.

The “as etched” surfaces were observed by scanning electron
microscopy (SEM). Energy dispersive X-ray spectroscopy (EDS) was
used for the elemental analysis of the etching products. To deter-
mine the elemental composition and the chemical state of the
surface, X-ray photoelectron spectroscopy (XPS) was performed
with a SPECS system equipped with an Al anode XR50 source oper-
ating at 150 W and a Phoibos 150 MCD-9 detector XP. Spectra
were recorded with pass energy of 25eV, 0.1 eV steps and a pres-
sure below 7.5 x 10~2 mbar. Binding energies were referred to the
adventitious C 1s signal and background was subtracted. The iden-
tification of the local bonding environment of each element was
performed by comparing the experimental peak positions with the
data from the NIST Standard Reference Database 20, Version 4.1
(http://srdata.nist.gov/xps/).

Additionally, one sample was immersed for two hours in HF 40%
and ultrasonically cleaned. A droplet of the DI water used for the
sonication was evaporated and the dry residue was observed by
SEM, EDS, and Transmission Electron Microscopy (TEM).

2.6. Surface characterization

To assess the effect of etching on the surface properties, a com-
plete chemical and topographical characterization was carried out
on samples etched in HF 40%.

The surface morphology was observed by SEM and the elemen-
tal composition was determined by EDS. An XPS analysis similar to
the one described in 2.5 allowed to quantify the elements consti-
tuting the first nanometers of the surface and to determine their
chemical state.

Following the same methodology as described in 2.3, AFM and
WLI measurements were performed on respectively three and ten
samples per experimental point. From these measurements, the 3D
roughness parameters described in Table 2 were determined.

Additionally, a scale sensitive fractal analysis of the AFM and WLI
data was performed using the software Sfrax (www.surfract.com).
Area-scale analysis is based on the principle from fractal geometry
that the area of a rough surface is not unique, but depends on the
scale of measurement [23,24]. The software uses an iterative tiling
algorithm in which the topography of the surface is modeled using
triangular tiles to calculate the relative area as a function of the
scale of observation. The area of a tile represents the scale, and the
relative area is determined from the following formula:
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Table 2

Description of the 3D roughness parameters used in this study [20-22].
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Symbol Category Parameter Description

Sa Amplitude Average roughness Average of height values

Sq Amplitude RMS roughness Standard deviation of height values

Ssk Amplitude Skewness Degree of symmetry of the surface heights about the mean plane. The sign of S indicates the
preponderance of peaks (S, > 0) or valley structures (Sg <0)

Sku Amplitude Kurtosis Sharpness or flatness of the height distribution curve
Sku = 3: Gaussian height distributions
Sku <3: “broad” height distributions
Sku > 3: “narrow” height distributions

S, Amplitude Ten point peak-peak height Average difference between the five highest peaks and five lowest valleys

Sal Spatial Fastest decay length The shortest spatial distance in which the autocorrelation function decreases to 0.2 of its value

Str Spatial Texture aspect ratio Measure of isotropy or anisotropy of surface topography

Sds Spatial Density of summits Number of summits per unit area

Sdr Hybrid Developed interfacial area ratio Percentage of additional surface area contributed by the texture as compared to an ideal plane
the size of the measurement region

Sdq Hybrid RMS gradient RMS value of the surface slope within the sampling area

Ssc Hybrid Mean summit curvature Average of the principal curvature of the summits

Sbi Functional Bearing index Measure, relative to Sy, of the surface height at the 5% bearing area ratio

Sci Functional Core fluid retention index Measure, relative to Sq, of the volume (for example, of a fluid filling the core surface) that the
surface would support from 5% to 80% of the bearing ratio

Svi Functional Valley fluid retention index Measure relative to Sq of the volume that the surface would support from 80% to 100% of the
bearing ratio

Sm Functional Surface material volume Amount of material contained in the surface peaks from 0% to 10% of the bearing area ratio

Se Functional Surface core void volume Volume that the surface would support from 10% to 80% of the bearing ratio

Sv Functional Surface void volume Volume that the surface would support from 80% to100% of the bearing ratio

where A, is therelative area, A is the area of a tile, A is the projected
area and N is the number of tiles.

An example of semi-log plot obtained by scale sensitive fractal
analysis is shown Fig. 10a. This kind of plot can be split into two
parts:

- The left part, in which the curve appears to be steep and linear.
The slope of the curve is an indication of the complexity, intricacy
or roughness of the surface [23]. The fractal dimension (D) can be
estimated by adding two to the absolute value of the slope.

- The right part, in which the relative area approaches one.

The scale (i.e. the area of the tiles) corresponding to the limit
between the two parts of the graph is called the smooth-rough
crossover (SRC). For scales smaller than the SRC, the surface is con-
sidered as “rough”, whereas for scales higher than SRC, the surface
is considered as “smooth” [24].

3. Results

3.1. Preliminary study: determination of adequate etching
conditions

The mass loss of the samples was strongly dependent on the
etching time and there seems to be an exponential relationship
between the mass loss and the HF concentration (Fig. 1). For the
HF 5% solution, the mass loss was almost insignificant during the
first hours but increased substantially for the longest etching time
(24h).

The values of the roughness parameters determined from AFM
and WLI measurements differed (Fig. 1), which could be expected
because of the distinct resolutions and areas of measurement of
both techniques, but in general evidenced the same tendencies:

- For HF 5%, S,, Sqr and S; increased very slowly in a first phase
which we will call the “initiation phase”, and then more rapidly
inasecond phase which we will call the “effective etching phase”.
This evolution correlates with the mass loss measurements.

- For HF 20%, there was a short “initiation phase”, followed by an
“effective etching phase”. For long etching times, the increase
rate of S; and S, diminished.

- For HF 40%, the “initiation phase” was probably too short to
be observed. In a first stage, S;, Sq; and S; increased rapidly
with etching time, then S, increased more slowly, Sy, seemed
to decrease and S; decreased or increased slightly depending on
the measurement device. The maximal value of S4. was reached
for one hour of etching with AFM and for two hours with WLIL
The ratios S;/S,; and S, /Sy were low as compared to other con-
centrations.

3.2. Analysis of the etching solution

The identification of the species present in the solution was
performed by comparing the different series of peaks from both
positive and negative mass spectra to theoretical simulation. The
analysis evidenced the presence of zirconium fluoride, zirconium
oxide and zirconium hydroxide complexes (Table 3). The pres-
ence of compounds containing Yttrium was not detected. It has
to be taken into account that the solution which was subjected to
ESI-FTMS was obtained by redissolution of the dry residue of the
etching solution, therefore only non-volatile species were present
and some structural changes may have occurred during the pro-
cess. For two series of peaks of the positive-ion spectrum, the search
for corresponding chemical compounds resulted in non-matching
results however the isotopic profiles were characteristic of the
presence in the compound of respectively one or two Zirconium
ions.

3.3. Analysis of the etching products

3.3.1. Particles in suspension in the cleaning water

The observation by TEM of the particles present in suspension
in the DI water used for ultrasonic cleaning of samples etched two
hours in HF 40% showed the presence of octahedral particles (octa-
hedrons) and needle-like particles (needles) (Fig. 2).

The selected area electron diffraction (SAED) pattern of an octa-
hedron showed a crystalline structure, which is consistent with



Q. Flamant et al. / Journal of the European Ceramic Society 36 (2016) 121-134 125

Table 3
ESI-FTMS peaks identification.
Polarization Region of the spectrum Compatible ions Comments
+ 122-132mDa [ZrO(OH)]* Relative intensities slightly diverged from theory
+ 140-148 mDa [Zr(OH)3 "
+ 182-198 mDa [Zr0.2H,0.HCOOH]*; [ZrF5.CH3CN]* HCOOH and CH3CN come from the redissolution and/or the mobile phase
+ 228-236 mDa [Zr0.2H,0.HCOOH.CH3;CN]* HCOOH and CH3CN come from the redissolution and/or mobile phase
+ 359-366 mDa Not identified Isotropic profile characteristic of the presence of 1 atom of Zr
+ 392-412mDa Not identified Isotropic profile characteristic of the presence of 2 atoms of Zr
- 180-195 mDa [ZrFs]~
205-225mDa [ZrF4.HCOO]~ HCOO~ comes from the mobile phase
350-365 mDa [ZryFg ]~

their regular shape. The SAED of a needle revealed a textured
polycrystalline structure. In both patterns, low intensity quasi-
amorphous rings were observed.

EDS analysis of the octahedrons showed that they are composed
of yttrium and fluorine (Fig. 2e). The EDS analysis of the needles
substantiated that they are composed of yttrium, zirconium and
fluorine (Fig. 2f).

3.3.2. “As etched” surface

SEM observations of the “as etched” surface showed the pres-
ence of octahedrons (Fig. 3). The average size of the octahedrons
increased with the etching time. Besides, an additional “adhered
layer” appeared between 40 min and 60 min. Some features similar
to the needles described previously could be observed in the layer
however it was not possible to acquire images at sufficiently high

Cu

Ir

Cu

Fig.2. Observation by TEM (top) and EDS (bottom) of the particles present in the DI water used for ultrasonic cleaning of a sample etched two hours in HF 40% : (a) agglomerate
of octahedrons and needles, (b) a needle at high magnification, (c) SAED pattern of an octahedron, evidencing a crystalline structure, (d) SAED pattern of a needle, evidencing
a textured polycrystalline structure, (e) EDS spectrum of an octahedron, (f) EDS spectrum of a needle. In (e) and (f), Cu and O signals come from the substrate.
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Fig. 3. SEM observations of the surface in the “as etched” state (no ultrasonic cleaning) after etching in HF 40% for: (a) 20 min, (b) 40 min, (¢) 60 min, (d) 90 min, (e) 120 min,
(f) 120 min (high magnification). The inset in (f) shows a zoom of the “adhered layer” and possibly the same kind of needles as observed in Fig. 2.

magnification to confirm it because of charge effects. EDS analysis
of the octahedrons and the “adhered layer” revealed the presence
of zirconium, yttrium and fluorine (Fig. 4a and b). However, the
proportion of zirconium detected in the octahedrons was low, and
given the previous EDS analysis of the particles present in the clean-
ing water, it is probable that the signal was originated from the
material below.

The XPS quantitative analysis evidenced substantial increases
in yttrium and fluorine together with substantial decreases in zir-
conium and oxygen concentrations as compared to the non-etched
sample (Fig. 4d). Most of the peaks of the high-resolution spectra
could be identified (Table 4). In particular, the presence of ZrF, and
YF3 chemical bonds was detected.

3.4. Surface characterization

3.4.1. Surface morphology

After the cleaning procedure, SEM inspection of the samples did
not evidence any remaining octahedrons or “adhered layer” on the
surface, confirming the ultrasonic cleaning efficiency. Regarding
the preferentiality of the etching, SEM observations showed that
the attack was both intergranular and intragranular (grain size of

the original material measured by the intercept method: 0.3 m),
being slightly faster at the grain boundaries (Fig. 5) and demon-
strated a substantial evolution of the morphology at different scales
depending on etching time (Fig. 6). Nevertheless, observations at
high magnification showed no significant evolution of the granular
texture. On the other hand, the presence of randomly dispersed pits
was detected on the surface.

3.4.2. Surface chemistry

The results of XPS indicated a slight increase of the fluorine
content and a slight decrease of the oxygen content in the first
nanometers of the surface of etched samples as compared to the
non-etched (control) sample (Fig. 4d). However the results of EDS
showed that at the micrometric level the chemical composition of
the surface was not substantially affected by etching, in particu-
lar the presence of Fluorine was not detected (Fig. 4c). As it will
be discussed further, the analysis of the XPS high-resolution spec-
tra allowed identifying the chemical environment corresponding
to most of the peaks (Table 5).

AFM and WLI images revealed a substantial evolution of the
topography depending on the etching duration (Fig. 7). The appari-
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Fig. 4. Quantitative elemental analysis performed on the “as etched” (a, b, d) and on the ultrasonically cleaned (c, d) surface. (a) EDS spectrum of an octahedron, (b) EDS
spectrum of the “adhered layer”, (c) EDS spectrum of the cleaned surface, (d) XPS quantitative analysis.

Table 4

Identification of the peaks of the XPS high-resolution spectra of an “as etched” surface (spectra available in the supplementary information).

Element Orbital Binding energy (eV) Closest value found in the literature (eV) Identified chemical environment Reference
F 1s 683.2 - - -
684.9 685.1 ZrF4;YFs [25,26]
0] 1s 526.6 - - -
528.8 528.8 Pure Y503 (cubic) [27]
531.4 531.3 Zr0; [28]
Y 3d3/2 161.7 - YF; -
3d5/2 159.6 159.8 YF;3 [26]
Zr 3d3/2 183.8 184.0 3Y-TZP [27]
187.6 - ZrFy -
3d5/2 181.5 181.6 3Y-TZP [27]
185.3 185.3 ZrFy [29]

tion of high peaks and deep valleys was more pronounced for long
etching times.

3.4.3. Surface topography
3.4.3.1. Roughness analysis.

- Amplitude parameters (Fig. 8)

For both AFM and WLI measurements, the surface average
roughness (S;) and RMS roughness (Sq) increased substantially
from zero to one hour and then slightly between one hour and two
hours. The ten point peak—peak height (S;) increase was substantial
even after one hour. The skewness (S5) was negative after etch-
ing, indicating that valleys were predominant on the surface and
the kurtosis (Sy,, ) was superior to three, indicating a narrow height
distribution and steep side-walls.
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Fig. 5. SEM observations of the surface for 5 min (a) and 10 min (b) of etching in HF 40%, evidencing intergranular and intragranular etching.

3min - 1h B 2h

Fig. 6. SEM observations of the surface at different magnifications and for different etching times in HF 40%.

- Spatial parameters (Fig. 8) The fastest decay length (S;;) first decreased from zero to thirty

minutes but then increased from thirty minutes to two hours. The

For both AFM and WLI measurements, the texture aspect ratio density of summits (S4) evidenced a different behavior at small and

(Str) approached the value of one whenincreasing the etchingdura-  large scale. At small scale (AFM measurements), the Sys decreased
tion, which evidenced that the process leads to an isotropic surface. ~ Wwith etching time to reach a minimum at t=60 min, meanwhile it
Table 5
Identification of the peaks of the XPS high-resolution spectra of an etched surface after ultrasonic cleaning (spectra available in the Supplementary information).
Element Orbital Binding energy (eV) Closest value found in the literature (eV) Identified chemical environment Reference
F 1s 683.1 - - -
(6] 1s 527.9 - - -
529.3 529.3 3Y-TZP [27]
5313 531.0 YOOH [27,30]
Y 3d3/2 158.4 158.6 3Y-TZP [27]
160.1 - YOOH -
3d5/2 156.3 156.5 3Y-TZP [27]
158.1 158.5 YOOH [30]
Zr 3d3/2 184.1 184.0 3Y-TZP [27]

3d5/2 181.7 181.6 3Y-TZP [27]
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Fig. 7. WLI (150 pm x 150 wm) and AFM (50 pm x 50 wm) topographical images for different etching times in HF 40%.

increased at large scale (WLI measurements) to reach a maximum ratio (S4;) reached a maximum after one hour of etching and then
at the same time point. remained almost constant.

_ Hybrid parameters (Fig. 9) - Functional parameters (Fig. 9)

For both AFM and WLI measurements, the bearing index (Sy;)
For both AFM and WLI measurements, the RMS gradient (Sqq), first decreased from zero to thirty minutes and then increased
the mean summit curvature (Ssc) and the developed interfacial area slightly from thirty minutes to two hours, whereas the opposite
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Fig. 8. Evolution of amplitude and spatial roughness parameters over etching time in HF 40% determined from AFM and WLI measurements. Error bars represent the standard
deviation.
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Fig.9. Evolution of hybrid and functional roughness parameters over etching time in HF 40% determined from AFM and WLI measurements. Error bars represent the standard

deviation.

happened with the core fluid retention index (S;). The valley fluid
retention index (S,;) had a slightly different evolution depending
on the scale: for WLI measurements it increased until thirty min-
utes, and then remained constant, whereas for AFM measurements
the maximum value was reached only after two hours.

For both AFM and WLI measurements, the surface material
volume (Sy,) and the surface core void volume (S¢) increased sig-
nificantly until one hour and then remained almost constant. By
contrast, the surface valley void volume (Sy) kept increasing after
one hour of etching, especially considering WLI measurements.

3.4.3.2. Fractal analysis. Scale-sensitive fractal analysis of both
AFM and WLI data showed that in the first hour of etching the fractal
dimension D increased rapidly over time, and then did not evolve
substantially (Fig. 10e). Regarding the Smooth-rough crossover,
results diverged depending on the technique: the analysis of the
AFM data showed that the SRC tended to increase proportionally
to the etching time whereas the analysis of the WLI data did not
evidence any substantial evolution (Fig. 10d). This discrepancy was
probably due to the distinct lateral resolution and area of mea-
surement associated to each technique, which, besides, implies a
different range of scales for which the relative area can be computed
by the tiling algorithm.

4. Discussion

4.1. Preliminary study: determination of adequate etching
conditions

The exponential relationship between the mass loss and the HF
concentration may indicate a phenomenon of auto-catalysis as it
has been observed for instance during the HF etching of silicon
oxide [31,32].0n one hand, the reaction products could increase the
etch rate. On the other hand, the Sy, increase over time implies an
increase of the area available for reacting and thus a faster etching.

Since a high value of S, is crucial for osseointegration [8], HF
40% seems to be the most suitable etching solution because it leads
to the most substantial increase of this parameter in the minimum
amount of time. Moreover HF 40% likely leads to a more homoge-
neous etching of the surface: the value of the relation S,/S; is low
compared to other concentrations, which indicates probably less
exceptional events such as very deep valleys (for instance pits)/high
peaks. On the other hand, Sy, which is another important parame-
ter for osseointegration [8] decreased after two hours of etching in
HF 40% whereas the mass loss kept increasing, potentially inducing
more damage to the material. It appears thus that within the lim-
its of this study a concentration of 40% and an etching time below
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represent the standard deviation at each point.

two hours are the most appropriate conditions for the etching of
zirconia dental implants.

4.2. Analysis of the etching solution

The results of ESI-FTMS highlighted that the etching of 3Y-TZP
with HF leads to the formation of soluble zirconium complexes. Two
compounds could not be identified however their isotopic profiles
evidenced that they contained zirconium. Consequently the pres-
ence of compounds containing yttrium was unlikely although it
cannot be discarded. Literature regarding the ESI-FTMS of zirco-
nium complexes is scarce, nevertheless the existence of hydroxides
such as [Zr(OH)3 ]+ and of fluorides such as [ZrFs]~ and [ZryFg]~
is in good agreement with other studies [33-35]. Doubly charged
species [ZrFg]2~ were not observed, but solid salts such as K,ZrFg
or (NHy4),ZrFg, and hexafluorozirconic acid (H,ZrFg) are known to

be stable. Therefore, taking into account that structural changes
may have occurred during the drying/redissolution process, their
presence in the original etching solution should not be excluded.

4.3. Analysis of the etching products

To the best of the knowledge of the authors, this is the first time
that the presence of adhered reaction products on the surface of zir-
conia is reported during HF etching. For short etching times, only
octahedrons were present. As evidenced by the SAED and the EDS
analysis they are crystalline and composed of Yttrium and Fluorine.
Besides, XPS showed the presence of YF3 bonds at the surface of “as
etched” zirconia, which suggest that the octahedrons could be YF3
crystals. This hypothesis tends to be confirmed by their morphol-
ogy which is consistent with what can be found in the literature
regarding this kind of crystals [36].
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After an etching time of about one hour, the “adhered layer”
appears. EDS showed that it was composed of zirconium, yttrium
and fluorine, which is similar to the needles found in the clean-
ing water. Besides, some needle-like features were observed by
SEM on the “as etched” surface. Therefore the adhered layer could
be formed at least partially by an agglomeration of needles. The
delayed apparition of the layer could be explained by the saturation
of the solution with Zirconium fluorides.

Finally, it should be highlighted that the effect of these reac-
tion products on the bonding between implant and bone and on
the patient health is unknown. This underlines the importance of
the cleaning step in the fabrication of an HF etched implant. The
procedure proposed in this work was very efficient as none of the
reaction products described above was observed on the surface
after sonication.

4.4. Etching mechanism

Literature regarding the etching mechanism of zirconia is very
scarce. It seems that there has been only one attempt to describe the
dissolution of ZrO, in HF [37], but the study, based on the Pourbaix
speciation diagrams, was essentially theoretical. Besides, the case
of 3Y-TZP is more complex because of the presence of yttrium oxide.

Based on the experimental results presented above, an attempt
to describe the etching mechanism of 3Y-TZP in HF 40%, summa-
rizing previous observations, is presented here:

- F dissolves zirconium oxide and yttrium oxide. Fluoride, oxide,
and hydroxide complexes are formed. Etching is slightly prefer-
ential at the grain border, but also occurs inside the grains.

- Yttrium complexes have very low solubility. From the beginning
of the etching process, yttrium trifluoride (YF3) octahedral crys-
tals precipitate on the surface.

- Zirconium complexes are partially soluble. After a certain time,
an “adhered layer” composed of yttrium, zirconium and fluorine
precipitates, probably because the saturation threshold for zir-
conium fluoride complexes is reached. It may be formed at least
partially by agglomerated textured polycrystalline needles.

4.5. Surface characterization

4.5.1. Surface chemistry

The binding energies associated to the Zr 3d peaks, to the O
1s peak at 529.3eV and the Y 3ds), peak at 156.5eV found dur-
ing the analysis of the XPS high-resolution spectra were in very
good agreement with values found by Majumdar et al. for 3Y-TZP
[27]. Besides, fluorine was not detected during the EDS analysis.
These two observations tend to indicate that the effect of HF etching
on the surface chemistry is limited. Nevertheless, XPS quantita-
tive analysis evidenced a small increase of the fluorine content due
to etching which indicates a slight change of composition in the
very near surface, which was not related to etching time. Addition-
ally, the presence of an O 1s peak at 531.3 eV and of the pair of Y
3d peaks at 158.1 eV and 160.1 eV was compatible with the exist-
ence of yttrium hydroxide groups [27,30]. Contrary to what was
observed for the “as etched” surface, the presence of YF3 and ZrF,
bonds was not detected. This confirms that the ultrasonic cleaning
procedure is efficient and that the products precipitated during the
reaction are not strongly adhered to the surface.

4.5.2. Evolution of the surface topography over etching time
The roughness parameters analysis showed that a transition
takes place around one hour of etching:

- The increase rate of amplitude parameters such as S; and Sq was
high until one hour, and then became much lower. Nevertheless,

the ten point peak-peak height S; kept increasing substantially
even after one hour. The same tendency was observed when com-
paring functional parameters Sy, and S¢ to Sy. This indicates that
although the average roughness, the surface material volume and
the surface core void volume do not increase substantially after
one hour, localized events such as etching pits likely become big-
ger. This was confirmed by topographical images (Fig. 7) and is
not desirable from the mechanical point of view since those local-
ized events could act as defects originating fracture [18]. On the
other hand, it has to be noticed that for the functional indexes Sy;,
S and S; the transition seems to happen around thirty minutes.

- The density of summits S5 reached a maximum at large scale
(WLI measurements) and a minimum at small scale (AFM mea-
surements) for one hour of etching. This means that for longer
etching times the number of large peaks tend to increase whereas
the small peaks tend to be eroded.

- A maximum was reached around one hour for hybrid parameters
Sdr» Ssc and Sdq- This indicates that the specific surface, the summit
curvature and the mean surface slope do not increase anymore
beyond this time.

The scale sensitive fractal analysis confirmed that a transition
takes place around one hour of etching: the fractal dimension first
increased rapidly and then reached a plateau (Fig. 10). The inter-
pretation of the evolution of the smooth-rough crossover is not as
straightforward given the differences observed depending on the
measurement device. As commented previously, these differences
are likely to be due to the distinct lateral resolution and area of mea-
surement. However, the analysis of AFM data tended to show that
one of the effects of increasing etching time is to increase the scale
at which the surface can be considered as “rough”, as evidenced
by the proportionality between the SRC and the time. This is sub-
stantiated by the evolution of the morphology which starts at small
scale and continues at large scale for long etching times (Fig. 6).

The main outcome of all these observations is that HF etch-
ing makes easy to tailor a surface with the desired smooth-rough
transition, fractal dimension and roughness parameters. This
constitutes an interesting result given the high sensitivity of
osteoblasts to roughness at different scales [7,9,38-41] and the
strong influence of fractal dimension on osteoblastic adhesion and
differentiation [10]. Regarding the roughness parameters, although
the lack of standardization in the measurements makes compari-
son difficult with other studies, the values of S,, Sq;, Sqs and S
which were obtained here fall within the range of the reported val-
ues for commercial dental implants with proved high success rate
[8,42-44]. On the other hand, the limited evolution of S,, S, Sqs and
S after one hour of etching tends to indicate that inferior etching
times are more appropriate for the treatment of dental implants.
Unfortunately most of the studies in the literature omit the other
roughness parameters and therefore their influence on the bone
response is currently not well documented.

5. Conclusion

The present work shows that HF etching of zirconia is a complex
phenomenon involving the dissolution of zirconium and yttrium
oxides and the precipitation of fluoride crystals, which is reported
for the first time. The formation of these precipitates on the surface
highlights the importance of the cleaning step, since their effect on
the bonding between implant and bone and on the patient health
is unknown. At room temperature and within the limits of this
study, a concentration of 40% leads to the fastest and most uni-
form etching, and appears therefore to be the most appropriate
for the treatment of zirconia dental implants. On the other hand,
monitoring the etching time allows producing surfaces with con-
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trolled roughness, smooth-rough transition and fractal dimension.
The roughness analysis was exhaustive and evidenced that a tran-
sition was taking place around one hour of etching, after which
the evolution of the roughness parameters known to be important
for osseointegration was limited. Chemical changes at the surface
were moderate and not time related. This work could constitute
a sound basis for future biological studies aiming at determining
the influence of the topography of zirconia on cell response and
osseointegration.
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Among the diverse treatments proposed to promote the osseointegration of zirconia dental implants,
hydrofluoric acid (HF) etching appears to be a good candidate. However little is known on the effect of
this process on the mechanical properties and long-term reliability. In this work, the surface integrity,
the flexural strength and the ageing sensitivity of yttria-stabilized zirconia were assessed after etching
in HF 40%. Results show that etching induces an increase of monoclinic phase content and a decrease

in flexural strength. The strength decrease is limited to 15% for etching times below 60 min, whereas it

Keywords:
Zirconia
Etching
Dental
Ageing
Strength

reaches 29% after 120 min because of the formation of large etching pits. No substantial change in the
ageing sensitivity was evidenced. Within the limits of this study, HF 40% etched zirconia appears to be
reliable for long-term implantation provided that the etching duration does not exceed 60 min.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP, short:
zirconia) are biocompatible and exhibit the best combination of
strength and toughness of single-phase oxide ceramics. They were
introduced as biomaterials in the end of the 1980s to overcome
the limitations of alumina in the field of orthopedics [1]. Their
excellent mechanical properties are due to phase transformation
toughening: under stress the metastable tetragonal grains at the
cracktip transform into monoclinic phase with a volume expansion,
and this induces compressive stresses on the crack [2]. Unfortu-
nately, the phase transformation is also the cause of their main
weakness: in the presence of water the tetragonal phase can trans-
form spontaneously, inducing micro-cracks and a loss of integrity
of the material (see for instance the review from Lawson [3]). The
impact of this phenomenon, known as Low Temperature Degra-
dation (LTD) or ageing, was thought to be limited in vivo until
2001, when 400 Prozyr® femoral heads failed in a very short period
because of accelerated LTD [1]. This unfortunate event highlighted

Abbreviations: DI water, deionized water; FIB, focused ion beam; HF, hydroflu-
oric acid; LTD, low temperature degradation; SEM, scanning electron microscopy;
Y-TZP, yttria-stabilized tetragonal zirconia polycrystals; 3Y-TZP, 3 mol% Y-TZP.

* Corresponding authors. Fax: +34 934016706.
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marc.j.anglada@upc.edu (M. Anglada).
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0955-2219/© 2015 Elsevier Ltd. All rights reserved.

that minor changes in the fabrication process of zirconia ceramics
may induce a dramatic increase of ageing sensitivity and that any
modification should thus be followed by a careful assessment of its
impact on long-term reliability.

While monolithic zirconia has been almost abandoned for
orthopedic applications, in the last decade its use in restorative
dentistry has been growing fast [4]. In particular, its good esthetics,
high resistance to corrosion and the absence of allergic reaction
make zirconia a good candidate to replace titanium for the fab-
rication of dental implants [5]. However, some authors reported
a higher failure rate and a higher marginal bone loss when com-
paring zirconia to titanium. According to them, the use of zirconia
implants does not appear recommendable at the moment except
for specific cases (e.g. allergy to titanium), and there is a need for
further research before generalizing their clinical use [6,7].

To solve the problem of bone loss mentioned above, the key is
to achieve a good osseointegration, which was shown to be pro-
moted by rough surfaces [8]. Among the different surface chemical
treatments already proposed in the literature for this purpose,
hydrofluoric acid (HF) etching appears to be a good candidate
[9-12]. Besides zirconia dental implants with acid etched surface
are already commercialized (CeraRoot implants with ICE™ surface)
and apparently have shown a similar success rate as compared to
titanium implants after five years of follow-up study [13].

Despite the Prozyr® failure event, the dental industry may not
have been sufficiently concerned with the problems related to age-
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Table 1
Names of the different groups of samples and description of the associated
treatments.

Group Description of the treatment
Control No treatment (polished surface)
HF40-30 Immersed 30 min in HF 40%
HF40-60 Immersed 60 min in HF 40%
HF40-120 Immersed 120 min in HF 40%
Control-Aged Polished and aged

HF40-30-Aged
HF40-60-Aged
HF40-120-Aged

Immersed 30 min in HF 40% and aged
Immersed 60 min in HF 40% and aged
Immersed 120 min in HF 40% and aged

ing [1,14]. As aresult, as far as the authors know, there is currently
no study of the effect of acid etching on the long-term reliability of
dental zirconia. The objective of this work is therefore to address
this lack of knowledge by assessing the impact of HF etching on
the surface integrity, the flexural strength and the ageing sensitiv-
ity. The surface characterization and the questions related to the
etching mechanism are treated in a separated article [12].

2. Materials and methods
2.1. Zirconia disks preparation

Commercial 3Y-TZP powder (TZ-3YSB-E Tosoh Co., Japan) was
cold isostatically compacted under pressure of 200 MPa in a cylin-
drical mold for producing a green body, and then sintered in an
alumina tube furnace at 1450°C for two hours (3 °C/min heating
and cooling rates). The sintered ceramic cylinders were cut into
specimens in the form of disks (2 mm thick, 9 mm diameter), which
were ground and polished down to a 3 wm diamond suspension.
The samples were then successively cleaned for five minutes with
acetone, ethanol and deionized water (DI water) in an ultrasonic
bath in order to remove contaminants. The polishing step, which
is not likely to be part of the processing for a commercial implant,
was introduced in order to facilitate the study of the impact of etch-
ing on surface integrity, phase transformation and strength. It was
assumed that the effects of etching on a machined and annealed
surface or on a sintered surface would be comparable. Samples
were divided into different groups according to the treatment they
received as reported in Table 1 (ten samples per group).

2.2. Chemical etching

Etching was carried out in HF 40% (Hydrofluoric Acid 40% QP
Panreac, Spain) and followed by ultrasonic cleaning in DI water. The
volume of acid was 1 mL by sample. Etching times between zero and
two hours and a concentration of 40% were used rather than longer
times and more diluted solutions because these conditions were
shown to be the most appropriate for a fast and uniform roughening
[12].

2.3. Surface integrity

An estimation of the average thickness of the layer of mate-
rial removed during etching was calculated using the following
formula:

_P
t_SAm (1)

where t is the estimated removed thickness, Am is the mass loss
due to etching, pis the theoretical density of 3Y-TZP (p=6.1 gcm™3)
and S is the total sample external area.

The surface of etched samples was examined by Scanning Elec-
tron Microscopy (SEM) and the near-surface was observed on
transversal sections milled with a Focused Ion Beam (FIB, Neon40,

Carl Zeiss AG, Germany) in order to detect phase transformation
and damage. Sample surfaces were protected with a thin plat-
inum coating to flatten the surface and minimize ion-beam damage
and curtain effect during milling. The final polishing of the cross-
sections was performed at 500 pA.

2.4. Ageing

Hydrothermal degradation tests (which will also be referred to
as “ageing”) were performed in an autoclave, at 134 °C, 100% steam
atmosphere at 0.2 MPa pressure during thirty hours. These condi-
tions have been suggested to be equivalent to roughly sixty years
in vivo for polished 3Y-TZP [15].

2.5. Monoclinic phase content

Three specimens of each group (Table 1) were analyzed by X-
ray diffraction (XRD) with a Bruker AXS D8 diffractometer using
Cu-Ka radiation to detect and quantify the tetragonal-monoclinic
transformation. The monoclinic fraction was determined by using
the relation proposed by Toraya et al. [16]:

Iy (111) + Iy (111)
1311 [Iy (111) + I (111) + 1 (101)]

Vin = 1.311 (2)

where Vy, is the monoclinic volume fraction, I, (i 1 1) and I, (111)
are the intensities of the monoclinic peaks and I; (101) is the inten-
sity of the tetragonal peak.

2.6. Biaxial flexural strength

The biaxial flexural strength of the samples from the different
groups (Table 1) was assessed by ball on three balls testing. The
specimens were tested in an Instron 8511 servohydraulic fatigue
testing machine with cobalt-cemented tungsten carbide balls of
5.9 mmdiameter and aloading rate of 200 N/s. The fracture strength
was calculated by using a numerical approximation of the maxi-
mum tensile stress as proposed by Borger et al. [17]:

F
Omax =f. 75 (3)

where F is the applied load, t the sample thickness and f a dimen-
sionless factor. Provided that 0.55 < %" < 0.9and 0.05 < é < 0.6,
an approximation of f for a determined Poisson’s ratio can be cal-
culated with the following formula:

<C1+C2£+C3(%)2+C4(%)3> R
(1+a%)

4
1+C5§ R ( )

f=c+

where R is the radius of the disk, R, the support radius
(Rz=3.4mm) and ¢; (i=0,...6) tabulated constants which depend
on the Poisson’s ratio v [17]. For 3Y-TZP, v ~ 0.3 [18], which
leads to the following values: co = —17.346, ¢; =20.774, c; =622.62,
c3=-76.879, c4=50.383, c5 =33.736, c =0.0613.

2.7. Fractography

The fractographic examination was a complicated task because
samples were broken into tiny pieces. However for some of the
specimens it was possible to identify the fracture origin by SEM.
2.8. Statistical analysis

Statistical analysis of the strength testing results was performed

using SPSS® software (version 20, SPSSInc., Chicago, IL, USA). A two-
way ANOVA with a 5% significance level was used to evaluate the
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effects of etching time and ageing and to assess possible interaction.
The homogeneity of variance between groups was verified with a
Levene test. A simple main effects analysis with Sidak-adjusted o
was applied to investigate specific comparisons.

The variability of the strength was analyzed using the Weibull
distribution function:

Pr(o)=1-e (%) (5)

where Pg is the probability of failure, o is the fracture strength, o is
the Weibull characteristic strength, and m is the Weibull modulus.
For the graphical evaluation of m and o the measured strength
data were ranked in increasing order and numbered from 1 to N.
Then the single strength values o; were related to the failure prob-
ability Pg; according to the following relation:
i—0.5

Pri = —5 (6)

where i is the ranking number and N is the total number of mea-
surements (for a more detailed description of the methodology, see
forinstance Munz and Fett [ 19]). Finally, the 90% confidence bounds
for m and oy were determined according to ASTM C1239-00.

3. Results
3.1. Surface integrity after etching

The thickness of the layer of material removed during etching
was estimated to be (mean value+SD): 6.0+1.9 wm, 12+ 1.0 um
and 18 £ 4.5 pm for respectively 30, 60 and 120 min of etching.

The observation of the FIB cross-sections evidenced that a small
porosity was produced under the surface (Fig. 2). The etch-damaged
layer had an average thickness of about 1 wm, which reached locally
3 pm but did not seem to increase substantially over time.

On the other hand, etching produced numerous randomly dis-
persed pits on the surface, whose typical size increased with
etching duration (Fig. 3b-d). The presence of pits of exceptionally
big size was detected in few cases (Fig. 1 ). As it will be discussed
further, although this kind of defects was uncommon, they may
have a critical impact on strength.

3.2. Phase transformation

Etching induced an increase of monoclinic phase content at the
surface in the range 10-23% nevertheless the results do not show
a simple relation between this increase and etching time (Fig. 4).
On the other hand, the amount of monoclinic phase in samples of
the different etched-aged groups (HF40-30-Aged, HF40-60-Aged,
HF40-120-Aged) was very similar (in the range 71-73%), indicat-
ing that the monoclinic content after ageing did not depend on
the initial etching time. In the case of the Control-Aged group, the
amount of monoclinic phase was lower (about 56%). However, the
increase in monoclinic content (+55%) was roughly the same as in
the etched-aged sample groups (between +48% and +61%). In other
words, the difference in the final monoclinic content after ageing
between the control-aged and the etched-aged samples was mainly
associated to the difference in the initial amount of monoclinic
phase.

Finally, the thickness of the micro-cracked layer induced by the
phase transformation measured on a FIB cross-section of a sam-
ple from the HF40-120-Aged group was estimated to be d ~5 um
(Fig. 5). The same measurement performed on a sample from the
Control-Aged group gave a similar result (~6 wm). This tends to
confirm that etched samples do not age more rapidly than the
control ones.

3.3. Fractography

Fractographic observations could only be performed on a
limited number of samples but evidenced that:

e Etching pits could initiate failure (Fig. 1b, Fig. 6b).

e Similarly, porous zones, which may result from a locally deeper
penetration of the acid in the material, could initiate failure
(Fig. 6a). These zones will be referred to as “deep porous zones”.

e The monoclinic micro-cracked layer induced by ageing was
thicker in some zones, which could also nucleate failure: for
instance in the case presented Fig. 6¢ it reached 13 pwm, which
is approximately 2.5 times more than the average thickness.

One sample from each of the HF40-30 and HF40-60 groups
had substantially lower strength than the rest because of very
uncommon defects. In the first case the failure was associated to
a “tunnel-like” defect (Fig. 6e). The acid seems to have removed
preferentially the material under the surface, which could be due
to some large pre-existing sub-superficial defect, like a pre-existing
pore or a less densified zone. In the second case, the failure seems
to have been initiated by a huge sub-superficial defect (Fig. 6f), but
there was no evidence that it could be related to etching. Because
these defects were very unusual and distinct from the others, the
data points associated to those samples were discarded for the cal-
culation of the mean strength and the standard deviation of the
group they belonged to, as well as for the statistical analysis.

3.4. Strength analysis

The mean biaxial flexural strength results are shown Fig. 7.
The two-way ANOVA evidenced a main effect of etching
time (F(3,69)=10.272, p<0.001), no main effect of ageing
(F(1,69)=0.488,p=0.487) and an interaction between etching time
and ageing, (F(3,69)=8.869, p<0.001). The assumption of homo-
geneity of the variance was verified (p=0.356).

The results of the simple main effects analysis which indicate
statistically significant differences between groups are represented
by letters in Fig. 7. In particular, they show that:

e All etched groups exhibited a significantly lower strength than
the Control group and there was no significant difference
between the HF40-30 and HF40-60 groups.

e There was no significant difference between any of the aged
groups.

¢ The Control-Aged group exhibited a significantly lower strength
than the Control group, there was no significant difference
between respectively the HF40-30, HF40-60 and the HF40-30-
Aged, HF40-60-Aged groups whereas the HF40-120-Aged group
exhibited a significantly higher strength than the HF40-120
group.

Weibull analysis (Fig. 8, Table 2) confirmed the decrease of
strength associated to etching observed in the two-way ANOVA.
The strength distributions of HF40-30 and HF40-60 groups were
very similar. The decrease in strength was more pronounced for
the HF40-120 group.

Regarding the effect of ageing, Weibull analysis confirmed that:

¢ The strength distributions of the all the aged groups were very
similar.

e Ageing induced a decrease in strength for the control samples.

e Ageing induced an increase in strength for the samples etched
two hours.
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Fig. 1. Pits of exceptionally big size observed: (a) on the surface of a sample from the HF40-120 group, (b) on the fracture surface of a sample from the HF40-120-aged group,

in which it nucleated failure (o'max =816 MPa).

Fig. 2. FIB cross-sections at the surface of 3Y-TZP after etching for one hour (a, ¢) and two hours (b, d, e).

Table 2

Weibull modulus (biased), characteristic strengths and associated linear regression coefficients for different etching conditions, before and after ageing.

Sample group m (90% confidence interval)

Control 11(6-14)
HF40-30 10(5-14)
HF40-60 8(4-11)
HF40-120 10(6-13)
Control-Aged 10(6-14)
HF40-30-Aged 20(11-27)
HF40-60-Aged 13(7-17)
HF40-120-Aged 12 (6-16)

o [MPa] (90% confidence interval) R?

1278 (1202-1362) 0.9504
1064 (994-1141) 0.9483
1071 (981-1173) 0.9852
912 (855-975) 0.9167
1105 (1039-1178) 0.9591
1068 (1033-1103) 0.9804
1142 (1085-1204) 0.8779
1081 (1022-1145) 0.9215

Because of the limited number of samples, interpretations
regarding the Weibull modulus are subjected to caution. It seems
however that neither etching, nor ageing induced substantial
changes in the Weibull modulus.

4. Discussion
4.1. Effects of HF etching
4.1.1. Qualitative interpretation

HF etching induced an increase of monoclinic phase content at
the surface. This could be explained by differences in the dissolution

kinetics of yttrium oxide and zirconium oxide by HF, which could
create an yttrium depleted layer of zirconia, in which the tetragonal
phase is less stable.

Besides etching induced different kind of defects in the material:

e The formation of a thin etch-damaged layer on the whole sur-
face, whose depth did not appear to evolve substantially over
time, but could be locally thicker (Fig. 2). Because the poros-
ity was formed by dissolution, it is necessarily interconnected.
The etch-damaged layer could thus be considered as micro-
cracked. Besides, as commented before, etching induced some
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Fig. 3. SEM observations of a pore on the polished surface (a), and typical pits after etching for: 30 min (b), 1h (c), 2h (d).
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Fig. 4. Monoclinic volume fraction determined from XRD measurements for different etching times, before and after ageing. Values inside the columns indicate the absolute
variation with respect to the Control group. Values above the columns indicate the absolute variation after ageing. Error bars represent the standard deviations.

phase transformation. As a result, the fracture toughness of the
surface is lower since it is that of monoclinic zirconia.

¢ Localized damage such as pits (Figs. 1, 3, 6b) or deep porous
zones (Fig. 6a). This kind of flaws could result from the interac-
tion of HF with pre-existing defects, such as pre-existing pores on
the polished surface (Fig. 3a) or low densified regions. However
the formation of pits could also be favored by a phenomenon of
autocatalysis, in which the reaction products would increase the
etch rate locally, as it has been observed for instance in silicon

[20]. This would be consistent with the exponential relationship
between mass loss and HF concentration which was previously
reported [12].

¢ Additionally, etching could bring to the surface flaws which were
just below by dissolving the material that separated them from
the outside. For instance, even though the case was isolated, it is
worthwhile recalling that the fracture of a sample from the HF40-
30 group was associated to a “tunnel-like” defect (Fig. 6e). This
defect probably existed previously but was shown up by etching.
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Fig.5. FIBcross-section atthe surface of 3Y-TZP after etching for two hours and subsequent ageing: (a) full cross-section, (b) etching pit at high magnification, (¢) micro-cracked

zone at high magnification.

As a consequence, etching induced a decrease in the average
strength, without apparently affecting the strength variability. This
decrease appeared to be much more important for the HF40-120
group (—29%) than for the HF40-30 and the HF40-60 groups, for
which the decrease (—15% in both cases) and the Weibull strength
distributions were similar. It seems thus recommendable not to use
etching times superior to one hour, which moreover don’t bring
clear benefits in terms of roughness [12].

4.1.2. Modeling

To understand how the decrease of strength discussed above
is related to the effect of etching on the population of superficial
defects, some simple models are proposed below.

First of all, to estimate the size of the critical defect in each sam-
ple group, let us consider a hypothetical semi-circular surface crack
of radius a. The stress intensity factor K| for an applied stress oy is:

KI=1.26X0'A\/E (7)

To determine a, the knowledge of the fracture tough-
ness of the material is needed. Unfortunately, because of the
small grain size and of the phase transformation phenomenon,
its measurement is challenging for 3Y-TZP and the values
reported in the literature differ substantially depending on the
method used. Nevertheless measurement techniques involving
a notch with a small tip radius appear more reliable, and
the value retained here is Kic=4.1MPa.m'? [21]. Considering
oa1=1220MPa, 0pp=1040MPa, op3=1040MPa, oa4=870MPa
which are respectively the mean strength of the Control, HF40-
30, HF40-60 and HF-40-120 groups, the critical crack radii are a;
~7pm, a; ~10 pm, a3 ~ 10 wm, ag ~ 14 pm.

The etch-damaged layer, which could extend an existing surface
flaw, can reach locally 3 pwm (Fig. 2). Therefore, according to this
model, it could explain the increase of the critical defect size and

thus the drop in strength observed for the HF40-30 and HF40-60
groups, but not for the HF40-120 group.

On the other hand, big pits were observed on the surface of
samples from the HF40-120 groups and fractographic analysis
evidenced that they can play a role in failure (Fig. 1, Fig. 6b). As
a simple model for these pits, let us consider a surface spherical
pore of radius R under a constant biaxial tension o 4. For a Poisson
ratio v=0.3, the maximum tensile stress ¢ at a radial distance r
from the pore is given by [22]:

O =04

r\ D r\ 3
1+1.091<1+§> +9.091 x 10 (”E) } (8)
Let us then consider then that this pore is associated to a cir-
cumferential crack (Fig. 9a and b). The stress intensity factor can
be determined by the methodology proposed by Zimmermann and
Rodel [22] which is briefly summarized here.The calculation of the
stress intensity factor K is based on:

c

K= /h(r, c)o(r)dr (9
0

where c is the crack extension, o(r) can be determined from Eq. (8)
and the weight function h is given by:

h= ﬂhedgecrack + (1 - ﬂ) heircutarcrack (10)

where heggecrack and Nejreutarcrack are the weight functions of an edge
crack and a circular crack and B is an interpolation function.
B, hedgecrack and Acircylarcrack €an be determined from the follow-
ing formulas:
p=—1 (1)
(1+2f)
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Fig. 6. Observation by SEM of the failure origin of samples from: (a) HF40-120 group (0'max =1042 MPa), (b) HF40-120 group (0max =732 MPa), (c) Control-Aged group
(Omax =970 MPa), (d) HF40-120-aged group (omax = 1146 MPa), (e) HF40-30 group (0'max =588 MPa), (f) HF40-60 group (0'max =359 MPa).
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hedgecmck =
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(13)

hcircularcrack =

]1/2

The software Maple (version 17, Maple Inc., Waterloo, Ontario,
Canada) was used to calculate numerically the integral of Eq. (9)
for different pore radii and a given applied tension as a function
of crack extension. The curves obtained for o, =1040MPa and
oa=870MPa, which are respectively the mean flexural strength
from both the HF40-30 and HF40-60 group and from the HF40-120
group are shown in Fig. 9. From these curves it can be seen that:

For an applied tension o, =1040 MPa, pits of radius R <5 um
are unlikely to provoke failure because they should be associ-
ated to a crack of at least 7 wm, whereas pits of radius R>7.5 um
could become critical for small crack extensions: ¢>2.6 wm for
R=7.5pm,c>1.2wum for R=15pum, c>1 pum for R=30wm.

For an applied tension o, =870 MPa, pits of radius R<10 pm
are unlikely to provoke failure because they should be associated
to a crack of at least 4.5 m, whereas pits of radius R> 15 pm could

become critical for small crack extensions: ¢ > 2.2 um forR=15 m,
c>1.6 um for R=30 pum.

Considering these results, the presence of big pits (Fig. 1) asso-
ciated to the cracks of the etch-damaged layer may explain the
important decrease in strength of the HF40-120 group. The pits
observed in the HF40-30 and in the HF40-60 specimens were
smaller, which makes less probable their potential role in failure.

Finally, fractographic analysis also evidenced that deep porous
zones could initiate fracture (Fig. 6). The complicated geometry of
this kind of defects makes modeling difficult. However, on the same
manner as pits, they could be considered as stress concentrators
associated to a crack.

To summarize, the models presented above tend to show that:

e For the HF40-30 and HF40-60 groups in which the pits are smaller
than in the HF40-120 group, the model of an existing crack whose
dimension is increased by the etch-damaged layer gives a satis-
fying explanation of the drop in strength induced by etching. The
fact that the thickness of the etch-damaged layer was not related
to etching time supports this hypothesis, because it explains the
similarity between the HF40-30 and HF40-60 strength distribu-
tions.
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e For the HF40-120 group, the presence of big pits associated to the
etch-damaged layer and of deep porous zones explains the more
important drop in strength.

4.2. Effects of ageing

4.2.1. Qualitative interpretation

There was no substantial difference in the amount of monoclinic
phase between the different groups of etched-aged specimens.
Another observation worthwhile recalling is that the increase of
monoclinic content associated to ageing in the etched samples was
close to the increase observed in the Control-Aged group. Further-
more it was observed on FIB cross-sections that the thickness of the
micro-cracked layer induced by phase transformation during age-
ing was not more important in a sample etched for two hours than
in the control one. Accordingly the influence of previous etching on
ageing appears to be limited.

Moreover, there was surprisingly no significant difference in the
strength distributions among all the specimen groups after age-
ing (see Figs. 7 and 8). The average strength of all etched groups
remained constant or increased after ageing, whereas that of the
samples from the Control-Aged group decreased. This opposite
behavior must be related to a distinct effect of ageing on control
and on etched specimens, or to two competing mechanisms, one of
them tending to neutralize etching defects.

The drop in strength induced by ageing of polished zirconia has
already been reported in numerous studies [23-27]. It has been
suggested to be caused by the apparition of micro-cracks due to
the phase transformation and by the depletion of transformable
tetragonal phase on the surface. The fractographic observations
presented in this work bring an additional element: they show that
failure can be initiated in regions in which the micro-cracked layer
induced by ageing is locally thicker (Fig. 6¢).

On the other hand, the increase in strength subsequent to ageing
etched specimens has never been reported. At first, two hypotheses
appear to be reasonable to explain this phenomenon. One is that
ageing of etched specimens could induce a change in the critical
defects responsible for fracture, and the other is that ageing may

Before ageing

induce a change in the stress distribution at the surface of etched
specimens. However, this second hypothesis appears to be unlikely,
since there is no apparent reason for which the presence of a resid-
ual compressive stress on the surface would induce an increase in
strength for etched specimens but not for control ones.

On the contrary, the effect of ageing on the critical defects could
explain the differences observed, as it will be demonstrated in the
next section. Indeed, a critical flaw induced by etching is necessarily
connected to the surface and is therefore necessarily under direct
exposure of water vapor. The tip of the crack could thus be trans-
formed, reducing its sharpness. A similar phenomenon of crack tip
blunting was suggested to exist by Marro et al. [28], who found a
large increase of strength after ageing pre-indented zirconia bars.

4.2.2. Modeling

4.2.2.1. Strength decrease. To explain the drop in strength induced
by ageing in the Control-Aged group, let us consider first the case
of the sample shown in Fig. 6¢, for which the depth of the micro-
cracked layer induced by ageing reached locally d~ 13 wm and
broke at o4 =970 MPa. The radius of an equivalent semi-circular
crack which would provoke a failure at this stress is a~ 11 m,
therefore the dimensions of this flaw are close to that of the theo-
retical critical defect.

On the other hand, let us consider the case that the degraded
layer thickness is homogenous (d~ 5 pm). It has been suggested
that the minimum value of d necessary for a crack to continue
propagating through the tetragonal bulk can be estimated from
[27]:

dmin ~ 0.49 x ac (14)

where a. is the critical defect size in the material before ageing.
As shown previously, in the case of the Control group ac~ 7 pum,
therefore d > dpin (dmin ~ 3.5 pm).

These two observations tend to demonstrate that the strength
of the Control-Aged samples is governed by the aged damaged
layer, which is responsible for the drop in strength, and not by the
pre-existing flaws. The mechanism of crack tip blunting discussed
below has thus no effect in this case.

After ageing
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Fig. 8. Weibull analysis of the fracture strength of 3Y-TZP before (a) and after ageing (b) for different etching times.

4.2.2.2. Strength increase. To explain how pre-existing etching
defects could be neutralized and how it could lead to strength
increase for the HF40-120 samples, let us consider the hypothesis
that ageing could induce some crack tip blunting. Modeling the case
of a cracked pit is not straightforward. Therefore, to get an order
of magnitude of the blunting necessary to explain the strength
increase observed, let us consider the relationship between the
stress intensity factors at fracture of a blunt and a sharp crack [29]:
Kic biunt 00

1/2
Kic (l * E)

where Kjc pjunt is the stress intensity factor of the blunt crack at frac-
ture, K¢ is the fracture toughness, pg is the root radius of the blunt
crack and rp =w~2 w with w an effective grain width at the crack
tip. Assuming that w ~ 0.3 wm (grain size of the 3Y-TZP used in this
work measured by the intercept method) and that the relation-

(15)

ship between the strength of the HF40-120-aged (blunt crack) and
HF40-120 (sharp crack) specimens corresponds to the relationship
of Eq. (15), we obtain pg = 0.3~0.6 wm, which shows that a blunting
of the crack tip to a radius of the order of magnitude of the grain
size could explain the strength increase.

4.2.2.3. Summary. Ageing seems to lead to two competing mecha-
nisms:

¢ On the one hand, etching defects, which are directly accessible
to water vapor, are neutralized: a moderate blunting of the crack
tip is sufficient to explain the strength increase observed for the
HF40-120 samples.

¢ On the other hand, the apparition of the degraded layer explains
the drop in strength for the control samples. Considering that
etching defects are fully inactivated, the strength will be also gov-
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erned by the degraded layer in the etched-aged groups, which
explains the similarity between all the strength distributions
after ageing.

5. Conclusion

Etching of 3Y-TZP with HF 40% for times up to two hours has
been studied in terms of surface integrity, flexural strength and
resistance to hydrothermal degradation. It is concluded that etch-
ing induces an increase in monoclinic phase content and a decrease
in the biaxial flexural strength of polished specimens. In both cases,
these changes do not exceed 15% for etching times below one
hour. Besides, HF etched zirconia apparently does not exhibit an
increased sensitivity to LTD and the biaxial strength of etched spec-
imens can even increase with ageing, which can be explained in
terms of crack tip blunting by phase transformation. Accordingly,
within the limits of this study, dental zirconia etched with HF 40%
should be reliable for long-term implantations provided that the
etching duration does not exceed one hour.
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The authors regret that formula (2) on page 136 was written incorrectly:

Im(111) + I;n(111)
1.311[In(111) + I;n(111) + I(101)]

Formula (2) should read as follows:

m=1.311

Im(111) 4+ I;n(111)
I:(101) + 1.311[Inn(111) + I;n(111)]

The authors would like to apologise for any inconvenience caused.

Vim=1.311
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Abstract: Roughness is one of the key parameters for suc-
cessful osseointegration of dental implants. The understand-
ing of how roughness affects cell response is thus crucial to
improve implant performance. Surface gradients, which allow
rapid and systematic investigations of cell-surface interac-
tions, have the potential to facilitate this task. In this study, a
novel method aiming to produce roughness gradients at the
surface of zirconia using hydrofluoric acid etching was imple-
mented. The topography was exhaustively characterized at
the microscale and nanoscale by white light interferometry
and atomic force microscopy, including the analysis of ampli-
tude, spatial, hybrid, functional, and fractal parameters. A
rapid screening of the influence of roughness on human
mesenchymal stem cell morphology was conducted and
potential correlations between roughness parameters and
cell morphology were investigated. The roughness gradient

induced significant changes in cell area (p<0.001), aspect
ratio (p=0.01), and solidity (p=0.026). Nanoroughness
parameters were linearly correlated to cell solidity (p < 0.005),
while microroughness parameters appeared nonlinearly cor-
related to cell area, highlighting the importance of multiscale
optimization of implant topography to induce the desired cell
response. The gradient method proposed here drastically
reduces the efforts and resources necessary to study cell-
surface interactions and provides results directly transferable
to industry. © 2016 Wiley Periodicals, Inc. J Biomed Mater Res Part
A: 00A:000-000, 2016.

Key Words: Y-TZP ceramics, surface modification, hydro-
fluoric acid etching, topography, human mesenchymal stem
cells
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INTRODUCTION

Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP,
short: zirconia) are biocompatible and exhibit the best com-
bination of strength and toughness of single-phase oxide
ceramics. They were introduced as biomaterials at the end
of the 1980s to overcome the limitations of alumina in the
field of orthopedics." While monolithic zirconia has been
almost abandoned for orthopedic applications, in the last
decade its use in restorative dentistry has been growing
fast.? In particular, its good esthetics, high resistance to cor-
rosion, and the absence of allergic reaction make zirconia a
good candidate to replace titanium for the fabrication of
dental implants.> However, some issues still need to be

solved before generalizing the clinical use of zirconia
implants. Indeed, several authors reported a higher mar-
ginal bone loss and fracture rate as compared to titanium,
which shows the need for further development.>> On the
one hand, zirconia can suffer from the so-called low temper-
ature degradation phenomenon (also known as ageing),’
and, as other ceramics, it is sensitive to surface defects and
subcritical crack growth. The impact of these phenomena,
which account for the higher fracture rate, could be mini-
mized by optimizing the implant design and the fabrication
process.” On the other hand, the higher bone loss observed
in some cases could be related to the higher elastic modulus
mismatch between zirconia and bone, which induces higher
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stress concentration, and to a lack of optimization of the
implant surface, which leads to a poor osseointegration.”

Indeed, a successful osseointegration depends on
numerous surface properties such as topography and che-
mistry.® In particular, it has been shown that moderately
rough surfaces exhibit a stronger bone response than
smoother and rougher ones, suggesting the existence of an
optimal roughness range. Nevertheless, what is the optimal
surface topography for a dental implant remains unclear.>°

One of the reasons for this lack of knowledge is that,
with a classical approach, the investigation of the influence
of surface roughness on cell response requires experiments
on large series of homogenous and individual specimens for
each condition tested. Testing a high number of surface
types is thus lengthy and costly. To overcome this problem,
surface gradients appear as a very appealing tool: they
allow the high-throughput and systematic investigation of
cell response to the variation of surface properties, one sin-
gle sample containing the whole range of values for the
studied parameters.!’ Besides, homogenous experimental
conditions are ensured, which reduces drastically the num-
ber of specimens needed from a statistical point of view.

In addition, while there is an agreement that implant sur-
face topography is best described using a multiple-scale,
three-dimensional (3D) analysis,'*™** the correlation between
both microtopographical and nanotopographical characteris-
tics of surfaces and stem cell morphology has not been fully
explored yet. Since stem cell size and shape is indicative of
the cell function,'® such analyses hold the potential to clarify
the role of specific roughness parameters on cell fate.

The gradient approach has been successfully imple-
mented by some authors to investigate the influence of rough-
ness on osteoblast response, osteoclast resorption, and stem
cell differentiation on several materials (polycaprolactone,
epoxy resin, titanium, silicon, and hydroxyapatite among
others)."®2°> However, to the best of the knowledge of the
authors, it has never been applied to zirconia. Besides, the
aforementioned studies often limit the roughness analysis to
the average roughness parameter (R,), which is not sufficient
to fully characterize surface topography.**

Among the numerous existing methods to fabricate mor-
phology gradients (for a review see Ref. 26), few are easily
transposable to zirconia. One possible approach would be to
use the route proposed by Kunzler et al. which is material
independent?’: an aluminum sheet is sandblasted and pro-
gressively eroded by chemical polishing, the surface is then
replicated in epoxy and sputter-coated with the desired
material. Nevertheless, this process presents some inconven-
iency: it is not directly transposable to the fabrication of a
real component such as an implant and the coating process
might affect the surface properties and consequently the
cell response. Another possibility would be to use a dip
coating process to bind particles to the surface, as proposed
for instance by Huwiler et al.?® However, this approach is
limited to the fabrication of nanomorphology gradients.

A biomechanical study?® and a histological study*® in
pigs suggested that hydrofluoric acid (HF) etching of zirco-
nia implants could enhance bone apposition and that such
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FIGURE 1. Experimental procedure for producing a roughness gradi-
ent at the surface of zirconia specimens.

implants presented performances comparable to those of
commercial titanium implants. Based on a previous work
which showed that HF etching allows controlling zirconia
roughness,®’ the present article proposes therefore a novel
method to fabricate zirconia samples with a surface rough-
ness gradient, associated to an advanced characterization of
the topography involving a multiscale roughness analysis
and a fractal analysis. To get an insight of the influence of
topography on the early response of human bone marrow
derived mesenchymal stem cells (hMSCs) and to validate
the method, hMSCs were cultured on the gradient samples,
and potential correlations between topographical parame-
ters and cell morphology were systematically investigated.

MATERIALS AND METHODS

Sample fabrication

Fabrication of zirconia bars. Commercial 3Y-TZP (3 mol%
Y-TZP) powder (TZ-3YSB-E Tosoh Co., Japan) was cold uni-
axially pressed at 100 MPa and then sintered in an alumina
tube furnace at 1450°C for 2 h (3°C/min heating and cool-
ing rates), obtaining prismatic bars of 2.5 mm X 4.6 mm X
45 mm which were ground and polished down to a 3 pm
diamond suspension. The specimens were then successively
cleaned for 5 min with acetone, ethanol, and deionized
water in an ultrasonic bath to remove contaminants.

Surface modification for obtaining roughness gradients. A
previous work showed that HF etching allows producing
roughness on zirconia and that it is possible to control the
topography by monitoring etching time.>' Based on these
results, in the present study roughness gradients were
obtained by subjecting specimens to etching into concen-
trated HF (40% QP Panreac, Spain) with a continuous varia-
tion of etching time along the axis of the bar. As shown in
Figure 1, the samples were immersed into a volume of
40 mL of HF contained in a polyethylene flask at a speed of
0.6 mm/min by using an automated device (ND-R Rotary
Dip Coater, Nadetech Innovations, Spain). The total duration
of the process was set to 1 h, which leads to a substantial
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TABLE I. Description of the 3D Roughness Parameters Used in this Study®'3

Symbol Category Parameter Description

S, Amplitude Average roughness Average of height values.

Sq Amplitude RMS roughness Standard deviation of height values.

Sek Amplitude Skewness Degree of symmetry of the surface heights about the
mean plane. The sign of S indicates the
preponderance of peaks (Sg>0) or valley structures
(Ssk<0).

Siu Amplitude Kurtosis Sharpness or flatness of the height distribution curve.

Sku = 3: Gaussian height distributions
Sku < 3: “broad” height distributions
Sku > 3: “narrow” height distributions

Sal Spatial Fastest decay length The shortest spatial distance in which the autocorrela-
tion function decreases to 0.2 of its value.

Sds Spatial Density of summits Number of summits per unit area.

Sar Hybrid Developed interfacial area ratio Percentage of additional surface area contributed by the
texture as compared to an ideal plane the size of the
measurement region.

Sdq Hybrid RMS gradient RMS value of the surface slope within the sampling
area.

Ssc Hybrid Mean summit curvature Average of the principal curvature of the summits.

Sm Functional Surface material volume Amount of material contained in the surface peaks from
0% to 10% of the bearing area ratio.

Se Functional Surface core void volume Volume that the surface would support from 10% to
80% of the bearing ratio.

Sy Functional Surface void volume Volume that the surface would support from 80% to

100% of the bearing ratio.

roughness for the part of the sample immersed for the lon-
gest time without damaging too severely the material.*!??
After etching, the specimens were rinsed with deionized
water in order to stop the reaction. Finally, they were
cleaned in an ultrasonic bath (2 X 10 min with fresh deion-
ized water) to remove the precipitates formed during the
process.

Surface characterization

Measurements. All surface measurements were performed
on the x-y surface (see Fig. 1). The evolution of the surface
morphology along the axis of the bar was assessed at evenly
spaced positions in the x direction (y=0 mm) by scan-
ning electron microscopy (SEM, Neon 40, Carl Zeiss AG,
Germany). Atomic force microscopy (AFM Veeco Dimension
3100) in tapping mode, and white light interferometry
(WLI, Veeco Wyko 9300NT) were used in order to charac-
terize the topography at different scales. AFM measure-
ments were performed at five x-positions with y =0 mm
on three specimens (one measurement per position, area:
50 um X 50 pm, resolution: 512 X 512 pixels). WLI meas-
urements were performed at 13 evenly spaced x-positions
on three specimens (measurements at y=—1 mm,
y=0 mm, and y =1 mm for each x position, area: 150 um
X 150 pm obtained by stitching of four images acquired at
magnification 50X, resolution: 758 X 758 pixels). Addition-
ally, for the t =0 min data point, three AFM measurements
and 10 WLI measurements were performed on polished
samples (with no gradient). Finally, to get a better under-
standing of the etching process and to identify possible cor-
relations between the formation of precipitates on the

surface and the evolution of the topography, SEM observa-
tions were performed on a sample which was not subjected
to sonication after etching.

Roughness analysis. The roughness analysis of the data
from AFM and WLI was carried out using Veeco’s Vision®
software. Tilt was corrected and a robust short wavelength
pass Gaussian filter was applied to the data in order to sep-
arate waviness from roughness. The cut-off wavelength of
the filter was set to 10 pum for WLI and 1 um for AFM. The
roughness parameters described in Table I were then deter-
mined. Considering the cut-off wavelengths and the lateral
resolutions (micrometric for WLI, nanometric for AFM)
associated to each device, the roughness measurements
obtained from AFM data analysis will be referred to as
“nanoroughness” whereas the measurements obtained from
the WLI data will be referred to as “microroughness.”

Fractal analysis. A scale sensitive fractal analysis of the
AFM and WLI data was performed using the software Sfrax
(www.surfract.com). Area-scale analysis is based on the
principle from fractal geometry that the area of a rough sur-
face is not unique, but depends on the scale of measure-
ment.**** The software uses an iterative tiling algorithm in
which the topography of the surface is modeled using trian-
gular tiles to calculate the relative area as a function of the
scale of observation. The area of a tile represents the scale,
and the relative area is determined from the following
formula:
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FIGURE 2. Scanning electron microscopy (SEM) observations at different positions and magnifications of a gradient sample which was not soni-
cated after etching, evidencing the presence of adhered reaction precipitates. Dimensions of the scale bars: 30 um (top), 10 um (middle), 3 pm

(bottom).

N x A,
A= 7‘4;:
where A, is the relative area, A, is the area of a tile, 4, is
the projected area, and N is the number of tiles.
An example of semi-log plot obtained by scale sensitive
fractal analysis is shown Figure 7(a). This kind of plot can
be split into two parts:

e The left part, in which the curve appears to be steep and
linear. The slope of the curve is an indication of the com-
plexity, intricacy, or roughness of the surface.** The frac-
tal dimension (D) can be estimated by adding two to the
absolute value of the slope.

e The right part, in which the relative area approaches one.

The scale (i.e, the area of the tiles) corresponding to
the limit between the two parts of the graph is called the
smooth-rough crossover (SRC). For scales smaller than the
SRC, the surface is considered as “rough,” whereas for scales
higher than SRC, the surface is considered as “smooth.”3*

Cell cultures

Isolation and expansion of hMSCs. hMSCs were isolated by
Ficoll gradient centrifugation and adherence to tissue cul-
ture plastic from a human bone marrow aspirate (44-year
old, male) obtained from the University Hospital of Bern
after approval by the local ethical commission (KEK 188/
10) and written consent of the patient. Cell expansion was
performed in a-minimum essential medium (a-MEM) sup-

4 FLAMANT ET AL.

plemented with penicillin (100 U/mL) and streptomycin
sulfate (100 pg/mL) (all products from Gibco, Basel, Swit-
zerland), 10% fetal bovine serum (Sera Plus, Pan-Biotech,
Aindenbach, Germany), and 5 ng/mL basic fibroblast growth
factor (R&D Systems, Minneapolis, MN) with a medium
change twice a week.

Cell seeding, culture, and staining on zirconia bars. Prior
to cell seeding, specimens were cleaned in an ultrasonic
bath using an enzymatic detergent (Terg-A-Zyme®, Sigma-
Aldrich, Buchs, Switzerland), followed by extensive rinses
with deionized water, 70% ethanol and deionized water
again. Samples were then transferred to a single-well cham-
ber (Lab-Tek®, Milian, Vernier, Switzerland) and sterilized
using ethylene oxide. hMSCs (passage 3) were seeded on
the sample surface at a density of 5000 cells/cm? using a
diluted cell suspension (10,000 cells/mL, 5 mL) in a-MEM
supplemented with 10% fetal calf serum, penicillin (100 U/
mL) and streptomycin sulfate (100 pg/mL). Cell-seeded
samples were cultured for 48 h in an incubator set at 37°C,
5% CO,, and 90% humidity. They were then rinsed once
with 5 mL of phosphate buffered saline solution, fixed with
70% ethanol and stained with 0.5% toluidine blue solution
for 5 min, followed by three rinses with deionized water.
Cells were imaged under transmitted light using an optical
microscope (Leica MacroFluo™, Wetzlar, Germany). The
acquisition time was kept constant for all samples.

Morphometric analysis and cell measurements. Analysis
of single cell area and shape (solidity, aspect ratio and
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FIGURE 3. SEM observations of the surface of the gradient at different positions and magnifications. Dimensions of the scale bars: 30 um (top),

10 pm (middle), 5 pm (bottom).

circularity) was performed using Image] (NIH, version 1.47).
Three gradient samples and three polished (control) samples
were characterized, and 20 cells for each region and sample
were analyzed. Solidity was calculated as (MV‘;‘;%, where
the convex area is the imaginary convex hull around the
object. Aspect ratio was defined as % of the object’s fit-

ted ellipse. Circularity was calculated as %. Circularity
ranges from 1.0 (perfect circle) to values approaching 0

(which indicate an increasingly elongated shape).

Statistical analysis. Statistical analysis of the cell measure-
ments was performed using SPSS® software (version 20,
SPSS, Chicago, IL). Normality of the data was assessed by a
Shapiro-Wilk test and the homogeneity of variance between
groups was verified with a Levene test. Area, aspect ratio,
and circularity were log-transformed prior to analysis to
normalize the distributions. A one-way ANOVA with Tukey’s
multiple comparison tests was carried out with a signifi-
cance level set at p < 0.05.

The existence of correlations between topographical
parameters and cell morphology was assessed by computing
Pearson product-moment and Kendall’s tau correlation coeffi-
cients, with a two-tailed test of significance. For the calculation,
the mean values of each topographical and morphological
parameter were computed. In the case of the nanoroughness
measurements, the data was linearly interpolated to match the
position of the cell measurements when necessary. Besides, a
visual inspection of cell morphological parameter vs. topo-
graphical parameter graphs was carried out to identify poten-
tial nonlinear relationships that cannot be detected with the
previous method.

RESULTS

Surface characterization

Surface before sonication. The observation of the surface of a
specimen which was not subjected to sonication evidenced the
presence of adhered precipitates formed during etching (Fig. 2).
For distances comprised between 0 mm and 19 mm (corre-
sponding to and etching time between 0 and 30 min), they con-
sisted exclusively in particles with an octahedral shape
(octahedrons) whose size increases with distance/time. Beyond
19 mm, an adhered layer composed of needle-like particles
(needles) appears. The layer seems to detach progressively
when increasing etching time until it totally disappears at a dis-
tance of 35 mm (etching time: 55 min). A previous study
showed that the octahedrons are YF3 crystals and that the nee-
dles are composed of yttrium, zirconium, and fluorine.3!

Surface after sonication. The observation of the surface mor-
phology and topography of the gradient evidenced a clear evo-
lution from smooth to rough (Figs. 3 and 4). The appearance of
a granular texture and etch pits, whose number, diameter and
depth increased with time, provided both a nanoroughness
and microroughness gradient as it will be discussed later.

Roughness analysis. The induced roughness gradients were
found to be homogenous in the y direction (transversally)
on a width of 2 mm (see Supporting Information).

e Amplitude parameters
At the microscale, the average roughness (S,) and RMS
roughness (S,) increase approximately proportionally to
the distance (Fig. 5). The kurtosis (Sy,) decreases strongly in
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FIGURE 4. White light interferometry (WLI) and atomic force microscopy (AFM) topographical images of the surface at different positions on the
gradient.

the first 7 mm and then has moderate variations without e Hybrid parameters

showing a clear tendency. Its value remains superior to
three indicating a narrow height distribution and steep side-
walls. The skewness (Ss) is first close to 0 and then
decreases substantially. The decreasing negative values indi-
cate that valleys are becoming more and more predominant
on the surface along the gradient direction, which is consist-
ent with the apparition of etch pits reported above.

At the nanoscale, the average roughness (S,) and RMS
roughness (S;) increase up to the half of the gradient and
then decrease slightly. The kurtosis (Sy,) presents a similar
behavior than at the micrometric scale. The skewness (Ssi)
is first largely positive and then decreases substantially. The
positive values indicate that the peaks are always predomi-
nant, and the decreasing tendency shows that this predomi-
nance becomes less and less important along the distance.
The discrepancy between the nanoskewness and the micro-
skewness results can be explained by the fact that the Gaus-
sian filter eliminates features that are larger than the cut-off
wavelength, which implies that etch pits larger than 1 pm
have little or no influence on nanoroughness.

Spatial parameters

At both the microscale and the nanoscale, the fastest
decay length (S,;) tends to decrease at the beginning of the
gradient and then increases along the distance. (Fig. 5) At
the microscale, the density of summits (Sgs) increases along
the distance up to a maximum at approximately 25 mm
and then decreases slightly, whereas at the nanoscale it
increases up to a maximum at about 10 mm and then
decreases. This probably indicates that in a first step

At the microscale, the RMS gradient (S4q), the mean
summit curvature (Ss.), and the developed interfacial
area ratio (Sq;) increase proportionally to the distance
up to a plateau which is reached at about 28 mm.
(Fig. 6)

At the nanoscale, the RMS gradient (S4q), the mean sum-
mit curvature (Ss.), and the developed interfacial area ratio
(Sar) increase up to a maximum which is reached at about
half of the gradient (19 mm) and then undergo a moderate
decrease.

The increase in the hybrid parameters indicates an
increase of the intricacy of the surface and of the ratio sur-
face area/projected area.

Functional parameters

At the microscale, the surface material volume (S,,)
increases up to 28 mm and then reaches a plateau. (Fig.
6) The surface core void volume (S.) increases all over
the gradient but the increase rate tends to decrease
along the distance. The surface valley void volume (S,)
increases proportionally to the distance all over the
gradient.

At the nanoscale, the surface material volume (S,,)
increases up to half of the gradient and then decreases
slightly. The surface core void volume (S.) increases up to
a maximum at half of the gradient and then decreases,
whereas the surface valley void volume (S,) always
increases along the gradient.

numerous small peaks are formed and in a second step a
part of them gets eroded to form broader peaks.

Fractal analysis. The scale sensitive fractal analysis of the
AFM and the WLI data showed that (Fig. 7):
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FIGURE 5. Evolution of amplitude and spatial roughness parameters along the gradient. AFM measurements correspond to the nanoroughness
and WLI measurement correspond to the microroughness. Error bars represent the standard deviations.
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FIGURE 6. Evolution of hybrid and functional roughness parameters along the gradient. AFM measurements correspond to the nanoroughness
and WLI measurements correspond to the microroughness. Error bars represent the standard deviations.

TABLE Il. Pearson Product-Moment and Kendall’s Tau Correlation Coefficients for all the Combinations of Topographical and

Morphological Parameters

Microroughness (WLI)

Nanoroughness (AFM)

Type Param.  Coeff. Area Aspect Ratio  Circularity  Solidity  Area Aspect Ratio  Circularity ~ Solidity
Amplitude S, r -0,18 -0,17 -0,31 -0,71 0,22 -0,20 —-0,65 -0,92
T —0,05 —0,05 —-0,05 —0,43 0,33 0,14 —0,43 -0,81

Sq r —-0,26 -0,16 -0,23 —-0,64 0,16 -0,19 -0,62 -0,91

T —0,05 —-0,05 —-0,05 —-0,43 0,33 0,14 -0,43 -0,81

Sk r 0,25 0,22 0,20 0,63 —-0,13 0,27 0,51 0,84

T 0,05 0,05 0,05 0,43 0,05 0,05 0,05 0,43

Sku r —0,44 0,09 0,70 0,76 -0,24 0,28 0,59 0,87

T —0,62 —0,24 0,71 0,33 -0,33 -0,14 0,43 -0,81

Spatial Sal r —-0,70 —-0,01 0,37 0,02 —0,51 0,26 —-0,76 0,90
T -0,33 -0,14 0,24 -0,14 —-0,62 0,14 0,52 0,71

Sus r —-0,03 -0,21 —-0,50 -0,83 0,66 -0,33 -0,29 0,22

T —0,05 —0,05 —-0,05 —-0,43 0,52 —-0,05 —-0,43 0,24

Hybrid Sdq r —-0,05 -0,22 —-0,44 —0,80 0,39 -0,23 -0,72 —-0,93
T —-0,05 —-0,05 —0,05 —-0,43 0,52 —-0,05 —-0,62 -0,81

Sar r -0,29 —-0,14 -0,25 —-0,64 0,46 -0,19 -0,78 —-0,95

T —-0,05 —-0,05 —-0,05 —-0,43 0,62 -0,14 —0,52 -0,71

Sec r —-0,18 —-0,19 -0,34 -0,72 0,50 -0,21 —-0,78 -0,93

T —0,05 —-0,05 —-0,05 —-0,43 0,62 -0,14 —-0,52 -0,71

Functional S, r —-0,01 -0,29 -0,41 -0,79 0,15 -0,16 —-0,65 -0,91
T —0,05 —0,05 —0,05 —-0,43 0,29 0,10 —-0,39 —-0,78

Sc r -0,10 -0,22 -0,38 -0,76 0,26 -0,16 -0,71 —0,94

T —0,05 —-0,05 —-0,05 —-0,43 0,33 0,14 -0,43 -0,81

S, r -0,33 —-0,10 -0,17 -0,57 0,00 —-0,23 —0,45 -0,81

T —0,05 —-0,05 —-0,05 —-0,43 —-0,05 —-0,05 —-0,05 —-0,43

Fractal SRC r -0,32 0,02 0,34 0,12 —-0,51 —-0,04 0,05 -0,35
T —-0,59 —-0,20 0,49 0,29 -0,14 -0,14 0,05 -0,33

D r -0,34 -0,13 -0,15 —0,56 0,28 —-0,16 -0,71 —0,94

T —-0,05 —-0,05 —-0,05 —-0,43 0,33 0,14 —0,43 -0,81

Significance of the correlation: p<0.05; p <0.005.



e The SRC values obtained from both techniques differ sub-
stantially. The analysis of the AFM data leads to a SRC
which is roughly proportional to the distance, whereas
the analysis of the WLI data leads to a SRC which
remains approximately constant from 0 mm to 31 mm
and increases strongly from 31 mm to 38 mm. Besides,
the values obtained from WLI are much more elevated.

e Regarding the fractal dimension (D), the results correlate
well for both techniques up to half of the gradient, show-
ing an increase proportional to the distance. Then for
WLI the fractal dimension keeps increasing whereas for
AFM it slightly decreases.

It is important to note that the discrepancies between
the results obtained from the fractal analysis of the AFM
and the WLI data are not related to errors in the measure-
ments: the results of the calculation performed by the tiling
algorithm strongly depend on the resolution and the area of
observation, which define the range of scales (i.e, the area
of the tiles) over which the relative area can be computed
and are different for both techniques. Both values obtained
should thus be considered as valid.

Cell cultures
The gradient in roughness influenced significantly the area
(p <0.001), aspect ratio (p=0.01) and solidity (p = 0.026)
of stem cells [Fig. 8(a,b,d)], while the circularity was not sig-
nificantly affected (p=0.073) [Fig. 8(c)]. A significant
increase in cell area (20 min vs. 50 min HF treatment:
p=10.014) and aspect ratio (20 min vs. 30 min HF treat-
ment: p=0.009) were observed in the central part of the
bar. The aspect ratio was sensitive to the gradient (10 min
vs. 20 min treatment: p=0.096, 20 min vs. 30 min:
p=10.009 and 30 min vs. 40 min: p =0.069). The solidity
reached a minimum in the region of the bar exposed for 30
min to HF (0 min vs. 30 min HF treatment: p =0.075 and
10 min vs. 30 min HF treatment: p =0.083). Cells in this
region also had the highest aspect ratio. Stem cells had a
spindle-like morphology over the whole sample range, but a
significantly more elongated cell shape was observed in the
region of the sample exposed for 30 min to HF as compared
to both shorter and longer treatment times [Fig. 8(e,g)]. As
compared to the polished control, the mean cell area was
significantly reduced in all regions of the gradient bar
except the one corresponding to 20 min of HF exposure
(p<0.01 for each pairwise comparison), while the aspect
ratio, circularity and solidity were not significantly different.
Significant correlations were found between cell solidity
several topographical parameters. The correlation
was particularly important (p < 0.005) for nanoroughness
parameters (S,, Sq, Sal, Sdg Sdn Sser Sm, and S¢) and the AFM
fractal dimension (D) (Table II, Fig. 9). Additionally, possible
curvilinear correlations between several microroughness
parameters (S,, Sq, Ssiv Sap Sdq Sm» Se and S, the WLI frac-
tal dimension and cell area were identified (Fig. 9). In par-
ticular, a good fitting could be obtained with a second-order
polynomial regression for the developed interfacial area
ratio (Sq, R*=0.73) and the mean summit curvature (S,

and
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R?>=0.70) and a third-order polynomial regression for the
fractal dimension (D, R* = 0.65).

DISCUSSION

The method proposed in this study was successful to pro-
duce surface gradients on zirconia both at the microscale
and at the nanoscale. In particular, a large range of variation
was obtained for roughness parameters belonging to differ-
ent categories such as §,, S; (amplitude), Sqs (spatial), Sqp
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Sse» Saq (hybrid), Sy, S, and S, (functional), as well as for
fractal parameters (D, SRC) (Figs. 5-7). In addition to these
topographical changes, previous works showed that HF
etching induces an increase in the fluorine content of the
surface®! and the formation of a superficial submicrometric
porosity.3* Nevertheless, these surface alterations were
shown to be nearly independent from etching time. Surface
structural and chemical changes along the gradients can
thus be considered as negligible.

The HF etching mechanism, which accounts for the zir-
conia topography remodeling, has been extensively studied

10 FLAMANT ET AL.

previously.®! In particular, it was demonstrated that etching
is faster at the grain border, but also occurs inside the
grains, which leads to a granular texture (observable on Fig.
3 of this article) and participates to the increase in nano-
roughness. Besides, it was showed that HF induces the for-
mation of etch pits (observable on Figs. 3 and 4 of this
article), which grow over time, contributing to the increase
in microroughness. The present work brings an additional
observation: the apparition of the adhered layer of needle-
like precipitates (Fig. 2) corresponds to an inflection point
for some curves such as S, Sy Sap Ssov Saq Vs. distance/

ROUGHNESS GRADIENTS ON ZIRCONIA FOR RAPID SCREENING OF CELL-SURFACE INTERACTIONS



Solidity vs. Nano-roughness

0.76 T T T T T T T

0.74 4

0.72

0.70 4

ity

= 068+

Solidi

0.66

0.64

062

0.60 T T T T T T T

40

45

076 ———— 77T T T T
0.74 4

-
0.72
0.70

= 068

Solidity

0.66 -
0.64 4
062+

R?2=0.90

0.60 T T T T T T T T T T

2 0 2 4 6 8 10 12 14 186

Sdr (%)

0.76 T T T T T

22

0.74

0.72

0.70

0.68

Solidity

0.66 - =
0.64

R?=0.90

0624

0.60

Sc (mm*/mm?)

0.76 T T T T T

T T T T T T T
0.00000 0.00001 0.00002 0.00003 0.00004 0.00005 0.00006 0.00007

0.74

0.72

0.70 4

0.68 -

Solidity

0.66 - -
0.64 -

0.62 -

0.60 T T T T T

£ 2600 ]

‘Ezeoo- -

F
£ 2600 g
=4
5 2400 . £

<

ORIGINAL ARTICLE

Area vs. Micro-roughness

3200 4 L
3000 4
2800 1

pen

= 2400 . ]
@ L ] L]

D 2200 ]
<

2000 [ q

R?=0.38

1600 -| 4

1800 ~

1400 T T T T T T T
0 25 50 75 100 125 150 175 200

Sa (nm)

2800 E

= 2200 E

2000 4 =

R?2=0.73
1600 1

(1] 10 20 30 40 50 680
Sdr (%)

1800

3400 T T T

3200 .
3000 .

2800+ 1

@ 2200 4

2000 L] b

R?=0.43

1600 b

1800

1400

T T T T
0.00000 0.00005 0.00010 0.00015 0.00020 0.00025

Sc (mm*/mm?)

1800

R?=0.65

1600 b

1400

T T T T T T T T
200 202 204 206 208 210 212 214

D

FIGURE 9. Left: hMSC solidity as a function of three representative nanoroughness parameters and the AFM fractal dimension (mean values).
Data are represented with linear regression lines and associated 95% confidence bands. Right: hMSC area as a function three representative
microroughness parameters and the WLI fractal dimension (mean values). Data are represented with second-order (for S,, Sq,, and S;) or third-
order (for D) polynomial regression lines and associated 95% confidence bands.

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | MONTH 2016 VOL 00A, ISSUE 00

11



etching time (Fig. 5, AFM data). The layer might thus influ-
ence the etching process by shielding the material below
from the etching solution.

The gradients were homogenous transversally on a
2 mm wide band, which provides a large area for cell cul-
ture analyses and makes the specimens obtained valuable
for the high-throughput screening of cell-surface interac-
tions. The gradient fabrication process proposed in this
work is flexible: polished bars were used here but the
method has the potential to be applied to any type of sur-
face (for instance: ground, sandblasted, etc.). Finally, zirco-
nia etching is a process which is already used in the
industry (for instance: CeraRoot implants with ICE™ sur-
face). The results obtained with this type of gradients pres-
ent thus the advantage to be directly applicable to the
fabrication of commercial dental components.

Regarding cell cultures, the gradient did induce changes
in hMSC response. A minimum in the solidity was associ-
ated to a maximum in the aspect ratio for an etching time
of 30 min (x =19 mm) (Fig. 8). This may indicate a stron-
ger commitment toward the small spindle-shaped rapid
self-renewing cell type described by Colter et al.,*® which is
associated to more rapid proliferation and mineralization as
compared to other cells present in the hMSC heterogeneous
population. Cell solidity was found to be linearly correlated
with some nanoroughness parameters and the AFM fractal
dimension, whereas cell area seemed to present a curvilin-
ear correlation with some microroughness parameters and
the WLI fractal dimension (Fig. 9 and Table II). hMSC solid-
ity appears thus to be sensitive to the nanotopography
whereas hMSC area seems more influenced by the microto-
pography, which could be explained by the different sizes of
the cell structures involved (tens of microns for whole cell
in the case of cell area, submicron to micron range for cell
pseudopodia in the case of cell solidity). This suggests that
tuning of both microtopography and nanotopography is
required to achieve optimal control over stem cell morphol-
ogy and phenotype, and can possibly explain why in many
studies, including work on roughened zirconia, the combina-
tion of microtopography and nanotopography had a syner-
gistic effect on cell responses like matrix mineralization.>®
Furthermore, it highlights the interest of performing a mul-
tiscale analysis of biomaterial surfaces, combining both WLI
and AFM measurements. Several authors suggested the exis-
tence of correlations between roughness parameters and
cell response. For instance, Anselme et al. showed that frac-
tal dimension obtained from confocal microscopy measure-
ments correlated statistically with the proliferation and the
adhesion index of human osteoblasts®” and Gentile et al.
have reported that silicon surfaces with R, in the range of
10-45 nm measured by AFM and fractal dimension D ~ 2.5
promoted the attachment and proliferation of four different
cell types.®® However, there is a lack of studies that combine
multiscale and multiparameter surface roughness analysis.
Indeed, the present work shows the benefit of coupling mul-
tiscale surface topography evaluation with systematic corre-
lation analysis of roughness and cell parameters as a way to
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unveil which roughness parameter and which topographical
scale have the strongest impact on early cell behavior.

The effects observed in this study might appear as mod-
erate. This is, however, counterbalanced by the fact that,
given the absence of sample-to-sample variations, the gradi-
ent approach provides a much higher statistical power than
a classical approach. The method is thus promising for fur-
ther high-throughput studies of cell interaction with rough-
ened surfaces, which could focus on diverse topics such as
for instance the influence of roughness on stem cell differ-
entiation, osteoblast mineralization or osteoclast resorption.
It is anticipated that the use of gradient materials and cor-
relation analyses of roughness and cell parameters will pro-
vide a better understanding of cell-material interactions and
help rationalizing the design of implant topography. The
main shortcoming of this approach, however, lies in the
intrinsic limitations of in vitro studies: while in vitro models
allow a precise control of the culture conditions, they lack
to reproduce the complex environment encountered by the
implant inside the human body. Gradients should thus be
used for screening purpose before moving to further in vivo
evaluation of the most promising surfaces.

CONCLUSION

HF-induced roughness gradients have been successfully pro-
duced at the surface of zirconia by controlling the speed of
immersion of specimens into the etching solution. The gra-
dients achieved present a large range of variation of fractal
and roughness parameters at both the microscale and nano-
scale. The variation of topography influenced hMSC mor-
phology, with significant changes in cell area, aspect ratio
and solidity. Nanoroughness parameters and the AFM fractal
dimension were linearly correlated to cell solidity, while
microroughness parameters and WLI fractal dimension
appeared to be nonlinearly correlated to cell area, which
highlights the importance of multiscale optimization of
implant topography. The method proposed in this work has
the potential to be transposed to other type of surfaces and
cell-surface interaction studies, drastically reducing the
amount of samples and resources required and providing
results directly transferable to industry.
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Solidity / Area / Aspect ratio vs. micro-roughness parameters (WLI)
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Annex A.

Selective etching of injection
molded zirconia-toughened
alumina: towards
osseointegrated and

antibacterial ceramic implants.
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1. Introduction

Zirconia-toughened alumina (ZTA) ceramics combine the advantageous properties of
monolithic alumina and zirconia: they exhibit high strength, high toughness, outstanding wear
resistance and excellent biocompatibility [1-4]. Thanks to these remarkable properties, in the last
decade they have become the new gold standard in orthopedics for the fabrication of ceramic
bearing components. In particular, in the case of hip replacements, their superior mechanical
properties when compared to alumina improve the reliability and enable the manufacture of
larger femoral heads and thinner liners, providing a larger range of motion in the joint [5,6].

Nevertheless ZTA is a bioinert material that does not bind directly to bone [7]. In the
absence of adequate surface modification, this can lead to poor osseointegration and subsequent
aseptic loosening [8]. For this reason, in current hip replacement systems, a metal shell with an
osseointegrative surface needs to be placed between the acetabular bone and the ceramic liner,
which restricts the maximal head diameter because of the limited anatomical space [9]. It would
thus be beneficial to develop surface modification processes that enable the implantation of ZTA

monoblock components in direct contact with bone.

Despite the high success rate of joint replacement surgeries, approximately 10 % of
implants still fail within the first 10-20 years [10]. Infections are responsible for approximately
20 % of these failures and have become the leading cause for arthroplasty revision [11-13].
Indeed, it is well known that biomedical implants provide a substrate for the adhesion of bacteria,
which can proliferate and form biofilms, dramatically increasing the resistance to therapeutic
agents [14]. The so-called “race for the surface” between bacteria and host cells makes it
therefore critical to eliminate or contain pathogens as early as possible [15,16] and there is a

strong interest in developing surfaces that can prevent infection.

Osseointegration and infection prophylaxis are often treated as separated issues.
However, as has been recently highlighted by Raphel et al., they are intimately related and
should be addressed simultaneously [13]. The key to achieve both objectives is an adequate
surface design. On the one hand, controlling topography is crucial to obtain successful
osseointegration. In particular it has been shown that rough surfaces exhibit a better bone
response than smooth ones and that the combination of micro- and nano-scale roughness can
have synergistic effects [17-19]. On the other hand, numerous surface engineering strategies
have been explored to prevent infection. Most of them involve coatings, either to prevent

bacterial adhesion or to release antibacterial agents [13].
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There is little literature regarding surface modifications of ZTA ceramics, and, as
discussed above, it would be highly valuable to develop processes that allow the design of
implants with controlled micro- and nano-topography and antibacterial properties. Among the
diverse surface micro-structuring techniques existing for ceramics, injection molding appears
very promising [20]. In contrast to grinding or sandblasting for instance, it does not induce
additional surface defects. Besides, it provides a high flexibility since it is theoretically possible
to obtain any kind of micro-topography. Finally, it enables the mass production of complex
components, which is an advantage from an industrial point of view. In the last decade, injection
molding of ZTA has been successfully implemented by several authors [21-24]. However it has
not yet been applied to surface micro-structuring which shows the need for further development.
On the other hand, among the numerous types of coating proposed for implants, alumina with
pores in the 10 nm — 200 nm range (nanoporous alumina) appears an appealing solution for the
combination of osseointegrative and antibacterial properties: it can be used as a carrier for drug
delivery [25-28] and in vitro studies have suggested that thanks to its nano-structure it could
improve osteoblast adhesion and proliferation, increase matrix production and induce osteogenic
differentiation [29-31]. Nevertheless, coatings present several disadvantages; in particular they

induce residual stresses and risks of delamination, which may lead to implant failure.

Long-term reliability is a major concern for orthopedic implants, and ceramics can be
sensitive to surface alterations. In particular surface defects have a strong influence on their
strength [32]. Furthermore, even a moderate porosity can have a substantial impact on their
elastic modulus, strength and resistance to contact damage [33-35]. Finally, zirconia-containing
ceramics require special attention: the tetragonal to monoclinic phase transformation, which
accounts for their exceptional toughness, can occur spontaneously at low temperature in the
presence of water, potentially deteriorating the material properties [36,37]. The Kinetics of this
phenomenon, known as low temperature degradation (LTD) or ageing, are highly sensitive to
processing changes, as attested by the failure of Prozyr® zirconia femoral heads in 2002 [38].
Even if ZTA is much more resistant to LTD than monolithic zirconia, it has been shown that it
can still present a certain degree of surface tetragonal to monoclinic phase transformation in the
presence of water [39-41]. All these elements lead to the following conclusion: to ensure long-
term reliability and patient safety, any change in the processing of zirconia-containing ceramics
should be accompanied with a careful assessment of its impact on mechanical properties and

ageing sensitivity, especially in the presence of porosity.
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To address the issues mentioned above, here we develop new methods for the fabrication
of ZTA ceramics with surface properties tailored for promoting osseointegration and preventing
infections. Samples with a controlled micro-topography were obtained by injection molding and
a novel process, based on the selective dissolution of the zirconia phase (selective etching),
allowed the induction of nano-roughness and the formation of an interconnected porous alumina
layer. A careful assessment of the impact of selective etching on mechanical properties and
ageing sensitivity was conducted and a proof of concept that the porous layer can be used as a

carrier for drug delivery was demonstrated.

2. Materials and methods
2.1. Fabrication of samples with a controlled micro-topography by injection

molding

The ZTA composites produced in this study consisted of an alumina matrix (80 vol. %)
containing a small amount of chromia (about 0.3 wt. %) reinforced with a secondary phase
composed of yttria-stabilized zirconia (Y-TZP, 17 vol. %) and SrAl;,O4 platelets (3 vol. %). A
powder mixture containing alumina, zirconia, strontia, chromia and yttria was prepared by wet
milling and spray drying (similar to commercial processing). The plastic feedstock, which
contained an organic binder system content (proprietary, confidential composition) of
approximately 45 vol. %, was homogenized using a shear roller plant. Green bodies in the shape
of disks were obtained by injection molding and subsequently subjected to a three-step heat
treatment: sintering, hot isostatic pressing and whitening (final disk diameter: 20 mm, final disk
thickness: 2 mm). To achieve different micro-topographies, the surfaces of three molds were
sandblasted with increasing impact energy. The resulting surfaces, ordered from smoothest to
roughest, will be referred to as “low”, “medium” and ‘“high” in the rest of the manuscript.
Additionally, a batch of samples injected in a flat mold and a batch of polished samples were
produced. The back surface of all disks was ground in order to remove the “gate”, which is

inherent to the injection molding process.

2.2. Generation of nano-roughness and interconnected porosity by selective

etching

Specimens obtained by injection molding were successively cleaned by sonication in
acetone, ethanol and deionized water in order to remove contaminants. Based on the fact that
zirconium dioxide can be dissolved in hydrofluoric acid (HF) [42] while a-alumina is highly
resistant to HF [43], a selective removal of the zirconia phase was achieved by immersing the

samples in concentrated HF (Hydrofluoric Acid 40% QP, Panreac, Spain) at room temperature
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for times comprised between 6 h and 12 days. Each sample was placed in an individual high-
density polyethylene flask with 4 mL of solution. After etching, the samples were rinsed and
sonicated in deionized water. The formation of fluoride precipitates, which remained trapped into
the pores, was detected when observing the surface by scanning electron microscopy (SEM). To
dissolve them, the specimens were immersed in 8 mL of concentrated HCI (Hydrochloric acid
37%, Panreac, Spain) for 1 h. As will be discussed later, monitoring etching time made possible
to obtain either a superficial removal of zirconia, inducing nano-roughness, or an in-depth
removal which resulted in the formation of both nano-roughness and interconnected porosity in a
surface layer.

2.3. Surface characterization
2.3.1. Surface morphology

The surface morphology of polished and micro-rough specimens was observed by SEM
after the main steps of the fabrication process (sintering, etching in HF, dissolution of the
reaction precipitates in HCI).

2.3.2. Surface topography
White light interferometry (WLI, Veeco Wyko 9300NT) and atomic force microscopy

(AFM Veeco Dimension 3100) in tapping mode were used to characterize micro- and nano-
topography, respectively. WLI measurements were performed on ten polished specimens and ten
micro-rough specimens for each type of injection mold surface (area of observation: 150 pum x
150 um obtained by stitching of four images acquired at magnification 50x, resolution: 758 x
758 pixels). AFM measurements were performed on five polished samples before and after
selective etching (area of observation: 50 pum x 50 pum, resolution: 512 x 512 pixels). The
roughness analysis of the data from WLI and AFM was carried out using Veeco's Vision®
software. Tilt was corrected and a robust short wavelength pass Gaussian filter was applied to the
data in order to separate waviness from roughness. The cut-off wavelength of the filter was set to
10 pum for WLI and 1 um for AFM. In order to fully characterize the topography, one 3D
roughness parameter of each of the usual categories was determined as recommended by
Wennerberg et al. [44,45] (Table 1). Considering the cut-off wavelengths and the lateral
resolutions (micrometric for WLI, nanometric for AFM) associated to each device, the roughness
measurements obtained from AFM data analysis will be referred to as “nano-roughness” whereas

the measurements obtained from WLI data will be referred to as “micro-roughness”.
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Table 1. Description of the 3D roughness parameters used in this study [46-48]

Symbol | Category Name of the parameter Description
Sa Amplitude Average roughness Average of height values
Sds Spatial Density of summits Number of summits per unit area

Percentage of additional surface area
Developed interfacial area | contributed by the texture as compared

Sar Hybrid _ _ _
ratio to an ideal plane the size of the
measurement region
Measure, relative to Sq (RMS
roughness), of the volume (for
Sci Functional Core fluid retention index example, of a fluid filling the core

surface) that the surface would support

from 5% - 80% of the bearing ratio

2.3.3. Surface chemistry

To determine the influence of selective etching on the elemental composition and the
chemical state of the surface, three samples were subjected to X-ray photoelectron spectroscopy
(XPS) after respectively: sintering, etching in HF (4 days) and immersion in HCI. The analysis
was conducted using a SPECS system equipped with an Al anode XR50 source operating at 150
W and a Phoibos 150 MCD-9 detector XP. Spectra were recorded with pass energy of 25 eV, 0.1
eV steps and a pressure below 7.5 x 10 mbar. Binding energies were referred to the adventitious
C1s signal and background was subtracted. The identification of the local bonding environment
of each element was performed by comparing the experimental peak positions with the data from
the NIST Standard Reference Database 20, Version 4.1 (http://srdata.nist.gov/xps/).

2.3.4. Porous layer thickness

To monitor the evolution of the interconnected porous layer produced by selective
etching over time, polished samples were cross-sectioned (two samples per time point). For short
times (6 h, 1 day and 2 days), which resulted in thin layers, 10 um wide transversal sections were
milled with a Focused lon Beam (FIB, Neon40, Carl Zeiss AG, Germany). Sample surfaces were

protected with a thin platinum coating to flatten the surface and minimize ion-beam damage and
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curtain effect during milling. The final polishing of the cross-sections was performed at 500 pA.
For long times (4 days, 8 days, 12 days), which resulted in thick layers, full cross-sections were
obtained by cutting the entire specimens with a diamond wheel. The transversal sections were
ground and polished down to a 3 um diamond suspension and subsequently observed by SEM.
The mean value and standard deviation of the thickness of the layer for each individual sample
were computed using the ImageJ software.

2.3.5. 3D microstructure

To characterize the interconnected porosity induced by selective etching, a stack of 50
transversal section images (width: 15 pm, height: 10 um, spacing: 20 nm) was obtained by
automatizing the FIB milling procedure described in 2.3.4. Alignment, segmentation and 3D
reconstruction of the stack were performed using the Avizo® software (FEI Software, Hillsboro,
Oregon) with a voxel size of 16 nm x 16 nm x 20 nm. The porous structure was skeletonized
using Avizo® XSkeleton Pack to determine the distribution of the local radius, which is a
measurement of the distance to the nearest boundary at every point of the skeleton. The results

were used to estimate the pore size.
2.4.Porous layer as a carrier for drug delivery

To demonstrate that the porous layer produced by selective etching could be used as a
carrier for drug delivery, micro-rough samples (with the “medium” topography) were subjected
to selective etching for times comprised between 4 and 12 days to achieve different porous layer
thicknesses. The antibiotic gentamicin, commonly used in orthopedic surgery for systemic

application or local delivery, was loaded either in solution or encapsulated in liposomes.
2.4.1. Preparation of the gentamicin solutions and the gentamicin-loaded liposomes

Solutions of the gentamicin sulfate at 10 mg/mL (stock solution), 100, 50, 25, 10, 5, 2.5
and 1 pg/mL were prepared by dissolution and successive dilutions in phosphate buffered saline
(PBS). Unilamellar gentamicin-loaded liposomes were prepared by evaporation of the
chloroform from a lipid solution at 50 mg/mL of DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine, phase transition temperature: 41 °C) under nitrogen for 1 h, followed by
hydration with 10 mg/mL gentamicin solution. The solutions obtained were extruded through
100 nm filters (9 times) and 50 nm filters (11 times) to obtain liposomes with a monodisperse
diameter close to the pore size, and subsequently passed through Sephadex® G-25 columns to
remove excess non-loaded antibiotic. About 20 % of the initial gentamicin quantity was

encapsulated. Solutions were reconcentrated using Amicon® Ultra Centrifugal Filter Units
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(MWCO 100 kDa), and the volume was adjusted with PBS to obtain liposomes with a lipid
concentration of 1 mg/mL.

2.4.2. Loading procedure

The loading of the gentamicin into the ZTA samples was performed in 12-well culture
plates. The samples were placed in wells with 1.5 mL of either a gentamicin solution at 100
pg/mL or a gentamicin-encapsulated liposome solution at 1 mg/mL DPPC, and left overnight on
a shaking plate (50 cycles/min). The samples were rinsed three times in PBS after loading.

2.4.3. Invitro drug release experiments

In vitro drug release experiments were carried out in duplicate in 12-well culture plates at
37 °C. Each sample loaded with gentamicin or gentamicin-encapsulated liposomes was placed
into an individual well with 3 mL of PBS. For each time point an aliquot of 500 pL was taken
from the solution and replaced by 500 pL of fresh PBS. Gentamicin was quantified by adapting
an existing method [49-51]. An o-phtaldialdehyde reagent (OPA reagent) was formulated by
adding 0.8 g o-phtaldialdehyde, 20 mL methanol and 0.96 mL 2-mercaptoethanol to 180 mL of
40 mM sodium borate in distilled water. Aliquots of the solution to analyze were mixed in equal
proportions with isopropanol and OPA reagent. Fluorescence readings were carried out in
duplicate in 96-well plates with a SpectraMax M5 microplate reader (Molecular Devices, USA,;
excitation wavelength: 340 nm; emission wavelength: 455 nm). For each plate a calibration
curve was obtained from gentamicin solutions at 100, 50, 25, 10, 5, 2.5 and 1 pg/mL. A Kinetic
study of the reaction indicated that 5 min was a suitable time for the reading and that the
presence of DPPC did not interfere with the measurement. To determine the cumulative release
profiles, correction factors were applied in order to take into account the evaporation of the
solution in the well and the replacement of aliquots by fresh PBS, and the total quantity released

was divided by the average total sample surface area (7.9 cm?).

2.4.4. Assessment of antibacterial properties against E. coli

Table 2. Nomenclature of the sample groups used for the assessment of antibacterial properties

Name Surface treatment
Control None
Etched Selective etching (4 days)

Etched+Loaded | Selective etching (4 days) + loading with gentamicin-encapsulated liposomes




Surface modification of zirconia-based bioceramics for orthopedic and dental applications 108

Based on the in vitro release experiments, loading with gentamicin-encapsulated
liposomes was selected as the best method to test antibacterial properties against E.coli, which is
the most frequently isolated microorganism from gram-negative periprosthetic joint infections
[52-54]. Three types of samples were prepared as described in Table 2. A small amount of a
glycerol stock of E. coli (strain: Rosetta(DE3)pLysS, Novagen) was incubated in LB medium at
37 °C under constant shaking overnight. The suspension was subsequently diluted to 2x10’
cells/mL in fresh medium. Samples were incubated in 3 mL of this bacterial suspension for 4 h at
37 °C in 12-well culture plates. To evaluate bacteria concentration, 1 mL aliquots were taken
from the supernatants for flow cytometry (Fortessa, BD Biosciences) and fixed with 2 %
paraformaldehyde (PFA) in PBS. To assess bacterial adhesion and viability on the different
surfaces, staining solutions were prepared in individual wells by adding 3 pL of SYTO® 9 and 3
ML of ethidium bromide to 2 mL of a NaCl aqueous solution at 0.85 wt%. The samples were
rinsed with the NaCl solution three times and then immersed in the staining solutions for 15 min
at 37 °C. Fluorescence imaging of the stained samples was carried out on a confocal microscope
(Leica SP5, Leica Microsystems, Germany) with a 20x dry objective. Measurements of surface
area covered by living E. coli cells were carried out using the ImageJ software (three images per
specimen).

2.5. Contact behavior and mechanical properties of the porous layer

2.5.1. Experiments

For the study of the mechanical properties and local contact behavior of the porous layer
produced by selective etching, two polished samples were fabricated and one of them was
selectively etched for 12 days (thickness of the porous layer: 27 um). Instrumented
nanoindentation tests were carried out with a MTS Nanoindenter XP equipped with a continuous
stiffness measurement (CSM) module and a diamond spherical tip (hominal radius: 50 pm). Due
to the difficulty to machine diamond at such a small scale, the real shape of the tip can differ
substantially from a perfect sphere. For this reason, the real tip shape was measured by AFM. A

Python script was developed and used to extract the curve a = f(h.) with a the contact radius

and h, the contact depth, which was fitted with a power law of the type a = A + B x h.©. The
best fitting parameters were adjusted by performing calibration tests against reference materials
with well-known elastic moduli (pyrocarbon, fused silica and tungsten, see supplementary

information).

Indentations of the porous layer were performed up to a maximum load of 7.5 N

(maximum indentation depth: ~ 3.5 um) and under a constant deformation rate of 0.05 s~' with
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an inter-indentation spacing of 100 um (3x3 arrays). At maximum penetration, the circular
contact area was very large in comparison to the pore size (contact radius: ~ 17 pum). The contact
point was corrected implementing the method proposed by Moseson et al. [55] and the polished
sample was used as a reference for stiffness correction. The models chosen to interpret
analytically the indentation data were those of Hertz, Oliver and Pharr and Tabor, following the
approach of He and Swain [56].

Finally, profiles of residual indents were measured with a laser scanning confocal
microscope (Olympus LEXT) and a FIB cross-section of an indentation was realized in order to
identify the deformation mechanism of the porous layer under compression and to detect
potential damage and densification.

2.5.2. Numerical analysis

Based on previous works on porous ceramics [57,58], an inverse finite element (FE)
analysis was used to identify the properties of the porous layer. Lowest, average and highest
experimental load-displacement curves were used for the identification, and the plateau
separating loading and unloading sections was removed. The FE simulation was carried out
using the ABAQUS/Standard software (Dassault Systemes, Simulia, Vélizy-Villacoublay,
France). The model consisted of a 2D axisymmetric mesh (available in supplementary
information) which contained approximately 6000 elements (CAX8 and CAX8-R) and was
refined towards the contact zone with an element size of about 0.5 um. Loading was achieved by
imposing a quasi-static vertical displacement (“hard contact”, sliding formulation: finite sliding,
discretization method: surface to surface). The indenter and the bulk of the sample were modeled
as elastic materials, whereas the porous layer was modeled using a modified Drucker-Prager/cap-
plasticity criterion which accounts for hydrostatic pressure sensitivity of material failure through
two surfaces: the Drucker-Prager surface for shear failure and the cap surface for high
hydrostatic pressure failure [59] (see Appendix D for the definition of the model and of the
related parameters). The increase in elastic modulus associated to densification of the porous
material was taken into account using ABAQUS user subroutine USDFLD (time increment was

kept small enough to maintain the accuracy of the solution).

The inverse identification was carried out using the MIC2M software (http:/mic2m.univ-
fcomte.fr/). The Poisson ratio v of the porous layer was set to 0.22 (taken from literature for
porous alumina [35]), the cap eccentricity R was set to 0.25 to obtain a cap yield surface neither
too circular nor too steep, « (a small number used to define the transition yield surface) was set to

0.01 and W (the porous volume fraction) was set to 0.17. A preliminary calculation showed that
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variation of the friction coefficient f between the indenter and the sample surface had negligible
effect on the results and f was set to 0.1. The parameters to identify were the elastic modulus of
the porous layer (E), the yield stress in simple compression (o), the angle of friction (5), the
initial hydrostatic compression yield stress (ppo) and the maximum plastic volumetric strain rate
(D).

2.6. Impact of selective etching on strength and ageing kinetics

Table 3. Nomenclature of the sample groups used for strength and ageing kinetics testing

Name of the group Surface treatment
As sintered (AS) None
Polished+Annealed (P+A) Polishing + Annealing (1200 °C, 10 min)
As sintered+Etched (AS+E) Selective etching (4 days)
Polished+Annealed+Etched Polishing + Annealing (1200 °C, 10 min) + Selective
(P+A+E) etching (4 days)

To assess the impact of selective etching on strength and ageing sensitivity, 48 flat
samples were fabricated. Half of them were polished down to a 1 um diamond suspension and
annealed at 1200 °C for 10 min in air using heating and cooling rates of 5 °C/min, and they were
divided into four groups as described in Table 3. The polishing was introduced to remove surface
defects and the annealing to remove residual stresses. The annealing temperature was chosen
based on a preliminary study involving an indentation technique [60] in which 1200 °C was
found to be the minimum annealing temperature capable of removing the majority of residual
stresses without affecting significantly the grain size. The etching time was chosen to be the
same as for the testing of antibacterial properties (2.4.4), and the thickness of the porous layer
was measured by performing cross-sections on three samples from each etched group (same

procedure as described in 2.3.4).
2.6.1. Biaxial flexural strength testing

The biaxial flexural strength of ten samples from each group was assessed by 3-balls-on-
3-balls testing with a “sphere-in-line” configuration. The specimens were tested in a universal

testing machine (Model 8502, Instron Corp., Canton, USA) in air up to fracture of the specimen,
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using a constant test speed of 0.5 mm/min. The radius of the inner sphere location circle was R;
= 4.08 mm and the ratio of outer to inner sphere circles was R1/R, = 2. The fracture strength was

calculated using a numerical approximation of the maximum tensile stress:

F
Omax = f X el )
where F is the applied load on failure, t the sample thickness and f a dimensionless factor.

For R/R; = 2.25 (R being the diameter of the test samples), f can be calculated with the following
formula [61]:

¢ —0.196 ¢
f=0656(~) +0.274(=) 7048 x v )
1 1

where t is the thickness of the sample and v is the Poisson ratio. In the present study, R/R;
= 2.45, nevertheless it is still possible to use equation (2) with an error inferior to 5 % [62].

Statistical analysis of the strength testing results was performed using SPSS® software
(version 20, SPSS Inc., Chicago, IL, USA). A two-way ANOVA with a 5% significance level
was used to evaluate the effects of polishing and selective etching. The data was log-transformed
prior to analysis. The normality and the homogeneity of variances were verified with

respectively a Shapiro-Wilk test and a Levene test.

The variability of the strength was analyzed using the Weibull distribution function:

Pr@=1-ep(-(2)H @

where Pg is the cumulative probability of failure, o is the fracture strength, oy is the
Weibull characteristic strength, and m is the Weibull modulus. For the evaluation of m and o the
measured strength data were ranked in increasing order and numbered from 1 to N. Then the
single strength values o; were related to the failure probability Pg; according to the following

relation:

Pri= = (4)

where i is the ranking number and N is the total number of measurements (for a more
detailed description of the methodology, see for instance Munz et al. [63]). Finally, the 90%

confidence bounds for m and o, were determined according to ASTM C1239-00.
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2.6.2. Ageing kinetics

Two samples from each group were subjected to hydrothermal degradation tests. The
tests were performed in an autoclave, at 134 °C, 100% steam atmosphere at 0.2 MPa pressure for
times up to 600 h. This time is far beyond the requirement of 10 h recommended by the ISO
6474-2 standard and according to [41] it is equivalent to about 1500 years at 37 °C. It is thus
extremely conservative but monitoring the long-term evolution of the monoclinic phase content
allows amplifying potential differences between groups. The specimens were analyzed by X-ray
diffraction (XRD) (Model D8, Bruker AXS, Madison, USA) using Cu-K, radiation to detect and
quantify the tetragonal-monoclinic transformation. The monoclinic fraction was determined
using the relation proposed by Toraya et al. [64]:

Im(A11)+In(111) (5)
16(101)+1.311 [l (T11) +1;p(111)]

v, = 1311

where Vy, is the monoclinic volume fraction, 1,,,(111) and I,,,(111) are the intensities of

the monoclinic peaks and 1,(101) is the intensity of the tetragonal peak.

3. Results
3.1. Surface characterization of injection molded and selectively etched samples

3D topographical images obtained by WLI showed that injection molded ZTA samples
presented very diverse micro-topographies (Figure 1). Furthermore, the micro-roughness
analysis showed that a large range of values could be obtained for the average roughness (S,
comprised between 175 nm and 415 nm) and the developed interfacial area ratio (Sqr comprised
between 45 % and 100 %).

Regarding selective etching, the zirconia phase was successfully removed by immersion
in HF whereas neither the alumina matrix nor the SrAl;,0q9 platelets were affected, which
allowed the integrity of the micro-topography obtained by injection molding to be preserved
(Figure 2). The formation of fluoride precipitates, which remained trapped in the pores of the
surface, was detected. Energy dispersive spectroscopy evidenced that they were mainly
composed of yttrium and fluorine. Some of them had an octahedral shape suggesting the
presence of YF; crystals, similar to those observed when etching Y-TZP [65]. XPS analysis
confirmed the presence of YF3; chemical bonds and additionally suggested the existence of
zirconium oxyfluorides (Table 4). Inspection of the specimens by SEM evidenced that all

precipitates were successfully removed by immersion in HCI (Figure 2).

The selective etching process induced a substantial increase in nano-roughness (Figure

3). Indeed, the average roughness (S,) was multiplied by 10 with respect to the polished surface
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and the developed interfacial area ratio (S¢r) was multiplied by 100. In terms of surface
chemistry, the most notable changes were an increase in the fluorine content and a decrease in
the zirconium content (Figure 4).

The thickness of the layer affected by selective etching depended on etching time (Figure
5-a,c). During a short time period (t = 6 h), only the superficial zirconia grains were dissolved,
leaving the bulk unaffected. For longer etching times (t > 24 h), an interconnected porous layer
was produced. The FIB/SEM tomography provided evidence that with the exception of some
isolated grains the zirconia phase was percolated (Figure 5-b). The local radius distribution
appeared to be centered at approximately 50 nm with a maximum at 160 nm, which can be
considered as the maximal pore size (Figure 5-d). It was not possible to determine the minimum
of the distribution with certainty because of the limit of resolution fixed by the voxel size.
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Figure 1. White light interferometry measurements at the surface of injection molded zirconia toughened
alumina samples with different induced micro-topographies: a) roughness analysis; b) 3D topographical
images. “Low”, “Medium” and “High” designate micro-topographies obtained from increasingly rough

molds.
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a)

b)

Figure 2. a) Scanning electron microscopy observations of the surface of zirconia toughened alumina at
the different steps of the selective etching process, evidencing the formation of fluoride precipitates during
HF etching and their subsequent removal in HCI; b) scanning electron microscopy observations of the
surface of injection molded samples with different micro-topographies before and after selective etching.
“Low”, “Medium” and “High” designate micro-topographies obtained from increasingly rough molds.

Scale bars: 5 um.
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Figure 3. Atomic force microscopy measurements at the surface of polished zirconia toughened alumina

samples before and after HF and HCI treatment: a) roughness analysis; b) 3D topographical images.
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Figure 4. XPS analysis of the surfaces of an “as sintered” zirconia toughened alumina sample, an HF
treated sample and an HF+HCI treated sample: a) full spectra normalized to the Ols peak intensity; b)
guantitative elemental analysis. Error bars represent the typical uncertainty (10 %) associated to XPS

guantitative measurements.
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Table 4. Identification of the peaks of the XPS high-resolution spectra of Figure 4
Sample A|2p O1s Fls Zr3dsp | Zr3dsp | Y3ds, | Y3dsp,
529.5
181.5 | 183.9
Control | 74.3 531.2 685.2 157.7 | 159.8
1819 | 184.3
532.7
529.2
Binding energies (eV) HF 74.3 531.2 684.9 | 1825 | 184.9 | 158.7 | 160.7
532.8
529.0
HF +
74.2 531.0 685.1 | 182.2 | 184.6 | 158.7 | 160.7
HCI
532.4
YSzZ
ZrF,or | YSZ YSZ
Control A|203 A|203 / ZrO, YSZ | YSZ
YF; ZrO, ZrO,
H,O or hydroxide
Identified chemical environment Y205
(references available in HF A|203 A|203 / Zr02 erOyFZ erOsz erOsz YF3 YF3
supplementary information) H,0 or hydroxide
Y,05 [66]
HE + ZrF4 or
A|203 A|203 / ZrO, ZrO, ZrO, YF; YF;
HCI
YF;
H,O or hydroxide

YSZ: Yttria stabilized zirconia
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Figure 5. a) FIB cross-sections of polished zirconia toughened alumina samples after 6 h (left), 24 h
(middle) and 48 h (right) of immersion in HF, evidencing the progressive removal of zirconia over time;
b) FIB/SEM tomography of the surface after selective etching (4 days): external view (left), internal
structure with pores in black and zirconia in white (middle), skeleton of the porous structure (right); )
evolution of the porous layer thickness over time for a polished surface. Error bars represent the combined

standard deviations of single samples; d) local radius distribution of the porous structure.
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3.2. Proof of concept: use of the porous layer as a carrier for drug delivery

It was found that the thickness of the porous layer strongly depended on the surface state.
In particular the layer was much thicker on the back surface of the disks, which was ground after
sintering (see supplementary information), possibly because of combined effects of residual
stresses and machining defects. Because this surface has to be taken into account for the release,
each sample used for drug delivery was cross-sectioned and observed following the procedure
described in 2.3.4 and the thickness value was reported as an average over the whole specimen
(Figure 6).

Impregnation of the samples with gentamicin solution led to small quantities of drug
loaded and released (about 16 pg/sample which corresponds to 2 pg/cm?), and there was no
substantial influence of the porous layer thickness (Figure 6-a). This is probably due to the fact
that alumina surface and gentamicin are both positively charged, which leads to poor adsorption.
Liposome encapsulation enabled an increased amount of gentamicin loaded (up to about 80 g
which corresponds to 10 pg/cm?), and the quantity loaded and released was roughly proportional
to the porous layer thickness (Figure 6-b). This likely results from the higher affinity of the lipid
to the alumina surface, as attested by quartz crystal microbalance measurements (see
supplementary information), and from the greater size of the liposomes compared to the free

gentamicin, which may thus remain trapped in the pores.

Bacteria cultures evidenced two effects (Figure 6-c,d). On the one hand the selectively
etched surface reduced the bacterial adhesion as compared to the “as sintered” surface, even in
the absence of loaded antibiotic (surface area covered by living E. coli after 4 h: 5 % vs. 12 %).
On the other hand, samples loaded with gentamicin-encapsulated liposomes limited the growth
of bacteria in the medium and consequently reduced the surface area covered by living E. coli as
compared to non-loaded specimens (bacterial concentration after 4 h: 2.8x10" cells/mL vs.

1.8x10°® cells/mL; surface area covered by living E. coli after 4 h: 0.4 % vs. 5 %).

3.3. Impact of selective etching on reliability

3.3.1. Contact behavior and mechanical properties of the porous layer

Indentation hardness vs. strain analytical curves showed a plateau at 8 GPa for the
selectively etched sample and 20 GPa for the polished sample (see supplementary information).
The observation of the surface and cross-section of an indentation demonstrated that the
deformation of the porous layer was quasi-plastic with a limited elastic recovery (Figure 7-a,b,c).
No cracks were detected on the surface around the indent and densification could be observed

below the residual imprint, which justifies the introduction of a cap in the Drucker-Prager
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plasticity model. The inverse FE identification carried out with the different experimental curves
led to stable values for the elastic modulus (E) and the yield stress in simple compression (o)
whereas a moderate fluctuation was observed for the initial hydrostatic compression yield stress
(Po), and important variations occurred for the friction angle and the maximum plastic
volumetric strain rate (D) (Table 5). The elastic modulus values were in good agreement with
that obtained by theoretical calculation for porous alumina using Roberts and Garboczi model
[35] (Etneoretical = 277 GPa, considering overlapping spherical pores), but slightly superior to that
computed from the analytical analysis of the indentation data (Eanayica = 215 GPa, see
supplementary information). Simulations with the identified parameters led to realistic results,
with good consistency between experimental and numerical load-displacement curves, residual

imprints and densification behavior (Figure 7-d.e,f).
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Figure 6. Cumulative drug release profiles from selectively etched zirconia toughened alumina samples
loaded with a) gentamicin solution and b) gentamicin-encapsulated liposomes. Legend indicates the
average thickness of the porous layer. Results from E. coli cultures (t =4 h) on the surface of “as sintered”
(control), selectively etched, and selectively etched liposome-loaded zirconia toughened alumina samples
(average porous layer thickness: 35 um): c¢) fluorescence microscopy images of living bacteria on the
surface; d) bacterial concentration in the medium monitored by flow cytometry and surface area covered

by living bacteria. Error bars represent the standard deviations.
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3.3.2. Biaxial flexural strength and ageing kinetics

The thickness of the layer produced by selective etching was about 11 um for both the
“as sintered+etched” and the “polished+annealed+etched” samples. Two-way ANOVA analysis
of the strength testing results evidenced a significant main effect of polishing (p=0.007) and a
significant main effect of selective etching (p=0.015), but no interaction (p=0.307). Etching
induced a moderate decrease in the average strength, which was more important for the
“polished+annealed” samples (-25 %) than for the “as sintered” samples (-11 %). This can be
explained by the presence of pre-existing surface defects in the “as sintered” specimens: the
impact of the new defects produced by etching is thus relatively less important in this case
(Figure 8-a,b). Furthermore, for both the “as sintered” and “polished+annealed” surfaces,
selective etching induced an increase in the Weibull modulus (Table 6) and no decrease in the
minimum strength (Figure 8-b). Therefore, the flaws created by selective etching were not the
most critical. Indeed, the “polished+annealed” group had the highest mean strength and oy but
the lowest Weibull modulus (Figure 8-a,b, Table 6), which suggests the presence of intrinsic
defects in the bulk related to injection molding. The process would thus require further
optimization to obtain samples with the same reliability as those obtained by conventional
pressing.

Regarding phase transformation, it can be observed that selective etching induced a small
increase in the initial monoclinic phase content in the “as sintered” samples but not in the
“polished+annealed” samples, which contained a comparable amount of monoclinic phase. In
terms of Kinetics, the trend was similar for all the groups tested and thus the ageing sensitivity

does not appear to be significantly affected by selective etching.
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Figure 7. Results from spherical nanoindentation testing of a 27 um thick porous layer obtained by

selective etching of polished zirconia toughened alumina: a) surface of an indentation observed by SEM;

b), ¢) FIB cross-section of an indentation displaying densification of the porous layer which presents a

quasi-plastic behavior;

d) experimental (average) and simulated

load-displacement curves; ¢€)

experimental (average) and simulated residual imprint; f) finite element calculation of the volumetric

plastic strain (which corresponds to densification).

Table 5. Parameters identified by inverse finite element analysis describing the mechanical behavior of

the porous layer obtained by selective etching

Experimental curve | Lowest | Average | Highest
E (GPa) 272 278 279
BC) 03 15.4 0.6
oc (MPa) 3300 3210 3460
Do (MPa) 4930 | 4680 | 5730
D (MPa™) 2.6x10* | 5.3x10™ | 1.2x10°
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Figure 8. Assessment of the effect of selective etching on strength and ageing sensitivity of zirconia

toughened alumina samples: a) mean strength (error bars represent the standard deviations), b) Weibull

analysis of the strength, c) evolution of the monoclinic phase content during accelerated ageing tests.
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Table 6. Weibull modulus (biased), characteristic strengths and associated confidence intervals resulting
from 3-balls-on-3-balls testing of zirconia toughened alumina specimens

m (90% confidence oo [MPa] (90% confidence
Sample group ) ]
interval) interval)
Polished + Annealed 3.7(2-5) 1029 (865 —1232)
Polished + Annealed +
10 (4.6 — 14.1) 729 (671 — 796)
Etched

As sintered 6.5 (3.6 -8.8) 736 (667 - 815)
As sintered + Etched 9.5(5.5-12.8) 669 (628 — 714)

4. Discussion

The combination of surface modifications proposed in this work is promising for the
design of ZTA components implantable in direct contact with bone, with tailored surface

properties for promoting osseointegration and preventing infections.

Injection molding was shown to be a versatile process for surface micro-structuring, with
a large possible range of values for roughness parameters (Figure 1). Additionally, as discussed
in the introduction, it presents several advantages over other roughening treatments and has a

high potential for industrialization.

On the other hand, selective etching is a totally novel process for ZTA, which can be

used for two purposes:

- With a short etching time, it allows superposing of a substantial nano-roughness to the
micro-topography produced by injection molding (Figure 2, Figure 3), without affecting the bulk
of the material (Figure 5-a). According to the literature, this combination of micro- and nano-
roughness should be favorable in terms of osseointegration [17-19]. Besides, the increase in the
fluorine content of the surface (Figure 4) could enhance osteoblastic differentiation and
interfacial bone formation as it does for titanium [67]. Finally, the selectively etched surface
might reduce bacterial adhesion (Figure 6-c,d). This could be explained either by the nano-
roughness (Figure 3) or the changes observed in the surface chemistry, in particular the increase

in the fluorine content (Figure 4, Table 4), or a combination of both [68,69].
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- With a longer etching time, it allows the production of an interconnected nanoporous
alumina layer with controlled thickness (Figure 5). As described previously, it has been
suggested that nanoporous alumina can improve osteoblast adhesion and proliferation, increase
matrix production and induce osteogenic differentiation [29-31]. Furthermore, the porous layer
has the potential to be used as a carrier for drug delivery, providing antibacterial properties to the
surface (Figure 6). The liposome encapsulation technique proposed in this work improves the
loading of gentamicin. Besides, since liposomes can be loaded with both hydrophobic and
hydrophilic molecules the method is potentially applicable to many other therapeutic agents [70]
(for an example with vancomycin, see supplementary information). Nevertheless, the quantities
loaded which represent about 0.5%-1% of the total porous volume available still appear small
and there is thus room for optimization: in particular it should be possible to increase the quantity
of drug loaded and the sustainability of the release by tuning liposome size.

The main benefit of selective etching when compared to other existing processes to
produce nanoporous alumina on implants, such as for instance anodization [28,71], is that the
layer obtained is not a coating. There is no interface with the bulk, which is highly beneficial in
terms of reliability since it avoids any problem related to lack of adhesion or delamination.
Furthermore, the contact behavior of the porous layer obtained is quasi-plastic (no cracks were
observed under indentations), and the elastic modulus (£ = 275 GPa), the yield stress (oy = 3300
MPa) and the indentation hardness (plateau at 8 GPa) are maintained at high values (Figure 7,
Table 5). Besides, it was shown that the presence of the porous layer does not impair flexural
strength: the decrease in average strength, which was moderate, was compensated by an increase
in Weibull modulus and the minimum strength was not affected (Figure 8, Table 6). Therefore,
in a component larger than the tested specimens (e.g., an acetabular cup), the failure would likely
be governed by intrinsic flaws, whose maximum size statistically increases with material
volume. Since the pore size is too small for the cells to enter, the layer thickness tested (11 pum)
can be considered as a conservative estimate of the thickness necessary to promote
osseointegration. Nevertheless, depending on the quantity of antibiotic which needs to be
released and on the loading efficiency, a thicker layer might be required for drug loading. In this
case, further study of the influence of the layer thickness on strength would be required. Finally,
regarding phase transformation, the influence of selective etching is limited to a small increase in
the initial volume of monoclinic phase content, without any impact on LTD Kinetics. The

excellent resistance to ageing of ZTA is thus not compromised by the treatment.
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5. Conclusion

The combination of injection molding and selective etching allows the manufacture of
ZTA samples with a substantial nano-roughness superposed to a controlled micro-topography.
Selective etching also enables the formation of an interconnected porous alumina layer, which
can be used as a carrier for drug delivery. The impact of selective etching on mechanical
properties and hydrothermal stability is limited. Future studies will aim to optimize drug loading
and to assess the impact of these surface modifications on cell and bone response.
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Appendix A. Porous layer thickness measurement

Example of porous layer thickness measurement performed on a cross-section image using ImageJ
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Example showing the difference in the porous layer thickness achieved by selective etching depending on

the initial surface state.
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Appendix B. Quartz crystal microbalance measurements

A quartz crystal microbalance (QCM, Q-Sense Instruments) equipped with an Al,Os
sensor was used to evaluate the affinity of gentamicin and liposomes to the alumina surface.

Concentration of the solutions tested: 1 mg/mL in PBS.
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As can be seen above, the affinity of liposomes to the alumina surface (frequency change

~ 250 Hz) is much higher than that of gentamicin, which is very low (frequency change ~ 3 Hz).
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Appendix C. In vitro drug release experiments with vancomycin

The exact same procedure as described for gentamicin in sections 2.4.1, 2.4.2 and 2.4.3
was used with vancomycin hydrochloride.

The results obtained showed that:
- Liposomal encapsulation improved loading and release (same as for gentamicin)

- Quantities loaded and released were more important, which can be explained by the
higher molecular weight of vancomycin.

- Vancomycin release appeared more sustained than gentamicin release for large
porous layer thicknesses (> 100 pm).

- The liposomal encapsulation technique is thus flexible and can be applied to other
therapeutic molecules.
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Cumulative drug release profiles from selectively etched zirconia toughened alumina samples loaded with

a) vancomycin solution and b) vancomycin-encapsulated liposomes. Legend indicates the average

thickness of the porous layer.




Surface modification of zirconia-based bioceramics for orthopedic and dental applications 139

Appendix D. Modified Drucker-Prager/cap model [58]

The Drucker-Prager failure surface is defined in the meridional (p-t) plane by:

FE=t—ptanf—d=0 (A1)
where p is the equivalent pressure stress, t is the deviatoric stress, /3 is the angle of friction

of the material and d is its cohesion which can be expressed as a function of the yield stress in

simple compression o as:

d = (1->tan B)o, (A2)

The cap yield failure surface, which binds the yield surface in hydrostatic compression, is
defined in the p-t plane by:

F. = \/(P —pa)? + (ﬁ) —R(d+pstanB) =0 (A3)

cos B
where R is the cap eccentricity (which controls the shape of the cap), o is a small number
(typically comprised between 0.01 and 0.05) used to define the transition yield surface and p is
an evolution parameter that represents the volumetric inelastic strain driven hardening given as:

_ pp—Rd
Pa = (1+Rtan )

(A4)

where py is the hydrostatic compression yield stress. In this work, the evolution of p, was

modeled with the following law:

pp(ey) = %ln (1 + SWV) + Py, (A5)

where ¢y is the hydrostatic plastic strain, py the initial hydrostatic compression yield
stress, W is the maximum plastic volumetric strain (which theoretically corresponds to the

porosity) and D is the maximum plastic volumetric strain rate [72].

To provide a smooth intersection between the cap and the Drucker-Prager failure

surfaces, a transition yield surface is defined as:

F = J(p—pa)z +[t= A= 25 + patan )] — ald +pytan f) = 0

(A.6)
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The plastic flow is defined by a flow potential that is associated in the cap region in the
meridional plane and non-associated in the Drucker-Prager failure surface and transition regions.
It consists in an elliptical portion in the cap region that is identical to the cap yield surface:

Ge = j (0 —pa)? + (ﬁ) (A7)
cos B

and another elliptical portion in the failure and transition regions:

ta cos B

Gs = \/[(pa — p) tan ,8]2 + <j> (A.8)
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Appendix E. Finite element model

2D axisymmetric mesh used for the finite element simulation
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Legend: Grey: diamond indenter; Green: porous layer; Blue: zirconia-toughened alumina (bulk)
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Boundary conditions
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Appendix F. Indenter tip calibration method and experiments

Calibration method
1) Measurement of the spherical tip by atomic force microscopy

2) Determination of the tip shape function

Thanks to a Python script:

- The tip was cut into virtual horizontal slices (distance between slices: 1.5 nm) starting
from the top.

- For each slice, the data points extracted were fitted with an ellipse (equation:

x2

2
=t % =1 where x and y are the Cartesian coordinates and R; and R are the
1 2

ellipse radii).

- The radius of the equivalent circle (same area as the ellipse), given by R = V(R;R,)
was taken as the contact radius a and the distance from the slice to the top was taken

as the contact depth h..

3) Determination of the effective indenter tip apex position

To adjust the effective position of the indenter tip apex, i.e. to determine the value of a
for which h, = 0, the tip shape function a = f(h;) was plotted considering different offsets on h,
(0 nm, -10 nm, -20 nm, ...., -100 nm) and fitted with a power law. Calibration experiments were
carried out against materials with different well-known elastic moduli (Pyrocarbon, Fused silica,

Tungsten). The offset value retained was the one leading to the load/hardness/modulus vs.
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displacement and indentation stress vs. strain curves which were more realistic and closer to the

theory.
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Tip shape function obtained after adjusting the tip apex position
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Calibration experiments
1) Fused silica (E =74.56 GPa)
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The theoretical curve was determined from Hertz theory.
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Hardness and indentation stress are equivalent (same definition). The theoretical curve was
determined from Hertz theory.
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2) Pyrocarbon (E =23.2 GPa)
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Hardness and indentation stress are equivalent (same definition). The theoretical curve was

determined from Hertz theory.
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3) Tungsten (E =405 GPa)
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to deform plastically.
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Hardness and indentation stress are equivalent (same definition). The theoretical curve was

determined from Hertz theory. NB: tungsten almost immediately starts to deform plastically.
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Appendix G. Analytical analysis of spherical nanoindentation data

1) Polished ZTA sample (not etched)
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Hardness and indentation stress are equivalent (same definition). The theoretical curve was

determined from Hertz theory.
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2) Selectively etched ZTA sample (porous layer thickness =27 um)
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The modulus plotted here is the apparent modulus of the porous layer / ZTA bulk system. Bec et
al. analytical model (Philos Mag 2006) can be used to compute the elastic modulus of the layer,
leading to the following mean value: Ejayer = 215 GPa.
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