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ABSTRACT

In prosthetic dentistry, restorative materials are used to replace missing teeth and tissues, so
as to maintain oral functionalities and comfort for the patient. Depending on the clinical
problem, metals, ceramics or polymers, are used both in dentistry and orthopedics. The
present thesis focuses on the polymer material polyetheretherketone (PEEK), which has been
used in orthopedic applications for about 30 years, mainly as a component of spinal devices
- as such it has provided good clinical outcomes. PEEK has recently been adopted as part of
dental rehabilitation owing to its many favorable properties, including high-level mechanical
strength, chemical resistance, and biocompatibility. Therefore, it is of interest and important
to extend our basic understanding of PEEK as a material that can be used in various prosthetic
devices. Moreover, it is important to investigate whether modifications made to the surface
of the material generate outcomes that may be translated to prosthetic dentistry, thereby using
PEEK as a more broadly applicable dental material.

The overall aim of this thesis was to use in vivo and in vitro experimental methods to
investigate the potential of PEEK as a material for use in dental devices.

In vivo studies were conducted to investigate the host bone responses to cylinder
shaped and threaded PEEK implants that were coated with nanocrystalline hydroxyapatite
(nanoHA), as compared to uncoated control implants. The results revealed significantly
higher mean values for the biomechanical and histomorphometric parameters for the nanoHA
PEEK, as compared to the control material.

The levels of cytokines expressed by peripheral blood mononuclear cells (PBMCs)
when exposed in vitro to PEEK, blasted PEEK, and titanium 6-aluminum 4-vanadium
(Ti6Al4V) were investigated at different time-points. The PBMCs produced significantly
higher levels of pro-inflammatory cytokines when exposed to the PEEK surface than when
exposed to the Ti6Al4V surface. The blasted PEEK surface induced the highest level of pro-
inflammatory cytokine release from the PBMCs.

The ability to form a biofilm in vitro was assessed by inoculating oral bacterial species
onto PEEK, blasted PEEK, commercially pure titanium (cp-Ti), and Ti6Al4V. Biofilm
formation was quantified after staining with crystal violet. The blasted PEEK showed
increased biofilm formation by S. sanguinis, S. oralis and S. gordonii as compared to the other
surfaces, while the levels of bacterial adhesion to PEEK, cp-Ti, and Ti6Al4V were similar.

It appears that nanoHa-coated, threaded PEEK implants improve bone formation, as
compared to uncoated PEEK implants, and that PEEK induces a stronger inflammatory
response than does Ti6Al4V. The biofilm formation results suggest that the level of bacterial
adhesion to PEEK is similar to that of cp-Ti and Ti6AIV4.

Within the limitations of the methods used in the present thesis, it can be concluded
that PEEK may have potential as a material for use in various dental applications.

Keywords: PEEK, polyetheretherketone, hydroxyapatite, nanotopography,
osseointegration, cytokines, biofilms, biomaterials, dental materials, titanium, nanocoated.
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SAMMANFATTNING PA SVENSKA

Vid rehabiliterande tandvérd anvinds olika implantat och proteser for att
ersétta forlorade tdnder och védvnad sé att patienter kan upprétthalla funktion
och estetik. For att materialen ska kunna fungera over ldng tid behdver de
inneha vissa egenskaper. Polyetheretherketon (PEEK) &r en relativt ny
polymer som har visat sig kunna vara lamplig for att anvéndas kliniskt. Hittills
har PEEK anvénts framforallt inom ortopedi men intresset for detta material
har pa senare tid 0kat inom odontologi. Det &r vésentligt att studera detta
material och huruvida man kan forédndra dessa egenskaper for att forbéttra dess
funktion.

Det huvudsakliga syftet med avhandlingen var att vetenskapligt studera olika
aspekter pa hur vil PEEK fungerar som ett biomaterial.

I de tva forsta in vivo studierna undersoktes benbildningen till PEEK genom
att beldgga ytan med ett bioaktivt &mne (nanoHA) med férhoppning om att
stimulera benbildningen till implantat. Resultaten visade hogre biomekaniska
data och mer benkontakt for PEEK implantat belagda med nano-HA jamford
med kontrollgruppen.

Den inflammatoriska reaktionen till PEEK, bldstrad PEEK och titanium-6
aluminum-4-vanadium  (Ti6Al4V) undersoktes genom att mita
cytokinutsondringen av immunceller i kontakt med de olika materialen.
Resultaten visade att immuncellerna i kontakt med PEEK utsondrade mer
proinflammatoriska cytokiner jamfort med Ti6Al4V medan den bléstrade
PEEK ytan framkallade den hogsta andelen proinflammatoriska cytokiner.

Tillvéxt av biofilm av olika orala bakterie jimfordes mellan PEEK, bldstrad
PEEK, kommersiellt rent titan (cp-Ti) och Ti6Al4V. Resultaten visade dkad
tillvaxt av S. sanguinis, S. oralis och S. gordonii pa blistrade PEEK medan
biofilm tillvéxten var likvérdig for obléstrad PEEK, cp-Ti och Ti6Al4V.

Sammantaget visade resultaten att benbildningen okade genom att beldgga
gingade PEEK implantat med nano partiklar av hydroxylapatit. PEEK
framkallade en starkare inflammatorisk reaktion jamfort med titanlegering och
att orala bakterier vixer pA PEEK-ytor i motsvarande méngd som pé titan och
titanlegering.

Inom studiens begriansning s& dr sammanfattning att PEEK, i vissa fall, kan
vara ett alternativ att anvindas i olika konstruktioner inom protetisk tandvard.
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1 INTRODUCTION

Polyetheretherketone (PEEK) is a polymer that is used as a surgical material
in orthopedic spinal implants, as well as in dental applications owing to its
many favorable properties, which include mechanical strength, chemical
resistance, and biocompatibility. Already since its biocompatibility was
confirmed in the 1980s, there has been considerable interest in the field of
biomaterials research in the potential of PEEK for clinical applications.

In the introduction to a handbook on PEEK (1) it is stated that: ‘PEEK
biomaterials are currently used in thousands of spinal fusion patients around
the world every year. Durability, biocompatibility and excellent resistance to
aggressive sterilization procedures make PEEK a polymer of choice, replacing
metal in orthopedic implants, from spinal implants and hip replacements to
finger joints and dental implants. .

The concept of a ‘biomaterial’ was introduced by Williams in 1987 as ‘4
nonviable material used in a medical device intended to interact with
biological systems’ (2). A more specific definition provided by the American
National Institutes of Health is: ‘any substance or combination of substances,
other than drugs, synthetic or natural in origin, which can be used for any
period of time, which augments or replaces partially or totally any tissue,
organ or function of the body, in order to maintain or improve the quality of
life of the individual’(3).

Biomaterials are usually in the forms of metals, ceramics, and polymers.
Polymeric biomaterials are currently used extensively in medical applications,
especially in regenerative tissue engineering. Since the chemical architectures
of synthetic polymers share similarities with natural tissues, proteins, and
polysaccharides, it has been suggested that polymers are more authentic
mimics of natural tissues than are metals and ceramics (4). Drug delivery
agents, sutures, membranes, and load-bearing implants, to name a few
polymers, are used in medicine.

While metallic biomaterials are frequently used for hard tissue applications,
they have certain drawbacks, such as stress shielding, wear particles,
cytotoxicity, and allergenicity (5, 6).

Restorative materials are used in prosthetic dentistry to replace missing teeth
and tissues, so as to maintain oral functionalities and to ensure comfort and
desired appearance. Polymers are fundamental to restorative dentistry and are
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used in a wide-variety of applications, as cavity-filling materials (i.e.,
‘composites’), cements, and materials in fixed and removable dentures.
Polymers can be processed with “simple” methods at low cost. They are
esthetically pleasing and possess physical properties that are suitable for the
oral cavity (7). However, cytotoxic residual monomers can leak out from
denture materials into the saliva and cause allergic reactions (8, 9).

The majority of oral implants currently in use are composed of commercially
pure titanium (cp-Ti) grade 4, while several dental prosthetic components are
manufactured from titanium alloys, such as titanium-6 aluminum-4 vanadium
(Ti6Al4V), which has superior mechanical properties to cp-Ti (10). However,
the polymer PEEK, with its suitable mechanical and biocompatible properties,
is attracting interest as a material for dental devices, and it may in some cases
replace the metal components using in the dental field.
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1.1  MATERIAL PROPERTIES

PEEK used as a biomaterial has been reviewed extensively by Kurtz and
Devine, who describe in detail the mechanical properties of PEEK-containing
materials (11). To summarize, PEEK is a semi-crystalline, thermoplastic
polymer with a stable chemical structure. It is formed by stepwise
polymerization and is composed of repeating units of the monomer
etheretherketone (Figure 1). The rigidity of the repeating units of phenyl
groups offers excellent physical and chemical properties. PEEK is usually
processed by standard thermoplastic techniques, such as extrusion, injection
molding or machining into desired forms and sizes for use in medical
applications. The crystalline content of PEEK is dependent upon the
manufacturing process but is usually in the range of 30%—-35%. This high
degree of crystallinity also contributes to the mechanical strength of PEEK.

Figure 1. Chemical structure of PEEK. Source: Gardner 1998 (12).

As mentioned above, PEEK is a strong material with favorable mechanical
properties that can be augmented through the incorporation of carbon fibers
(13). While unfilled PEEK has an elastic modulus of 3—4 GPa, with carbon
fiber reinforcement (CFR) it can match that of cortical bone (18 GPa) (Figure
2). Using PEEK with an elastic modulus that is in the same range as cortical
bone reduces the risk of stress shielding around the implant and makes it
suitable for use in orthopedic and spinal surgeries (14). The tensile strength of
unfilled PEEK has been reported to be approximately 100 MPa, as compared
to 60 MPa for polymethylmethacrylate (PMMA) (Figure 2).



In vivo and in vitro studies of PEEK: bone formation, inflammatory response and biofilm formation

Elastic modulus (GPa)
120

100
80
60
40
20
N _

Cortical bone PEEK CFR PEEK cp-Ti Ti6Al4V (ELI) PMMA

Tensile strength (MPa)
1000

900
800
700
600

500
400
300
200
100 I
N =

Cortical bone PEEK CFR PEEK cp-Ti Ti6AlI4V (ELI) PMMA

Figure 2. Elastic modulus (upper) and tensile strength (lower) values for cortical
bone (15), PEEK (16), and CFR-PEEK (17), Cp-Ti (10), Ti6Al4V (ELI) (10), and
PMMA (7). The data are obtained from different sources, references are given within
the parentheses.
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From the mechanical perspective, PEEK is also appropriate as a restorative
material in dental applications, such as fixed and removable dentures (18). In
a study carried out by Scwitalla et al., the flexural modulus (i.e., the capacity
to resist bending) and the flexural strength (i.e., the ability to resist
deformation under load) of 11 different PEEK compounds were tested using
a three-point bending test (19). The samples were tested “dry” and also after
incubation at 37°C in Ringer’s solution for 1, 7, 28 and 84 days. The flexural
modulus values ranged from 2.73 GPa for unfilled PEEK up to 47.27 GPa for
CFR-PEEK, while the respective flexural strength values ranged from 170.37
MPa to 1009.63 MPa. The duration of incubation seemed to have a negligible
effect on the outcomes. Even the lower flexural values considerably exceeded
the minimum strength of 50 MPa required for polymer-based crown and
bridge materials according to ISO 10477:2018 (20).

The stable chemical structure of PEEK makes it unreactive and resistant to
degradation. For example, PEEK is insoluble in all conventional solvents, with
the exception of concentrated sulfuric acid (21). Even though PEEK is not
impaired by long-term exposure to water, it has been shown that water
adsorption can reduce the crystallinity of PEEK (22). However, others have
shown that the mechanical properties were unchanged when PEEK was tested
in saline in a cyclic compression fatigue experiment (23).

PEEK has a glass transition temperature in the range of 143°-160°C, and a
melting temperature in the range of 335°-441°C (11). PEEK is also thermally
stable and is not degraded even at temperatures exceeding 300°C (24). Thermal
degradation at body temperature is therefore not considered to be an issue for
clinical applications. Furthermore, sterilization by steam autoclaving does not
affect the physical properties of PEEK (25). PEEK also remains stable when
exposed to gamma radiation, which is an advantage when sterilizing polymer
medical devices (26).

The radiolucency of PEEK facilitates radiographic examinations of implants
in bone tissues (27). In contrast, metallic implants can produce artifacts in
computer tomography and magnetic resonance imaging, making it difficult to
interpret the status of the bone tissues surrounding the implants (28). However,
to improve the contrast visualization of PEEK (e.g., in spinal implants), it is
possible to add, for example, barium sulfate to the material (1).
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1.2 BIOCOMPATIBILITY

The initial definition of biocompatibility proposed by Williams in 1987 was as
follows: ‘Biocompatibility refers to the ability of a material to perform with an
appropriate host response in a specific application’ (29).

This definition focused on the aspects of the material. However, this rather
general definition of biocompatibility has been refined over the years, such that
nowadays various definitions exist that include the complex interactions that
occur between the material and the host tissues.

The term ‘biocompatibility’ has mostly been used to describe the response of
the material to the tissue with which it comes in contact. However, as the tissue
may influence the biomaterial and the biomaterial may influence the tissue,
another definition of biocompatibility was suggested by Williams in 1999:

‘Biocompatibility is a two-way process that evolves over time, with host
affecting the material and material affecting the host’ (30).

Albrektsson and coworkers listed the following six factors that they consider
to influence the tissue response to an implant (31):

Implant material
Implant design

Implant surface

Status of the host tissue
Surgical technique
Loading conditions

SAINANE I S e

Depending on the “hard factors” (factors 1-3) and the “soft factors” (factors 4-
6) involved, it is currently difficult to put forward a precise definition of
biocompatibility. Considering the various definitions that exist in the literature,
one can only state that biocompatibility is a ‘living definition’. For more
information on this topic, the interested readers are referred to the publication
by Williams in 2014, titled ‘There is no such thing as a biocompatible
material’ (32). The latter paper is of interest because it argues that
‘biocompatibility is a perfectly acceptable term, but that it subsumes a variety
of mechanisms of interaction between biomaterials and tissues or tissue
components and can only be considered in the context of the characteristics of
both the material and the biological host within which it placed’.



Sargon Barkarmo

In vitro and in vivo studies have been conducted that have investigated the
biocompatibility features of PEEK biomaterials. The cytotoxicity and
mutagenesis of PEEK were evaluated by Katzer et al in two in vitro tests (33).
In one test, strains of Salmonella typhimurium were incubated with PEEK and
in a second test, fibroblasts from hamsters were grown on PEEK. The results
from both tests showed no evidence of cytotoxic or mutagenic effects of PEEK,
which is an important requirement for a biomaterial.

The biocompatibility of PEEK has also been investigated in other animal
models. Jockish and coworkers inserted CFR-PEEK into rabbit muscle for 8—
12 weeks. The authors reported no adverse tissue responses or infections
related to the PEEK implant (34).

Direct bone contact (i.e., osseointegration) with PEEK implants has also been
examined in animal studies. For example, implants of PEEK in the rabbit
femur and tibia have been shown to be well-integrated, as confirmed by
histomorphometry and biomechanical tests (35, 36). In a study conducted by
Toth and colleagues, contacts between bone and PEEK material have been
observed in interbody spinal implants in sheep (37). However, these implants
were partially surrounded by fibrous tissue, suggesting that the PEEK itself has
low osteoconductive properties, which could lead to weak osseointegration.
Therefore, there is interest in improving the biocompatibility of PEEK through
surface modifications.

Comparing PEEK to titanium

While bone formation and osseointegration around cp-Ti (grade 1-4) implants
have been clearly demonstrated, the tissue responses to PEEK have not been
investigated as extensively. When comparing PEEK to titanium, in different in
vitro and in vivo experimental models, it appears that the bone response to
uncoated PEEK is inferior to the corresponding response to titanium. For
example, an in vitro study has shown a stronger angiogenic response (which is
important for bone formation) to a titanium alloy than to PEEK (38). In a
clinical study, titanium (the grade of which unfortunately was not specified)
and PEEK interbody lumbar cages for spinal fusion were implanted in patients.
Radiographic evaluations showed significantly higher bone fusion to the
titanium than to the PEEK at 2 years postimplantation (39). The lower level of
bone formation around PEEK might be attributable to the formation of fibrous
tissue rather than bone tissue, as reported for PEEK implants in vivo (37). The
formation of soft tissue around PEEK has been suggested to be the result of
more potent inflammatory responses to PEEK than to Ti6Al4V (40).
Mesenchymal cells cultured on PEEK had higher levels of mRNA species for
factors associated with apoptosis, while rough Ti6Al4V promoted osteoblastic
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differentiation, which favors bone formation (40). In a systematic review, the
osseointegrative capabilities of PEEK and titanium used as dental implants
were compared (41). Although there have been only a few studies, it has been
concluded that the osseointegration properties of PEEK are inferior to those of
titanium,

1.3 SURFACE MODIFICATIONS

As mentioned above, PEEK in its pure form has limitations regarding its
osseointegration into bone tissues (37). Therefore, researchers have focused on
techniques to modify the implant surface so as to improve the osteoconductive
capacity of PEEK. Incorporating bioactive materials into the polymer (42) and
changing the surface properties (43) represent two strategies for achieving this.

According to Hench and coworkers, a bioactive material is defined as a
material that has the capacity to bond to a living tissue (44). Various bioactive
materials have been described in the literature, including hydroxyapatite (HA)
(45), bisphosphonate (46), insulin (47), and laminin (48). It has been suggested
that these bioactive materials, when coated onto implants, contribute to a rapid
biochemical bonding between the implant and the bone tissue (49).

It has been proposed that a surface that has low energy, such as PEEK,
experiences decreased protein adsorption (50). Fibronectin, which is a protein
that is important for cell adhesion, exhibits a favorable orientation on a
hydrophilic surface. Consequently, alteration of the surface energy could lead
to improved adhesion of osteoblasts to the surface, resulting in enhanced
integration into bone (51, 52). The chemical composition and the roughness of
the surface are two features that can be modified to promote bone healing (53).
This can be achieved, for example, by coating the surface with titanium, which
is a well-documented material for promoting osseointegration (54). An in vitro
study has shown that the maturation of osteoblasts adherent to Ti6Al4V is
increased compared to osteoblasts adherent to PEEK (38). Enhanced bone
formation has also been shown in vivo on PEEK surfaces coated with titanium,
as compared to uncoated PEEK (55). In another study, the osseointegration of
a sandblasted PEEK implant with a micro-rough surface was compared to that
of mirror-polished PEEK (56). The implants were inserted in rat femurs and
were investigated with a pull-out test after 2 and 4 weeks of healing.
Significantly higher pull-out force was shown for the rougher, sandblasted
implants, suggesting improved osseointegration compared to the smoother,
mirror-polished PEEK implants.
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Another method to improve bone healing, as mentioned earlier, is to apply a
coating with osteoconductive properties (such as HA) to the surface of the
PEEK (43, 57-59). Due to its similarity to the mineral phase of natural bone
tissue, artificial HA has been used for several decades as a bioactive coating
material (60, 61) and has been shown to enhance on osseointegration when
coated onto implants (62).

Several techniques are available to apply HA coatings to PEEK surfaces. For
example, surface modifications have been generated through plasma spray
deposition of HA (43, 63) and spin coat deposition of a thin layer of
nanocrystalline HA (nanoHA) (64).

Some concerns have been raised regarding the thickness of the HA coating on
PEEK, and studies using coatings with thicknesses >10 pm have revealed
complications with regard to the detachment of the coating from the bulk
material (65, 66). To avoid detachment, a technique for applying a thinner,
more stable, nanometer-thick, coating has been developed (67, 68). Surface
topography influences the bone responses not only at the micrometer level, but
also at the nanometer level of the implants (69). Titanium implants coated with
nanometer-sized HA particles have shown enhancement of early bone
formation in vivo (67). Even though the effect on osteogenesis at the cellular
level has not been fully clarified, it has been suggested that the nanometer-
sized particles facilitate adhesion of osteoblasts to the implant surface, thereby
accelerating bone formation (70-72).

The beneficial impact on bone healing around nanocrystalline hydroxyapatite
(nanoHA)-coated implants has been proposed to be due to a synergistic effect
of surface nanotopography and altered chemistry (73, 74).

14 INFLAMMATION

During surgical implant insertion, tissue trauma occurs, which immediately
initiates an inflammatory host response. Regardless of tissue type, this early
inflammation plays a central role in the integration and functionality of the
implant.

Immunity is usually divided into the innate and adaptive systems. The innate
immune system mounts rapid and non-specific responses and represents an
important primary defense mechanism against foreign bodies, while the
adaptive immune system is a secondary host defense system that is more
specialized, using lymphocytes to identify specific antigens and generating
antibodies (75). The inflammatory response and the integration of biomaterials
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have been described in terms of an innate immune reaction that involves
neutrophils and macrophages (76).

Macrophage activation can result in classical (M1) or alternative (M2)
phenotypes (77). The classically activated M1 macrophages are phagocytic
and kill microorganisms, while M2 macrophages are involved in wound
healing and repair (75). The different pathways of activation of macrophages
rely on the secretion of cytokines (77). The M1 macrophages are triggered by
lipopolysaccharide (LPS) or interferon (IFN)-y that is released by T helper 1
(Th1) cells. The wound-healing M2 macrophages are instead activated by
interleukin (IL)-4, which is produced by eosinophils, basophils, and Th2 cells
(77). In a study conducted by Omar et al., monocytes were activated either
classically (M1) or alternatively (M2) and then the cells were cultured on
anodically oxidized or machined titanium surfaces (78). It was shown that the
classically activated monocytes communicated pro-osteogenic signals to
human mesenchymal stem cells, which can promote bone healing. However,
the different surface properties seemed to exert weak effects on the osteogenic
signal from the monocytes.

The complex series of events that occurs after implant insertion is described in
detail in excellent reviews by Franz and colleagues (79) and Anderson and
colleagues (80), respectively. In essence, when a material comes in contact
with a tissue the immune system is affected by the biomaterial that will initiate
the wound healing. Blood proteins are adsorbed to the surface of the material,
which leads to activation of the coagulation cascade, complement system, and
innate immune cells. The immune cells that initially migrate from the blood
towards the implant in the acute inflammatory phase are mostly
polymorphonuclear leucocytes (PMNs, granulocytes). These PMNs are
involved in the acute inflammatory response and they secrete chemokines that
attract other leukocytes, such as monocytes, to the implant-tissue interface.
Pro-inflammatory cytokines, such as IL.-4 and tumor necrosis factor-o (TNF-
o), play important roles in the acute inflammation (see Table 1). A couple of
days after implant insertion, the PMNs disappear and the mononuclear cells
(monocytes and lymphocytes) appear at the implant site. As the chronic phase
develops, the monocytes differentiate into macrophages, which in turn secrete
chemokines. In the presence of a foreign material, these chemokines will
promote the fusion of macrophages to form foreign body giant cells (FBGCs)
(81). FBGCs, also termed multinucleated giant cells (MNGCs), are associated
with bone-biomaterial integration (82).

As mentioned above, the macrophages in proximity to the implant surface play
important roles in wound healing and tissue regeneration (83). The cytokines
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that are induced during the implantation process can also influence the actions
of the macrophages. For example, IL-4 induces macrophage fusion to form
FBGCs (or MNGCs) (84). This host reaction to a foreign material is the end-
stage of the inflammatory and the early wound-healing responses that arise
during the implantation of a biomaterial (80).

The surface properties are known to influence the tissue responses and the
functions of the biomaterial (69). It has also been shown that the release of pro-
inflammatory cytokines, such as IL-1p, IL-6, and TNF-a, is related to specific
material surface properties, and that both surface chemistry and surface
morphology influence the release of these cytokines (85).

The release of various cytokines and growth factors in response to contact with
different biomaterials provides information regarding the inflammatory
responses to such materials, thereby enhancing our understanding of the
complexity of the early tissue responses.

Table 1. Cytokines associated in wound-healing and inflammatory responses to biomaterials.

Cytokine Function

IL-1B Facilitates the adhesion of leukocytes to the endothelial surface by increasing
the numbers of adhesion receptors. Produced by pro-inflammatory M1
macrophages that are exposed to LPS or IFN-y. Associated with osteolysis.
(86-88)

IL-4 Proliferation of B lymphocytes and T-helper cells. Stimulates the formation
of M2 macrophages. Induces the formation of FBGCs. (77, 84, 88)

IL-6 Has both pro-inflammatory and anti-inflammatory activities. Stimulates the
differentiation of T and B cells. Regulates osteoblast and osteoclast
development. (88-90)

IL-10 An anti-inflammatory cytokine that inhibits the secretion of pro-
inflammatory cytokines from macrophages and Th1 cells. Inhibits osteoclast
formation. (88, 91, 92)

TNF-a Produced by macrophages and is a major pro-inflammatory cytokine.
Involved in bone remodeling and plays an important role in bone-related

diseases. Prevents the apoptosis of monocytes. (93-95)

IFN-y Released by Thl cells. Activates M1 macrophages, upregulates pro-

inflammatory cytokines, and inhibits anti-inflammatory cytokines. (77)
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Wear particles

In the case of load-bearing implants, there is a concern regarding the debris
produced through wear of the implant material, especially in total joint
arthroplasties. These wear particles can induce osteolysis and cause implant
failure (96). A similar problem exists for the particles released in conjunction
with dental implants (97). Titanium particles have been identified in the peri-
implant soft tissue (98), and ion release of titanium has been detected in bone
tissues proximal to the implants (99). Although the reason why particles are
released around dental implants is not clear, several events have been
implicated, such as particle release during implant insertion (100), wear at the
implant-abutment level (101), and corrosion (102). In orthopedic research, it
has been shown that particle size, as well as the composition, morphology, and
concentration of the material are factors that correlate with cytokine release
from macrophages (103). The activated macrophages release pro-
inflammatory mediators, such as IL-1p, IL-6, and TNF-a, which can cause
osteolysis (104). Particle release from dental implants have, therefore, been
suggested to aggravate inflammation and may be the reason for the occurrence
of peri-implantitis (98).

Hallab et al. have shown that macrophages exposed to PEEK (particle sizes of
0.7 um, 2 um, and 10 pm) for 24 hours or 48 hours exhibit significantly lower
levels of release of pro-inflammatory cytokines, as compared to macrophages
exposed to ultra-high-molecular-weight polyethylene (UHMWPE) (87). The
UHMWPE particles were more cytotoxic than the PEEK particles, with the
0.7-um UHMWPE particles showing the highest levels of cytotoxicity. The
authors of that study suggested that a stronger inflammatory response to the
implant material might have negative consequences in the clinical setting,
given that pro-inflammatory cytokines can disrupt bone homeostasis. It was
concluded that PEEK particles are more biocompatible than UHMWPE
particles (87). The biologic responses to PEEK-related wear debris from total
joint arthroplasties have been summarized in a systematic review (105). The
results from the reviewed studies are inconsistent when considering
inflammatory cytokine release. Therefore, it is important to investigate further
the early inflammatory responses to PEEK, especially since it is being
considered as a replacement material for other polymers and metals in various
clinical applications.

PBMCs

Human peripheral blood mononuclear cells (PBMCs) comprise lymphocytes
(T cells, B cells, NK cells), monocytes, and dendritic cells. These cells are
often used to study biocompatibility and inflammation (88). Applying this in
vitro model with PBMCs, one can determine the inflammatory responses to
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various materials, since PBMCs produce a wide array of cytokines. This
information will be of importance when choosing biomaterials for different
clinical applications. Although in vitro methods have inherent limitations and
cannot be compared to the in vivo situation, they are important tools for
screening biomaterials and increasing our understanding of the basic cellular
responses to such biomaterials.

1.5 BACTERIAL BIOFILMS

Biofilms are microorganisms that co-aggregate on a surface to form a colony
that is usually enclosed within an extracellular polymeric matrix (106).
Biomaterials in the oral cavity are generally not sequestered within the tissue
but are instead exposed to the saliva with varying pH levels, as well as to a
wide variety of bacteria. More than 700 bacterial species have been detected
in the oral environment (107), and biofilms are formed on all exposed surfaces,
including the materials used in restorative applications (108).

The process of biofilm formation can be divided into three stages: attachment,
colonization, and biofilm development (109). To survive in the oral cavity,
bacteria must adhere to pellicle-coated surfaces, desquamating surfaces or to
bacteria that are already surface-bound (110). During attachment, the initial
colonizers utilize the pellicle generated by the saliva conditioning film and
express surface receptors that facilitate their adherence (111). Primary
colonizers include various streptococcal species, such as Streptococcus
sanguinis, Streptococcus gordonii, and Streptococcus oralis, all of which can
adhere directly to the surface and bind to other species already present in the
nascent biofilm (112).

Biofilms exists in healthy individuals and are usually harmless, consisting
predominantly of commensal bacteria. However, if these biofilms are allowed
to expand, their composition may change, allowing pathogens to become more
prevalent (113). Depending on the location of the biofilm in the mouth, caries
and gingivitis (and subsequently, periodontitis or peri-implantitis) may occur.
Some pathogens, for example Enterococcus faecalis, have been shown to be
highly resistant to a range of antibiotics (114). Therefore, it is important to use
biomaterials that do not enhance biofilm formation.

The factors that determine the levels of bacterial growth on different restorative
materials are not well understood. Some studies have shown that biofilm
formation on metals differs from that on ceramics and polymers (115). In
addition to the chemical composition and surface free energy, the presence and
dimensions of surface features, such as pores and defects, which can create
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favorable conditions for bacterial growth, may also influence bacterial
adhesion (113). Hahnel et al. compared the formation of multispecies biofilms
on different abutment materials in vitro (116). They showed that biofilm
formation on PEEK was similar to or weaker than that on zirconia or titanium.
However, the surface of the PEEK material used in Hahnel’s study was
significantly smoother than the zirconia and titanium surfaces. The smoother
surface may have influenced the result, since other studies have shown that an
increase in surface roughness significantly favors bacterial attachment and
biofilm formation and facilitates biofilm growth (117, 118).

Most studies of bacterial growth on PEEK have focused on pathogens
associated with orthopedic infections, such as Staphylococcus aureus,
Staphylococcus epidermidis, Pseudomonas aeruginosa and Escherichia coli
(119, 120). Increased knowledge of bacterial adhesion and biofilm formation
on novel materials will improve our understanding regarding their applications
and the potential risk of developing disease. However, apart from the study
conducted by Hahnel et al., there is little information in the literature on the
adhesion and proliferation of oral bacteria to PEEK (116).
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1.6 CLINICAL APPLICATIONS

As mentioned earlier, PEEK is used extensively in orthopedic and spinal
surgery applications. However, it is also used as a material in a number of other
devices that are employed in medical and dental rehabilitation (121). For
example, PEEK fusion cages are used in patients with degenerative disc
disease or spinal instability (Figure 3). PEEK cages have shown satisfactory
outcomes in several clinical studies, with high interbody fusion rates and few
complications being reported even with follow-up of up to 35 months (122-
124). Moreover, PEEK implants are used in several other orthopedic
applications, such as in total joint replacement (i.e., of the hip and knee) (105)
and as fixation screws in trauma surgery (11).

Figure 3. Image of PEEK thoracolumbar interbody cage that is used for posterior
lumbar interbody fusion procedures. Images provided courtesy of GESCO
Healthcare Pvt. Ltd.

PEEK is also used in dental applications and in maxillofacial surgery (125). In
the field of oral prosthodontics, interest in PEEK as a material for
reconstructive applications (Figures 4 and 5) has increased in the last few
years, despite the fact that only a few relevant clinical studies have been
reported (18). Furthermore, the possibility to manufacture constructs that
contain PEEK wusing Computer-Aided Design / Computer-Aided
Manufacturing (CAD/CAM) allows for a completely digital workflow that is
both time- and cost-effective (126). Using CAD/CAM also enables additive
manufacturing techniques (e.g., 3D printing), to produce devices for dental
applications (127).
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PEEK may be used for tooth- or implant-supported fixed dentures (i.e., bridges
and crowns) (128). Provisional fixed dentures are usually made of
methacrylates, such as PMMA or composite-based materials (129). However,
due to their low-level mechanical strength, these restorations are not as long-
lasting as the metals and ceramics used in permanent restorations. As a
replacement for acrylic resins, PEEK may be suitable for long-term provisional
restorations, considering that it is a “stronger” material. It has also been
suggested that PEEK could be used in removable dentures, such as complete
and partial dentures, as well as in removable obturator prostheses due to its low
weight and favorable biocompatibility profile (130, 131). As described in the
Introduction section, residual monomers can leak out of methacrylate-based
materials into the saliva and cause allergic reactions. PEEK, being a chemically
stable polymer, could therefore be used as an alternative to methacrylates such
as PMMA in removable dentures.

Figure 4. Prosthetic devices made from PEEK-OPTIMA™ (JUVORA™ Dental
Disc): A) Removable implant-supported overdenture. B) Removable partial denture.
C) Fixed implant-supported prosthesis. D) Fixed partial denture. Images provided
courtesy of Invibio Biomaterial Solutions.
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Even though dental osseous PEEK implants to replace missing teeth have been
reported, more clinical studies are required to assure favorable outcomes (132).
The biocompatibility of titanium used as an osseointegrated implant to replace
missing teeth has been demonstrated in several long-term studies (133).
Therefore, it is difficult to argue that PEEK might replace titanium as the
material of choice for dental implants. However, PEEK may be used as a
material in healing abutments and provisional implant-supported crowns (116,
134, 135). The abutments can easily be modified by the clinician for mucosal
formation and support. Moreover, considering the biocompatibility of PEEK
and the mechanical properties of the material, it may be suitable for use in the
oral clinical setting.

Figure 5. Temporary abutment made from PEEK. Image provided courtesy of
© Nobel Biocare Services AG.
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2 BACKROUND TO THE PRESENT
THESIS

PEEK is used in medical and dental applications due to its favorable properties
of high mechanical strength, chemical resistance, and biocompatibility.
However, studies related to the biocompatibility, inflammatory and biofilm
formation properties of PEEK are scarce. Therefore, it is of interest and
essential to increase our basic understanding of the potential of PEEK as a
material that can be used in various prosthetic devices. Moreover, it is
important to determine whether certain modifications to the surface of the
PEEK material generate results that are of interest and that can be translated
into using PEEK more broadly in prosthetic dentistry. This will increase our
understanding regarding its applications and the potential risks of biological
and technical complications when choosing materials for use in the clinical
setting.

21 AM

The overall aim of this thesis was to use in vivo and in vitro experimental
methods to investigate the potential of using PEEK as a material for dental
devices.

2.2 SPECIFIC AIMS

The specific aims of the studies in this thesis were:

Studies I and II: To investigate the bone tissue responses in vivo to cylinder
shaped and threaded PEEK implants coated with nanoHA,
as compared to uncoated PEEK implants.

Study III: To compare the early inflammatory responses in vitro to
PEEK and to Ti6Al4V, and to investigate whether a rough
PEEK surface influences these inflammatory responses.

Study IV: To investigate biofilm formation in vitro by applying

different oral bacterial species to PEEK, blasted PEEK, cp-
Ti, and Ti6Al4V.
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2.3 HYPOTHESES

Studies I and II: That nanoHA-coated PEEK  implants enhance
osseointegration, as compared to uncoated PEEK.

Study III: That PEEK induces a stronger inflammatory response than
Ti6Al4V, and that a rougher surface provokes higher levels

of release of cytokines, as compared to a smoother surface.

Study IV: That bacterial adhesion and biofilm formation are affected
by the composition and surface roughness of the material.
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3 MATERIALS AND METHODS

3.1 MATERIALS

The following materials were used in the studies (see Section 3.3 for a
description of the surface treatments). All the materials were manufactured as
machined (i.e., turned).

Study I:

e PEEK: Polyetheretherketone
e NanoHA-coated PEEK: PEEK coated with nanocrystalline
hydroxyapatite

Study II:

¢ PEEK
e NanoHA-coated PEEK

Study III:

e PEEK

e Blasted PEEK: PEEK blasted with aluminum oxide

e Ti6Al4V: Titanium-6 aluminum-4 vanadium ELI (Extra low
interstitials)

Study IV:

PEEK

Blasted PEEK

Ti6Al4V

Cp-Ti: Commercially pure titanium grade 4
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3.2 IMPLANT MANUFACTURING

In Study I, cylinder shaped PEEK implants were used. In Study II, the
implants were threaded. In the in vitro studies (Studies III and IV), the
materials were manufactured as coin-shaped disks. The designs of the different
implants/materials are shown in Figure 6.

7,5mm

3,5mm
B

3,5mm
-
\ﬁ 4mm
S
—
- y

Figure 6. Geometries of the samples used in:
(4) Study I; (B) Study II; and (C) Studies IIl and IV.
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Sample cleaning and sterilization

The samples in Studies III and IV were ultrasonically cleaned once with 1%
Extran® AP15 (Merck, Darmstadt, Germany) in 60°C tapwater for 15 minutes.
Thereafter, the samples were rinsed in distilled water and immersed in 70%
ethanol for 15 minutes.

The implants and samples in Studies I, III and I'V were packed in sterilization
pouches, which were sealed and sterilized in an autoclave (Getinge AB,
Getinge, Sweden) at 134°C and 3 bar using a 60-minute sterilization program.

The implants used in Study II were disinfected by immersion in a 70% ethanol
solution and then dried at 120°C.

3.3 SURFACE TREATMENTS

NanoHA coating

The surfaces of the test implants used in the in vivo studies (Studies I and II)
were modified with nanocrystalline hydroxyapatite (nanoHA), provided as
HA™* Surface (Promimic, Molndal, Sweden). The coating procedure is
described in detail in the patent description (136). Briefly, nanoHA particles
made of synthetic crystalline calcium phosphate (average particle size range,
1-10 nm) are dissolved in a solution. The liquid is applied to the implant
surface by spin coating, whereby the implant is rotated at 2,700 rpm for 5
seconds. This results in an evenly dispersed coating, giving an approximately
5-20 nm-thin layer of crystalline nanoHA.

Aluminum oxide blasting

One group of the PEEK samples used in the in vitro studies (Studies III and
IV) was surface-treated with abrasive blasting using 110-um aluminum oxide
particles (Al,O3) at an air pressure of 2 bar.

3.4 SURFACE CHARACTERIZATIONS

Scanning electron microscopy

The surfaces of the materials were examined in all four studies with scanning
electron microscopy (SEM). Images of the surfaces were used to describe
visually the surface characteristics of the implants and coins. Surfaces that
were cultured with PBMCs (Study III) and bacteria (Study IV) were also
imaged. The samples were coated by sputtering with gold or palladium, in
order to eliminate any charge effect and improve the contrast of the image. The

23



In vivo and in vitro studies of PEEK: bone formation, inflammatory response and biofilm formation

images were acquired at various magnifications (200x up to 60,000x), with
different brands of microscopes being employed in the various studies (I-1V).

The following types of SEM equipment were used in the studies:

- Studies I and II: LEO Ultra 55 FEG (Carl Zeiss, Oberkochen, Germany).
- Study III: Carl Zeiss DSM 982 Gemini (Carl Zeiss).

- Study IV: Zeiss Evo MA10 (Carl Zeiss).

Chemical surface compositions

The elemental compositions of the sample surfaces were analyzed in Study I
with x-ray photoelectron spectroscopy (XPS) (PHI 5500 ESCA system; Perkin
Elmer, Wellesley, MA, USA) and in Study IV using energy-dispersive an x-
ray spectroscope (EDX) and LEO Ultra 55 SEM (Carl Zeiss), equipped with
an EDX detector (Inca, Oxford, UK).

Optical interferometry

Surface roughness at the micrometer level was determined in the four studies
using an optical interferometer together with an image analysis program. In
Study I1, the measurements were performed at the threaded tops.

The following interferometers were used in the studies:

- Studies I and II: MicroXam (ADE Phase Shift Inc., Tucson, AZ, USA)
evaluated with the SurfaScan software (Somicronic Instrument, Lyon, France).
- Study III: MicroXAM 100-HR (ADE Phase Shift Inc., Tucson, AZ, USA)
evaluated with the MountainsMAP Premium ver. 7 software (Digital Surf,
Besangon, France).

- Study IV: SmartWLI-extended (GBS mbH, Ilmenau, Germany) and the
SmartVIS3D software ver. 2.1 (GBS), with processing using the
MountainMaps software version 7.4 (Digital Surf).

The following parameters were measured:

1. Sa (um) = average roughness; average height deviation from a mean
plane within the measured area.

2. Sds (1/um?) = summit density; the number of summits per unit area.

3. Sdr (%) = developed interfacial area ratio; the additional surface area
contributed by the roughness, as compared with a totally
flat plane.

4. Sci = core fluid retention index (only in Study I).
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The definitions of surface roughness were according to Albrektsson and
Wennerberg (137):

- Smooth surface: Sa value of <0.5 pum.

- Minimal rough surface: Sa value of 0.5-1.0 pm.

- Moderately rough surface: Sa value of 1-2 pm.

- Rough surface: Sa value of <2 um.

Atomic force microscopy (Study I)

Topographic analysis on a nanometer level was performed with an atomic
force microscope (Digital Instruments, Santa Barbara, CA, USA). The
following parameters were measured: Sa (nm), Sds, and Sdr. The
measurements were further analyzed to determine the grain diameter and the
mean height.

Contact angle measurements (Studies IIT and IV)

The wettability of the samples was analyzed by measuring the water contact
angles (0). This is a simple method to measure the surface free energy of a
material. Sessile droplets of water were applied to the samples and the angle
between the liquid and the surface was measured. A surface is defined as more
hydrophobic the larger the contact angle.

The following instruments were used to measure the water contact angles:

- Study III: DSA100 goniometer (Kriiss GmbH, Hamburg, Germany).

- Study IV: JVC-3CCD video camera (JVC, Yokohama, Japan) with the
Optimas ver. 6.5 image analysis software (Optimas Inc., Glenview, IL, USA).

3.5 SURGICAL TECHNIQUES AND IMPLANT
INSERTION

The in vivo studies (Studies I and II) involved 9 and 13 mature New Zealand
White female rabbits, respectively.

Antibiotics were administered prophylactically at the time of surgery and for
3 days post-surgery (specific doses, medications and suppliers are listed in the
articles). The animals were kept in separate cages and had free access to
tapwater and a standard diet, according to the in-house standard at the animal
facility.

For the surgery, the animals were anesthetized with intramuscular injections

of fentanyl and fluanisone and an intraperitoneal injection of diazepam. Local
anesthetic of lidocaine was injected at the site of implant insertion and the hind
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legs were shaved and cleaned. Incisions of the skin and facial layers were
made, and the periosteum was gently pulled away to expose the bone surface
and was not re-sutured. The implant sites were prepared using a low-speed bur
with a graded series of drills of increasing diameter under saline irrigation and
aseptic conditions. Tapping was performed before the implants were seated
(Study II). After the surgery, the fascia and the skin were sutured separately.
The same person inserted all implants. In Study I, the cylindrical part of the
implant was placed in the bone tissue with the cap on top of the cortical bone.
In Study II, the implants were placed in the bone so that the uppermost thread
was at the same level as the cortical surface, so as to optimize the primary
stability. No complications were noted for the animals during the follow-up
period. Six weeks after surgery, the animals were first sedated and then
sacrificed.

The studies consisted of the following experimental groups:

Study I: In total, 18 implants were used. One test implant (n=9) and one control
(n=9) implant were inserted in each femoral metaphysis in the condyle region
in the same animal.

Study II: A total of 78 implants was used in the study. Each animal received
six implants: one was inserted in each femur metaphysis in the condyle region
(test in one leg and control in the other leg) and two were inserted in each
tuberositas tibia region (test implants in one leg and controls in the other, with
approximately 5 mm between the proximal and distal implants) (Figure 7).

Figure 7. Image taken during surgery after the insertion of two screw-shaped PEEK
implants in the proximal (upper) and distal (lower) areas of the tibial bone. The outer
diameter of the implant is 3.5 mm.
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3.6 ETHICAL CONSIDERATIONS

The studies were approved by the local Animal Ethics Committee at
Gothenburg University and the studies were conducted in accordance with the
specific rules of ethics.

3.7 HISTOLOGIC METHOD AND ANALYSES

Tissue preparation

The femur implants (Studies I and IT) were removed en bloc with the implant
in situ and further processed in the laboratory according to the in-house
standard technique, resulting in undelacified cut and ground sections, as
described by Donath (138).

In brief, the sample processing involved: immersion fixation in 4% neutral
buffered formaldehyde, rinsing in tap water, dehydration in an ethanol series
(70% to absolute ethanol), pre-infiltration in diluted resins, and finally
embedded in pure resin (Technovit 7200 VLC; Heraeus Kultzer GmbH,
Wehrheim, Germany), followed by light-curing.

The preparation of undecalcified cut and ground sections, with implants in situ,
was performed with the so-called Donath technique, using the EXAKT cutting
and grinding equipments (EXAKT Apparatebau GmbH, Norderstedt,
Germany). The cured samples were divided in the longitudinal direction of the
implant, in a water-cooled bandsaw. In order to obtain a plane parallel sample
surface, the divided bloc was ground with SiC wet grinding paper (800—1200
grit size) in the water-cooled grinder.

A supporting plexi-glass was glued onto the sample and at least one section
with a thickness of about 200 um was cut and ground to a final thickness of
about 15 pm (139). All the sections were histologically stained with toluidine
blue mixed with pyronin G, and the most central section of each implant was
used for the quantitative analysis (140).

Study I:

The quantitative measurements were performed using a light microscope
(Eclipse ME 600L; Nikon, Tokyo, Japan) and an image analysis program
(Image Analysis 2000; Tekno Optik AB, Huddinge, Sweden). Both the 4% and
10x objectives were used, rendering 40x and 100x magnifications,
respectively, in the microscope. All measurements were performed directly on
the screen by the same person.
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- The percentage of bone-to-implant contact (BIC) was quantified along the
implant surface on each side of the implant, and a mean value was calculated.

- Bone area (BA) was measured in four similar-sized regions of interest (ROI)
(Figure 8). The mean values were calculated for: i) the upper region parts (1
and 3); and ii) the lower parts of the sample (2 and 4).

Figure 8. Cross-section of the PEEK implant, used in Study 1, showing the regions of
interest around the implant in which measurements of the bone-to-implant contact
(measured at the interface on each side of the implant and presented as the mean
value) and the bone area (measured in each of the four boxes and presented as the
mean value) were performed.

Study II:

- The percentage BIC was quantified using the Leitz Metallux 3 light
microscope (Leitz GmbH, Wetzlar, Germany) coupled to a Leitz Microvid unit
connected to a PC. The measurements were performed directly in the eyepiece
of the light microscope using the 10x and 16x objectives, rendering
magnifications of 100x and 160x, respectively. Measurements of the
percentage BIC were performed along the entire length, on both sides of the
implant, e.g., in each thread and in between the threads. All the measurements
were performed by the same person.

- For bone area (BA) measurements, microscopic images were acquired with
the Nikon DS-Ril camera connected to a light microscope (Eclipse ME 600L;
Nikon) with a 5 objective. These images were used to quantify the BA with
a semi-automatic image analysis software, i.e., Cuanto Implant (Uppsala,
Sweden) (141). The BA percentages were calculated in all threads on both
sides of the implant. The calculations were made for the following regions of
the implant (Figure 9):
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(1) in all threads around the entire implant;

(ii) in the three best consecutive threads; and

(iii) in the three best ‘mirror image (MI) BAs’ outside the three best
consecutive inner threads (142). All measurements were performed by the
same person.

In addition to the histomorphometric quantification, a qualitative histologic
inspection and description of the tissue close to the implant were performed.
Objectives up to 50x were used.

Figure 9. Histologic stained cut and ground section of a PEEK implant in femur
demonstrating the semi-automatic measurements of bone area (BA) both inside the
threads and in the mirror image (MI) region outside the same threads. Scale bar: 200 um.
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3.8 BIOMECHANICAL TESTS

Thirty-two of the implants in the tibia (Study II) were investigated with the
removal torque (RTQ) test, which was performed with a manual torque wrench
with a strain gauge (BTG90CN-S; Tohnichi, Tokyo, Japan). In three rabbits,
both tibial implants were removal torque-tested (n=12), while the distal
implants in ten rabbits were tested (n=20). The proximal implants in these
rabbits were retrieved for further analysis (results not reported in this study).

The RTQ test itself is a destructive shear strength test that provides a direct
reading of the level of torque (in Newton centimeters; Ncm) that is required to
loosen the implant from the bone bed.

3.9 CYTOKINE AND CELL ANALYSES

Isolation and culturing of human blood cells

In Study III, peripheral blood mononuclear cells (PBMCs) were isolated from
the buffy coats of 10 healthy blood donors. The PBMCs were extracted by
centrifugation of the buffy coat over a density gradient, so as to separate the
bufty coat into layers depending on the density of the different cell types. The
intermediate layer containing the PBMCs was collected and the PBMCs were
cultured in the presence of the different materials to be tested in 24-well
polystyrene plates. The polystyrene well served as a control surface. Culture
supernatants were collected after 1, 3, and 6 days of incubation for cytokine
analysis.

Cytokine assay

For quantification of the cytokines in the culture supernatants, the Bio-Plex
Pro Human Cytokine Assay (Bio-Rad Laboratories, Hemel Hempstead, UK)
was used. This assay allows multiple cytokines in one sample to be quantified
simultaneously. The samples were incubated with sets of distinctly color-
coded beads that were conjugated with capture antibodies directed against a
desired biomarker (e.g., a cytokine). A detection antibody was added and
allowed to react with the bound proteins of interest. Finally, streptavidin-
conjugated phycoerythrin was added to create the final detection complex
(Figure 10).

The data were acquired using the BioPlex 200 instrument equipped with the
accompanying software (Bio-Rad Laboratories). The different colors on the
beads were detected with a laser so as to distinguish the color codes, i.e. each
analyte-specific set of beads, from each other. The cytokine concentrations
were calculated by comparing the mean fluorescence intensity for each set of
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beads against an automatically optimized and manually verified standard
curve. The Hierarchical Clustering Explorer ver. 3.0 software (University of
Maryland, USA; www.cs.umd.edu/hcil/hce/hce3.html) was used to create a
heat map that visualized the patterns of expression of the selected cytokines.

Figure 10. Schematic protocol of the Multiplex Immunoassay: 1. Color-coded beads coated
with analyte-specific capture antibodies. 2. The antibodies bind to the desired biomarker
(e.g, a cytokine). 3. Biotinylated detection antibodies bind to the analytes of interest and
form an antibody-antigen sandwich. 4.Phycoerythrin (PE)-conjugated streptavidin binds to
the biotinylated detection antibodies. 5. The fluorescence intensity is detected with laser
and the data is analyzed. Image provided courtesy of Bio-Rad Laboratories, Inc.

Fixation of cells
Samples from the 3-day cultures of PBMCs were selected for fixation of the
cells to the material surface. These samples were used to visualize the attached
cells using SEM.

The PBMC:s attached to the surfaces of the materials were also quantified using
immunofluorescence. The cells attached to the coins were fixed by direct
transfer of the coins into 4% paraformaldehyde (PFA). After 25 minutes,
washing with Tris-buffered saline (TBS) was performed to remove the PFA,
as well as any unattached or loosely attached cells.

The coins were mounted using the ProLong antifade reagent and the cells were
stained with 4'6-diamidino-2-phenylindole (DAPI) (Molecular Probes,
Eugene, OR, USA). DAPI is a blue fluorescent stain that binds to DNA and
reveals all nucleated cells. Microscopy was performed using an inverted LSM
700 confocal microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) and
the images were captured using a Plan-Apochromat 40%/1.3 oil objective. To
obtain representative data, images were acquired at nine standardized locations
starting at the center of each coin with 1 mm in the x and y distances between
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the sites. The quantification of adherent cells was performed both manually
and automatically using a cell counter software.

Analysis of Z-stack images

Z-stack sampling was obtained to create a three-dimensional representation of
the cells located on the surface. This was performed with the confocal
microscope together with the ZEN image software (Carl Zeiss Microscopy).
Apart from staining nucleated cells with DAPI (blue), CD14 (green) and
integrin CD11b (red) were also stained. Unspecific binding was blocked using
1% normal goat serum, 1% donkey serum and 1% Bovine serum albumin
(BSA) (Sigma-Aldrich, St. Louis, MO, USA) in TBS after which the primary
antibodies, rabbit anti-CD11b (clone EPR1344; Abcam, Cambridge, UK) and
mouse anti-CD14 (clone 2Q1233; Abcam), were added and allowed to bind
overnight. Antigen-specific binding was visualized using Alexa Fluor 488-
conjugated goat anti-mouse IgG and Alexa Fluor 647-conjugated donkey anti-
rabbit [gG (both from Abcam).

3.10 MICROBIOLOGICAL PROCEDURES

In Study IV, the following four bacterial species were cultured separately on
the materials to be tested: Streptococcus sanguinis (ATCC 10556),
Streptococcus oralis (ATCC 35037), Enterococcus faecalis (ATCC 19433),
and Streptococcus gordonii (ATCC 10558). All the bacteria were cultured on
tryptone soya agar and incubated at 37°C for 24—48 hours to obtain single
colonies. A single colony was suspended in a growth medium that contained
sucrose. For comparison, S. gordonii was also cultured in the growth medium
in the absence of 1% sucrose. S. sanguinis, S. oralis and E. faecalis were
cultured with the sample materials for 72 hours and 120 hours, while S.
gordonii was cultured with the sample materials for 48 hours.

Biofilm Assay

Biofilm formation was quantified using a modification of the method of
Christensen et al. (143). Briefly, fixation of the biofilm was carried out by
immersing the samples in 10% formalin. Crystal violet stain was added for 5
minutes and then rinsed to remove excess stain. After drying, the crystal violet
was solubilized by immersion in methanol. The samples were removed and the
absorbance at 590 nm was read in a spectrophotometer (Jenway model 7315;
Jenway Ltd., Stone, Staffordshire, UK). The absorbance of the eluted stain was
proportional to the concentration of bacteria present on the sample surface.

32



Sargon Barkarmo

3.11 STATISTICAL ANALYSES

The following statistical methods were used in the studies:

Study I

Study II

Study III

Study IV

The interferometry and the histomorphometric analysis were
performed using the Mann-Whitney U-test.

The histomorphometric data and the RTQ test results were
analyzed with the Wilcoxon signed-rank test.

The interferometry was tested by one-way ANOVA followed by
Tukey’s post-hoc test. The results of the Bio-Plex assay and the
immunofluorescence images were analyzed with the Wilcoxon
matched-pairs, signed-rank test.

The results of the interferometry, contact angle, and

biofilm measurements were analyzed by one-way ANOVA
followed by Tukey’s post-hoc test. Two-way ANOVA followed
by Tukey’s post-hoc test was used to compare the effect of the
two independent variables (i.e., material and time) on biofilm
formation.

Statistical significance in all studies was evaluated using the SPSS ver. 21.0
software (SPSS IBM, Chicago, IL, USA). The results from the Bio-Plex assay
and the immunofluorescence images in Study III were processed using the
GraphPad Prism ver. 7.0 software (GraphPad Software Inc., La Jolla, CA,
USA). The contact angle measurements in Study IV was evaluated with
Minitab 17 statistical software (Minitab Inc. State College, PA, USA).
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4 RESULTS

4.1 SURFACE CHARACTERIZATIONS

Scanning electron microscopy
The SEM examination of the implant surfaces revealed the presence of
nanoHA crystals on the coated test implants (Studies I and II) (Figure 11).

The SEM of the blasted PEEK material clearly showed abrasive pits, due to
blasting the PEEK surface with aluminum oxide (Studies I1I and IV). Images
of the PBMCs cultured on the samples (Study IIT) showed that the rougher the
surface the more numerous were the attached cells (Sa values: blasted PEEK
>PEEK >Ti6Al14V) (Figure 12).

The same trend was seen for biofilm formation, where the numbers of bacteria
were higher on the rougher surface (Study IV) (Figure 13).

Figure 11. SEM images of untreated PEEK (left) and nanoHA-coated PEEK (right)
surfaces at 30,000 magnification. Scale bar: 1 um.
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Figure 12. SEM images of Ti6Al4V (A) PEEK (B), and blasted PEEK (C) after 3 days
of culturing with PBMCs on the surfaces of the coins (magnification, *200). The cells
in (4) and (B) are sparsely dispersed in groups of cells that align with the spiral
texture of the surface, while on the blasted surface (C), the cells are more frequently
distributed and almost “captured” in the pits of the surface. Bar: 200 um. A zoomed
image (magnification, x1000) is shown in the upper-right corner. Bar: 20 um.
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Figure 13. S. oralis (left) and S. gordonii (right) biofilms on blasted PEEK after 48
hours of culturing. Some chains of bacteria (light appearing structures) can be seen
lying within the cracks and crevasses. Bar: 10 um.

Chemical surface compositions
The results of the chemical analyses confirmed the material compositions of
the surfaces.

Study I: The XPS analysis on the nanoHA-coated implants revealed that the

calcium and phosphate concentrations were 8.7 and 5.2 atomic%, respectively,
corresponding to a Ca/P ratio of 1.67, which is the stoichiometric ratio of HA.
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Study IV: The results from the EDX analysis confirmed the expected purity
of cp-Ti and the composition of Ti6Al4V. Small amounts of Al were detected
in the blasted PEEK samples, most likely due to remnants of the Al,O3 blasting
media being lodged in the surface.

Optical interferometry

The test implants used in Study I showed smooth surfaces on the micrometer
level (Sa < 0.5 um), while the control implants had minimally rough surfaces
(Sa=0.5-1.0 um), as defined by Albrektsson and Wennerberg (137). Both the
test and control implants in Study II also showed minimally rough surfaces.
In Study I, the nanoHA-coated implants had smoother surfaces according to
the parameters Sa, Sds and Sdr, as compared to the control implants. In Study
I, small differences were noted between the control and test implants with
respect to all the parameters tested (Sa, Sds, and Sdr). The microstructure of
the surface of the blasted PEEK was rougher and yielded higher mean values
for all the parameters, as compared to the other groups (Studies I1I and IV).
The surfaces of both the cp-Ti and Ti6Al4V were significantly smoother than
the PEEK surfaces. See table 2 for the Sa-values from the various studies.

Material / Sa-value pm Study I Study II Study III Study IV
PEEK 0.96 (0.28) 0.85(0.29) 0.44 (0.10) 0.57 (0.08)
NanoHA-coated PEEK 0.41 (0.14) 0.93 (0.25)

Blasted PEEK - - 1.12 (0.14) 1.85(0.19)
cp-Ti - - - 0.23 (0.01)
Ti6Al4V - - 0.24 (0.03) 0.28 (0.01)

Table 2. Mean Sa values (um) (SD= standard deviation) for surface topography in the
various studies.

Atomic force microscopy (Study I)

The results of the AFM measurements indicated similar nano-roughness values
for both the test (nanoHA) and control samples, in terms of both height
deviation (Sa nm) and developed surface area ratio (Sdr %). However, the Sds
(um?) value indicated that the test surface had more densely peaked summits
than the control surface, reflecting the surface modification.
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Contact angle measurements (Studies III and IV)

The blasted PEEK showed the highest mean contact angle between the liquid
and solid, indicating that this material was more hydrophobic than the other
materials. In Study IV, the PEEK sample was significantly more hydrophobic
than the titanium samples, although there was no statistical difference between
cp-Ti and Ti6Al4V in this respect.

Surfaces after sterilization

The surface examinations (i.e., with SEM and XPS) were performed both
before and after sterilization. The XPS analysis revealed that there was
nanoHA present on the implant surface but in some parts of the surface the
coating was undetectable. This observation lead to a change in the sterilization
procedure, thus in Study II the implants were sterilized with 70% ethanol,
rinsed in NaCl and dried.

4.2 HISTOMORPHOMETRIC ANALYSES

Study I

The implants were investigated after 6 weeks of follow-up. During harvesting
of the samples, the implants were inspected grossly, i.e., to determine whether
the implants were anchored in the bone or loose. Seven implants (three test
implants and four control implants) failed to integrate into the bone tissue and
were surrounded by soft tissue. The failed implants were excluded from the
histomorphometric evaluations. Two of these implants (one test and one
control) failed to integrate within the same animal. In total, 11 implants (6 test
implants and 5 controls) were analyzed by histomorphometry.

The histomorphometric results showed that the nanoHA-coated implants

resulted in higher mean values for BIC and BA compared to the non-coated
controls, although the differences were not statistically significant (Figure 14).
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Figure 14. Bar graph showing the percentages of bone-to-implant contact (BIC) and
bone area (BA) in the nanoHA-coated test implants (blue) and the uncoated control
implants (red). The bars represent the mean values and standard deviation. None of
the differences are statistically significant.

Study II

The animals completed the study and the gross examination revealed no
loosened implants after 6 weeks of follow-up. The quantitative results (13 test
implants and 13 control implants) for BIC, BA, and MI-BA (mean and
standard deviation) are shown in Table 3. In general, the results of the
histomorphometric evaluations for BIC (manual measurements) and BA
(semi-automatic measurements) indicated higher mean values for the nanoHA-
coated test implants, as compared to the control implants.

Parameter, % (SD) Test implants Control implants p-value
BIC 39 (14) 33(12) 0.02
BA, all threads 68 (12) 68 (9) n.s.

BA, three best 90 (3) 87 (4) 0.05

MI BA, three best 96 (2) 98 (1) n.s.

n.s., Not significant. Test implants = NanoHA coated PEEK. Control implants =uncoated PEEK.

Table 3. Mean values for the percentages of bone-to-implant contact (BIC) along the length on
both sides of the implant. The bone area (BA) values are presented for all the threads and the
three best consecutive threads. Mirror image bone areas (MI BA) are presented for the three
best consecutive outer threads. The standard deviation is given within the parentheses. The
results were analyzed with the Wilcoxon signed rank-test with significance level set at p < 0.05.
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4.2.1 Qualitative histologic observations

The most striking qualitative observation (Study II) of both the test and control
samples involved the numerous bone-forming regions in close vicinity to the
implants, although osteoblasts were difficult to detect on the osteoid.
Moreover, elongated and stretched-out FBGCs/MNGCs, appearing like a two-
cell layer collar close to the implant surface was observed. Some, possibly
detached, implant fragments could also be observed in the phagocytic cells.
Further histological description in Figure 15.
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Figure 15.

A) Test nanoHA-coated PEEK implant, demonstrating newly formed bone (NB) (dark
purple) inside the threaded region of the implant. Bone-forming surfaces, i.e., osteoid
rims (greyish appearance) can be seen, albeit in the absence of osteoblasts (x). The
sofi-tissue regions that separate the implant and the bone contain light- and darker-
stained cells, the majority of which are macrophages of various sizes. Close to the
implant interface surface (right-hand side), a rim of darker-stained oval cells is
visible. This structure is most likely an elongated foreign body giant cell (1). Large
light appearing macrophages are visible in the soft-tissue area. The soft-tissue region
on the left-hand side contains mostly macrophages (2). In the middle part of this soft-
tissue region one can observe a large light formation with cells that resemble large
macrophages, which are internalized in this structure. A thin rim of darkly stained
cells and single cells can be observed in the interface region (3). Note the irregular
thread surface (left side), which is seemingly a trap for (darkly stained) macrophages
(4). Lighter-stained old bone (OB) is clearly separated from the new bone by cement-
lines (5). Scale bar: 100 um.

B) Test nanoHA-coated PEEK implant. Mostly newly formed bone is present in this
section. An osteoid rim (greyish structure), seemingly devoid of osteoblasts, is visible
on the bone surface (x). A sofi-tissue region, containing macrophages of various sizes
and shapes, separates the bone from the irregularly shaped implant surface. The
large macrophages may represent the so-called “‘frustrated” macrophage types (2).
Some of the “loosely packed macrophages” appear as “phagocyte-type”
macrophages (having an irregular surface and vesicles in the cytoplasm). Cement-
lines separate the various maturation forms of the bone (5). Scale bar: 20 um.

C) Control uncoated PEEK implant, demonstrating mostly newly formed immature
bone (dark purple) in the thread (NB). The PEEK surface appears to be smooth, and
there is a shrinkage artifact between the implant and the tissue (asterisks). This
artifact is most likely due to fixation. Bone formation is ongoing and is clearly
apparent in the center of the bone, together with osteoblasts on the osteoid rim (x).
Cement-lines are visible as demarcation lines between the different stages of ongoing
bone maturation (5). Scale bar: 20 um.

D) Control uncoated PEEK implant, showing a “smoother” surface than the
nanoHA-blasted PEEK surface (Figure 15 A and B). Macrophages (2) and a few
plasma cells are visible in the soft-tissue region that separates the implant from the
bone tissue. A rougher implant surface is visible (upper-left side) where cells are
detected in the interface region. Some small, loose implant-material fragments are
located outside the implant surface (arrows). The large cells located close to the
bone (lower left side) are considered to be “phagocyte-type” macrophages (PTM),
based on their size and the presence of vesicles in the cytoplasm. Scale bar: 20 pm.
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4.3 BIOMECHANICAL TESTS

The RTQ tests in Study II showed a statistically significant higher mean value
for the nanoHA-coated PEEK implants (15.4 Ncm), as compared to the
uncoated PEEK implants (8.5 Ncm), p = 0.001.

44 CYTOKINE AND CELL ANALYSES

The results obtained from the multiplex cytokine array in Study III were
incorporated into a heat map, in order to visualize the patterns of expression of
the cytokines. The heat map represents the median concentrations of the
cytokines present in the supernatants of the cultures of PBMCs exposed to the
various materials.

The expression levels of the pro-inflammatory cytokines IL-1(3, IL-4, IL-6,
TNF-a, IFN-y and 1L-17 were selected for statistical analyses. After 3 days of
culturing, the concentrations of these cytokines were significantly higher in the
supernatants of PBMC cultures that contained PEEK, as compared to PBMC
cultures that contained Ti6Al4V (Figure 16). With the exception of IL-17, the
levels of the selected cytokines induced by exposure to the blasted PEEK were
significantly higher than those induced by the machined PEEK.

In general, Ti6Al4V tended to induce lower levels of pro-inflammatory
mediators than the two PEEK materials. For the majority of the cytokines, their
concentrations increased when the cells were cultured in the presence of
blasted PEEK, as compared to culturing with machined PEEK.
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Figure 16. Cytokine production by PBMCs exposed to Ti6Al4V, PEEK, and blasted

PEEK or to a polystyrene control surface. The concentrations (pg/mL) of (a) TNF-c,
(b) IL-1p, (c) IL-6, (d) IL-4, (e) IFN-y, and (f) IL-17 were measured in the

supernatants of PBMCs that were cultured for 3 days. Significant differences in
concentrations comparing Ti6Al4V with PEEK and PEEK with blasted PEEK are

assessed using the Wilcoxon matched-pairs signed-rank test, and denoted as follows:
* p<0.05; and ** p<0.01.
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Immunofluorescence measurements

The PBMCs attached to the material surfaces were examined using
immunofluorescence confocal microscopy. The results of the manual and
automatically generated measurements were compiled to derive the mean
values. Significantly higher numbers of PBMCs adhered to the PEEK surfaces
than to the Ti6Al4V surface (Figure 17). However, the numbers of PBMCs
that adhered to the blasted PEEK surface were not significantly higher than
those that attached to the machined PEEK (p = 0.16).
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Figure 17. Graph showing the numbers of PBMCs adhering to the coins after 3 days in
culture. The results are presented as cell number per mm?2. **, p<0.01.

Analysis of Z-stack images
Immunofluorescent confocal z-stack images of the PBMCs attached to the
different materials are shown in the orthogonal view mode in Figure 18.

Figure 18. Z-stack confocal microscopy images of PBMCs adherent to: A) Ti6Al4V;
B) PEEK; C) blasted PEEK. It seems that the cells in figure C are larger compared to
the cells in figure A and B. Scale bar: 5 um.
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4.5 BIOFILM FORMATION

The results of the biofilm culturing followed by crystal violet staining (Study
IV) showed significantly higher absorbance (590 nm) for S. sanguinis binding
to PEEK and blasted PEEK, as compared with adherence of these bacteria to
Ti6Al4V. S. oralis formed significantly more biofilm on the blasted PEEK
compared to the other materials, whereas biofilm formation by E. faecalis was
significantly greater on cp-Ti than on the other three materials. S. gordonii
biofilm formation was more extensive on blasted PEEK than on PEEK (Figure
19).

S. gordonii

1,4
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PEEK Blasted PEEK cp-Ti Ti6Al4V

Figure 19. Biofilm formation of S. gordonii at 48 h. The bar graph shows crystal
violet 590 nm mean absorbance and standard deviation, in the presence (grey) and
absence of 1% sucrose (green). A significant difference was observed between PEEK
and Blasted PEEK (demonstrated with brackets) in both sucrose conditions. There
was no significance difference in the amount of biofilm formation on cp-Ti and
Ti6Al4V compared to the other groups. Tested with One-Way ANOVA p<0.05
followed by Tukey’s post-hoc test.
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5 DISCUSSION

5.1 STUDIES |AND I

The overall objectives of Studies I and II were similar: to compare the bone
responses to PEEK implants coated with nanoHA and uncoated implants.
However, in Study I, the implants were cylinder shaped, whereas in Study 11
the implants were threaded.

In Study I, the cylinder shaped nanoHA-coated implants in the rabbit tibias
had a higher percentage BIC 6 weeks post-surgery. However, the differences
were not statistically significant. The results from Study II show that the
nanoHA-coated, threaded PEEK implants demonstrated a higher degree of
osseointegration than the uncoated threaded implants, after 6 weeks of healing.
These results were confirmed by significantly higher removal torque values
and BIC percentages.

Implant design

In Study I, it was found that many of the implants failed to integrate. A
possible reason for this is the implant design. Initial implant stability has been
described in the literature as being lower for a cylindrical implant design than
for a threaded implant (31).

Initial implant stability is important for successful osseointegration (144).
When movement occurs between the implant and bone, normal bone healing
is negatively affected, and instead of bone the implant will be encapsulated in
fibrous tissue, eventually leading to implant loss (145). Implant design and
surgical technique are two factors that influence the primary stability of
implants (31), and these factors must be managed correctly in order to avoid
soft/fibrous tissue formation. To ensure good initial stability, threaded implants
were used in Study II.

Surface roughness and bone formation

Besides the macro-structure of the material, the surface topography determines
the tissue reaction to the implant (137). The surface roughness measurements
from Study I show that the cylinder shaped nanoHA-coated test implants were
smoother than the uncoated control implants at the micrometer level. This may
be a consequence of the nanoHA-coating procedure, which involves a
treatment process at 300°C that may create a smoother surface due to sintering.
An alternative explanation for the smoother surface is that the nanoHA evens
out the underlying structure at the micrometer level. Despite the smoother
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micro-roughness (though not statistically significant), higher mean values for
the histomorphometric parameters were observed for the nanoHA-coated
implants. This may indicate the importance of the nano-structure of HA. The
AFM showed similar level of nano-roughness (Sa) for the test and control,
although the nanoHA-coated implants had a more densely peaked roughness
(Sds) than the control implants.

In Study II, the results from the surface topography analysis were rather
similar for the test and control materials. However, the nanoHA-coated test
implants showed somewhat higher values for all the surface parameters, as
compared to the uncoated control implants (not statistically tested).

The Sa values were <1 um for all the PEEK implants (test and control). These
surfaces are considered as smooth (<0.5 pm) or minimally rough (0.5-1.0 um)
at the micrometer level. It has been shown, for titanium implants with a
moderately rough surface (Sa value of approximately 1.5 pm), produces an
enhanced bone response (146).

Our starting hypothesis was that the nano-sized HA coating would enhance
osseointegration, as it has been shown that nanoHA on titanium implants
improves bone healing (67). The HA used in Studies I and II was synthesized
according to a soft-template method that creates nano-sized apatite on the
surface, which resembles the apatite in bone tissue (147). It has been suggested
that the bioactivity of HA is due to the ion-exchange reactions that occur at the
bone-implant interface creating a “biologically equivalent apatitic surface on
the implanted material” (148). The enhanced bone healing has been attributed
not only to the surface chemistry conferred by the HA, but also to the
nanometer-scale structures. Meirelles et al. removed the microstructure on
implants in order to investigate the effects of nanoparticles (67). They observed
improved bone healing on the electro-polished surfaces that were coated with
nanoHA particles, as compared to uncoated implants, although they could not
determine if this was an effect of chemistry or nanotopography. It has been
proposed by others that nanometer-sized particles accelerate bone formation
by facilitating the adhesion of osteoblasts to the implant surface (149).
NanoHA has been applied on titanium implants, rendering an improved bone
response (62). However, another study using the same coating did not report
any enhancement of osseointegration (68). Even though there was a greater
bone response to nanoHA-coated implants in the two studies of this thesis, it
remains unclear as to whether this is an effect of the nanostructure, of the HA
or a synergistic effect of both the nanostructure and the HA.
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Biomechanical tests

The RTQ test applied in Study II to test the integration between the implants
and the bone tissue, showed significantly higher values for the test implants
than for the control implants. The higher RTQ wvalues reflect stronger
biomechanical bonding between the nanoHA-coated PEEK implants and the
bone tissue, resulting in improved osseointegration. Other studies have also
demonstrated  positive  correlations between RTQ  values and
histomorphometric bone-contact measurements (5). While histomorphometric
measurements (e.g., BIC and BA) provide a two-dimensional representation of
the implant and surrounding tissue in a specific position (usually the center of
the implant), the RTQ test render a three-dimensional representation of the
loosening torque in Ncm. It is possible to convert the results to shear strength
(N/mm?) data, but for that, one need to know the bone-implant contact (150);
however, this was not performed in the present study.

In the study of Johansson et al., threaded screw-shaped PEEK implants were
inserted in the tibial bones of 24 rabbits (36). Half of the implants were coated
with nanoHA using the same spin-coating technique as used in Studies I and
II. The nanoHA-coated implants showed higher RTQ values after 3 and 12
weeks of healing, as compared to the uncoated PEEK implants. Their results
are consistent with the results obtained in Study II of this thesis. However, in
the study performed by Johansson and colleagues, the RTQ values were lower
after 12 weeks than after 3 weeks (not statistically tested) for both the test and
control implants. While the authors of that study could not explain this finding,
they suggested that the effect of the nanoHA coating was primarily on the
mineralization of bone at the early stage of healing.

Histomorphometric analysis

The histomorphometric results from Study I showed no differences between
the nanoHA-coated PEEK implants and the uncoated PEEK control implants.
The nanoHA-coated implants had higher mean values for BIC and BA,
although the differences were not statistically significant. Since several of the
implants were lost, a limited number of samples were examined
histomorphometrically. Thus, the nonsignificant result may be due to the low
number of samples involved in the study.

The increased osseointegration of the nanoHA-coated implants observed in
Study II was confirmed by both the higher RTQ values and the
histomorphometric results. The histomorphometric analysis showed
significantly higher BIC percentages for the test than for the control implants
after 6 weeks of healing. There were no differences between the groups in
terms of BA when measured in all threads. However, a comparison of the three
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best consecutive threads revealed significantly higher BA values in the test
implant group.

The BA quantification was performed using a semi-automatic software (141).
This software categorizes the pixels of the histologic images as: bone tissue,
non-bone tissue or implant. Subsequently, the BA in regions of interest is
quantified objectively, which can eliminate the variation that may occur
between different observers. However, it should be noted that measurements
made with this software can render over- or underestimations due to for
example staining artifacts, even if it is possible to make manual corrections
after the measurement is performed.

In the histological sections, it was difficult to observe osteoblasts on the osteoid
rim and osteoclasts resorbing bone. The reason for this is not clear however
such cells are observed in relation to integration of metal implants. It is known
that pH play a role in bone remodeling (151). Due to surgery and implant
insertion as well as implant material one can speculate if and ~ow pH may
change during the follow up time. From results based on metal implants
inserted in rabbit bone it is well known that c.p. titanium implants
osseointegrate to a higher degree compared to implants made of Ti6Al4V
(152). Is this a reason related to a “positive foreign body reaction” due to the
implant-material used?

Some interesting subjects to further investigate could be; What was the pH in
the interface at the time of insertion and did it change during the follow up
time? Was the pH ”out of balance” and thus a factor leading to lack of
osteoblasts on the osteoid rims? In the present thesis these issues were not
controlled. However, in future studies such will be a challenged to involve and
by doing so we may enhance our understanding for the complexity of spare
part integration/non-integration in vivo.

As mentioned, the process of healing that occurs around an implant is complex.
Not only do the “hard factors” (material, design and surface, which are
“controllable”) govern the integration, but also the “soft factors” have impacts.
These soft factors (surgical technique, host tissue, and loading conditions) are
even more complex and more difficult to control than the hard factors.
Observations made for implants in animal models do not necessarily hold true
for implants in human bone. Thus, screening of implants at various levels is
crucial before the novel material is introduced on the market. A CE-marked
implant does not mean that the implant has been tested in the appropriate
environment/tissue in which it could be used. Instead, it is only tested
according to standards related to the material properties. Thus, it is not ready
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for clinical usage before adequate in vivo pre-clinical tests have been
performed and evaluated. Some of the industrial standards may need to be
upgraded so as to include “more complex issues” related to the
biocompatibility of various biomaterials and the two-way process, i.e., the
interactions between the material and tissue (30).

5.2 STUDY I

The objectives of Study III were to investigate how cytokine release from
PBMCs is affected when in contact with the different materials, 1.e., machined
Ti6Al4V and PEEK, as well as blasted PEEK, and the impacts of material
surface roughness on cell adherence and cytokine release.

The results show that pro-inflammatory cytokines are released at higher levels
from PBMCs that are in contact with the PEEK surfaces than from PBMCs
that are exposed to machined Ti6Al4V. Moreover, the rougher PEEK surface
induce even higher levels of pro-inflammatory cytokines from the PBMCs than
the does the machined PEEK surface. Therefore, the composition, surface
chemistry, and topography of the implant material all exert influence on the
release of cytokines from implant-attached PBMCs.

Cytokines

Inflammation is closely associated with the formation of tissues around the
implant (79, 80). Cytokines, chemokines, and growth factors, which are
important regulators of cell migration and growth, are involved in the
interactions between the surrounding tissues and the implanted material. The
release of these signaling molecules from monocytes and lymphocytes is
influenced in different ways by the different biomaterials (153).

In the present study, the Bio-Plex Pro assay was used to measure the levels of
cytokines released from cells that were exposed to the tested materials. It is a
challenge to interpret these data because cytokines exert diverse effects on
leukocytes (as well as on other cell types) (88). Therefore, a commonly used
strategy is to investigate in detail the pro-inflammatory cytokines, given that
these cytokines appear to play important roles in the early inflammatory
responses to the implant materials and could therefore affect the clinical
outcome (154).

Significantly higher levels of IL-1p, IL-4, IL-6, TNF-a, and IFN-y were
secreted by the PBMCs exposed to the machined (smooth) PEEK and the
blasted PEEK than by the PBMCs that were exposed to Ti6Al4V. Furthermore,
the secretion levels of these cytokines were significantly higher upon exposure
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of the PBMC:s to blasted PEEK than to machined PEEK. In vitro studies have
shown that macrophages that are in contact with an implant material during
wound healing are stimulated to secrete pro-inflammatory cytokines (153).

Even though pro-inflammatory cytokines are associated with activation of the
inflammatory responses of the host, different cytokines can drive diverse
pathways. IFN-y activates the classical M1 macrophage phenotype that kills
microorganisms, upregulates pro-inflammatory cytokines, and inhibits anti-
inflammatory cytokines (77). However, IL-4 stimulates the alternatively
activated M2 macrophages that inhibit other pro-inflammatory cytokines and
promote the release of anti-inflammatory cytokines (77). Therefore, it has been
suggested that macrophages that adhere to biomaterials are associated with a
phenotypic switch from M1 to M2, since IL-4 induces the formation of FBGCs
(or MNGCs) (79, 80).

An additional aspect, not studied in this thesis, is to examine the induction by
the implant materials of anti-inflammatory cytokines, such as IL-10 and
transforming growth factor (TGF)-B. Both IL-10 (155) and TGF-B (156) are
known to inhibit osteoclastic bone resorption.

Surface roughness and inflammation

In the present thesis, it is shown that cytokine release from implant-attached
PBMC:s is not only affected by the compositions of the different materials, but
also that by the roughness of the material surfaces at the micrometer scale. In
general, the levels of cytokines secreted by the PBMCs were significantly
higher in response to the blasted PEEK than to the machined PEEK, which in
turn were higher than those in response to the machined Ti6Al4V. This
implicates the importance of surface morphology and surface chemistry on the
effects on cellular responses in vitro. The results of this study are consistent
with the findings of previous studies: surface topography plays a role in
cytokine release from inflammatory cells (157, 158). This may be attributed
to the fact that the attachment of inflammatory cells increases with surface
roughness (159).

In the present study, we observed linkages between the number of PBMCs
attached to the implant surface, the levels of release of certain pro-
inflammatory cytokines, and the roughness of the implant surface. Thus, the
numbers of cells attached to the different surfaces appear to correlate with the
observed patterns of cytokine secretion. However, further studies are needed
to clarify this issue.
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In the present study, we did not detect any difference in the numbers of
attached PBMCs between the machined PEEK and the blasted PEEK, even
though the PBMCs that adhered to the blasted PEEK showed higher levels of
cytokine release. A possible reason for this is that the confocal microscopy
used to visualize the attached cells operates on a single focal plane. This means
that it is not possible to detect cells above or below the focal plane with this
method. Therefore, the actual number of cells on the blasted PEEK might be
higher than detected (which is more likely on a rougher surface than on a
smooth one). To avoid this limitation, one can use z-stack imaging to capture
3D pictures of the cells attached to the surface (160). However, due to the
background signal from the polymer (i.e., PEEK) surface, it was difficult to
distinguish the cells closest to the surface. Therefore, it was not possible to
quantify the cells with z-stack imaging in this study. Nonetheless, the obtained
z-stack images revealed the morphologies of the cells in the vicinity of the
surfaces (Figure 18). Thus, this method is interesting to explore further in
coming studies.

In the study conducted by Olivares-Navarette and coworkers, the
concentrations of pro-inflammatory cytokines released after exposure of cells
to PEEK and to Ti6Al4V with different levels of surface roughness were
compared (40). When human mesenchymal stem cells were cultured for 7 days
on PEEK disks and Ti6Al4V disks there was increased secretion of pro-
inflammatory cytokines in response to PEEK, as compared to the titanium
alloy. The results obtained accorded with those in the present study. Olivares-
Navarette and colleagues (40) have suggested that these cytokines enhance
fibrous tissue formation, which may explain why fibrosis is detected
histologically around PEEK implants, as opposed to the peri-implant bone
formation observed around titanium alloys (37). The release of pro-
inflammatory mediators indicates that the PEEK material induces stronger
inflammation than does Ti6Al4V, and that the macrophage response varies
depending on the material used in the implant. Thus, it has been shown that
both the surface chemistry and morphology of a biomaterial affect the cytokine
expression patterns (85), which are consistent with the results from Study III
in this thesis.

Inflammation

Since macrophages are involved in both the integration (161) and failure (162)
of implants, it is not clear whether the exacerbated inflammatory response is
beneficial or detrimental in the clinical situation. Since the pro-inflammatory
cytokines are involved in the inflammatory process, they may also be involved
in disease and in causing osteolysis (bone resorption around implants). IL-1
and TNF can stimulate osteoclast development, which can lead to bone
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resorption and implant failure, which is of clinical relevance (163, 164).
However, inflammation is an inevitable response of the host when implants are
inserted, and it is also part of normal wound healing.

Trindade et al. have shown that titanium implants inserted in rabbit bone
induce an inflammatory environment that favors bone formation (165). They
have suggested that when a foreign body is identified in the bone tissue the
immune system contributes to the development of a bone-forming
environment, to encapsulate the implant in bone tissue. In another in vivo study
by the same research group, they have shown that this inflammatory reaction
to a foreign body is material-specific and is affected by the surface topography
(166). It has been shown that titanium displays stronger M2 (reparative) anti-
inflammatory regulation, while copper and PEEK exhibit a mixture of M1
(pro-inflammatory) and M2-phenotypes. This may explain the success of
osseointegration around pure titanium but not around other materials.

The results from Study III clearly show that PEEK induces a stronger
inflammatory response than Ti6Al4V. These results are of interest, as this
information may be of importance when using PEEK materials in medical
devices and, as mentioned previously, a stronger inflammatory response may
impair bone healing around implants. Furthermore, the results of this study
improve our understanding of the host reactions to biomaterials and how their
characteristics may affect biocompatibility.

5.3 STUDY IV

The results of this in vitro study show that there are significant differences in
the bacterial growth patterns when the bacteria are exposed to the different
materials. Our original hypothesis was that biofilm formation would be
affected by the compositions and roughness levels of various materials.
However, the results obtained show that the tested bacteria grow well on all
the materials.

Surface roughness and biofilm formation

It is confirmed that surface roughness has an impact on the adhesion of bacteria
to these materials. When comparing the effects of material and time, the
formation of a biofilm by S. sanguinis is significantly higher on PEEK and
blasted PEEK than on Ti6Al4V. Moreover, S. oralis grows better on the
blasted PEEK than on any of the other materials. The same tendency is
observed for S. gordonii, in that the blasted PEEK supports a significantly
higher level of biofilm formation than does the non-blasted PEEK, both in the
presence and absence of sucrose.
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It is known that a rougher surface supports higher numbers of bacteria in the
biofilm than does a smoother surface (118). One reason for this is that the
bacteria adhere more easily and become sheltered in the micrometer-scale
cracks in the rougher surface (117).

Since the blasted PEEK shows stronger biofilm formation compared to the
other materials in Study IV, it can be concluded that it is preferable to use
materials with smoother surfaces (i.e., PEEK, cp-Ti or TiAl6V4) when the goal
is to decrease the level of biofilm formation on the implant surface.

Wettability and biofilm formation

The wettability of a biomaterial has been proposed to influence biofilm
formation (167). Materials that have a higher surface free energy create a more-
wettable surface and are more likely to allow the adherence of bacteria (118),
although this also depends on the hydrophobicity of the bacteria (168). In the
present study, the blasted PEEK had the highest contact angle (least-wettable),
followed by machined PEEK. S. sanguinis and S. oralis are reported to be
hydrophobic and have previously been shown to adhere preferentially to
hydrophobic surfaces (168). This explains in part their apparent affinity for
blasted PEEK surfaces, in addition to the surface roughness.

Chemical composition and biofilm formation

The chemical composition of the surface of a material may also play a role in
biofilm formation (169). The attachment of bacteria to different surfaces
involves complex mechanisms with different chemo-physical forces that
attract or repel bacteria (118). There are only a few published studies on
bacterial growth related to the effect of the surface chemistry of PEEK. Since
surface composition and roughness both influence wettability, it is difficult to
decide which is the most influential. However, even though the degree of
wettability and surface roughness interact with each other, it has been
suggested that surface roughness is the more important of these two parameters
(170).

The findings from Study IV suggest that smooth PEEK is no more susceptible
to bacterial colonization than is c¢p-Ti or TiAl6V4. From this perspective,
PEEK is a suitable alternative to metals as a prosthetic material. Similar results
have been obtained when comparing the biofilm formation abilities of S.
aureus and S. epidermidis on PEEK and titanium (Rochford et al. 2014). In the
present study, similar levels of growth of S. sanguinis, S. oralis, and S. gordonii
were observed on cp-Ti and Ti6Al4V. This was expected, since these two
materials have similar degrees of roughness and wettability (171), and is
consistent with the results for S. sanguinis reported previously (172).
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Significantly increased growth of E. faecalis was observed on the cp-Ti surface
compared to the other three surfaces. To date, the limited number of in vitro
studies comparing bacterial growth on cp-Ti and Ti6Al4V have shown
inconsistent results, depending on the bacterial species tested and the study
design. The discrepant results may also reflect the heterogeneity of the cell
wall properties of subpopulations of cells within a single-species bacterial
population, as reported for E. faecalis (173). In a review article, Shah et al
(174) concluded that there is also a lack of in vivo studies regarding bacterial
growth and the differences between cp-Ti and Ti6Al4V.

Saliva

Biomaterials that are introduced into the oral environment are immediately
covered with a thin layer of pellicle, which consists of several proteins,
enzymes, and other molecules from the saliva, to which bacteria can attach to
form a biofilm (118). On the one hand, the saliva facilitates bacterial adhesion,
while on the other hand, it contains antibacterial proteins that inhibit bacterial
growth and adhesion (175). Furthermore, the pellicle-conditioning film may
balance to some extent the differences in the physicochemical surface
properties (175). In the present study, the bacteria were not cultured in the
presence of saliva, so this effect is not taken into account. Another important
aspect to consider is that biofilms within dental plaque do not consist of a single
species but rather the build-up of communities in which several different
species interact in a complex manner and respond to environmental changes as
a single unit (176). Even though individual species were examined separately
in the present study, the early colonizers S. sanguinis, S. oralis, and S. gordonii
are of importance because they enable the attachment of subsequent colonizers
and thereby influence the composition of the maturing biofilm. To examine
biofilm formation by E. faecalis is also of interest as it is a highly virulent
bacterium with the ability to produce biofilms on various medical devices (114,
177).
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6 CONCLUSIONS

NanoHA-coated, cylinder shaped and threaded PEEK implants manifest
improved bone formation, as compared to uncoated implants after 6 weeks of
follow-up.

PEEK induces a stronger inflammatory response from PBMCs than does
Ti6Al4V. The surface chemistry, and topography of the implant material
influence the magnitude of release of cytokines from implant-attached
PBMC:s.

The levels of bacterial adhesion to PEEK, cp-Ti and Ti6Al4V are similar.
However, blasted PEEK, which has a rougher surface topography than the
other materials, supports greater biofilm formation by oral bacterial species.

Within the limitations of the methods used in the present thesis, it can be

concluded that PEEK holds promise as a material that can be used in various
dental applications.
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7 FUTURE PERSPECTIVES

As mentioned in the Introduction section, it seems unlikely that PEEK will
replace titanium as a material for dental implants, considering the successful
outcome achieved with titanium implants to date. However, since PEEK has
favorable mechanical and biocompatibility properties, several potential uses
for PEEK can be envisaged in metal-free constructions in the field of dentistry.

Methacrylate based materials (e.g., PMMA) are used in many prosthetic
applications, such as removable dentures and long-term provisional bridges,
and in combination with metals, as in supra-constructions for implant-
supported bridges. These methacrylates are known to leak residual monomers
that can have cytotoxic effects and cause inflammation in the host tissue.

Since PEEK is a chemically stable polymer, it may replace methacrylates that
are extensively used in prosthetic dentistry (e.g., denture base materials).
PEEK-containing materials have already attracted interest from the dental
implant industry where many products made of PEEK are used, for example
in healing abutments, long-term implant-supported crowns and scan bodies for
intra-oral scanning. In these contexts, PEEK may become the material of
choice, not only because of its good biocompatibility profile and mechanical
features, but also due to the possibility to fabricate PEEK restorations with
CAD/CAM techniques, thereby creating a digital workflow that is both time-
and cost-efficient.

This thesis provides the basis for further research on PEEK materials in dental
applications. There is a need to investigate the performance of PEEK in
mechanical assessments in the context of dental materials. Additional in vivo
studies, such as soft tissue experiments, should be conducted to evaluate the
biocompatibility of PEEK as a healing abutment. Finally, clinical trials are
needed to evaluate the performance of PEEK in restorative dentistry. The
acquired information will be important in ensuring the use of suitable materials
in dental devices.
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