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ABSTRACT

Introduction: The evolution of Dentistry witnessed an increase in fixed prostheses as
opposed to removable ones. Zirconia (ZrO.) and Lithium disilicate (LDS) are
becoming the material of choice in implant or tooth retained prostheses.
Polyetheretherketone (PEEK) is a recent alternative as it is lighter and causes less
wear of opposing retained teeth. Biofilm formation is a permanent daily struggle for
patients as it can be found in nearly all surfaces exposed to the natural environment.
Therefore, the interest in a new device capable of removing or reducing oral biofilm
from fixed prostheses s increasmng. Adquafiosser (AQ) and Waterpik (WP) are
examples of these oral irrigating devices: that were-introduced to the dental market

recently. They can be effective in removing dental biofilm from different surfaces.

Purpose of study: The purpose of this study is to evaluate biofilm formation on three
fixed dental substructures and to evaluate the efficacy of two oral irrigating devices

on biofilm removal from these three substructures.

Materials and Methods: A total of 60 samples were used in this study: 20 samples
from each of the three tested materials namely Zirconium dioxide (Ilvoclar Vivadent),
Lithium disilicate (Ivoclar Vivadent) and Polyetheretherketone (White Peaks Dental
Solutions). Scanning electron microscopy (SEM) was used to image the surface
roughness of each sample because of its high resolution and magnification. Each
sample was polished on one side and incubated with Streptococcus mutans (S.
mutans) for 6 days. To evaluate biofilm formation on the three tested materials, the

colour changes on each sample was determined using a spectrophotometer before and



after culturing of the S. mutans on the three materials. The mean values were
calculated to determine biofilm formation on the three materials. Two different oral
irrigating devices were used namely Aquaflosser (Home brand CC SA) at a pressure
of 55 to 90 psi and Waterpik (INC.USA) at a pressure of 45 to 75 psi. The efficacy of
the two pulsating devices to remove biofilm from the three materials was determined
by measuring the colour changes of materials after biofilm formation with the
materials after cleaning with the two pulsating devices. The mean values were

calculated for each sample and compared.

Results: SEM results showed that the polished surface of PEEK exhibited the
roughest surface, LDS recorded smoother polished surface, whereas ZrO> recorded
the smoothest polished surface with relatively-smakl.pits and scratches. The biofilm
formation showed a significant-difference-among.the three tested materials (Tukey,
p<0.05). PEEK showed the highest mean value of AE* when compared with ZrO; and
LDS, while ZrO showed-the lowest mean value.-Although ZrO, showed the lowest
mean value of AE* there was no statistically significant difference compared to LDS.
When the oral irrigating devices were compared, there was no statistically significant

differences (Tukey, p<0.05) between Aquaflosser and Waterpik.

Conclusion: PEEK showed the highest biofilm formation compared with ZrO; and
LDS. Although ZrO2 had the lowest biofilm formation, there was no statistically
significant difference ZrOz and LDS. Both Aquaflosser and Waterpik were efficient in

the removal of the biofilm from the surfaces of the three prosthetic materials.

Keywords: biofilm, zirconium dioxide, lithium disilicate, polyetheretherketone,

aquaflosser, waterpik
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CHAPTER 1

LITERATURE REVIEW

1.1 Introduction

Bacterial adhesion or biofilm formation is one of the principle aetiological factors of
oral infections (Filoche et al., 2010). Knowledge about bacterial adhesion and biofilm
formation in restorative materials is therefore-essential. Bacteria can form a biofilm on
teeth and oral soft tissues and. restorative materials.-Biofilm formation and subsequent
bacterial colonization are the main aetiological factors associated with the development

of secondary caries, periodontitis and peri-implantitis.

Thus, restorative materials ‘require ‘properties that will rassist in the prevention of
bacterial adhesion and biofilm formation (Quirynen.& Teughels, 2000). However, once
formed this biofilm should be removed. A new technique to overcome the
shortcomings of the commonly available techniques for removing dental biofilm from
different restorative materials has recently been launched, known as an oral irrigating
device. The principle of this technique is the removal of dental plaque with the aid of

water pressure.

This review will focus on biofilm formation, prevention and reduction among three
different materials, including zirconium dioxide (ZrO2), polyetheretherkitone (PEEK)

and lithium disilicate (LDS).



1.2 Dental Biofilm

According to Al Moaleem, et al., (2017), dental biofilms are matrix-enclosed bacterial
populations that adhere to surfaces such as polished tooth surfaces, living tissues,
prosthetic devices and dental materials. Before discussing prevention of dental biofilm,
it is important to describe what biofilm is. This concept is an expression used to
describe a community of microbes cultivated on a surface, commonly with a liquid
interface. Concerning mechanical properties, biofilm is referred to as a grouping of
microbial cells associated with surfaces and which are usually enclosed in a
polysaccharide material (Kokare et al., 2009; Donlan, 2002). Biofilms where
discovered by one of the researchers who used a primordial microscope to describe the
accumulation of “animalcules” abraded from the human tooth surface (Costerton,

1999).

Its structure is composed of 80-85% extracellular polymeéric substance (EPS) and 15-
20% micro-colonies from different species-including microbial cells 15-20% (Kokare
et al., 2009). The EPS is aniessential component that is,composed of polysaccharides
(hetero-and homo-polysaccharides), proteins,-and. extracellular DNA and lipids, but it
may vary in chemical and physical properties (Donlan, 2002). The EPS in biofilm has

several positive effects.

The adhesion is the key function of EPS as it allows the initial steps in the colonization
of abiotic and biotic surfaces by planktonic cell and long-term attachment of whole
biofilms to surfaces (Gilan & Sivan, 2013; Karatan & Watnick, 2009; Vu et al., 2009).
Its function is to maintain the integrity of the biofilm and to limit the desiccation of the
biofilm. It also prevents harmful substances such as antibiotics from getting through to
their target (Donlan, 2002; Flemming & Wingender, 2001) by the formation of

bacterial ‘towers’ surrounded by polysaccharides to reduce physical contact between



the antimicrobials and viable cells (Xiao et al., 2012; Hoyle & Costerton, 1991). The
EPS has both hydrophilic and hydrophobic properties, because it can incorporate large
quantities of water into the structure by hydrogen bonding (Karatan & Watnick, 2009;
Donlan, 2002). Concerning the exchange of new genetic information, Karatan and
Watnick (2009) emphasized that EPS facilitates horizontal gene transfer between
biofilm cells. In microbial communities, the EPS also has protective effects because it
provides resistance to nonspecific and specific host defenses during infection (Kokare

et al., 2009; Watnick & Kolter, 2000).

Plaque is a microbial biofilm composed of multiple colonies of bacterial species that
populate on the oral cavity causing dental diseases (Marsh, 2005). Oral biofilms are
well-organized communities-ef microorganisms surrounded by a polysaccharide-based
matrix containing nucleic acids, proteins.and. H,O that adhere to teeth, dental
restorative structures or oral soft tissues (Teughels, 2006). Souza, et al., (2016) found
some factors that contributed to-the growth and development of biofilms in the oral
cavity. These included change. in, pH, reaching low points after the intake of acidic

substances and variance in temperature during the intake of warm or cold foods.

Furthermore, there is a variation of oxygen in the oral cavity, for example the low
presence or absence of oxygen content in the areas below the gingival margin.
Therefore, the microbial colonization in the mouth follows the variation of oxygen and
pH, which promotes the preferential growth of aerobic or anaerobic microorganisms
(Belibasakis et al., 2015). A harmonious relationship exists between the microbiota of
the oral cavity and host tissues in a healthy state. Thus, oral biofilms can be considered
an integral part of the healthy mouth, as they can restrict the growth of pathogenic
microbial strain, provide environmental stability over time, enhance epithelial barrier

function and realign the host immune system (Kumar & Mason, 2015).



It also serves as a reservoir for fluoride (Naumova et al., 2012). After all, an imbalance
between microorganisms and host tissues can lead to oral diseases such as gingivitis

and periodontitis (Lindhe et al., 2015).

1.3  Biofilm Formation in the Oral Cavity

Biofilm formation is a requirement for the existence of all microbial groups (Vu et al.,
2009; Flemming & Wingender, 2001). Studies on biofilm formation have largely been
conducted to develop numerous surface modifications in order to reduce and prevent
bacterial attachment to the surfaces (Bazaka, et al., 2012.). Some scholars argued that
there is no acceptable theory to explain the mechanism of bacterial adhesion and

biofilm formation in the oral cavity (Bos et.al., 1999; Hermansson, 1999).

Every microbial biofilm community-is unique, although-its structure can be the same
(Flemming & Wingender, 2010; Flemming, et al., 2007). The biofilm formation can be
controlled by various genetic-and environmental factors. (Mari¢ & Vranes, 2007).
Busscher et al., (2010) suggested that|biofilm formation depends on the physio-
chemical characteristics of ithe; material’s ;surface' and»is influenced mainly by the

underlying biomaterial.

The salivary conditioning films play a significant role in biofilm formation due to the
fact that they provide the main source of nutrients for microorganism adhesion and
allow the coating of hard or soft surfaces with a thin (5-10 pum thickness)
heterogeneous and acellular pellicle, known as pellicle or conditioning film (Souza, et
al., 2016; Teughels, et al., 2006). The salivary proteins present in the oral environment
are primary elements in the initial process of biofilm formation (Elter et al., 2008).
However (Siqueira et al., 2012) emphasized that biotic and abiotic dental surfaces are

constantly coated with saliva, which forms a conditioning film known as a pellicle,



consisting of glycoproteins (mucins), phosphoproteins, histidine-rich proteins, proline-
rich proteins, a-amylase, and many other molecules, including bacterially derived
glucosyltransferases (Siqueira et al., 2012). Pellicle can be formed on any surfaces
(Aroonsang et al., 2014), although the exact effects of material properties on pellicle
formation and the underlying mechanisms are not well understood. Researchers

concluded that biofilm formation was a dynamic process involving various phases.

Souza et al., (2016) categorized biofilm formation into four distinct stages including
acquired pellicle formation, primary colonization, secondary colonization, and mature
biofilm establishment. Garett et al., (2008) defined the gathering of bacteria on a
surface as a mechanism consisting of three stages: firstly, the organism is accumulated
on a surface (collector) which-is ealled adsorption.-Secondly, the formation of a
polymer bridges between the organism.and. collector by means of the attachment of the
organism to the collector. Thirdly, the colonization or growth and splitting of the
organism on the collector’s surface. (Characklis-& Marshall, 1990) divided bacterial
accumulation into eight steps that include.the formation of an initial conditioning layer,
reversible and irreversible adhesion of bacteria, and the detachment of cells from a

mature biofilm for subsequent colonization.

The conditioning layer possesses organic and inorganic particles and is considered as
the main layer for biofilm growth. This layer alters the surface allowing bacterial
penetration. The surface provides a harbour and nutrients for the growth of the bacterial

community.

The reversible adhesion includes transportation of the microbial cells to the conditioned
surface by means of physical forces or bacterial projections such as flagella. A

fragment of the cells extending to the surface will reversibly be absorbed. Many local



environmental factors, such as temperature and pressure conditions, can affect bacterial
adhesion (Khelissa et al., 2017; Moncmanova, 2007). Physical forces which include
Van der Waal’s forces, steric interactions and electrostatic (double layer) interaction
that are collectively known as DVLO (Derjaguin, Verwey, Landau and Overbeek)
forces, also affect bacterial adhesion (Garett et al., 2008). The DVLO theory describes
a balance between two factors, Van der Waal’s interactions (attractive) and the
repulsive interactions from the overlap between the electrical double layer of the cell
and the surface. If the repulsive forces are more than the attractive forces, the bacteria

will dissociate from the surface (Chang & Chang, 2002).

When the reversibly adsorbed cells remain inactive, irreversible adhesion occurs, in
which the physical projections of bacteria overwhelm-thephysical repulsive forces of
the electrical double bond (Garett et al.,-2008)..Consequently, chemical reactions such
as oxidation and hydration will be stimulated from the contact between the bacterial

projections and the surface (Kumar & Anand, 1998).

The immobile cells will then dissociate by binary division.and the daughter cells will
proliferate and form clusters (Hall-Stoodley & Stoodiey, 2002). The clusters appear in
a mushroom-like structure allowing the passage of nutrients to bacteria deep within a
biofilm. Exponential growth occurs from the rapid increase in the population. At this
stage, the bonding between cells becomes stronger due to the interaction between
divalent cation and the polysaccharide intercellular adhesion (PIA) polymers. A
number of expression genes were found to play a major role in bacterial attachment and
proliferation, for example, the production of surface projections is constrained in sessile
species as motility is restricted, thus expression of a number of genes for the production

of cell surface proteins and excretion products increases (Garrett et al., 2008).



In the final stage of biofilm development, a series of cell signaling mechanisms occur
which are collectively termed quorum sensing (Bassler, 1999). Quorum sensing is a
procedure in which a number of auto inducers (chemicals and peptide signals in high
concentrations) are used to motivate genetic expression of both mechanical and
enzymatic processors, which form the principle part of the extracellular matrix (Marsh
& Zahra, 2017). The disruption of the polysaccharides holding the biofilm together
occurs through the production of enzymes from the community itself resulting in the

release of surface bacteria for the colonization of a fresh surface.

Hyaluronidase by Streptococcus equi and alginate lyase by Pseudomonas aeruginosa
are examples of the enzymes responsible for the disruption of the biofilm matrix
(Garrett et al., 2008). At the same time, the organisms-have the apparatus for mobility
by the up regulation of the operons.coding. for flagella proteins and down regulation of

the genes coding for porins (Marsh & Zaura, 2017).

In 2002, Donaln classified biofilm formation intg four stages: Initially, the bacteria will
be attached to the biological surfaces (Donaln, 2002). Several organic molecules
including nutrients, salivary proteins and large macromolecules play a fundamental role
in bacterial attachment to the surface (Larsen & Fiehn, 2017). This attachment is
implemented with the aid of Van der Waal’s forces between the cell surface and the

substratum, which results in a strong adhesion-receptor, mediated attachment.

Irreversible interaction is facilitated by flagella, fimbriae and exopolysaccharides that
are found in the bacterial cell wall. Secondly, the first attached cells start growing and
dividing, leading to the up growth of micro-colonies (primary colonizers). The micro-
colonies cohere together forming a layer of cells externally. The tertiary step is

indicated when several layers of cells aggregate on the surface, forming cultured



biofilm characterized by the existence of large communities of bacteria surrounded by
water channels that assist in distributing minerals and signaling molecules. Finally,
some biofilm can disassociate individually or in clusters in order to diffuse and migrate
to other niches. Biofilm distribution depends on the conditions that promote its growth

as a result of environmental changes (O’Toole et al., 2000).

Hannig and Hannig (2009) reported the forces responsible for bacterial adhesion and
surface assimilation of selective salivary proteins. These forces include Van der Waal’s
forces, electrostatic reciprocal action and acid-based bonding. Derjaguin-Landau-
Verweij and Overbeek developed the DLVO theory that stated that these forces can be

joined and the energy calculated (Van Oss, 1995).

Regarding bacterial attachment. to.different surfaces, Glantz (1969) concluded that
bacteria can attach to every surface and is not affected by its properties. This was
confirmed by Boks et al., (2009) who reported. that hydrophobic surfaces return less
biofilm than the hydrophilic ones. This occurs.as a result of forces in the mouth, but in
the test tube, bacteria can also. attach to hydrophobic surfaces. Regarding the viability
of biofilms, Auschill et al., (2002) found that thin biofilms are more viable than thick

ones due to a hampered supply of nutrients on a thick biofilm.

1.4  Factors Affecting Biofilm Formation

Both physical and chemical properties of a dental material as well as environmental
factors can influence biofilm formation. These include surface roughness, surface
charge, surface chemistry, topography; and hydrophobicity (Gilan & Sivan, 2013).
However, scholars have demonstrated that surface roughness was an important physical
factor in biofilm formation for various reasons (Anselme et al., 2010). For example, it

increases bacterial attachment in the contact and surface area between the material



surface and bacterial cells. Ammar et al., (2015) investigated the influence of surface
roughness in biofilm formation. Their findings suggested that three parameters could be
linked to surface roughness, which include: asperity mean size, roughness (Root Mean
Square RMS) asperity radius and surface coverage. All these parameters have an
impact on the height of the energy barrier (Ammar et al., 2015). Similarly, the
roughness acts as a barrier to shear forces and thus cleaning becomes difficult (Truong,
et al., 2009; Bos et al., 1999). Teughels, et al., (2006) evaluated the effect of surface
characteristics on biofilm formation. When integrating surface roughness with other
characteristics (free energy and chemistry), their results revealed that surface roughness

was the most critical factor.

Furthermore, lonescu et al.,-(2012) highlighted that smoothening of the surface had
also been considered to reduce-biofilm formation,-and.a-Ra roughness of 0.2 um was
reported to be the threshold for maximum reduction of bacterial adhesion on abutment
surfaces (Quirynen et al., 1996). However, the exact effects of surface roughness on
bacterial adhesion and biofilm formation vary with the size and shape of bacterial cells
and other environmental factors. Thus, there is.no universally optimum roughness that

can repress adhesion of all bacterial species (Renner & Weibel, 2011).

Empirical evidence showed that surface charge could play a major role in determining
the binding force between bacteria and surface, affecting the biofilm formation (Song,
et al., 2015). As an overall net charge carrying the cell, the surface charge of a bacterial
cell could influence the biofilm formation due to its excess carboxyl and phosphate
groups, which are located in the cell walls of bacterial cells (Goulter, et al., 2009).
Most bacterial cells are negatively charged, thus, a positively charged surface is more
prone to bacterial adhesion and a negatively charged surface is more resistant to

bacterial adhesion (Ukuku & Fett, 2002).



Simultaneously, surfaces with cationic groups, such as quaternary ammonium have
antimicrobial activities and thus can Kill the attached bacterial cells (Campoccia et al.,
2013). However, controlling bacterial adhesion with surface charge may not work in
static systems since the dead cells present a barrier that reduces the charge and
facilitates the adhesion of other bacterial cells (Foong et al., 2017). Since shear force
(rinsing and brushing) can be readily applied to remove dead cells from dental

materials, this strategy may be effective in some oral applications.

In addition, surface free energy can influence bacterial adhesion, but generally, there is
a difference between supra-gingival and subgingival surfaces. Supragingivally, less
biofilm is formed on hydrophobic surfaces than hydrophilic ones, unlike subgingival
biofilms where no differences are observed (Foong et-al.;~2017). This difference was
attributed to the fluctuating shear force in_the supra-gingival environment, which can
slough off bacterial biofilms more effectively from hydrophobic surfaces (Quirynen et
al., 1995). The preference of surface hydrophobicity differs among the bacterial
species. The presence of salivary.coating on bacterial cells and dental surfaces can also
greatly affect how hydrophobicity influences the interaction between oral bacteria and

dental materials (Foong et al., 2017).

Studies compared biofilm formation with various types of surfaces indicating multiple
factors involved such as roughness, and electrostatic interactions (De Avila et al., 2014;
van Brakel, et al., 2011). However, when comparing the effects of surface charge,
hydrophobicity, chemistry, and the manner in which surface stiffness and topography
(except for roughness) affect bacterial adhesion, biofilm development is still poorly
understood (De Avila et al., 2014). Almost all reviews showed that polished surfaces of
the restorative materials harvest fewer biofilms compared to unpolished surfaces

(Teughels et al., 2006; Verran & Maryan, 1997).
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Teughels et al., (2006) confirmed that the adhesion of biofilm to restorative materials is
aided by a rise in surface irregularity over 0.2 um or a rise in the size of the surface.
Quirynen and Bollen (1995) concluded that the roughness of intra oral surfaces (i.e.
teeth, mucosa) has a large influence on the first attachment and accumulation of
microbes and subgingival roughness will aid in the accumulation of more microbes.
Wise and Dykema (1975) showed the importance of surface free energy and roughness
on biofilm adhesion and highlighted that the surfaces should be as smooth as possible

to minimize such adhesion.

Flemming et al., (2016) confirmed that the chemical composition of a surface has a
direct effect on bacterial growth and biofilm formation as it consists of beneficial or
harmful components. For instanee, a metal, such-as brass; has bactericidal properties
because it contains copper. On.the contrary, -polyvinyl chloride contains carbon and

hydrogen that assist in biofilm formation (Flemming et al.; 2016)

Stoodley et al., (1999) reported.that the flow.rate of saliva had a direct impact on
bacterial adhesion and biofilm . formation. Laminar flow rate (low shear) causes
irregular micro-colonies to develop which consist of circular cell clusters separated
from each other by interstitial voids, whereas biofilms that grow in a turbulent flow rate
appear as patches of swelling and elongated streamers that vibrate in the flow (Stoodley

etal., 1999).

It is well known that the environmental conditions which influence biofilm formation
include the effect of pH, adhesive properties of biofilms and the effect of temperature.
(Pagan, & Gonzalo, 2015) concluded that changes in pH have a strong effect on
bacterial growth. The trans-membrane electrochemical gradient (proton motor force)

generated by the extrusion of protons from the cytoplasm causes a passive influx of
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protons that can be an issue for the cells seeking to regulate their cytoplasmic pH
(Booth, 1985). Large differences in external pH can overcome this mechanism and can

kill the microorganisms (Booth, 1985).

Bacteria can be affected by both external and internal changes in pH (Garett et al.,
2008). Many reviews demonstrate that a gradual increase in acidity increases the
possibility of cell survival in comparison to a fast increase by the addition of HCL (Li,
2001). This explains that bacteria contain mechanisms to adjust to the small
environmental changes in pH. On the other hand, there are cellular processes that do
not adjust to pH changes such as exopolymeric substances (polysaccharides). The
optimum pH for most bacteria is around 7, but it differs between species (Garett et al.,

2008).

Biofilms show both irreversible viscous deformation as well as reversible elastic recoil
(Ohashi & Harada, 2004). Biofilm adherence is influenced by the viscosity of the
polysaccharides that result when. the matrix of .the extracellular polymeric substances
(EPS) reacts to stress by showing properties such as, elastic tension and alignment of
the polymer in the shear direction. These properties can be altered by increasing the
temperature of the polysaccharides which results in the generation of a gel like
substance that slowly increases in strength until a crucial point. At this point, the gel

forms a solution (Klapper et al., 2002).

Many studies concluded that for biofilm formation to occur, the optimum temperature
for a microorganism is related to an increase in its nutrient intake that in turn relies on
the presence of enzymes (Garett et al., 2008). Thus, temperature corresponds to the
reaction rate of enzymes and the development of cells. Environmental temperature also

influences the bacterial adhesive properties (Garett et al., 2008). Fletcher (1977) found
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that a decrease in temperature will reduce both the bacterial surface polymer and
surface area. Moreover, temperature plays a major role in the presence of bacterial
surface projections and lowering the temperature will increase bacterial adhesion to the
surfaces (Garett et al., 2008). In addition, lowering the temperature will affect the
arrangement of microbial polysaccharides (Garett et al., 2008). Nisbet (1984) reported
that at a high temperature microbial polysaccharides are arranged in a disordered state,
while at a low temperature they are arranged in an ordered state that favors bacterial
adhesion (Nisbet, 1984). On the other hand, Marion-Ferey et al., (2002) noticed that the
higher temperatures were not effective for biofilm removal due to the “baking effects”,

thus increasing the adherent of the biofilm to the surface (Marion-Ferey et al., 2003)

1.5 Biofilm Formation at Different Extra-Coronal Restorations

Biofilm formation on biomaterial surfaces may significantly affect the behaviour or
survival of the biomaterial itself (Astasov:Frauenhoffer et al., 2018). Numerous
materials are available on the dental market today that can be used for extra-coronal
restoration. These materials| include = metal; “ceramics,, metal-ceramics and resin
composites. Among these materials, zirconium dioxide: (ZrOz), polyetheretherketone
(PEEK) and lithium disilicate (LDS) have recently become of great interest as a result

of their superior physical and mechanical properties.

1.5.1  Zirconium Oxide (ZrO>)

In its pure form, zirconium oxide (ZrO2) is a polymorphic material generally derived
from zircon (ZrSiO4) and baddeleyite (Vasylkiv & Sakka, 2001). It constitutes three
crystalline forms depending on diverse temperatures, such as monoclinic ZrO, (m-
ZrOy), tetragonal ZrO; (t- ZrO) and cubic ZrO; (c- ZrO2) (Vasylkiv & Sakka, 2001;
Gauna, et al., 2015). At the time of firing, zirconium oxide can be altered from one

crystalline state to another. At firing temperature zirconia is tetragonal and at room
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temperature monoclinic. Crack propagation can be created by high compressive
stresses that result from the transformation of a tetragonal to a monoclinic phase, which
occurs below 1170°C and is accompanied by a 3% to 5% volume expansion (Santos et
al., 2015). To stabilize the tetragonal phase at room temperature to control the volume
expansion, stabilizing oxides such as yttrium-oxide are added in small quantities to

pure zirconia (Santos, et al., 2015).

Yttria-stabilized tetragonal zirconia polycrystalline (Y-TZP) is a high-strength ceramic,
recommended for dental use as a core or framework material for fixed dental prosthesis
(FDP) and crowns (Denry & Holloway, 2010). The restorations are prepared either by
soft machining of pre-sintered blocks followed by sintering at high temperature or by
hard machining of fully sintered blocks (Denry & Kelly, 2008). Restorations
manufactured by hard machining.of fully sintered 3Y-TP blocks consist of a significant
amount of monoclinic zirconia (Denry & Kelly, 2008). This usually results in surface
micro-cracking, higher susceptibility to low temperature degradation and lower

reliability (Hauang, 2003).

The mechanical properties of 3Y-TZP rely on its grain size (Kim & Ahn, 2013).
Beyond a critical grain size, 3Y-TZP is less stable and more prone to t-m
transformations, despite the fact that smaller grain sizes (<1 pum) are associated with a
lower transformation rate (Cionca et al., 2017). Below an absolute grain size (~2 um)
transformation is not achievable, leading to reduced fracture toughness (Cionca et al.,
2017). Therefore, the sintering conditions have a strong influence on both stability and

mechanical properties of the final product (Denry & Holloway, 2010).

The Zirconia ceramics have a dense, mono-crystalline homogeneity and possess low

thermal conductivity, low corrosion potential, good radiopacity, high biocompatibility,
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low bacterial surface adhesion, and favorable optical properties (Anusavice et al.,
2013). Zirconia has double the flexural strength between (900 MPa to 1200 MPa) when
compared with alumina ceramics (Anusavice et al., 2013). Possible problems with
Zirconia ceramics include long-term instability in the presence of water, veneering
porcelain compatibility issues, aesthetic limitations due to their opacity, and no
adequate bond with resin-based luting cements (Kelly & Benetti, 2011). Dental zirconia
has properties that can be used in single- and multiple-unit anterior and posterior fixed

dental prosthesis (FDP).

Previous reports showed that the most common clinical problems were not associated
with cracking of the zirconia framework, but with chipping of the veneering porcelain
(Miura et al., 2015). These deficiencies maybe-associated with non-anatomic
framework designs or with poor.bonding. between zirconia and veneer, while other
theories suggest problems related to the material itself that are often associated with
low degradation phenomenon  at mouth' temperature, ‘auto-catalytic transformation
during porcelain firing and. residual. stresses. .resultant from thermo-mechanical

parameters (Heintze & Rousson, 2010).

1.5.2  Polyetheretherketone (PEEK)

Several new polymeric materials have recently been used as biomaterials in orthopedics
and dental applications, which include polyetheretherketone. PEEK is a new synthetic,
tooth coloured polymeric material that has been used as a biomaterial for dental
applications (Pokorny, et al., 2010) and was developed by a group of English scientists
(Ortega-Martinez, et al., 2017). It is formed by the polymerization of an
etheretherketone monomer via step-growth dialkylation reaction. It is white in colour
and has unique physical and mechanical properties allowing it to be widely used for

dental applications including implants, fixed and removable prostheses and as an
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aesthetic orthodontic wire (Schimidlin et al., 2010). PEEK can be altered by addition of
other materials such as carbon fibers, which increases the elastic modulus up to 18 GPa
(Najeeb el al., 2016). Due to its excellent mechanical properties, it is considered as an
applicable biomaterial to replace metals, alloys and ceramics in the field of dentistry

(Schwitalla et al., 2015).

The material has been used by orthopedic surgeons for hip replacements and due to the
fact that it is bio-inert and the modulus of elasticity is close to bone, the results look

promising (Nakahara et al., 2012).

Regarding PEEK applications in dentistry, evidence suggested that PEEK could be a
viable alternative to titanium:in-constructing implant-abuiments due to the fact that
PEEK has a closer elastic moduli.to-human bone which decreases the stress shielding
effects and encourages bone remodeling (Najeeb et al., 2016). Moreover, PEEK can be
used for the fabrication of crowns. Multiple procedures. have been implemented to
condition the PEEK surface to make it easier. for.bonding with resin composite crowns
(Tannous et al., 2012). These procedures include; air abrasion with or without silica
coating which creates a more wettable surface (Stawarczyk et al., 2013) and etching
with sulfuric acid leading to the creation of a rough and chemically altered surface
which may enable it to bond more effectively with hydrophobic resin composites (shear

bond strength: 19.0 £3.4 MPa) (Schmidlin et al., 2010).

On the other hand, etching with piranha acid and the use of bonding agent has been
indicated to produce tensile bond strength to composite resin as high as 23.4 + 9.9 MPa
in preserved, aged PEEK specimens (Najeeb et al., 2016). Mohammadi et al., (2017)
further showed that no obvious variations were observed between the tensile bond

strength of PEEK crowns and dentine abutments when using air absorption and
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sulfuring acid etching techniques. Evidence suggested that the three-unit PEEK fixed
partial dentures manufactured by CAD-CAM, have a higher fracture resistance when
compared to pressed granular or pellet shaped PEEK dentures (Stawarczyk et al.,
2015). The fracture resistance of CAD-CAM milled PEEK fixed dentures is also much
higher (2055 N) than those of lithium disilicate glass-ceramic (950 N), alumina (851 N)
and zirconia (981-1331 N) (Kolbeck et al., 2008).

PEEK abrasive properties are excellent, despite the low elastic modulus and hardness
and PEEK abrasive resistance is on par with metallic alloys (Zok et al., 2007).
However, no clinical studies have been conducted to compare the abrasion on teeth
produced by PEEK crowns to abrasion produced by other materials and therefore it is

still unknown whether PEEK-crowns-can function in-harmony with dentine and enamel.

1.5.3  Lithium Disilicate (LDS)

Lithium-disilicate (LDS) was-first-introduced by tvoetar Vivadent as IPS impress and
was the second generation of heat pressed ceramics that contains lithium disilicate as
the main crystalline phase (Denry. & Holloway, 2010). ;The ceramic microstructure
consists of highly interlocked lithium-disilicate crystals, 5 um in length and 0.8 um in
diameter (Denry & Holloway, 2010). It is indicated for crowns, veneers, inlays and
onlays. It can be used for up to a three unit dental prosthesis in the anterior region
(Toksavul & Toman, 2007). IPS Impress 2 showed a high clinical success rate when
used as a single unit and a lower success rate for a three-unit prosthesis (Marquardt &
Strub, 2006). IPS Impress 2 was discontinued and replaced by a newly formulated and
reinforced lithium disilicate under the trade name of IPS e.max (Ivoclar, Vivadent). The
manufacturer produces a pressable version (IPS e.max Press) and a partially

crystallized ceramic for CAD/CAM machines (IPS e.max CAD) (Pieger et al., 2014).
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IPS Empress 2 has enhanced flexural strength (360 MPa) that is more than double that
of leucite-based IPS Empress, suggested to be used for anterior and premolar crowns,
as well as three-unit fixed dental prosthesis (FDP) in the anterior region (Oh et al.,
2000). In order to produce an esthetic restoration with enhanced light transmission, the
framework is veneered with fluorapatite-based veneering porcelain (IPS Eris, Ivoclar
Vivadent), which has the same optical properties and co-efficient of thermal expansion

as the lithium-disilicate material (Conrad et al., 2007).

IPS e.max Press was shown to have higher physical properties (flexural strength 400
MPa) than the former IPS Empress (Kelly & Benetti, 2011). Additionally, it is
composed of a lithium-disilicate glass ceramic, with fine crystal size, that displays
improved physical properties-and translucency obtained- through a different firing
process (Kelly & Benetti, 2011). The material presents with high translucency despite
its high crystalline content due to the relatively low refractive index of the lithium-
disilicate crystals (Kelly & Benetti, 2011). The uses-of.IPS e.max Press, pressable
lithium-disilicate ceramic, include. monalithic application for inlays, onlays, and
posterior crowns or as a core material for crowns and three-unit FDPs in the anterior

region (Giordano & Mclaren, 2010).

Currently machinable lithium-disilicate blocks (IPS e.max CAD) were introduced for
use with CAD/CAM processing technology. These blocks are prepared using a two-
stage crystallization process (Santos et al., 2015). These blocks are indicated for
anterior or posterior crowns, implant crowns, inlays, onlays, and veneers, as they
present with flexural strength of 360 MPa (Santos et al., 2015). Despite the fact that
core ceramic fracture resistance is comparatively high, veneered prostheses have been

known to be susceptible to chipping (Apel et al., 2008).
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Biofilm formation on different extra-coronal restorations was evaluated by several
investigators who concluded that the proliferation and colonization of microorganisms
were dependent on the surface properties (chemistry), surface topography (roughness)

and surface-free energy (Hamdan et al., 2006).

Carinci et al., (2004) found that the level of toxic products produced by bacteria was
greater on titanium compared to zirconium oxide when measured using nitric oxide
synthase. They reported that zirconia could regulate expression of some genes, thus it
can be considered as a self-regulatory material that can lead to the replacement of the

extracellular matrix.

An in-vitro and in-vivo study-by-Kantorski et al.,;(2009) examined the attachment of
bacteria and biofilms on ceramics.in.comparison. with other materials such as titanium
and composite. There was decreased bacterial adhesion and biofilm production on
ceramics compared with other materials. However, limited information is available on

bacterial adhesion on different types.of ceramics, thus more studies are required.

A trial done by Scarano et al., (2004) in which zirconia discs were glued on a device
and worn intra-orally for a day, elicited less plaque accumulation when compared with
titanium. This is ascribed to the superficial structure of zirconia, mainly its electric
conductivity (Scarano et al., 2004). Meier et al., (2008) and Hahnel et al., (2009),
observed bacterial adhesion to different types of ceramics and concluded that
streptococcal species are the only species that attach to different types of ceramics with
no aggregation of biofilms. Auschill et al., (2002) calculated biofilm formation during
120 hours on different dental materials, including one-glass ceramic and reported
thicknesses of 1 to 17 pum by using intraoral appliances plus heavy staining of the

biofilms.
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This finding was further confirmed by Bremer et al., (2011) who examined biofilm
formation on five different ceramic materials including glass-ceramic, lithium
disilicate, Y-TZP zirconia, hot isostatically pressed (HIP) Y-TZP, and HIP Y-TZP with
25% alumina. It was concluded that the lowest surface coating with biofilm thickness
1.9 um was found with HIP Y-TZP ceramic and the highest value with lithium
disilicate 12.6 um. Zirconia showed the lowest plaque accumulation; thus, zirconia can

be widely used in different dental applications (Bremer et al., 2011).

Scarano et al., (2004) recorded that bacteria can cover approximately 12.1% of zirconia
surfaces in contrast to 19.3% of titanium surfaces. Rimondini et al., (2002) showed
similar results in which Y-TZP accumulated less bacteria than titanium. Concerning
bacterial adhesion to PEEK, -Najeeb el al., (2016) found that PEEK coated with TiO»,
treated with Plasma immersion._ion_implantation (PILI),-.demonstrated partial activity
against Staphylococcus aureus and Escherichia coli, but its antibacterial activity

against periodontal pathogens was-not observed.

Moreover, Wang et al., (2014) recorded the antimicrobial activity of PEEK nano-
composite, although more studies are required to determine the use and handling of
composites before these composites can be used for restorative treatment. Another
group of scientists found that there is no difference in the bone resorption and soft
tissue inflammation around PEEK and titanium abutments (Koutouzis et al., 2011).
Additionally, Hahnel et al., (2014) compared biofilm formation on the surface of PEEK
abutments with  those abutments made with titanium, zirconia and
polmethylmethacrylate. The results showed almost similar biofilm formation on the
various materials. Laboratory studies demonstrated that biofilms can be reproduced on
the surface of PEEK (Williams et al., 2011) and recently it was reported that the

adhesion and proliferation of oral streptococci is similar on the surface of PEEK
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compared to a conventional resin based composite (Kolbeck et al., 2013). A study
analyzing microbial issues in implants supplied with PEEK abutments identified similar
microbial counts and levels of periodontal pathogens in the peri-abutment region of

implants supplied with PEEK and titanium healing abutments (Volpe et al., 2008).

Viitaniemi et al., (2017) compared the bacterial adhesion and early colonization of
Streptococcus mutans (S. mutans) on four different materials including, Lithium
disilicate (LDS), fully stabilized zirconia, partially stabilized zirconia and dual curing
cement. Results suggest that LDS had lower S. mutans adhesion than other materials

examined, but the difference was not reflected in early biofilm formation.

Hussein, et al., (2016) investigated bacterial adhesion on three materials including
zirconia, lithium disilicate and.gold. crowns..Seventeen. participants from different
provinces underwent professional cleaning and were instructed not to brush their teeth
for 72 hours. Swabs were then taken from gold, LDS and zirconia crown surfaces and
cultured. It was found that less Streptococcus Sanguineous colonies adhered to zirconia

crowns compared to LDS and gald crowns (Hussein, et al., 2016)

1.6 Consequences of Biofilm Formation Around Extra-Coronal Restorations

Biofilm formation on different restorative materials in the oral cavity may have adverse
side effects depending on the site and sequence. For example, periodontitis and
gingivitis can develop in interdental areas that are difficult for the patient to clean (LGe,
1979). Dental implants and their implant components consist of biomaterial surfaces
that may favor the growth and development of biofilm. These surfaces can provide
suitable conditions for biofilm formation and therefore may be considered a potential
reservoir for reinfection with oral opportunistic microorganisms. The presence of gaps

after implant attachment, related to implant systems of two components, may act as a
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trap for biofilm adhesion and maturation (do Nascimento et al., 2012). Biofilm
attachment on dental implants and implant components may result in inflammation of
soft and hard tissues, leading to severe inflammatory reactions that may cause pre-
implantitis and implant loss (Jansen et al., 1997). Therefore, there is a need for devices

that inhibit or remove biofilm formation.

1.7 Removal Techniques of Dental Biofilm from Solid Surfaces

Natural ingredients present in saliva are considered the primary defense system in
biofilm inhibition (Marsh et al., 2016). These consist of lactoferrin which modifies the
membrane permeability through distribution of lipopolysaccharides resulting in
microbial killing (Tenovuo, 2002). Lysosome is an enzyme that plays a symbiotic

action with lactoferrin (Tenovuo, 2002)-

Several techniques and products are available to prevent biofilm formation. These
include toothbrushes, rinses; floss and dentifrices (Barnes et al., 2010). Two main
methods have been developed to.contral biofilm formation, on different surfaces (Lee et
al., 1995). The first is the use of chemicals:to.kill-the bacteria in the biofilm to induce
the natural sloughing of dead biofilm, thus cleaning the surface and preventing
corrosion (Nemours, 1984). The second is the use of shear forces that overcome the
tensile strength of the matrix material without damaging the material’s surface, thus
removing the matrix-enclosed bacterial micro-colonies from the surface (Larsen &

Fiehn, 2017).

The application of chemicals is not effective, as most antimicrobial agents do not
penetrate the biofilm, thus it is difficult to distribute enough agent to clean the surface.
However, the physical removal of biofilm is very successful in cleaning the surfaces

and removing the bacteria from the surface completely (Gorur et al., 2009).
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Mechanical plague control plays a fundamental role in inhibiting bacterial adhesion and
biofilm formation (Wilson et al., 1987). The most popular technique for mechanical
plaque removal is tooth brushing. However, it does not reach the interproximal areas as
effectively as the facial and lingual surfaces. Many other interdental cleaning aids have

been developed but seem not to provide patient satisfaction (Saxer et al., 1998).

Oral irrigating devices were introduced and considered as delivery devices for
antimicrobial solutions. They remove plaque and food debris through a jet stream of
water (Warren & Chater, 1996). Their mechanism of action consists of two
constituents: pulsation and pressure. This blending allows for compression and
decompression to assist the removal of subgingival bacteria and other debris (Jahn,
2010). Pulsating devices have also-been found to-be three times more effective than

continues stream devices (Jahn,.2010).

Aquaflosser (Home Brand CC SA) and Waterpik (lnc,'USA) are examples of these
devices that were recently introduced on the dental market. They have the ability to
remove dental biofilm from  different surfaces. Accaording to the manufacturer’s
instructions, it works by spraying and pumping water that can be used routinely for
flossing and in more difficult cases for cleaning of implants, orthodontic appliances,

crowns and bridges, ensuring healthier, cleaner teeth and gum.

They use a high-pressure spray of water and can therefore reach areas which cannot be
reached by other devices. They also have the ability to remove food debris that sticks
between the teeth. The low-pressure spray is used for gums that are more sensitive.
Water pressure has been found to have a direct effect in biofilm removal. Kato et al.,.
(2012) reported that most plaque biofilm could be irrigated by using vertical water

pressure more than 350 Kpa. Although these findings suggest that plaque biofilm could
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be removed when using a high power output, it was found that the use of high pressure
solely was inadequate to remove plaque biofilm completely from the surface and thus

there is a need for other aids.

Many investigators reported that the efficacy of oral irrigating devices is related to the
mechanism of action versus the type of agents used (Pistorius et al., 2003). Flemmig et
al., (1995) compared a dental water jet with 0.06% chlorhexidine, a dental water jet
using water only and 0.12% chlorhexidine rinsing (all used once daily) with tooth
brushing alone. They concluded that a dental water jet with chlorhexidine provided the
best results for reducing plaque, bleeding and gingivitis, whereas a dental water jet with
water only was better than chlorhexidine rinsing at reducing marginal bleeding and

bleeding on probing.

Regarding shear forces, Gorur et al., (2009) reported that a three second exposure to
shear forces produced by a dental water jet with _known pulsations per minute removed
biofilm both over and beneath, the .cemento-enamel junction with 99.99% efficiency

when using a jet tip and 99.84% efficiency when using an orthodontic tip.

Many cohort studies demonstrated the efficacy of a dental water jet in reducing
bleeding and gingivitis when used with 1,200 pulsations per minute and a pressure of
55-90psi. Other clinical studies showed that patients with varying needs (e.g. patients
with orthodontic appliances, implants, crowns and bridges) benefitted from the use of a

dental water jet (Barnes et al., 2005).

Brady et al., (1973) examined the effect of a pulsating water jet, at a pressure setting of

70 psi, in removing supra-gingival biofilm on teeth of rhesus monkeys using an

electron microscope. The results showed that the sites treated with the water jet showed
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removal of biofilm or irreversible damage to the bacteria in the biofilm matrix

compared to the untreated sites.

There are conflicting studies on plaque removal using a dental water jet, describing
both positive (Barnes et al., 2005) and negative results (Chaves et al., 1994). A
systematic analysis by Husseini et al. (2008) found that an oral irrigator does not
induce useful results by reducing visible plague. The above studies used plaque-scoring
methods, which include the Carter and Barnes bleeding index, Lée and Silness
Gingival index and Proximal/Marginal index. McCracken et al. (2006) concluded that
plaque indices are considered the most important determinants of outcomes in clinical

trials for any method of plague removal.

The most common tip used on-oral irrigating devices. is-the standard jet tip. The depth
of penetration of the jet tip depends on the pocket depth and tip placement (Boyd &
Baumrind, 1992). Burch et al., (1994) observed the efficacy of oral irrigator devices in
removing plaque from molar. areas, mainly in cases of fixed prosthesis when compared
with other interdental devices. The.use of dental water jets reduced pro-inflammatory
mediators (e.g. IL-1B and PGEZ2) and promoted the removal of salivary plaque biofilm

independent of the water jet used (Al-Mubarak et al., 2002).

1.8  Efficacy of Oral Irrigating Devices- Methods for Evaluation of Oral
Biofilm Removal

Considerable research efforts are currently being implemented for developing methods
and instrumentation to remove biofilms from material surfaces. Many different
methods have been used to assess biofilm removal efficiency. Biological approaches
include semi-quantitative staining, measurements of dried biomass, protein or DNA
quantification, and assessments of residual viable organisms through standard

microbial culture techniques (Hadi et al., 2010). Each method has advantages and
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disadvantages, but they all provide only indirect values of the removal efficiency and

are prone to operator-induced variability.

Direct demonstrations of biofilm removal by microscopic methods are considered the
most efficient techniques nowadays (Heersink et al., 2003). This provides information
on its structural characteristics, its interaction with the surface, as well as spatial
information regarding the homogeneity of biofilm disruption. Confocal laser
microscopy, electron microscopy, light microscopy, bioluminescence imaging and
macro-scale photography have all been used as measurements to assess biofilm
removal (Agarwal et al., 2014; Zhang & Hu, 2013). These techniques are used

qualitatively or semi-quantitatively leading to a high risk of bias in the investigation.

When quantitative measurements.are._made, information.such as biofilm area/volume
and thickness can be acquired to establish the effectiveness of the intervention (Nance
et al., 2013). Another method of biofilm removal is dividing an image into segments
based on various image characteristics,.known.as.segmentation (Frickle et al., 2012).
Segmentation has been used to calculate the area of the surface covered by biofilm.
Manual thresholding has been used to segment images of biofilm from photographs and
light microscopy images but this results in large errors and renders intra-operator

reproducibility impossible (Frickle et al., 2012).

Scanning electron microscopy (SEM) has been widely used in combination with
biological assays of biofilm removal efficiency for qualitative observation of biofilm
due to its high resolution (Li et al., 2012). Using SEM images, simple thresholding
cannot be performed, as the intensity values of the biofilm and normal surface are
similar as seen on SEM. Rough surfaces can further complicate the image analysis and

therefore advanced segmentation methods such as semi-supervised machine learning
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techniques are used (Chan et al., 2006).

Rimondini et al., (2002) utilized a quantitative method to measure bacterial adhesion to
ceramic materials in vitro using a spectrophotometer. The spectrophotometer is a
device used to measure light intensity (photometer). It has been used to measure light
absorption, but is now designed to measure spectral reflectance, transmission or relative
emission by utilizing a high sensor that collects the reflected light from an object and

processes it using a built-in microcomputer (Joiner, 2004, Guan et al., 2005).

A spectrophotometer measures colour values in three different coordinates, L*, a* and
b* (CIE L* a* b* colour parameters); where L* represents values in the lightness
(black to white), a* represents values in _the red-green coordinate, and b* represents
values in the yellow-blue coordinate (Acar et al.,.2016). All the values are absolute
numbers with (1) the L* coordinate (range 0-100) measures the quantity of white-
black: the greater the L value, the whiter the sample (0='black, 100 = white); (2) the a*
coordinate measures the colour, along the red-green, axis; a high a* value refers to the
amount of red in the sample, a low a* value refers to the amount of green; (3) the b*
coordinate measures the colour along the yellow-blue axis: a high b* value is yellow, a
low b* value is blue (Acar et al., 2016; Johnston, 2009) (Figure 1.1) is a visual

representation of colour for the L*a*b* colour space.
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(The L*a*b* colour space devised by the Commission Internationale d’1Eclairage (International Commission on
Illumination) includes all perceivable colours which may be described by coordinates in the sphere) (Maart et al,
2016)

Figure 1.1: A visual representation-of-celour for the L*a*b* colour space
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CHAPTER 2

AIMS AND OBJECTIVES

21 Aims

The aim of this study was to evaluate biofilm formation on three fixed prosthetic
materials namely zirconium dioxide (ZrO.), lithium disilicate (LDS) and
polyetheretherketone (PEEK), and to_compare-the cleaning efficacy of two irrigating

devices on the biofilm removal-from these three materials:

2.2  Objectives

° To measure the colour-intensity of stained biofitm on ZrO,, LDS and PEEK

surfaces using a colour spectrophotometer on the'LL*; a* and b* scale.

° To measure the colour intensity of the biofilm after the application of the two

pulsating water jet devices namely Aquaflosser (AQ) and Waterpik (WP)

° To compare the cleaning efficacy of these two cleaning devices.

2.3 Null Hypothesis

° There is no difference in biofilm accumulation of the three different materials

tested namely ZrO2, LDS and PEEK.
o There is no difference in the effect of Aquaflosser and Waterpik in removing
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biofilm from ZrO,, LDS and PEEK surfaces.

2.4  Ethical Considerations

The study was presented to the Dental Research and Senate Research Ethics
committees of the University of the Western Cape for approval and permission to
conduct the study (Ethics Reference Number BM 17/7/8). No human tissue was used in
the study. Materials and oral devices were purchased from the manufacturers. There
was no vested interest in any of the materials used. After the study, the materials were

placed in a hazardous waste container for biomedical waste.

2.5 Conflict of Interest Statement

No conflict of interest is declared.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Study Design

This was an in-vitro study to evaluate and compare the efficacy of two oral irrigating
devices regarding the ability to remove dental biofilm from the surfaces of three fixed

prosthodontics materials.
3.2. Materials & Devices

3.2.1. Materials

Three types of materials were-used inthis study: zirconium dioxide (Figure 3.1),
lithium disilicate (Figure 3.2)1and |polyetheretherketong (Figure 3.3) which were

obtained from two different manufacturers (Table 3.1).

Table 3.1: Materials used in this study with their code, scientific name and supplied manufacturer

Code Product name  Scientific name Form Manufacturer

Zirconia Zenostar Zirconium oxide CAD/CAM lvoclar Vivadent, USA

LDS IPS e.max Lithium disilicate CAD/CAM Ivoclar Vivadent, USA

PEEK Copra Peek Polyetheretherkitone CAD/ CAM White Peaks Dental Solutions,
monolithic Germany
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Figure 3.1: Zirconium dioxide block as supplied by Ivoclar Vivadent, USA
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Figure 3.2: Lithium disilicate block as supplied by Ivoclar Vivadent, USA
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Figure 3.3: Polyetheretherketone block as supplied by White Peaks Dental Solution, Germany

3.2.2. Devices

Two types of oral irrigating devices were used in this study; Aquaflosser (Figure 3.4)
and Waterpik (Figure 3.5). They were supplied from the manufacturers and used

according to the manufacturer’s instructions (Table 3.2).

Table 3.2: Oral irrigating devices used in this study with their commercial name, model, pressure and

manufacturer
Commercial Name  Model Manufacturer Pressure
Aquaflosser AQF 1000RE Home brand CC SA 55 to 90 psi (517 Kpa)
1200 pulse per minute
Waterpik WP-560 Waterpik INC. USA 45 to 75 psi(3.160 to 5.270 kg/cm?2)
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Figure 3.5: Waterpik with a pressure of 45 to 75 psi (3.160 to 5.270 kg/cm?)

3.3.  Methods

3.3.1. Sample Preparation

Twenty circular shaped discs (n=20) from each of the three tested materials (ZrO2, LDS

and PEEK) were prepared with a diameter of 18.5 mm and 4 mm in thickness (Figure
3.6).
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Zirconium Lithium disilicate Polyetheretherketone

Figure 3.6: Sample discs - zirconium, lithium disilicate and polyetheretherketone

The CAD/CAM Sirona in Lab Dentsply (using software version 16.1) was used for the
cutting of the samples (Figure 3.7). The samples were made in the software that then

milled the blocks using Dentsply milling unit.

Figure 3.7: CAD/CAM Sirona in Lab (Dentsply) used for cutting of samples

A jig was constructed from polypropylene material (Figure 3.8) to fix the samples to in
order to cut a hole at the periphery of each sample, so as to thread a piece of dental

floss which then enabled it be suspended in a bottle.
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Figure 3.8: Jig constructed to facilitate cutting of the holes

The diameter of each hole was 1.05-mm-and-1t-is created to facilitate the holding of the

material using dental floss (Figure 3.9).

Figure 3.9: Holes created at the periphery of each sample to be able to thread floss through it

The waterjet-cutting machine (Flow Waterjets, USA) was used for cutting of the holes
(Figure 3.10). It is an industrial tool capable of cutting hard and soft materials. It
utilises a high-pressure jet of water or a mixture of water and an abrasive to ensure no

delamination of the composite material.
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Figure 3.10: Water jet cutting machine for cutting of the holes (Flow Waterjets, USA)

Each sample was then polished on one side using a super medium (blue) and superfine
(grey) diamond rubber wheel (Ernst Vetter GmbH EVE; Germany) at 5000 rpm for 25
seconds (Figure 3.11).

Figure 3.11: Super medium (blue) and fine (grey) diamond rubber wheel (EVE, Germany)

Each sample was suspended to the inner surface of a sterile bottle cap using dental floss

that passed through the created to hold the sample (Figure 3.12).
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Figure 3.12: Samples with dental floss passing through the holes

A sticker was placed on the dental floss facing the unpolished surface to differentiate
between the polished and unpolished surfaces.(Figure 3.13). The bottles were then
divided into three groups based-on.the material-and-each bottle was labelled with a

different number from (1-60) and recorded on a sheet (Figure 3.14).

Figure 3.13: Sticker placed on the dental floss facing the unpolished surface
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Figure 3.14: Bottles divided into three groups based on the material and labelled accordingly

The bottles were then re—ﬁ‘érﬁ‘ltziéd;il;jé;h:;éﬁﬁaé\}e' ~(Hirayama Manufacturing
Corporation) with the sampleé{ inside the bottles a%lZl‘% The samples were used in
the experiment without pre-soakingﬂ or ﬁbf%-coaﬁng@ With saliva as this would interfere

with the properties of the m%iterialstfe'ﬁ%ri-butiﬁgc "t&*t"hé;. adhesion of Streptococcus

mutans (S. mutans) as suggested. by gassi[q, et al: ;3(2909). .
3.3.2. Surface Characterization Using Scanning Electron Microscopy

To determine the surface roughness of the materials, each material was labelled with
the name of the material. Quorum Sputter Coater (Q 150T ES)(Figure 3.15) was used
for coating the samples with gold palladium to prepare the samples to be analyzed with

scanning electron microscopy (SEM).
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Figure 3.15: Quorum Sputter Coater (Q 150T ES)

Figure 3.16: Samples coated with gold palladium
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Scanning electron microscopy (SEM) (Figure 3.17) was used for the analysis of both
polished and unpolished surfaces of samples. SEM images were obtained in a Field
Emission SEM (SmartSEM, Zeiss, Germany) operating at 5 kV and 10 uA.

Magnifications ranged from 100X to 3000X.

Figure 3.17: SEM-and-EDS used for-the analysis of the samples

Material topography was evaluated through qualitative assessment of the surface
characteristics of different materials observed via' SEM ‘imaging (Kim et al., 2017).
Furthermore, each sample was analyzed using Energy Dispersive X-ray Spectroscopy
(EDS) using AZTEC software. EDS is an analytical technique used for the elemental

analysis or chemical characterization of a sample.

3.3.3. Baseline Readings of the Samples

The colour of each sample was recorded as a baseline reading using a

spectrophotometer (CM-2600d Konica, Minolta, Japan) (Figure 3.18).
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Figure 3.18: Spectrophotometer (Konica Minolta, Japan) used to measure the colour intensity of the

samples

The spectrophotometer was turned on and left to warm for up to 10 minutes. The
condition mode (condition 2) was selected and the instrument was set on zero
calibration to allow the instrument-to-adapt-to-the-ambient temperature where the
measurement was performed.. After the instrument was sufficiently acclimatized to the
ambient temperature, it was placed on the correct white calibration plate supplied with

the instrument and white calibration was performed.

The samples were placed ona flat surface with-a white background. Three readings for
the L*, a* and b* axis was recorded for each sample from the polished and unpolished

surfaces as a baseline reading.

3.3.4. Disclosing Agent

For identification of biofilm formation on the samples, a disclosing agent (Trace
disclosing tablets, young, USA) was used. The disclosing solution was prepared by

dissolving 600 mg of Trace disclosing tabs in 100 ml of deionized water (Figure 3.19).
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Figure 3.19: Disclosing solution (Trace Young, USA) used for staining of the biofilm

For the control group, the baseline samples were exposed to stain (disclosing solution)
without bacteria to exclude any effect the staining may cause on changing the colour.
The samples were placed on & flat surface with-a-white-background. Three readings for
the L*, a* and b* axis were recorded for each sample from the polished and unpolished
surfaces using a spectrophotometer rand jwas' compared jwith the baseline readings

before exposure to the stain.

Following staining, the two pulsating devices were used to clean the samples and three
readings for the L*, a* and b* axis were recorded for each sample from the polished
and unpolished surfaces using a spectrophotometer and compared with the baseline
readings before exposure to the disclosing agent to make sure that the disclosing agent

did not change the colour of the sample.

Then, the samples on the test tubes were re-sterilized using the ethylene oxide gas with

the samples inside the tube.
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3.3.5. Biofilm Formation

Streptococcus mutans (ATCC 25175) (American type culture collection, Rockville,
MD) was incubated in brain heart infusion broth (BHI) at 37°C for 24 hours. Following
the overnight culture, the bacteria were subcultured in brain heart infusion agar plates
at 37°C for 24 hours. After a 24-hour incubation period the microbial cells were
suspended in phosphate buffer saline solution and the concentration was adjusted to 0.5

McFarland standard (Mcf) using DensiCHEK Plus BioMérieux, Inc., Durham, USA.

A volume of 25 ml of sterile brain heart infusion broth was decanted in each bottle to
which 250 pl of the 0.5 Mcf was added. The bottles were then incubated for 6 days at
37°C in an incubator. After a 48-hour incubation period, the BHI was replaced by fresh

and sterile BHI media and re-incubated-to-altow-biofilm-formation.

3.3.6. Assessment of Biofilm Formation

Following the 6 days incubation the ability of S.-mutans to form biofilm on the surface
of the tested materials was evaluated by immersing all samples in the same disclosing
solution. The samples were immersed for one minute to 'stain the S. mutans biofilm.
The samples were allowed to air-dry under the laminar flow (Bio-Flow, Model No.
660, South Africa) for 4 hours (Figure 3.20). To evaluate the density of the biofilm
formation in the three materials, the colour of the stain in each sample was measured
using a spectrophotometer by placing the samples on a flat surface with white
background. Three readings for the L*, a* and b* axis were recorded for each sample

from the polished and unpolished surfaces.
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Figure 3.20: Samples allowed to air-dry under the laminar flow (Bio-Flow)

3.3.7. Evaluation of the ,CleaﬂingEﬁicaey of Oral Irrigating Devices

Each group was divided randomly |nto two subgroups (n=10). One subgroup was
subjected to Aquaflosser and the other subgroup was subjected to Waterpik to clean the
samples. Each sample was held-by a tweezer and'pla'éed in_a stand for cleaning. Each
cleaning device was filled | with" deionized jwater; and. used according to the

manufacturer’s instructions. "

Each device was set on a medium pressure setting (70 psi). A standard jet tip was used
in each device and the tip was placed at a 45° angle and 1 cm away from the sample to
simulate the action if used intraorally. Each sample was cleaned for 1 minute each for
both polished and unpolished surfaces. To evaluate the efficacy of each device, the
density of the biofilm following cleaning was measured using a spectrophotometer by
placing the samples on a flat surface with a white background. Three readings for the
L*, a* and b* axis were recorded for each sample from the polished and unpolished

surfaces.
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3.4. Data Analysis

Data was collected at Tygerberg Hospital using spectrophotometer and the data was
transferred to Excel spreadsheet. The data was then analyzed using SPSS version 25
(IBM, USA). The mean values for each referral were then compared on the L*, a* and
b* scale. A One-Way Analysis of Variance (ANOVA) was carried out to investigate if
statistically significant differences occurred between all three materials (ZrO,, LDS &
PEEK) at a significance level of p<0.05. Once it was assumed that the data met the
assumption of homogeneity of variances, a single-step multiple comparison procedure
and statistical test Tukey's post hoc test (HSD) was then performed to compare all
possible pairs of means that"existed between-all-three-materials at a significance level

of p<0.05 (ANOVA is a broad analysis, while Tukey’s test'is more specific).

The ANOVA and Tukey’s tests were used to-compare the mean values of AE* as well
as the mean values of L*, a*and b* for all three materials before culturing the S.
mutans (at baseline), after culturing in a;media containing S. mutans (after biofilm
formation) and after cleaning with the two pulsating devices (Aquaflosser (AQ) and
Waterpik (WP)). To calculate the overall colour difference (AE*) the L*, a* and b*

values were then used in the following equation:

AE* = [(AL*) 2 + (A %) 2+ (Ab*) 2] %

Where AE*stand for the colour difference and AL*, A a*, Ab*, L lightness, a red-green

coordinate, and b yellow-blue coordinate, respectively.
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CHAPTER 4

RESULTS

4.1  Evaluation of the Disclosing Agent on All Three Materials

To determine if the disclosing agent had any effect on the materials (control) before
culturing the S. mutans (at baseline), the mean values of AE* were compared for each
of the three materials at baseline with-the materials after immersion the disclosing
agent, and after cleaning with the-two-pulsating devices (AQ and WP). There were no
colour differences between the materials at baseline (BL) and following cleaning with

the two pulsating devices AQ and WP.

4.2 Evaluation of Biofilm Formation.on the Surfaces of PEEK, ZrO, and LDS

The ability of S. mutans to form biofilm on the surfaces of PEEK, ZrO, and LDS was
evaluated by measuring the mean values of AE* before (baseline) and after culturing in
media containing S. mutans (biofilm formation) for all three materials. Fifty-four
samples were used in this test, each group contained eighteen samples for each material
(n=18). The colour of each sample was recorded before and after biofilm formation.

This was done for each polished and unpolished surface.

42.1 Polished Surfaces

There were statistically significant differences (ANOVA p<0.05) in the colour readings
for all three materials when comparing the three materials at baseline with the materials

after biofilm formation. PEEK showed the highest colour change with a mean value of
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12.63 compared to LDS with a mean value of 6.99 and ZrO, with the lowest mean

value colour change of 6.31 (Figure 4.1).
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Figure 4.1: Comparison of the mean-values-of AE* between al-three materials at baseline and after

biofilm formation

There were statistically significant differences between PEEK and LDS (Tukey test,
p<0.05) and PEEK and ZrO (Tukey test, p<0.05). There was no statistically significant
difference between ZrO; and LDS (Tukey test, p>0.05) (Table 4.1).

Table 4.1: Comparison of the mean values of AE* between each pair of the three materials at baseline

and after biofilm formation

Dependent Variable . Std. Error P value
Difference (1-J) Lower | Upper
ZrO2 6.32 0.68 4.65 7.98 0.000
PEEK
LDS 5.63 0.68 3.97 7.30 0.000
AE* Baseline vs Biofilm 210n PEEK -6.32 0.68 -7.98 -4.65 0.000
UEIRTEE LDS -0.68 068 |-234 |098 | 0585
PEEK -5.63 0.68 -7.30 -3.97 0.000
LDS
Zr02 0.68 0.68 -0.98 2.34 0.585

Differences statistically significant at p<0.05; Statistically not significant p>0.05; CI: Confidence interval
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4.2.2  Unpolished Surfaces

There were statistically significant differences (ANOVA p<0.05) in the colour readings
for all three materials when comparing the three materials at baseline with the materials
after biofilm formation, where PEEK showed the highest colour change with a mean
value of 12.64, followed by ZrO2 with a mean value of 7.66 and LDS with the lowest

mean value colour change of 6.60 (Figure 4.2).

PEEK LDS

Figure 4.2: Comparison of the mean values of AE* between all three materials at baseline and after

biofilm formation

There were statistically significant differences between PEEK and LDS (Tukey test,
p<0.05) and PEEK and ZrO: (Tukey test, p<0.05). There was no statistically significant
difference between ZrO; and LDS (Tukey test, p>0.05) (Table 4.2).
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Table 4.2: Comparison of the mean values of AE* between each pair of the three materials at baseline

and after biofilm formation

Mean 95% ClI
Dependent Variable . Std. Error P value
Difference (I-J) Lower | Upper
ZrO; 4.97 0.66 3.36 6.59 0.000
PEEK
LDS 6.03 0.66 4.42 7.65 0.000
AE* Baseline vs Biofilm o PEEK -4.97 0.66 -6.59 | -3.36 0.000
formation 2
LDS 1.06 0.66 -0.55 2.67 0.261
PEEK -6.04 0.66 -7.65 | -4.42 0.000
LDS
ZrOz -1.06 0.66 -2.67 0.55 0.261

Differences statistically significant at p<0.05; Statistically not significant p>0.05; CI: Confidence interval

4.3 Evaluation of All Three Materials-at-Baseline, After Biofilm Formation
and After Cleaning with-Aquaflosser and Waterpik

There were colour differences in AE¥ between all three materials at baseline and after
biofilm formation. In order to determine exacthy where the colour difference exists, the
mean values of L*, a* and b*for each of the three materials at baseline, after biofilm
formation and after cleaning'with AQland WP were measured and compared on L*, a*,

b* scale to give an indication in which direction the colour difference exists.

431 Polished Surfaces

43.1.1 Polyetheretherketone (PEEK)

4.3.1.1.1 Colour Differences Between The Mean Values in L* Scale

There was statistically significant difference (ANOVA p<0.05) in the L* coordinate for
PEEK at baseline with the material after biofilm formation and after application of the

two pulsating devices (AQ and WP) (Figure 4.3).
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Figure 4.3: Comparison between the mean values in L* scale for PEEK at baseline with the material after
biofilm formation and-after cleaning with AQ & WP

There were statistically significant| differences (Tukey test, p<0.05) between the
material at baseline 88.61 with the material after biofilm formation 82.98 and after
cleaning with AQ 87.72. No statistically significant differences (Tukey test, p>0.05)
were found between the material at baseline 88.61 and after cleaning with WP 88.26

(Table 4.3).

Table 4.3: Comparison between the mean values in L* scale for PEEK at baseline with the material after

biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence
Dependent Variable Difference ESrtI%r Interval P value
(1) Lower Upper
Biofilm formation 5.62 0.21 5.04 6.20 0.00
L* Baseline Aquaflosser (AQ) 0.88 0.26 0.17 1.60 0.00
Waterpik (WP) 0.34 0.26 -0.36 1.06 0.573

Differences statistically significant at p<0.05; Statistically not significant p>0.05
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4.3.1.1.2 Colour Differences Between the Mean Values in a* Scale

There was statistically significant difference (ANOVA p<0.05) in the a* coordinate for
PEEK at baseline with the material after biofilm formation and after application of the

two pulsating devices (AQ and WP) (Figure 4.4).
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Figure 4.4: Comparison between the mean values in a* scale for PEEK at baseline with the material after

biofilm formation and after cleaning with AQ & WP

There were statistically significant differences (Tukey test, p<0.05) between the
material at baseline 0.52 with the material after biofilm formation 8.58 and after

cleaning with AQ 2.49and WP 1.74 (Table 4.4).

Table 4.4: Comparison between the mean values in a* scale for PEEK at baseline with the material after

biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence
Dependent Variable Difference EStd' izl "
rror value
(1) Lower Upper
Biofilm formation -8.06 0.30 -8.88 -7.25 0.00
a* Baseline Aquaflosser (AQ) -1.97 0.37 -2.97 -0.96 0.00
Waterpik (WP) -1.22 0.37 -2.22 -0.21 0.012

Differences statistically significant at p<0.05; Statistically not significant p>0.05
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4.3.1.1.3 Colour Differences Between the Mean Values in b*Scale

There was statistically significant difference (ANOVA p<0.05) in the b* coordinate for
PEEK at baseline with the material after biofilm formation and after application of the

two pulsating devices (AQ and WP) (Figure 4.5).
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Figure 4.5: Comparison between the mean values'in b* scale for PEEK at baseline with the material after

biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the
material at baseline 4.46 with the material after biofilm formation -3.25 and after

cleaning with AQ 3.19 and WP 3.71 (Table 4.5).

Table 4.5: Comparison between the mean values in b* scale for PEEK at baseline with the material after

biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence
Dependent Variable Difference S izl o
Error value
(1-9) Lower Upper
Biofilm formation 7.72 0.28 7.11 8.32 0.00
b* Baseline Aquaflosser (AQ) 1.26 0.28 0.51 2.01 0.00
Waterpik (WP) 0.74 0.28 -0.00 1.49 0.00

Differences statistically significant at p<0.05; Statistically not significant p>0.05

53



4.3.1.2  Zirconium dioxide (ZrOy)

4.3.1.2.1 Colour Differences Between the Mean Values in L* Scale

There was statistically significant difference (ANOVA p<0.05) in the L* coordinate for
ZrO; at baseline with the material after biofilm formation and after application of the

two pulsating devices (AQ and WP) (Figure 4.6).
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Figure 4.6: Comparison between the mean values in L* scale for-ZrO, at baseline with the material after
biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the
material at baseline 77.29 with the material after biofilm formation 74.48. However, no
statistically significant differences (Tukey test, p>0.05) were found between the
material at baseline 77.29 and after cleaning with AQ 77.29 and WP 77.37 (Table 4.6).
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Table 4.6: Comparison between the mean values in L* scale for ZrO; at baseline with the material after

biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence
Dependent Variable Difference Esrtgo.r ImiEEE P value
(1-9) Lower Upper
Biofilm formation 2.81 0.27 2.07 3.55 0.00
L* Baseline Aquaflosser (AQ) -0.00 0.34 -0.90 0.91 1.00
Waterpik (WP) -0.07 0.34 -0.98 0.83 0.996

Differences statistically significant at p<0.05; Statistically not significant p>0.05

4.3.1.2.2 Colour Differences Between the Mean Values in a* Scale

There was statistically significant difference (ANOVA p<0.05) in the a* coordinate for

ZrO; at the baseline with the material after biofilm formation and after application of

the two pulsating devices (AQ and WP) (Figure 4.7).
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Figure 4.7: Comparison between the mean values in a* scale for ZrO; at baseline with the material after

biofilm formation and after cleaning with AQ & WP
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There were significant differences (Tukey test, p<0.05) between the mean of the
material at baseline 1.17 with the material after biofilm formation 6.13. However, no
statistically significant differences (Tukey test, p>0.05) were found between the

material at baseline 1.17 and after cleaning with AQ 1.36 and WP 1.67 (Table 4.7).

Table 4.7: Comparison between the mean values in a* scale for ZrO, at baseline with the material after
biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence
: Std.
Dependent Variable Difference Interval P value
Error
1-J) Lower Upper

Biofilm formation -4.95 0.31 -5.78 -4.13 0.00
ax Baseline Aquaflosser (AQ) -0.188 0.38 -1.21 0.83 0.961

Waterpik (WP) -0.50 0.38 -1.52 0.52 0.564

Differences statistically significant at p<0.05; Statistically not significant p>0.05

4.3.1.2.3 Colour Differences Between the Mean Values in b* Scale

There was statistically significant difference (ANOVA p<0.05) in the b* coordinate for
ZrO> at the baseline with the:material after biofilm formation and after application of

the two pulsating devices (AQ and WP) (Figure 4.8).
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Figure 4.8: Comparison between the mean values in b* scale for ZrO, at baseline with the material after

biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the
material at baseline 11.73 with the material after biofilm formation 8.96. However, no
statistically significant differences (Tukey 'test, p>0.05) between the material at

baseline 11.73 and after cleaning with AQ 11.68 and WP 11.40 (Table 4.8).

Table 4.8: Comparison between the mean values in‘a* scale for ZrO- ‘at baseline with the material after

biofilm formation and after cleaning with AQ & WP

95% Confidence
Mean Interval
Dependent Variable Difference EStd' P value
1) rror
( Lower Upper
Biofilm formation -2.76 0.41 1.65 3.87 0.00
b* Baseline Aquaflosser (AQ) 0.05 0.51 -1.31 1.41 1.000
Waterpik (WP) 0.32 0.51 -1.04 1.69 0.920

Differences statistically significant at p<0.05; Statistically not significant p>0.05
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4.3.1.3 Lithium Disilicate (LDS)

4.3.1.3.1 Colour Differences Between the Mean Values in L* Scale

There was statistically significant difference (ANOVA p<0.05) in L* coordinate for
LDS at the baseline with the material after biofilm formation and after application of

the two pulsating devices AQ and WP (Figure 4.9).
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Figure 4.9: Comparison between the mean values in L* scale for-LDS at baseline with the material after

biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the
material at baseline 71.29 with the material after biofilm formation 68.34. However, no
statistically significant differences (Tukey test, p>0.05) were found between the
material at baseline 71.29 and after cleaning with AQ 70.84 and WP 71.23 (Table 4.9).
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Table 4.9: Comparison between the mean values in L* scale for LDS at baseline with the material after

biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence Interval
. Std.
Dependent Variable Difference P value
Error
(1-J) Lower Upper
Biofilm formation 2.95 0.22 2.36 3.54 0.00
L* Baseline Aquaflosser (AQ) 0.45 0.27 -0.27 1.17 0.359
Waterpik (WP) 0.05 0.27 -0.66 08 0.997

Differences statistically significant at p<0.05; Statistically not significant p>0.05

4.3.1.3.2 Colour Differences Between the Mean Values in a* Scale

There was statistically significant difference (ANOVA p<0.05) in the a* coordinate for

LDS at the baseline with the material after biofilm formation and after application of

the two pulsating devices (AQ and WP) (Figure 4.10).
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Figure 4.10: Comparison between the mean values in a* scale for LDS at baseline with the material after

biofilm formation and after cleaning with AQ & WP
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There were significant differences (Tukey test, p<0.05) between the mean of the

material at baseline 3.78 with the material after biofilm formation 8.54. However, no

statistically significant differences (Tukey test, p>0.05) were found between the

material at baseline 3.93 and after cleaning with AQ 4.61 and WP 4.40 (Table 4.10).

Table 4.10: Comparison between the mean values in a* scale for LDS at baseline with the material after

biofilm formation and after cleaning with AQ & WP

Mean 959% Confidence Interval
; Std.
Dependent Variable Difference P value
Error
(1-3) Lower Upper

Biofilm formation -4.76 0.28 -5.53 -3.99 0.00
a* Baseline Aquaflosser (AQ) -0.83 0.35 -1.78 0.11 0.105

Waterpik (WP) -0:62 0.35 -1.57 0.32 0.314

Differences statistically significant at p<0.05; Statistically-not-significant p>0.05

4.3.1.3.3 Colour Differences Between the Mean Values in b*Scale

There was statistically significant difference (ANOVA p<0.05) in the b* coordinate for

LDS at the baseline with the material after biofilm formation and after application of

the two pulsating devices (AQ and WP) (Figure 4.11).
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Figure 4.11: Comparison between the mean values of b* for LDS at baseline with the material after

biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the
material at baseline 18.71 with the material after biofilm formation 14.68. However, no
statistically significant differences (Tukey test, (p>0.05) were found between the

material at baseline 18.71 and after cleaning with AQ 18.39 and WP 18.42 (Table 4.11).

Table 4.11: Comparison between the mean values in b*scale for'LDS'at baseline with the material after

biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence Interval
8 Std.
Dependent Variable Difference P value
Error
(1-J) Lower Upper
Biofilm formation 4.02 0.22 3.43 4.62 0.00
b* Baseline Aquaflosser (AQ) 0.32 0.27 -0.41 1.06 0.661
Waterpik (WP) 0.29 0.27 -0.44 1.03 0.724

Differences statistically significant at p<0.05; Statistically not significant p>0.05
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4.3.2  Unpolished Surfaces

43.2.1 Polyetheretherketone (PEEK)

4.3.2.1.1 Colour Differences Between the Mean Values in L* Scale

There was statistically significant difference (ANOVA p<0.05) in the L* coordinate for
PEEK at the baseline with the material after biofilm formation and after application of

the two pulsating devices (AQ and WP) (Figure 4.12).
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Figure 4.12: Comparison between the mean values in L* scale for PEEK at baseline with the material

after biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the
material at baseline 87.71 with the material after biofilm formation 83.63. However, no
statistically significant differences (Tukey test, p>0.05) were found between the
material at baseline 87.71 and after cleaning with AQ 87.36 and WP 87.59 (Table
4.12).
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Table 4.12: Comparison between the mean values in L* scale for PEEK at baseline with the material

after biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence Interval
. Std.
Dependent Variable Difference P value
Error
(1-9) Lower Upper
Biofilm formation 4.08 0.16 3.66 4.49 0.00
L* Baseline Aquaflosser (AQ) 0.35 0.19 -0.16 0.86 0.277
Waterpik (WP) 0.12 0.19 -0.39 0.63 0.924

Differences statistically significant at p<0.05; Statistically not significant p>0.05

4.3.2.1.2 Colour Differences Between the Mean Values in a* Scale

There was statistically significant-difference (ANOVA-p=0.05) in the a* coordinate for

PEEK at baseline with the material after biofilm formation and after application of the

two pulsating devices (AQ and WP) (Figure 4.13).
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Figure 4.13: Comparison between the mean values in a* scale for PEEK at baseline with the material

after biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the
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material at baseline 0.50 with the material after biofilm formation 10.22 and after

cleaning with AQ 2.38 and WP 2.02 (Table 4.13).

Table 4.13: Comparison between the mean values in a* scale for PEEK at baseline with the material after
biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence Interval
n Std.
Dependent Variable Difference P value
Error
(1-) Lower Upper

Biofilm formation -9.72 0.34 -10.63 -8.80 0.00
a* Baseline Aquaflosser (AQ) -1.87 0.42 -3.00 -0.74 0.000

Waterpik (WP) -1.51 0.42 -2.64 -0.38 0.004

Differences statistically significant at p<0.05; Statistically not-significant p>0.05
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4.3.2.1.3 Colour Differences Between the Mean Values in b* Scale

There was statistically significant difference (ANOVA p<0.05) in the b* coordinate for
PEEK at baseline with the material after biofilm formation and after application of the

two pulsating devices (AQ and WP) (Figure 4.14).
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Figure 4.14: Comparison between the mean values.in b* scale for PEEK at baseline with the material
after biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the
material at baseline 5.26 with the material after biofilm formation -1.58 and after

cleaning with AQ 3.41 and WP 3.60 (Table 4.14).

Table 4.14: Comparison between the mean values in b* scale for PEEK at baseline with the material after

biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence
Dependent Variable Difference ESrtnfjdr izl P value
(1-9) Lower Upper
Biofilm formation 6.84 0.21 6.28 7.40 0.00
b* | Baseline Aquaflosser (AQ) 1.84 0.26 1.14 2.53 0.000
Waterpik (WP) 1.65 0.26 0.96 2.35 0.000

Differences statistically significant at p<0.05; Statistically not significant p>0.05
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4.3.2.2 Zirconium Dioxide (ZrO2)

4.3.2.2.1 Colour Differences Between the Mean Values in L* Scale

There was statistically significant difference (ANOVA p<0.05) in the L* coordinate for
ZrO; at baseline with the material after biofilm formation and after application of the

two pulsating devices (AQ and WP) (Figure 4.15).
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Figure 4.15: Comparison between the mean values in L* scale for'ZrO, at baseline with the material after

biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the
material at baseline 76.85 with the material after biofilm formation 74.22. However, no
statistically significant differences (Tukey test, p>0.05) were found between the
material at baseline 76.85 and after cleaning with AQ 76.93 and WP 76.85 (Table
4.15).
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Table 4.15: Comparison between the mean values in L* scale for ZrO, at baseline with the material after

biofilm formation and after cleaning with AQ & WP

. 95% Confidence
i Mean Difference Interval
Dependent Variable Std. Error P value
(1-9)
Lower Upper

Biofilm formation 2.62 0.27 1.90 3.35 0.00
L* | Baseline Aquaflosser (AQ) -0.08 0.33 -0.98 0.81 0.994

Waterpik (WP) 0.00 0.33 -0.89 0.89 1.000

Differences statistically significant at p<0.05; Statistically not significant p>0.05

4.3.2.2.2 Colour Differences Between the Mean Value in a* Scale

There was statistically significant difference (ANOVA p<0.05) in the a* coordinate for

ZrO- at the baseline with the material after biofilm formation and after application of

the two pulsating devices (AQ and WP) (Figure 4.16).
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Figure 4.16: Comparison between the mean values in a* scale for ZrO, at baseline with the material after

biofilm formation and after cleaning with AQ & WP

67



There were significant differences (Tukey test, p<0.05) between the mean of the

material at baseline 1.10 with the material after biofilm formation 7.13. However, no

statistically significant differences (Tukey test, p>0.05) were found between the

material at baseline 1.10 and after cleaning with AQ 1.20 and WP 1.48 (Table 4.16).

Table 4.16: Comparison between the mean values in a* scale for ZrO; at baseline with the material after

biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence Interval
Dependent Variable Difference Sl P value
Error
(1-3) Lower Upper
Biofilm formation -6.03 0.34 -6.94 -5.11 0.00
a* Baseline Aquaflosser (AQ) -0.10 0.42 -1.23 1.02 0.995
Waterpik (\WP) -0.38 0.42 -1.51 0.75 0.808

Differences statistically significant at p<0.05; Statistically not significant p>0.05

4.3.2.2.3 Colour Differences Between the Mean Values in b* Scale

There was statistically significant difference (ANOVA p<0.05) in the b*coordinate for

ZrO2 at baseline with the material  after-biofilm formation and after application of the

two pulsating devices (AQ and WPR) (Figure-4.17).
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Figure 4.17: Comparison between the mean values in b* scale for ZrO, at baseline with the material after
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biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the

material at baseline 12.33 with the material after biofilm formation 8.49. However, no

statistically significant differences (Tukey test, p>0.05) were found between the

material at baseline 12.33 and after cleaning with AQ 11.62 and WP 11.84 (Table

4.17).

Table 4.17: Comparison between the mean values in b* scale for ZrO; at baseline with the material after

biofilm formation and after cleaning with AQ & WP.

Mean 95% Confidence
Dependent Variable Difference ESrtg). . i P value
(1-9) Lower Upper
Biofilm formation 3.83 0.36 2.87 4.80 0.00
b* Baseline Aquaflosser (AQ) 0.70 0.45 -0.48 1.89 0.403
Waterpik (WP) 0.49 0.45 -0.70 1.68 0.695

Differences statistically significant at p<0.05; Statistically not significant p>0.05

69




4.3.2.3 Lithium Disilicate (LDS)

4.3.2.3.1 Colour Differences Between the Mean Values in L* Scale

There was statistically significant difference (ANOVA p<0.05) in the L* coordinate for
LDS at baseline with the material after biofilm formation and after application of the

two pulsating devices (AQ and WP) (Figure 4.18).
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Figure 4.18: Comparison between the mean values in L* scale for LDS at baseline with the material after
biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the
material at baseline 70.87 with the material after biofilm formation 68.93. However, no
statistically significant differences (Tukey test, p>0.05) were found between the
material at baseline 70.87 and after cleaning with AQ 70.61 and WP 70.66 (Table
4.18).
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Table 4.18: Comparison between the mean values in L* scale for LDS at baseline with the material after

biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence Interval
Dependent Variable Difference sl P value
Error
(1-3) Lower Upper
Biofilm formation 1.94 0.16 1.53 2.35 0.00
L* | Baseline Aquaflosser (AQ) 0.26 0.19 -0.25 0.77 0.540
Waterpik (WP) 0.21 0.19 -0.30 0.72 0.695

Differences statistically significant at p<0.05; Statistically not significant p>0.05

4.3.2.3.2 Colour Differences Between the Mean Values in a* Scale

There was statistically significant difference (ANOVA p<0.05) in the a* coordinate for

LDS at baseline with the material-after biofilm formation and after application of the

two pulsating devices (AQ and WP) (Figure 4.19).
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Figure 4.19: Comparison between the mean values of a* for LDS at baseline with the material after

biofilm formation and after cleaning with AQ & WP
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There were significant differences (Tukey test, p<0.05) between the mean of the
material at baseline 3.80 with the material after biofilm formation 9.35. However, no
statistically significant differences (Tukey test, p>0.05) were found between the

material at baseline 3.80 and after cleaning with AQ 4.36 and WP 4.26 (Table 4.19).

Table 4.19: Comparison between the mean values in a* scale for LDS at baseline with the material after

biofilm formation and after cleaning with AQ & WP

Mean 95% Confidence Interval
Dependent Variable Difference Esrtgr P value
(1-9) Lower Upper
Biofilm formation -5.54 0.32 -6.38 -4.70 0.00
a* | Baseline Aquaflosser (AQ) -0.56 0.39 -1.59 0.47 0.482
Waterpik (WP) -0.46 0.39 -1.49 0.58 0.643

Differences statistically significant at p<0.05; Statistically not significant p>0.05

4.3.2.3.3 Colour Differences Between the Mean Values of in b* Scale

There was statistically significant difference (ANOVA p<0.05) in the b* coordinate for
LDS at baseline with the material after biofilm formation and after application of the

two pulsating devices (AQ and WP) (Figure 4.20).
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Figure 4.20: Comparison between the mean values in b* scale for LDS at baseline with the material after

biofilm formation and after cleaning with AQ & WP

There were significant differences (Tukey test, p<0.05) between the mean of the

material at baseline 18.65 with the material after biofilm formation 15.75. However, no

statistically significant differences (Tukey test, p>0.05) were found between the

material at baseline 18.65 and after cleaning with AQ 18.64 and WP 18.83 (Table

4.20).

Table 4.20: Comparison between the mean values in b* scale for LDS at baseline with the material after

biofilm formation and after cleaning with AQ & WP

95% Confidence Interval
Mean
Dependent Variable Difference o P value
Error
(1-3) Lower Upper
Biofilm formation 2.90 0.12 2.57 3.22 0.00
b* Baseline Aquaflosser (AQ) 0.01 0.15 -0.40 0.41 1.000
Waterpik (WP) -0.18 0.15 -0.58 0.23 0.661

Differences statistically significant at p<0.05; Statistically not significant p>0.05
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44  Evaluation of Biofilm Formation on Both Polished and Unpolished
Surfaces for All Three Materials

To determine the colour intensity of stained biofilm between the polished and
unpolished surfaces, the mean values of L*, a* and b* for both polished and unpolished
surfaces were measured and compared for each of the three materials after culturing the

materials in media containing S. mutans (biofilm formation).

44.1  Comparison of the Mean Values of L*, a* and b* Between Polished and
Unpolished Surfaces of PEEK After Biofilm Formation

The mean values of L*, a* and b* were increased after biofilm formation. For L* it
increased from 74.73 at baseline to 75.42 after biofilm formation, for a* it increased
from 7.90 at baseline to 9.62 after biofilm-formation, and for b* it increased from 2.44
at baseline to 4.19 after biofilm formation.  There were no statistically significant
differences (ANOVA p>0.05) between the mean values of polished and unpolished
surfaces in the L* and b* coordinate. However, there was statistically significant
differences (p<0.05) between the mean values of polished and unpolished surfaces in
a* coordinate. The biofilm formation was found to be more on the unpolished surfaces

than the polished surfaces (Table 4.21) for all materials.

Table 4.21: Comparison of the mean values of L*, a* and b* between polished and unpolished surfaces
of PEEK after biofilm formation

Surface Mean Std. Error Mean P value
L* Polished 74.73 5.64

o . 0.932
Biofilm formation Unpolished 75.42 5.69
a* Polished 7.90 0.49

o . 0.031
Biofilm formation Unpolished 9.62 0.59
b* Polished 244 4.02

o . 0.756
Biofilm formation Unpolished 4.19 3.88

Differences statistically significant at p<0.05; Statistically not significant p>0.05

74




442  Comparison of the Mean Values of L*, a* and b* Between Polished and
Unpolished Surfaces of ZrO, After Biofilm Formation

The mean values of L* decreased from 67.15 at baseline to 66.87 after biofilm
formation, a* increased from 5.75 at baseline to 6.78 after biofilm formation, and the
b* decreased from 13.58 at baseline to 13.13 after biofilm formation. There was no
statistically significant differences (ANOVA p>0.05) between the mean values of
polished and unpolished surfaces of L*, a* and b* coordinate. However, the biofilm
formation was found to be more on the unpolished surfaces than the polished (Table

4.22).

Table 4.22: Comparison between the mean values of L*, a* and b* for polished and unpolished surfaces

of ZrO; after biofilm formation

Std. Error

Surface Mean Mean P value
L* Polished 67.15 5.06

o . 0.969
Biofilm formation Unpolished 66.87 5.04
a* Polished 5.75 0.40

o ) 0.097
Biofilm formation Unpolished 6.78 0.44
b* Polished 13.58 3.18

o . 0.922
Biofilm formation Unpolished 13.13 3.22162

Differences statistically significant at p<0.05; Statistically not significant p>0.05

443  Comparison of the Mean Values of L*, a* and b* Between Polished and
Unpolished Surfaces of LDS After Biofilm Formation

The mean values of L* decreased from 70.30 at baseline to 70.17, a* increased from
5.54 at baseline to 5.75 after biofilm formation, and b* increased from 17.32 at baseline
to 17.75 after biofilm formation. There were no statistically significant differences
(ANOVA p>0.05) between the mean values of polished and unpolished surfaces of L*,
a* and b* coordinate (Table 4.23).
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Table 4.23: Comparison between the mean values of L*, a* and b* for polished and unpolished surfaces

of LDS after biofilm formation

Surface Mean St?\'ﬂggor P value
[L* Polished 70.30 0.20

o _ 0.584
Biofilm formation Unpolished 70.17 0.13
a* Polished 5.54 0.30

o ) 0.663
Biofilm formation Unpolished 575 0.36
b* Polished 17.32 0.26

o ) 0.190
Biofilm formation Unpolished 17.75 0.19

Differences statistically significant at p<0.05; Statistically not significant p>0.05

45  Assessment of the Pulsating Devices Aquaflosser and Waterpik to
Remove Biofilm from the Surfaces of PEEK, ZrO2 and LDS

The ability of the pulsating devices to remove biofilm from the surfaces of PEEK, ZrO>
and LDS was calculated by measuring the mean values of AE* for all three materials
after biofilm formation with the materials after cleaning with AQ and WP using the

formula:

AE* = [(AL*) 2+ (A 8%) 2+(Ab¥) 7] %

45.1 Polished Surfaces

The mean values of AE* for PEEK after biofilm formation and after cleaning with AQ
and WP was measured and compared. PEEK showed the highest mean value of 10.71,
followed by LDS with a mean value of 6.18 and ZrO. with the lowest mean value

colour change of 6.05 (Figure 4.21).
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Figure 4.21: Comparison of the mean values of AE* between all three materials after biofilm formation

and after cleaning with AQ and WP

There were statistically significant differences between PEEK and ZrO; (Tukey test,

p<0.05), PEEK and LDS (Tukey test, p<0.05). However, no statistically significant

difference between the mean values of AE* for ZrO, and LDS (Tukey test p>0.05)

(Table 4.24).

Table 4.24: Comparison of the mean values of AE* hetween each pair'of the three materials after biofilm

formation and after cleaning with AQ and WP

95% Confidence
. Mean Interval
Dependent Variable Difference (I-J) Std. Error P value
Lower Upper
yA(o)) 4.65 0.72 2.91 6.40 0.000
PEEK
LDS 452 0.72 2.77 6.27 0.000
AE* PEEK -4.65 0.72 -6.40 -2.91 0.000
Biofilm formation | £rO2
vs (AQ& WP) LDS -0.13 0.72 -1.87 161 0.981
PEEK -4.52 0.72 -6.27 -2.77 0.000
LDS
ZrO2 0.13 0.72 -1.61 1.87 0.981

Differences statistically significant at p<0.05; Statistically not significant p>0.05
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45.2  Unpolished Surfaces

The mean values of AE* for PEEK after biofilm formation and after cleaning with AQ
and WP was measured and compared. PEEK showed the highest mean value of 10.33,
followed by ZrO, with mean value of 7.29 and LDS with the lowest mean value of 6.14

(Figure 4.22).
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Figure 4.22: Comparison of the mean values of AE* between all three materials after biofilm formation
and after cleaning with AQ and'WP

There were statistically significant differences between PEEK and ZrO; (Tukey test,
p<0.05), PEEK and LDS (Tukey test, p<0.05). However, no statistically significant
difference was found between the mean values of AE* for ZrO, and LDS (Tukey test,

p>0.05) (Table 4.25).
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Table 4.25: Comparison of the mean values of AE* between each pair of the three materials after biofilm

formation and after cleaning with AQ and WP

Mean 95% Confidence Interval
Dependent Variable Difference P value
(1-J) Lower Upper
Zr02 3.038 1.51 4.56 0.000
PEEK
LDS 4.18 2.66 5.72 0.000
AE* PEEK -3.04 -4.56 -1.51 0.000
Biofilm formation vs | ZrO2
(AQ& WP) LDS 1.15 -0.37 2.68 0.173
PEEK -4.19 -5.72 -2.66 0.000
LDS
Zr02 -1.15 -2.68 0.37 0.173

Differences statistically significant at p<0.05; Statistically-not.significant p>0.05

4.6  Efficacy of the Pulsating Devices (Aguaflosser & Waterpik) to Remove
Biofilm from the Surfaces of PEEK, ZrO; and LDS

The efficacy of the two pulsating 'devices 'to_remove biofilm was determined by
calculating the mean values of AE* for all three. materials at baseline and after cleaning

with the two pulsating devices (AQ and WP).

4.6.1 Polished Surfaces

The mean values of AE* were compared for all three materials at baseline and after
cleaning with the two pulsating devices (AQ and WP). There were statistically
significant differences (ANOVA p<0.05) between all there materials. PEEK showed
the highest mean value of 2.05, followed by LDS with mean value of 0.95 and ZrO,

with the lowest mean value colour change 0.57 (Figure 4.23).
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Figure 4.23: Comparison of the mean values of AE* for all three materials at baseline and after cleaning
with AQ & WP

There were statistically significant differences between PEEK and ZrO; (Tukey test,

p<0.05), PEEK and LDS (Tukey test, p<0.05). However, no statistically significant

difference was found between the mean values of AE* for ZrO, and LDS (Tukey test,

p>0.05) (Table 4.

26).

Table 4.26: Comparison of the mean values of AE#* between each pair of the three materials at baseline

and after cleaning with AQ & WP

95% Confidence
. Mean Interval
Dependent Variable Difference (I-J) Std. Error P value
Lower Upper
ZrO2 1.47 0.28 0.79 2.15 0.000
PEEK
LDS 1.09 0.28 0.41 1.77 0.000
AE*
PEEK -1.47 0.28 -2.15 -0.79 0.000
Baseline ZrO2
vs (AQ& WP) LDS -0.37 0.28 -1.05 0.30 0.376
PEEK -1.09 0.28 -1.77 -0.41 0.000
LDS
Zr02 0.37 0.28 -0.30 1.05 0.376

Differences statistically significant at p<0.05; Statistically not significant p>0.05
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4.6.2 Unpolished Surfaces

The mean values of AE* between all three materials at baseline and after cleaning with
the two pulsating devices (AQ & WP) was compared. There were statistically
significant differences (ANOVA p<0.05) between all there materials. PEEK had the
highest mean value of AE* 2.52, followed by LDS with mean value of 0.88 and ZrO;

0.83 with the lowest value colour change (Figure 4.24).
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Figure 4.24: Comparison of the mean values of AE* for all threeymaterials at baseline and after cleaning
with-AQ & WP

There was statistically significant difference between PEEK and ZrO, (Tukey test,
p=<0.05), PEEK and LDS (Tukey test, p<0.05), but no statistically significant difference
was found between the mean values of AE* for ZrO. and LDS (Tukey test, p>0.05)
(Table 4.27).
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Table 4.27: Comparison of the mean values of AE* between each pair of the three materials at baseline
and after cleaning with AQ & WP

95% Confidence
. Mean Interval
Dependent Variable Difference (I-J) Std. Error P value
Lower Upper
Zr02 1.69" 0.24 1.10 2.28 0.000
PEEK
LDS 1.63" 0.24 1.04 2.23 0.000
AE* PEEK -1.69" 0.24 -2.28 -1.10 0.000
Baseline ZrO2
vs (AQ& WP) LDS -.053 0.24 -0.64 0.53 0.973
PEEK -1.63" 0.24 -2.23 -1.04 0.000
LDS
ZrO2 .054 0.24 -0.53 0.64 0.973

Differences statistically significant at p<0.05;Statistically not significant p>0.05

4.7  Efficacy of the Two Pulsating Devices Aquaflosser & Waterpik on Both
Polished and Unpolished Surfaces for All Three Materials

To determine which of the two pulsating devices can remove biofilm from the polished
and unpolished surfaces mare efficiently} the mean values of AE* were compared
between the two pulsating devices (AQ and WP) with the materials after biofilm
formation and the materials at baseline respectively. There were no statistically
significant differences (ANOVA p<0.05) when comparing the mean values of AE* for
both polished and unpolished surfaces for all three materials at baseline and after

biofilm formation with the materials after cleaning with the two pulsating devices

(Table 4.28).
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Table 4.28: Comparison of the mean values of AE* between all three materials (polished & unpolished)

after cleaning with AQ and WP with the materials after biofilm formation and at baseline respectively

Surface Mean Std. Error Mean P value
AE* Biofilm formation vs A e i 0.708
(o e i) WP 7.49 0.60
Polished
AE* Baseline vs AQ 143 0.24
0.089
(AQ & WP) WP 0.95 0.12
AE* Biofilm formation vs e s e 0671
(AQ & WR) WP 1.77 0.47
Unpolished
AE* Baseline vs AQ 1.61 0.22
0.188
(AQ & WP) WP 1.22 0.18

Differences statistically significant at p<0.05; Statistically not significant p>0.05

4.8  Assessment of the Efficacy of Aguafiosser and Waterpik with Each of the
Three Materials

To compare the cleaning efficacy of both devices, the mean values of AE* were
compared between all threermaterials at baseline and after biofilm formation with the

materials after cleaning with the two pulsating devices (AQand WP).

4.8.1 Polished Surfaces

4.8.1.1 Comparison Between Aquaflosser and Waterpik with Each of the Three
Materials at Baseline

AQ showed the highest mean values of 2.59 with PEEK followed by LDS with a mean
value of 1.06 and ZrO, with the lowest mean value of 0.66. Whereas WP showed the
highest mean values of 1.51 with PEEK followed by LDS with a mean value of 0.85
and ZrO with the lowest mean value of 0.49 (Figure 4.25; Table 4.29).
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Figure 4.25: Comparison of the mean values of AE* between all three materials at baseline with the

materials after cleaning with AQ & WP

Table 4.29: Comparison of the mean Values of AE* between.all-three materials at baseline with the

materials after cleaning with AQ & WP

950% Confidence
Device Mean | dieiuel P value
Error
Lower Upper
PEEK 2.59 0.50 1.41 3.76
AE* Baseline vs
AQ ZrOz 0.66 0.09 044 0.88 0.001
(AQ & WP)
LDS 1.06 0.27 0.43 1.69
PEEK 1.51 0.26 0.90 2.13
AE* Baseline vs
WP ZrO> 0.49 0.06 0.34 0.63 0.000
(AQ & WP)
LDS 0.85 0.10 0.60 1.09

Differences statistically significant at p<0.05; Statistically not significant p>0.05

84




4.8.1.2 Comparison Between Aquaflosser and Waterpik with Each of the Three
Materials After Biofilm Formation

AQ showed the highest mean value of 10.32 with PEEK followed by ZrO> with a mean
value of 6.93 and the lowest mean values of 6.16 with LDS. Whereas WP showed the
highest mean values of 11.09 with PEEK followed by LDS with a mean value of 6.21
and the lowest mean value of 5.17 with ZrO> (Figure 4.26; Table 4.30).
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Figure 4.26: Comparison of the mean values of AE* between all three materials after biofilm formation
with the materials after cleaning with"AQ & WP

Table 4.30: Comparison of the mean values of AE* between all three materials after biofilm formation
with the materials after cleaning with AQ & WP

95% Confidence
- Std. Interval
Device Mean Error P value
Lower Upper
PEEK 10.32 0.72 8.65 11.99
AE*
AQ | Biofilm formation vs | ZrOz 6.93 1.16 4.25 9.62 0.003
(AQ & WP)
LDS 6.16 0.44 5.13 7.19
AR* PEEK 11.09 0.51 9.90 12.28
WP | Biofilm formation ZrOz 5.17 0.46 4.09 6.25 0.000
VB e ) LDS 6.21 0.73 451 7.90
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4.8.2 Unpolished Surfaces

4.8.2.1 Comparison Between Aquaflosser and Waterpik with Each of the Three
Materials at Baseline

AQ showed the highest mean values of 2.78 with PEEK followed by ZrO, with mean
value of 1.21 and LDS with lowest mean value of 0.84. Whereas WP showed the
highest mean value of 2.27 with PEEK followed by LDS with a mean value of 0.94 and
ZrO2 with the lowest mean value of 0.46 (Figure 4.27; Table 4.31).
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Figure 4.27: Comparison of themean values of AE* between all three materials at baseline with the
materials after cleaning with AQ & WP

Table 4.31: Comparison of the mean values of AE* between all three materials at baseline with the

materials after cleaning with AQ & WP

95% Confidence
Device Mean Std. Interval P value
Error
Lower Upper
PEEK 2.78 0.40 1.86 3.71
AE* Baseline vs
AQ Zr02 1.21 0.18 0.79 1.62 0.000
(AQ & WP)
LDS 0.84 0.17 0.45 1.24
PEEK 2.27 0.29 1.61 2.93
AE* Baseline vs
WP Zr0z 0.46 0.07 0.30 0.62 0.000
(AQ & WP)
LDS 0.94 0.15 0.58 1.29
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4.8.2.2 Comparison Between Aquaflosser and Waterpik with Each of the Three
Materials After Biofilm Formation

AQ showed the highest mean value of 10.06 with PEEK followed by ZrO; with a mean
value of 8.12 and LDS with the lowest mean values of 6.04. Whereas WP showed the
highest mean values of 10.61 with PEEK followed by ZrO, with a mean value of

6.47and LDS with the lowest mean value of 6.24 (Figure 4.28; Table 4.32).
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Figure 4.28: Comparison of the mean values of AE* between all three materials after biofilm formation
with the materials after cleaning with"AQ & WP

Table 4.32: Comparison of the mean values of AE* between all three materials after biofilm formation

with the materials after cleaning with AQ & WP

95% Confidence
Device Mean Std. Interval for Mean P value
Error
Lower Upper
PEEK 10.06 10.06 10.06 10,06
AE*
AQ Biofilm formation ZrO2 8.12 1.08 5.62 10,06 0.003
vs (AQ & WP)
LDS 6.04 0.43 5.04 7.05
AR* PEEK 10.61 0.42 9.65 11.57
WP Biofilm formation ZrO2 6.47 0.44 5.45 7.48 0.000
VB et LDS 6.24 0.59 4.88 7.60

Differences statistically significant at p<0.05; Statistically not significant p>0.05
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4.9  Scanning Electron Microscopy (SEM) Results

For all materials analyzed, SEM images revealed that the surfaces which were
unpolished had more irregular surface topography than the respective polished surfaces
(Figure 4.29). Parallel scratch marks and small pits were more often seen on polished
surfaces, which were consistent with normal preparation and polishing artefacts,
whereas unpolished surfaces displayed coarse pits and irregularities, as evidenced by a

rougher surface.

Scale bar=10 um: Maginification=1000X

Figure 4.29: SEM images of polished and unpolished surfaces of the materials
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The polished surface of PEEK exhibited the roughest surface (Figure 4.30), LDS
recorded smoother polished surface (Figure 4.32), whereas ZrO. recorded the

smoothest polished surface with relatively small pits and scratches (Figure 4.31).

1 pm EHT = 5.00 kv Signal A = SE2 Date :4 Oct 2018
= wo=samm Mag= 1500KX Time 9:56:12

EHT = 500KV Signl A = SE2 Data 4 Oct 2018 [—
WD = 54 mm Mag= 1500KX Tiena 110:01:92

Figure 4.32: LDS polished surface
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4.10 Energy Dispersive Spectroscopy (EDS)

Mapping with EDS was carried out to characterize regions corresponding to ceramic
and polymer. EDS relies on an interaction of the source of X-ray excitation and a
sample. Its characterization capabilities are due to the fundamental principle that each
element has a unique atomic structure allowing a unique set of peaks on its

electromagnetic emission spectrum. (Figure 4.33) shows the elemental composition of

PEEK.
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Figure 4.33: Elemental composition of PEEK

Elemental composition of ZrO can be confirmed by the presence of yttrium and zircon

(Figure 4.34).
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Figure 4.34: Elemental composition of ZrO,
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Elemental composition of LDS is confirmed by the presence of silicate (Figure 4.35).
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Figure 4.35: Elemental composition of LDS
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CHAPTER 5

DISCUSSION

51 Introduction

Knowledge about the adherence of bacteria to different materials is of crucial
importance to achieve long-term success of dental restorations. Polymeric materials
generally accumulate more plaque on their surface than alloys or ceramics (Sakaguchi,
et al., 2018). The surface properties-of -a material- -have a pronounced influence
particularly on the early phases of brofilm formation (Hahnel et al., 2015). It has been
reported that the surface roughness (Ra) and surface free energy (SFE) are among the
factors that have been identified to influence oral biofilm formation, suggesting that
smooth surfaces and those with' low  SFE display: less:‘microbial adherence than

materials with higher surface roughness or SFE.(Hahnel'et al., 2015).

Increased surface roughness and complicated topography shows higher affinity to
microbes than smoother surfaces and subsequently increased difficulty in complete
removal of the biofilm by mechanical brushing (Aykent et al.,, 2010). Thus,
smoothening the surface can reduce biofilm formation (lonescu et al., 2012). A
maximum surface roughness of Ra-0.2 um has been suggested as a threshold value for
bacterial retention (Jalalian et al., 2014). Below this value, no further reductions were
observed, while above this value biofilm accumulation increased with increasing
roughness (Jalalian et al., 2014). Furthermore, Rashid (2014) reported that rougher

surfaces of crowns, bridges and implant abutments accumulate and retain more plaque.
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Viitaniemi et al., (2017) stated that highly polished surfaces facilitate effective biofilm
removal from prosthetic structures, but all subgingival surfaces and structural areas,
which are difficult to clean, are potential bacterial colonization sites. The results of the
present study are in accordance with previous studies were biofilm formation was
generally to be found higher on the unpolished materials and relatively less on the

polished materials (Teughels et al., 2006).

On the other hand, Meier et al., (2008) found that increasing the Ra value of several
dental ceramics five-fold did not result in a significantly higher number of adherent
bacteria. This result is in agreement with the results acquired in the present study where
there was no statistical significant difference in biofilm formation between polished and
unpolished surfaces in Lithium distlicate and Zirconium- Whereas for PEEK there was a
difference. In addition, it has_ been. suggested. that bacterial adhesion is influenced
largely by nanometer-scale changes of surface roughness concluding that nanoscale
changes maybe more sensitive to-bacterial adhesion-than changes on a macro-scale

level (Mitik-Dineva et al., 2008).

Etxeberria et al., (2013) claimed that surface roughness and wettability are strongly
correlated with bacterial adhesion, suggesting that the bacterial adhesion is not
influenced by roughness alone. Thus, to date no consensus has been obtained in the
literature on the role of surface roughness on bacterial attachment. The chemical
composition of dental materials will further affect the bacterial adhesion, since both
proteins and microorganisms can chemically attach or attract components in the
material by means of Van der Waal forces, acid-base reactions or electrostatic

interactions (Jilo & Bakken, 2015).
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Yu et al., (2016) demonstrated the effect of polishing zirconia blocks where it was
polished on three different levels; coarse, medium and fine using carbide burs. Using
the acridine stain, coarse samples had the largest number of adherent bacteria compared
to the medium and fine samples, indicating that there is a correlation between the
surface roughness and the amount of colonized bacteria (Yu et al., 2016). Samples in
the present study were incubated for 6 days while Yu et al., (2016) incubated the
samples for 24hours only giving the bacteria less time to colonize the discs. It was also
noted that during the 4-12 hours incubation period the highest amount of bacteria was
recorded, thereafter the amount decreased. This reflect that the correlation was positive
in the period from 4-12 hours whereas a negative correlation was observed at 24 hours
(Yu et al., 2016). Carbide burs also exert more surface roughness when compared to

finishing discs used in the preseni study (Yu et al.,-2016).

5.2  Evaluation of Biofilm Formation on Zirconium, Lithium Disilicate &
PEEK

The results of this in-vitro study reject the first research hypothesis suggesting that
there is no difference on biofilm formation among all three materials namely Zirconia,
Lithium disilicate and PEEK. The biofilm formation achieved in the present study
showed that there was a colour difference (AE*) between all three materials. PEEK
showed the biggest change with most biofilm accumulation as indicated by a decrease
in L* & b* and increase in a* scale where L* stands for lightness (black-white), a* red-

green coordinate and b* yellow-blue coordinate.

The mean values of L* for the polished surfaces of PEEK decreased from 88.61 at
baseline to 82.98 after biofilm formation, the b* decreased from 4.46 at baseline to -
3.25 after biofilm formation, whereas the a* increased from 0.52 at baseline to 8.58
after biofilm formation. For polished surfaces of LDS the mean value of L* decreased

from 71.29 at baseline to 68.34 after biofilm formation, the b* decreased from 18.71 to
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14.68, while a mean value increased from 3.78 at baseline to 8.45 after biofilm
formation was observed on a* scale. Whereas, the mean value of L* for polished
surfaces of ZrO, decreased from 77.29 at baseline to 74.48 after biofilm formation, the
b* also decreased from 11.73 at baseline to 8.96 after biofilm formation. For a* the
mean value increased from 1.17 at baseline to 6.13 after biofilm formation. These
results were further confirmed by calculation of AE* where the PEEK showed the
highest mean value of 12.63 followed by LDS with a mean value of 6.99 and ZrO,, with
the lowest mean value of 6.31. It can therefore be concluded that ZrO; is more superior

than the other two materials.

This indicates that PEEK material attracts more biofilm formation followed by LDS
and ZrO., This may be due io-machined PEEK having a surface roughness with non-
uniform features compared to LDS and ZrO;.-The results of this study were similar to
the study by @ilo & Bakken (2015) which stated that Ceramic materials have a smooth,
polished surface that are easily cleaned, 'in_contrast'to polymers that develop biofilm
quicker and will be more difficult to remove. completely. SEM pictures taken in the
present study further illustrate the point where PEEK showed the roughest surface

(Figure 4.30).

Moreover, Gorth et al., (2012) examined two surface finishes of silicon nitride (SizN4)
with titanium (Ti) and PEEK. Ti and PEEK were received as machined surfaces: both
materials are hydrophobic with net negative surface charges. Two surface finishes of
SizN4 were examined, both fired and polished. In contrast to Ti and PEEK, the surface
of SisN4 is hydrophilic with a net positive charge. A decreased biofilm formation was

found, as well as fewer live bacteria on both the fired and polished SizNa.

Hydrophilic SizsN4 surfaces were probably less conducive to bacterial adhesion, when
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compared with hydrophobic surfaces where water displacement is not required for
microbial adherence. These differences may reflect differential surface chemistry and
surface nanostructure properties between the biomaterials tested (Gorth et al, 2012). As
protein adsorption on material surfaces affects bacterial adhesion, the adsorption of
fibronectin, vitronectin, and laminin on Ti, PEEK, and SisN4 were also examined
(Gorth et al, 2012) Significantly greater amounts of these proteins adhered to SisNs
than to Ti or PEEK. These findings suggest that surface properties of biomaterials lead
to differential adsorption of physiologic proteins, and that this phenomenon could
explain the observed in-vitro differences in bacterial affinity for the respective

biomaterials

In addition, laboratory studies-have shown that biofilms can be reproducibly grown on
the surface of PEEK (Williams. et al., 2011), where a modified CDC biofilm reactor
was developed to repeatable grow mature biofilms of Staphylococcus aureus on the
surface of PEEK membranes for inoculation in'a future animal model. Results indicated
that uniform, mature biofilms repeatedly grew. on the surface of PEEK membranes.
Furthermore, Rochford et al., (2016) compared the adhesion of bacteria to two surfaces
of PEEK (machined surface and injection molding of PEEK) with standard micro
rough implant grade titanium surfaces. Although the exact results differed between
strains, the propensity for bacteria to adhere to injection-molded PEEK was similar to

micro rough titanium in vitro (Rochford et al, 2016).

In addition, bacterial adhesion to machined PEEK was generally higher than to titanium
despite having similar roughness values. This illustrates the significance of the specific
topography of machined PEEK for promoting bacterial adhesion. This was attributed to
the fact that machining of PEEK results in relatively rough surface with no uniform

features, while injection molding of PEEK produces a relatively smooth topography (a
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reflection of the mold) with minimal plateaus and ridges. The results acquired from the
research comparing PEEK to titanium supports the superiority of Zirconia to PEEK
because several other studies concluded that Zirconia has a lower number of adherent
bacteria when compared to titanium (Roehling et al, 2017). These findings support the
results of the present study, which found that Zirconia has lower number of adherent

bacteria when compared to PEEK.

To date limited scientific evidence is available regarding biofilm formation on
abutments made from PEEK. The study investigated microbial issues on implants
supplied with PEEK abutments identified similar microbial counts and levels of
periodontal pathogens in the peri-abutment region of implants supplied with PEEK and

titanium healing abutments, when evaluated using real-time PCR (Volpe et al., 2008).

Similarly, a laboratory study investigating the formation of biofilms on the surface of
titanium, Zirconia, PMMA and PEEK showed almost similar biofilm formation on the
various materials (Hahnel et al., 2015). However,. it is doubtful whether the differences
in surface roughness values, identified for the materials investigated can account for
differences in biofilm formation, although the surface roughness of titanium and
Zirconia was significantly higher than the surface roughness of both PEEK and
PMMA. Biofilm formation did not correlate with these results as significantly more

viable biomass was identified on PMMA than on PEEK.

Recent studies suggest that the surface composition and surface topography might
impact the formation of biofilms to an even higher level (lonescu et al., 2012; Hahnel
et al., 2014), which might serve as an explanation for the poor correlation between
surface properties and biofilm formation observed in the study by Hahnel et al., (2015).

These findings are supported by the results of a clinical study analyzing the bacterial
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colonization of healing abutments made from PEEK and titanium, where no significant
differences between PEEK and titanium could be identified. However, the data of that
study needs to be interpreted with caution, as only small samples of the biofilm
adherent to the surfaces were analyzed by employing the real-time PCR technique

(Volpe et al., 2008).

Regarding biofilm formation on the surfaces of Zirconia and LDS, the current study
showed that biofilm is formed more readily on LDS surfaces than on ZrO; although
there was no statistically significant difference. This can be attributed to the elongated
LDS crystals. This result is in accordance with Hahnel et al., (2009) and Guazzato et
al., (2004), where they assessed different dental ceramic classes and initial Streptococci
adhesion. They found that the crystalline content-of the ceramic substrata showed no
correlation with Ra. Zirconia ceramics. possess.homogeneous grains with an average
grain size of about 0.3-m, which corresponds to the intermediate values for Ra found
for the partially stabilized zirconia and- zirconia-processed with hot isotonic pressing
(hipped) used in the study. LDS, ceramic. displayed.the highest Ra values; this trend was
significant and is most likely due to. its elongated  lithium disilicate crystals. They
concluded that dental ceramic classes differ significantly in terms of surface roughness

and surface free energy.

Bremer et al., (2010) further confirmed these results; they reported that the lowest
values for biofilm surface coating and biofilm thickness were found for zirconia
ceramic when compared with other types of ceramics. They concluded that zirconia
ceramics are advantageous compared to LDS glass ceramics that meet similar
indications. The adhesion of bacteria is not related to the different topographical
surface characteristics, but appears to be linked to the chemical composition, the

crystallographic architecture, or the surface free energy of ceramics.
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Rimondini et al., (2002) analyzed the adhesion and inhibition of oral microorganism’s
growth in vitro on zirconia compared to titanium. They concluded that adhesion
differences could be observed for some of the selected microorganisms. Scanning
electron microscopy analysis revealed a lower biofilm accumulation on zirconia than
on titanium (Rimondini et al., 2002). Scarano et al., (2005) showed that the onset of
adhesion or bacterial colonization on zirconia surfaces was significantly reduced when

compared to titanium.

Furthermore, Jalalian et al., (2015) evaluated adhesion of S. mutans on zirconia,
Feldspatic porcelain, titanium alloy and indirect composite. Evaluated materials
showed different surface roughness; however, all of them had roughness values lower
than 1 pum which is considered-clinically very smooth. Zirconia showed the lowest
bacterial adhesion in comparison. to-other tested materials and enamel. No correlation
was found between surface roughness and bacterial adhesion as well as other factors
such as hydrophobicity or surface free energy of bacterium or oral surfaces, the ionic

strength of the surrounding liquid medium and. electrostatic interactions.

On the contrary, a study by Viitanimi et al., (2017), which examined adhesion and
early colonization of S. mutans on LDS, ZrOz and Dual cure resin cement. In this study,
highly polished surfaces of the materials were used to indicate lower surface roughness
values (Ra), the results showed that LDS glass ceramic possessed lower bacterial
adhesion than either fully or partially stabilized ZrO. materials and they concluded that
the lowest hydrophobicity and highest surface free energy influence adhesion of S.

mutans.

As for colour stability, Volpato et al., (2016) evaluated the effect of different aging

times on the zirconia whether veneered or not, using a spectrophotometer. The
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specimens were subjected to an accelerated aging protocol for different durations. The
colour difference recorded was less than 1.25 AE* indicating that zirconia maintains its
colorimetric properties. Moreover, Palla et al., (2018) investigated the colour stability
of LDS after aging and immersion in common beverages. They found that the colour
change was significantly low and below the clinical perception. CAD LDS showed a

high colour stability.

Concerning colour changes, a study was done by Heimer et al., (2017), on discoloration
of PEEK compared to composite and PMMA. The samples were stored in three
different media including distilled water, wine and curry. The research results showed
that PEEK was the most stable of the three materials used. This result is in accordance
with the results of this study:confirming that the disclosing agent has no effect on
colour changing and that biofilm formation is-the main_cause of the colour change, as
the disclosing agent acts as an indicator by reacting with the biofilm and causing the

colour change.

5.3  Evaluation of Pulsating Devices to Remove Biofilm from Three Materials

Oral irrigating devices have two main features that allow them to remove dental plaque
or biofilms easily from the surfaces, namely pulsation and pressure. This combination
provides for phases of compression and decompression of the tissue to help expel
subgingival bacteria and other debris, as well as stimulate gingival tissue (John, 2010).
Studies have shown that a pulsating device was 3 times more effective than a
continuous stream device (John, 2010). Thus, these two features allow the devices to
disrupt the bacterial activity along with expulsion of subgingival bacteria and removal

of food debris

The oral devices used in the present study showed no significant difference in the
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cleaning efficiency between Aquaflosser and Waterpik to remove biofilm from PEEK,
LDS and ZrOg, thus the null hypothesis for the second part of the study was failed to be
accepted. This was indicated by AQ with the highest mean value of 10.32 with PEEK
followed by ZrO, with a mean value of 6.93 and lowest mean values of 6.16 with LDS.
Whereas WP showed the highest mean values of 11.09 with PEEK followed by LDS

with a mean value of 6.21 and lowest mean value of 5.17 with ZrO,.

The results of this study can be attributed to the fact that both devices used the same
pressure during cleaning. Several studies were conducted to compare Waterpik and
interdental brushing or manual brushing in general, Waterpik was found to be more
effective than interdental brushing in removing dental biofilms from the various tooth

surfaces as well as reducing gingival bieeding and probing depth (Lyle et al., 2016).

Rosema et al., (2011) compared effectiveness of Waterpik to that of a Prototype jet tip
as an adjunct to daily tooth brushing. They concluded.that when combined with tooth

brushing, Waterpik was very.effective in reducing gingival scores.

Gorur et al., (2008) incubated eight slices obtained from four teeth extracted from a
patient suffering from advanced aggressive periodontitis in saliva taken from a
volunteer and another four teeth were not incubated in saliva (control). Four slices were
treated using a dental water jet with a standard jet tip and the other four were treated
using an orthodontic jet tip for 3 sec in medium pressure. SEM showed that slices that
are treated using the standard tip removed 99.99% of the salivary biofilm while the

orthodontic jet tip removed 99.84%.

Howlin et al., (2015) compared the use of water stream only with an ultrasonically

activated water stream to remove biofilms of S. mutans from petri dishes. They found
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that exposure to a 10s ultrasonically activated water stream removed 99% of the S.
mutans biofilms suggesting oral irrigating devices efficiency in removing dental
biofilms. Another study supporting this result, by Tawakoli et al., (2015) compared oral
irrigating devices’ and sonic toothbrush’s efficiency in removing biofilms of S. mutans
cultured on hydroxyapatite blocks in vitro. Oral irrigating devices namely Waterpik
recorded the highest reduction in metabolic activity of the adherent bacteria. Under

SEM, the specimen barely revealed any bacteria.

Orthodontists developed an interest in oral irrigating devices as a mean of plaque
removal, which is one of the challenges they face in maintaining an optimum oral
hygiene environment for the patient. Patel et al., (2015) gathered sixty orthodontic
patients with fixed appliances and-divided them-into four groups. Each group was
assigned to a method for removing-plaque, with and without water irrigating devices,
and gingival index as a measurement. After one month, the gingival indexes of the oral
irrigating devices showed better gingival -index.scores 'when compared to the other

groups using, manual toothbrushes, automatic toothbrushes and both.

However, since Aquaflosser has been introduced to the market recently, no literature

has been published regarding its efficacy.
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CHAPTER 6

CONCLUSIONS, LIMITATIONS AND

RECOMMENDATIONS

6.1 Conclusions

This in vitro study that investigated the ability of biofilm to form on three fixed
prosthodontic materials (PEEK; Zircomum & Lithium-disilicate) and the ability of two
pulsating devices (Aquaflosser _and Waterpik) to remove biofilm from these three
materials. Based on the results, the first null hypothesis was rejected, and the second

null hypothesis was failed to be rejected.

Within the limitation of this study, it can be concluded that:

PEEK showed the highest biofilm formation among the materials tested.

° Lithium disilicate showed higher biofilm formation than Zirconia but lower
than PEEK.
° Zirconia showed the lowest biofilm formation in all parameters. However,

there was no statistically significant difference when compared to Lithium

disilicate.

° Although both pulsating devices (Aquaflosser & Waterpik) are efficient to
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remove biofilm from the polished and unpolished surfaces of the material, there

was no significant difference between the two devices when compared.

6.2 Limitations of the Study
° The samples used in the study were not pre-coated with saliva that may differ

from the clinical situation where the materials will be coated with saliva.

° This study was conducted under ideal laboratory conditions where the pulsating
devices can reach all surfaces of the samples, which may not be possible in
vivo as the anatomy of the tooth and its position on the oral cavity plays a role

in affecting the cleaning.efficacy of pulsating-devices. Recommendations:

6.3 Recommendations
° In the current study, biofitm formation was evaluated using spectrophotometric
analysis. A further study that juses ‘direct ‘microscopic methods (i.e. confocal

electron microscopy) may be needed to add value to.the present study.

° Aquaflosser has recently been introduced on the market and no literature has
been published regarding its efficiency. Thus, further studies will be required

regarding this device.

° A further clinical study may be needed to corroborate the results of this study.

104



REFERENCES

Acar, O., Yilmaz B., Altintas S.H., Chandrasekaran I, and Johnston, W.M., 2016. Colour stainability of
CAD/CAM and nanocomposite resin materials. The Journal of Prosthetic Dentistry, 115(1): 71-
75.

Agarwal, A., Jern Ng, W. & Liu, Y., 2014. Removal of biofilms by intermittent low-intensity ultra
sonication triggered bursting of microbubbles, Biofouling, 30: 359-365.

Al Moaleem, M.M., Dorout, I.A., El Fatih, I., Mattoo, K.A. and Ghazali, N.A., 2017. Biofilm Formation
on Dental Materials in the Presence of Khat. Journal of Studies on Manufacturing, 5(2): 1087-
1094.

Al-Mubarak, S., Ciancio, S., Aljada, A.,-Mgohanty,-P.,"Mohanty, P., Ross, C. and Dandona, P., 2002.
Comparative evaluation ‘of -adjunctive oral--irrigationin" diabetics. Journal of Clinical
Periodontology, 29(4): 295-300.

Ammar, Y., Swailes, D., Bridgens, B. and Chen, J., 2015. Influence of surface roughness on the initial

formation of biofilm. Surface and Coatings-Technology, 284:'410-416.

Anselme, K., Davidson, P., Popa, AIMs, Giazzon, My, Liley, M., and Ploux, L., 2010. The interaction of
cells and bacteria with surfaces structured at the nanometer_scale. Acta Biomaterialia, 6(10):
3824-3846.

Anusavice, K.J., Shen, C. and Rawls, H.R., 2013. Phillips’ Science of Dental Materials .12th ed. St.
Louis, Mo.: Elsevier/Saunders.

Apel, E., Deubener, J., Bernard, A., Holand, M., Miller, R., Kappert, H., Rheinberger, V. and Holand,
W., 2008. Phenomena and mechanisms of crack propagation in glass-ceramics. Journal of the
Mechanical Behavior of Biomedical Materials, 1(4): 313-325.

Aroonsang, W., Sotres, J., EI-Schich, Z., Arnebrant, T. and Lindh, L., 2014. Influence of substratum
hydrophobicity on salivary pellicles: organization or composition? Biofouling, 30(9): 1123-
1132.

Astasov-Frauenhoffer, M., Glauser, S., Fischer, J., Schmidli, F., Waltimo, T. and Rohr, N., 2018. Biofilm
formation on restorative materials and resin composite cements. Dental Materials, 34(11):
1702-1709.

105



Auschill, T.M., Arweiler, N.B., Brecx, M., Reich, E., Sculean, A. and Netuschil, L., 2002. The effect of
dental restorative materials on dental biofilm. European Journal of Oral Sciences, 110(1): 48-
53.

Aykent, F., Yondem, I., Ozyesil, A.G., Gunal, S.K., Avunduk, M.C. and Ozkan, S., 2010. Effect of
different finishing techniques for restorative materials on surface roughness and bacterial
adhesion. The Journal of Prosthetic Dentistry, 103(4): 221-227.

Barnes VM, Richter R, De Vizio W., 2010. Comparison of the short-term antiplaque/antibacterial

efficacy of two commercially available dentifrices. Journal of Clinical Dentistry, 21: 101-104.

Barnes, C.M., Russell, C.M., Reinhardt, R.A., Payne, J.B. and Lyle, D.M., 2005. Comparison of
irrigation to floss as an adjunct to tooth brushing: effect on bleeding, gingivitis, and
supragingival plague. Journal of Clinical Dentistry, 16(3): 71-77.

Bassler, B.L., 1999. How bacteria talk to each other: regulation of gene expression by quorum sensing.
Current Opinion in Microbiology, 2(6): 582-587.

Bazaka K., Jacob, M.V., Crawford, RJ; and-ivanova, E.P:; 2012; Efficient surface modification of
biomaterial to prevent biofilm formation and the attachment of microorganisms. Applied
Microbiology and Biotechnology, 95(2):/299-311.

Belibaskis, G.N., Charalampakis, G., Bostanci,-N. -and Stadlinger, B., 2015. Peri-implant infections of
oral biofilm etiology. Biofilm-based Healthcare-associated Infections. Springer: 69-84.

Boks, N.P., Kaper, H.J., Norde, W., van der. Mei, H.C. and Busscher, H.J., 2009. Mobile and immobile
adhesion of staphylococcal strains to hydrophilic and hydrophobic surfaces. Journal of Colloid
and Interface Science, 331(1): 60-64.

Booth, I R, 1985. Regulation of cytoplasmic pH in bacteria. Microbiology Reviews; 49(4): 359-378.

Bos R, Van der Mei HC, Busscher HJ., 2009. Physico-chemistry of initial microbial adhesive

interactions-its mechanisms and methods for study. FEMS Microbiology Reviews; 23: 179-230.

Bos, R., Van der Mei, H.C. and Busscher, H.J., 1999. Physico-chemistry of initial microbial adhesive
interactions—its mechanisms and methods for study. FEMS Microbiology Reviews, 23(2): 179-
230.

Boyd, R.L. and Baumrind, S., 1992. Periodontal considerations in the use of bonds or bands on molars in
adolescents and adults. The Angle Orthodontist, 62(2): 117-126.

106



Brady, J.M., Gray, W.A. and Bhaskar, S.N., 1973. Electron microscopic study of the effect of water jet
lavage devices on dental plague. Journal of Dental Research, 52(6): 1310-1313.

Bremer, F., Grade, S., Kohorst, P. and Stiesch, M., 2011. In vivo biofilm formation on different dental

ceramics. Quintessence International, 42(7): 565-574.

Burch, J.G., Lanese, R. and Ngan, P., 1994. A two-month study of the effects of oral irrigation and
automatic toothbrush use in an adult orthodontic population with fixed appliances. American
Journal of Orthodontics and Dentofacial Orthopedics, 106(2): 121-126.

Busscher, H.J., Rinastiti, M., Siswomihardjo, W. and Van der Mei, H.C., 2010. Biofilm formation on

dental restorative and implant materials. Journal of Dental Research, 89(7): 657-665.

Campoccia D., Montanaro, L, and Arciola C.R, 2013. A review of the biomaterials technologies for

infection-resistant surfaces. Biomaterials, 34(34): 8533-8554.

Carinci, F., Pezzetti, F., Volinia, S., Francioso, F., Arcelli, D., Farina, E. and Piattellil, A., 2004.
Zirconium oxide: analysis of MGB63-osteoblast-like cell.response by means of a microarray
technology. Biomaterials, 25(2):215-228:

Chan, T.F., Esedoglu, S. and Nikolova, M., 2006. Algorithms for finding global minimizers of image
segmentation and denoising models.| SIAM Journal on Applied Mathematics, 66(5): 1632-1648.

Chang, Y. and Chang, P., 2002.  The role of hydration force on the stability of the suspension of
Saccharomyeces cerevisiag—application of the:extended DLV O itheory. Colloids and Surfaces A:
Physicochemical and Engineering.Aspects, 211(1): 67-77.

Characklis, W.G., Marshall, K.C, 1990. The microbial cell. Biofilms. USA: Wiley.

Chaves, E.S., Kornman, K.S., Manwell, M.A., Jones, A.A., Newbold, D.A. and Wood, R.C., 1994.
Mechanism of irrigation effects on gingivitis. Journal of Periodontology, 65(11): 1016-1021.

Cionca, N., Hashim, D. and Mombelli, A., 2017. Zirconia dental implants: where are we now, and where
are we heading? Periodontology, 73(1): 241-258.

Conrad, H., Seong, W. & Pesun, ., 2007. Current ceramic materials and systems with clinical

recommendations: a systemic review. Journal of Prosthetic Dentistry, 98(5): 389-404.

Costerton, J.W., Stewart, P.S., Greenberg, E.P., 1999. Bacterial biofilms: a common cause of persistent
infections. Science, 284: 1318-1322.

107



De Avila, E.D., de Molon R.S, and Vergani C.E., 2014. The relationship between biofilm and physico-
chemical properties of implant abutment materials for successful dental implants. Materials,
7(5): 3651-3662.

Denry, I. & Hollaway, J., 2010. Ceramics for dental applications: A review. Materials, 3(1): 351-368.

Denry, I. & Kelly, J., 2008. State of the art zirconia for dental applications. Dental Materials, 24(3): 299-
307.

do Nascimento, C., Miani, P.K., Pedrazzi, V., Muller, K. & Albuquerque Junior, R.F., 2012. Bacterial
leakage along the implant-abutment interface: culture and DNA checkerboard hybridization

analyses. Clinical Oral Implants Research, 23: 1168-1172.

Donlan, R.M., 2002. Biofilms: microbial life on surfaces. Emerging infectious Diseases, 8(9): 881-890.

Elter, C., Heuer, W., Demling, A., Hannig , M., Heidenblut, T., Bach, F.W, and Stiesch-Scholz, M.,
2008. Supra-and subgingival biofilm formation on implant abutments with different surface

characteristics. International-Journal of Oral & Maxillofacial Implants, 23(2):327-334.

Etxeberria, M., Lopez Jiménez, L. -Merlos, A«—Henar E.-and.Vifias, M., 2013. Bacterial adhesion
efficiency on implant abutments: a comparative study! International Microbiology, 16(4): 235-
242.

Filoche, S., Wong, L. and Sissons, C.H., 2010. Oral biofilms: emerging concepts in microbial ecology.
Journal of Dental Research, 89(1): 8-18.

Flemmig, T.F., EPP, B., Funkenhauser, Z., Newman, M.G., Kornman, K.S., Haubitz, I. and Klaiber, B.,
1995. Adjunctive supragingival irrigation with acetylsalicylic acid in periodontal supportive

therapy. Journal of Clinical Periodontology, 22(6): 427-433.

Flemming, H.C. and Wingender, J., 2001. Relevance of microbial extracellular polymeric substances
(EPSs)-Part 11: Technical aspects. Water Science and Technology, 43(6): 9-16.

Flemming, H.C. and Wingender, J., 2010. The biofilm matrix. Nature Reviews Microbiology, 8(9): 623.

Flemming, H.C., Neu, T.R. and Wozniak, D.J., 2007. The EPS matrix: the “house of biofilm cells”.
Journal of Bacteriology, 189(22): 7945-7947.

Flemming, H.C., Wingender, J., Szewzyk, U., Steinberg, P., Rice, S.A. and Kjelleberg, S., 2016.

Biofilms: an emergent form of bacterial life. Nature Reviews Microbiology, 14(9): 563-575.

Fletcher, M., 1977. The effects of culture concentration and age, time, and temperature on bacterial

attachment to polystyrene. Canadian Journal of Microbiology, 23(1): 1-6.

108



Foong, K., Allen, F., Islam, I., Srivastava, N. and Seneviratne, C.J., 2017. Microbial Biofilms: An
Introduction to Their Development, Properties and Clinical Implications. In Microbial Biofilms.
CRC Press: 1-32.

Frickle, K., Koban, 1., Tresp, H., Jablonowski, L., Schroder, K., Kramer, A., Weltmann, K., Vonwoedtke,
T. and Kocher, T., 2012. Atmospheric pressure plasma: a high-performance tool for the efficient
removal of biofilms. PloS one, 7(8): 1-8.

Garrett, T.R., Bhakoo, M. and Zhang, Z., 2008. Bacterial adhesion and biofilms on surfaces. Progress in
Natural Science, 18(9): 1049-1056.

Gauna M.R., Conconi, M.S., Gomez, S., Suarez, G., Aglietti, E.F, and Rendtorff N.M., 2015.
Monoclinic-tetragonal zirconia quantification of commercial hanopowder mixtures by XRD and
DTA. Ceramics-Silikaty, 59(4): 318-325.

Gilan I, and Sivan, A., 2013. Effect of proteases on biofilm formation of the plastic-degrading
actinomycete Rhodococcus ruber C208. FEEMS Microbiology Letters, 342(1): 18-23.

Giordano, R. & Mclaren, E., 2010. Ceramics Overview: Classification by Microstructure and Processing
Methods. Continuing Education 2, 31(9): 682-697.

Glantz, P.J. and Jacks, T.M., 1969. A bacteriological and serological study of experimental Escherichia

coli infection of calves. Canadian Journal of Comparative-Medicine, 33(2):128-133.

Gorth, D.J., Puckett, S., Ercan, B., Webster, T.J., [Rahaman, M. and/Bal; B.S., 2012. Decreased bacteria
activity on Si3N4 surfaces .compared. with. PEEK or_titanium. International Journal of
Nanomedicine, 7: 4829-4840.

Gorur A, Lyle DM, Schaudinn C, & Costerton JW, 2009. Biofilm removal with a dental water jet.

Compendium of Continuing Education in Dentistry, 30: 1-6.

Goulter, R.M., Gentle, I.R, and Dykes, G.A., 2009. Issues in determining factors influencing bacterial
attachment: a review using the attachment of Escherichia coli to abiotic surfaces as an example.
Letters in Applied Microbiology, 49(1): 1-7.

Guan, Y.H., Lath, D.L., Lilley, T.H., Willmot, D.R., Marlow, I. and Brook, A.H., 2005. The
measurement of tooth whiteness by image analysis and spectrophotometry: a comparison.
Journal of Oral Rehabilitation, 32(1): 7-15.

Guazzato, M., Albakry, M., Ringer, S.P. and Swain, M.V., 2004. Strength, fracture toughness and
microstructure of a selection of all-ceramic materials. Part Il. Zirconia-based dental ceramics.
Dental Materials, 20(5): 449-456.

109



Hadi, R., Vickery, K., Deva, A. and Charlton, T., 2010. Biofilm removal by medical device cleaners:
comparison of two bioreactor detection assays. Journal of Hospital Infection, 74(2): 160-167.

Hahnel, S., Rosentritt, M., Handel, G. and Biirgers, R., 2009. In vitro evaluation of artificial ageing on
surface properties and early Candida albicans adhesion to prosthetic resins. Journal of Materials
Science: Materials in Medicine, 20(1): 249-255.

Hahnel, S., Rosentritt, M., Handel, G. and Blirgers, R., 2009. Surface characterization of dental ceramics

and initial streptococcal adhesion in vitro. Dental Materials, 25(8): 969-975.

Hahnel, S., Wieser, A, Lang, R. and Rosentritt, M., 2015. Biofilm formation on the surface of modern

implant abutment materials. Clinical Oral Implants Research, 26(11): 1297-1301.

Hall-Stoodley, L. and Stoodley, P., 2002. Developmental regulation of microbial biofilms. Current
Opinion in Biotechnology, 13(3): 228-233.

Hamdan, M., Blanco, L., Khraisat, A. and Tresgerres, I.F., 2006. Influence of titanium surface charge on

fibroblast adhesion. Clinical Implant-Dentistry-and-Related Research, 8(1): 32-38.

Hannig, C. and Hannig, M., 2009. The oral cavity—a key system o understand substratum-dependent

bioadhesion on solid surfaces in man. Clinical Oral Investigations, 13(2): 123-139.

Heersink, J., Costerton, W.J. and Stoodley, P., 2003. Influence of the Sonicare toothbrush on the structure
and thickness of laboratory grown Streptococcus mutans biofilms. American Journal of
Dentistry, 16(2): 79-83.

Heimer, S., Schmidlin, P.R. and Stawarczyk, B., 2017. Discoloration of PMMA, composite, and PEEK.
Clinical Oral Investigations, 21(4): 1191-1200.

Heintze, S. & Rousson, V., 2010. Survival of zirconia- and metal-supported fixed dental prosthesis: a

sytematic review. International Journal of Prosthodontics, 23(6): 493-502.

Hermansson, M., 1999. The DLVO theory in microbial adhesion. Colloids and Surfaces B: Biointerfaces,
14(1-4): 105-119.

Howlin, R.P., Fabbri, S., Offin, D.G., Symonds, N., Kiang, K.S., Knee, R.J., Yoganantham, D.C., Webb,
J.S., Birkin, P.R., Leighton, T.G. and Stoodley, P., 2015. Removal of dental biofilms with an

ultrasonically activated water stream. Journal of Dental Research, 94(9): 1303-1309.

Hoyle, B.D. and Costerton, J.W., 1991. Bacterial resistance to antibiotics: the role of biofilms. Progress
in Drug Research, 37: 91-105.

110



Huang, H., 2003. Machining characteristics and surface integrity of yttria stabilized tetragonal zirconia in
high speed deep grinding. Materials Science and Engineering A, 345(1-2): 155-163.

Hussein, A.l., Hajwal, S.I. and Ab-Ghani, Z., 2016. Bacterial Adhesion on Zirconia, Lithium Desilicated
and Gold Crowns-In Vivo Study. Advances in Dentistry & Oral Health, 1(5): 1-3.

Husseini, A., Slot, D.E. and Van der Weijden, G.A., 2008. The efficacy of oral irrigation in addition to a
toothbrush on plaque and the clinical parameters of periodontal inflammation: a systematic

review. International Journal of Dental Hygiene, 6(4): 304-314.

lonescu, A., Wutscher, E., Brambilla, E., Schneider- Feyrer, S., Giessibl, F.J. and Hahnel, S., 2012.
Influence of surface properties of resin- based composites on in vitro S treptococcus mutans
biofilm development. European Journal of Oral Sciences, 120(5): 458-465.

Jahn CA., 2010. The dental water jet: a historical review of the literature. Journal of Dental Hygiene:
JDH / American Dental Hygienists' Association, 84 (3): 114-20.

Jalalian, E., Mostofi, S.N., Shafiee, E., Nourizadeh,-A:;-Nargesi;*R.A. and Ayremlou, S., 2015. Adhesion
of streptococcus mutans to;Zirconia; Titanium; alloy and-some other restorative materials:“An

in-vitro study”. Advances in Bioscience and Clinical Medicine, 3(2): 13-20.

Jansen, V.K., Conrads, G. & Richter; E.J.,; 1997. Microbial leakage and marginal fit of the implant-

abutment interface. Internationat-Journal of Oral-and Maxitlofacial Implants, 12(4): 527-540.

Johnston, W.M., 2009. Color measurement in dentistry, Journal of Dentistry; 37: 2-6.

Joiner, A., 2004. Tooth colour: a review of the literature. Journal of Dentistry, 32: 3-12.

Kantorski, K.Z., Scotti, R., Valandro, L.F., Bottino, M.A., Koga-Ito, C.Y. and Jorge, A.O., 2009. Surface
roughness and bacterial adherence to resin composites and ceramics. Oral Health & Preventive
Dentistry, 7(1): 29-32.

Karatan, E. and Watnick, P., 2009. Signals, regulatory networks, and materials that build and break
bacterial biofilms. Microbiology and Molecular Biology Reviews, 73(2): 310-347.

Kato, K., Tamura, K., & Nakagaki, H., 2012. Quantitative evaluation of the oral biofilm-removing
capacity of a dental water jet using an electron-probe microanalyzer. Archives of Oral Biology,
57(1): 30-35.

Kelly, J. & Benetti, P., 2011. Ceramic materials in dentistry: historical evolution and current practice.
Australian Dental Journal, 56(1): 84-96.

111



Khelissa, S.0., Abdallah, M., Jama, C., Faille, C. and Chihib, N.E., 2017. Bacterial contamination and
biofilm formation on abiotic surfaces and strategies to overcome their persistence. Journal of
Materials and Environmental Science, 8(9):3326-3346.

Kim, K.H., Loch, C., Waddell, J.N., Tompkins, G. and Schwass, D., 2017. Surface Characteristics and
Biofilm Development on Selected Dental Ceramic Materials. International Journal of Dentistry,
2017: 1-6.

Kim, M.J., Ahn, J.S., Kim, J.H., Kim, H.Y. and Kim, W.C., 2013. Effects of the sintering conditions of
dental zirconia ceramics on the grain size and translucency. The Journal of Advanced
Prosthodontics, 5(2): 161-166.

Klapper, 1., Rupp, C.J., Cargo, R., Purvedorj, B. and Stoodley, P., 2002. Viscoelastic fluid description of

bacterial biofilm material properties. Biotechnology and Bioengineering, 80(3): 289-296.

Kokare CR. Chakraborty S, Khopade AN, Mahadik KR., 2009. Biofilm: importance and applications.
Indian Journal Biotechnology: 8: 159-168.

Kolbeck, C., Behr, M., Rosentritt, M. and Handel; G:,.2008: Fracture force of tooth—tooth- and implant—
tooth- supported all- ceramic fixed partial dentures using titanium vs. customised zirconia
implant abutments. Clinical Oral Implants Research, 19(10): 1049-1053.

Kolbeck, C., Sereno, M., Rosentritt,-M.-and Handel,-G., 2013. Biofilm formation on polyetheretherketone
surfaces and cleaning options. IADR Seattle (2353).

Koutouzis, T., Wallet, S., Calderaon, N..and.Lundgren, T., 2011. Bacterial colonization of the implant-
abutment interface using an in vitro dynamic loading model. Journal of Periodontology, 82(4):
613-618.

Kumar, C.G. and Anand, S.K., 1998. Significance of microbial biofilms in food industry: a review.
International Journal of Food Microbiology, 42(1-2): 9-27.

Kumar, P.S. and Mason, M.R., 2015. Mouthguards: does the indigenous microbiome play a role in

maintaining oral health? Frontiers in Cellular and Infection Microbiology, 5: 35: 1-9.

Larsen, T. and Fiehn, N.E., 2017. Dental biofilm infections—an update. Journal of Pathology,
Microbiology and Immunology, 125(4): 376-384.

Lassila, L.V., Garoushi, S., Tanner, J., Vallittu, P.K. and Sdderling, E., 2009. Adherence of
Streptococcus mutans to fiber-reinforced filling composite and conventional restorative
materials. The Open Dentistry Journal, 3: 227-232.

112



Lee, W., Lewandowski, Z., Nielsen, P.H. and Hamilton, W.A., 1995. Role of sulfate- reducing bacteria

in corrosion of mild steel: A review, Biofouling, 8(3): 165-194.

Li, J., Hirota, K., Goto, T., Yumoto, H., Miyake, Y. and Ichikawa, T., 2012. Biofilm formation of
Candida albicans on implant overdenture materials and its removal. Journal of Dentistry, 40(8):
686-692.

Li, Y., Hanna, M.N., Svensoter, G., Ellen, R.P. and Cvitkovitch, D.G., 2001. Cell density modulates acid
adaptation in Streptococcus mutans: implications for survival in biofilms. Journal of
Bacteriology, 183(23): 6875-6884.

Lindhe, J., Lang, N., Berglundh, T., Giannobile, W., & Sanz, M. (2015). Clinical Periodontology and
Implant Dentistry (Sixth edition.). Chichester, West Sussex ;John Wiley and Sons.

Loe, H., 1979. Mechanical and chemical control of dental plaque. Journal of Clinical Periodontology,
6(7): 32-36.

Lyle DM, Goyal CR, Qagish JG, Schuller R,-2016.-Comparison-of water Flosser and Interdental Brush
on Plague Removal: A Single Use: Journal of Clinical Dentistry; 27(1): 23-26.

Ma, R, and Tang, T., 2014. Current strategies to improve the hioactivity of PEEK. International Journal
of Molecular Sciences, 15(4): 5426-5445.

Maart, R., Grobler, S.R., Kruijsse, H:-W.,"Osman, Y., Patel, N."and Moodley, D., 2016. The whitening
effect of four different commercial denture-cleansers on stained acrylic resin. South African
Dental Journal, 71(3), 106-111.

Mari¢, S. and Vranes, J., 2007. Characteristics and significance of microbial biofilm formation.
Periodicum Bilogorum, 109: 115-121.

Marion-Ferey, K., Pasmore, M., Stoodley, P., Wilson, S., Husson, G.P. and Costerton, J.W., 2003.
Biofilm removal from silicone tubing: an assessment of the efficacy of dialysis machine

decontamination procedures using an in vitro model. Journal of Hospital Infection, 53(1): 64-71.

Marquardt, P. and Strub, J.R., 2006. Survival rates of IPS Empress 2 all-ceramic crowns and fixed partial
dentures: Results of a 5-year prospective clinical study. Quintessence International, 37(4): 253-
259.

Marsh, P. D., 2005. Dental plaque: biological significance of a biofilm and community life-style. Journal

of Clinical Periodontology, 32: 7-15.

113



Marsh, P.D. and Zaura, E., 2017. Dental biofilm: ecological interactions in health and disease. Journal of
Clinical Periodontology, 44: S12-S22.

Marsh, P.D., Do, T., Beighton, D. and Devine, D.A., 2016. Influence of saliva on the oral microbiota.
Periodontology, 70(1): 80-92.

McCracken Gl, Preshaw PM, Steen IN, Swan M, DeJager M, Heasman PA., 2006. Measuring plaque in

clinical trials: index or weight? Journal of Clinical Periodontology; 33(3):172-176.

Meier, R., Hauser-Gerspach, I., Lithy, H. and Meyer, J., 2008. Adhesion of oral streptococci to all-
ceramics dental restorative materials in vitro. Journal of Materials Science: Materials in
Medicine, 19(10): 3249-3253.

Mitik- Dineva, N., Wang, J., Mocanasu, R.C., Stoddart, P.R., Crawford, R.J. and Ivanova, E.P., 2008.
Impact of nano- topography on bacterial attachment. Biotechnology Journal: Healthcare
Nutrition Technology, 3(4): 536-544.

Miura, S., Kasahara, S., Kudo, M., Okuyama,-Y-, 1zumida, A.,-Yeda, M., Egusa, H. and Sasaki, K., 2015.
Clinical chipping of zirconia ali=ceramic restorations. Interface Oral Health Science, Springer:
317-323.

Mohammadi, Z., Jafarzadeh, H., Shalavi, S, and Palazzi, F., 2017. Recent Advances in Root Canal
Disinfection: A Review. Iranian-Endodontic-Journal, 12(4): 402-406.

Moncmanova, A., 2007. Environmental . factors “that influence: the deterioration of materials

Environmental Deterioration of Materials. Britain. WIT.Press: 4-21.

Najeeb, S., Zafar, M.S., Khurshid, Z. and Siddiqui, F., 2016. Applications of polyetheretherketone
(PEEK) in oral implantology and prosthodontics. Journal of Prosthodontic Research, 60(1): 12-
19.

Nakahara, I., Takao, M., Goto, T., Ohtsuki, C., Hibino, S. and Sugano, N., 2012. Interfacial shear
strength of bioactive- coated carbon fiber reinforced polyetheretherketone after in vivo
implantation. Journal of Orthopaedic Research, 30(10): 1618-1625.

Nance, W.C., Dowd, S.E., Samarian, D., Chludzinski, J., Delli, J., Battista, J. and Rickard, A.H., 2013. A
high-throughput microfluidic dental plaque biofilm system to visualize and quantify the effect of
antimicrobials. Journal of Antimicrobial Chemotherapy, 68(11), 2550-2560.

Naumova, E.A., Kuehnl, P., Hertenstein, P., Markovic, L., Jordan, R.A., Gaengler, P. and Arnold, W.H.,
2012. Fluoride bioavailability in saliva and plague. BMC Oral Health, 12(1): 3-3.

114



Nemours, T.C.E., 1984. Corrosion and biofouling control in a cooling tower system. Materials
Performance, 23(8): 43-47.

Nisbet, B.A., Sutherland, I.W., Bradshaw, 1.J., Kerr, M., Morris, E.R. and Shepperson, W.A., 1984. XM-
6: a new gel-forming bacterial polysaccharide. Carbohydrate Polymers, 4(5): 377-394.

Oh, S., Dong, J. & Luthy H, P. S., 2000. Strenght and microstructure of IPS Empress 2 glass-ceramic
after different treatments. International Journal of Prosthodontics, 13(6): 468-472.

Ohashi, A. and Harada, H., 1994. Adhesion strength of biofilm developed in an attached-growth reactor.
Water Science and Technology, 29(10-11):281-288.

@ilo, M. and Bakken, V., 2015. Biofilm and dental biomaterials. Materials, 8(6): 2887-2900.

Ortega-Martinez, J., Farré-Lladés, M., Cano-Batalla, J. and Cabratosa-Termes, J., 2017.

O'Toole, G., Kaplan, H.B. and Kolter, R., 2000. Biofilm formation as microbial development. Annual
Reviews in Microbiology, 54(1): 49-79:

Pagan, R. and Garcia-Gonzalo, D.,-2015." Influence of-environmental factors on bacterial biofilm

formation in the food industry;: a review. PoStd.oc Journal, 3(6): 3-13.

Palla, E.S., Kontonasaki, E., Kantiranis, N., Papadopaulou, L., Zarha, T., Paraskevopoulos, K.M. and
Koidis, P., 2018. Color stability-of lithium disilicate ceramics after aging and immersion in

common beverages. The Journal of prosthetic Dentistry, 119(4): 632-642.

Patel, D., Mehta, F., Trivedi, I., Mehta;'N:; Shah; U. and Vaghela, V. 2015. Study of the effects of oral
irrigation and automatic toothbrush use in orthodontic patients with fixed appliances. Journal of
Orthodontic Research, 3(1): 4-10.

Pieger, S., Salman, A. and Bidra, A.S., 2014. Clinical outcomes of lithium disilicate single crowns and
partial fixed dental prostheses: a systematic review. Journal of Prosthetic Dentistry, 112(1): 22-
30.

Pistorius, A., Willershausen, B., Steinmeier, E. and Kreisler, M., 2003. Efficacy of subgingival irrigation

using herbal extracts on gingival inflammation. Journal of Periodontology, 74(5): 616-622.

Pokorny, D., Fulin, P., Slouf, M., Jahoda, D., Landor, I. and Sosna, A., 2010. Polyetheretherketone
(PEEK) Part Il: Application in clinical practice. Acta chirurgiae orthopaedicae ET
traumatologiae Cechoslovaca, 77(6): 470-478.

Polyetheretherketone (PEEK) as a medical and dental material. A literature review. Medical Research
Archives, 5(5): 1-16.

115



Quirynen M, Bollen CM., 1995. The influence of surface roughness and surface-free energy on supra-and
subgingival plaque formation in man. A review of the literature. Journal of Clinical
Periodontology; 22:1-14.

Quirynen M, Marechal M, Busscher HJ, Weerkamp AH, Darius PL, Van Steenberghe D., 1990. The
influence of surface free-energy and surface roughness on early plaque formation. An in vivo
study in man. Journal of Clinical Periodontalogy, 17:138-144.

Quirynen, M. and Teughels, W., 2003. Microbiologically compromised patients and impact on oral
implants. Periodontology, 33(1): 119-128.

Quirynen, M., Bollen, C.M.L., Vandekerckhove, B.N.A., Dekeyser, C., Papaioannou, W. and Eyssen, H.,
1995. Full-vs. partial-mouth disinfection in the treatment of periodontal infections: short-term

clinical and microbiological observations. Journal of Dental Research, 74(8): 1459-1467.

Quirynen, M., Papaioannou, W. and van Steenberghe, D., 1996. Intraoral transmission and the

colonization of oral hard surfaces. Journal.of-Reriodontology, 67(10): 986-993.

Rashid, H., 2014. The effect of surface roughness on-ceramics used:in dentistry: A review of literature.
European Journal of Dentistry, 8(4): 571-579.

Renner, L.D. and Weibel, D.B., 2011. Physicochemical regulation of biofilm formation. MRS bulletin,
36(5): 347-355.

Rimondini, L., Cerroni, L., Carrassi,“A. and Torriceni, P., 2002. Bacterial colonization of zirconia
ceramic surfaces: an in vitro and.in vivo study. International Journal of Oral & Maxillofacial
Implants, 17(6): 793-798.

Rochford, E.T., Jaekel, D.J., Hickok, N.J., Richards, R.G., Moriarty, T.F. and Poulsson, A.H., 2016.
Bacterial interactions with polyaryletheretherketone. In PEEK Biomaterials Handbook. Elsevier.

Roehling, S., Astasov- Frauenhoffer, M., Hauser- Gerspach, I., Braissant, O., Woelfler, H., Waltimo, T.,
Kniha, H. and Gahlert, M., 2017. In vitro biofilm formation on titanium and zirconia implant
surfaces. Journal of Periodontology,88(3), 298-307.

Rosema, N.A., Hennequin-Hoenderdos, N.L., Berchier, C.E., Slot, D.E., Lyle, D.M. and van der
Weijden, G.A., 2011. The effect of different interdental cleaning devices on gingival bleeding.
Journal of International Academy of Periodontology, 13(1): 2-10.

Sakaguchi, R.L., Ferracane, J. and Powers, J.M., 2018. Craig's restorative dental materials-e-book.

Elsevier Health Sciences.

116



Santos, M.J., Costa, M.D., Rubo, J.H., Pegoraro, L.F. and Santos Jr, G.C., 2015. Current all-ceramic

systems in dentistry: a review. Compendium of Continuing Education in Dentistry, 36(1): 31-7.

Saxer, U.P., Barbakow, J. and Yankell, S.L., 1998. New studies on estimated and actual toothbrushing

times and dentifrice use. The Journal of Clinical Dentistry, 9(2): 49-51.

Scarano, A., Piattelli, M., Caputi, S., Favero, G.A. and Piattelli, A., 2004. Bacterial adhesion on
commercially pure titanium and zirconium oxide disks: an in vivo human study. Journal of
Periodontology, 75(2): 292-296.

Schmidlin, P.R., Stawarczyk, B., Wieland, M., Attin, T., Hommerle, C.H. and Fischer, J., 2010. Effect of
different surface pre-treatments and luting materials on shear bond strength to PEEK. Dental
Materials, 26(6): 553-559.

Siqueira, W.L., Custodio, W. and McDonald, E.E., 2012. New insights into the composition and

functions of the acquired enamel pellicle. Journal of Dental Research, 91(12): 1110-1118.

Song, F., Koo, H and Ren. D., 2015. Effects-of material properties on bacterial adhesion and biofilm
formation. Journal of Dental Research; 94(8): 1027-1034-

Souza, J., Mota, R.R., Sordi, M.B|, Passoni, B.B., Benfatti, C.A; and Magini, R.S., 2016. Biofilm
formation on different materials used in |oral rehabilitation: Brazilian Dental Journal, 27(2):
141-147.

Stawarczyk, B., Beuer, F., Wimmer, “T., Jahn, D., Sener, B., Roos,;M. and Schmidlin, P.R., 2013.
Polyetheretherketone—a suitable material for. fixed. dental prostheses?. Journal of Biomedical
Materials Research Part B: Applied Biomaterials, 101(7): 1209-1216.

Stawarczyk, B., Thrun, H., Eichberger, M., Roos, M., Edelhoff, D., Schweiger, J. and Schmidlin, P.R.,
2015. Effect of different surface pretreatments and adhesives on the load-bearing capacity of
veneered 3-unit PEEK FDPs. Journal of Prosthetic Dentistry, 114(5): 666-673

Stoodley, P., Lewandowski, Z., Boyle, J.D. and Lappin- Scott, H.M., 1999. The formation of migratory
ripples in a mixed species bacterial biofilm growing in turbulent flow. Environmental
Microbiology, 1(5): 447-455.

Tannous, F., Steiner, M., Shahin, R. and Kern, M., 2012. Retentive forces and fatigue resistance of

thermoplastic resin clasps. Dental Materials, 28(3): 273-278.

Tawakoli, P.N., Sauer, B., Becker, K., Buchalla, W. and Attin, T., 2015. Interproximal biofilm removal
by intervallic use of a sonic toothbrush compared to an oral irrigation system. BMC Oral Health,
15(1): 91-97.

117



Tenovuo, J., 2002. Clinical applications of antimicrobial host proteins lactoperoxidase, lysozyme and

lactoferrin in xerostomia: efficacy and safety. Oral Diseases, 8(1): 23-29.

Teughels, W., Van Assche, N., Sliepen, I. and Quirynen, M., 2006. Effect of material characteristics
and/or surface topography on biofilm development. Clinical Oral Implants Research, 17(S2):
68-81.

Toksavul, S. and Toman, M., 2007. A short-term clinical evaluation of IPS Empress 2 crowns.
International Journal of Prosthodontics, 20(2): 168-172.

Truong, V.K., Rundell, S., Lapovok, R., Estrin, Y., Wang, J.Y., Berndt, C.C., Barnes, D.G., Fluke, C.J.,
Crawford, R.J. and Ivanova, E.P., 2009. Effect of ultrafine-grained titanium surfaces on
adhesion of bacteria. Applied Microbiology and Biotechnology, 83(5): 925-937.

Ukuku, D.O. and Fett, W.F., 2002. Relationship of cell surface charge and hydrophobicity to strength of

attachment of bacteria to cantaloupe rind. Journal of Food Protection, 65(7): 1093-1099.

van Brakel, R., Cune, M.S., van Winkelhoff A.J:, de-Putter, C., Verhoeven, J.W. and van der Reijden W.,
2011. Early bacterial colonization and-soft tissue health around zirconia and titanium abutments:

an in vivo study in man. Clinical Oral Implants:Research; 22(6): 571-577.

Van Oss, C.J., 1995. Hydrophobicity of biosurfaces—origin, quantitative determination and interaction

energies. Colloids and Surfaces-B: Biointerfaces, 5(3-4):-91-110.

Vasylkiv, O. and Sakka, Y., 2001. Synthesis and colloidal processing of zirconia nanopowder. Journal of
the American Ceramic Society, 84(11): 2489-2494.

Verran, J. and Maryan, C.J., 1997. Retention of Candida albicans on acrylic resin and silicone of different

surface topography. The Journal of Prosthetic Dentistry, 77(5): 535-539.

Viitaniemi, L., Abdulmajeed, A., Sulaiman, T., Séderling, E. and Nérhi, T., 2017. Adhesion and Early
Colonization of S. Mutans on Lithium Disilicate Reinforced Glass-Ceramics, Monolithic
Zirconia and Dual Cure Resin Cement. The European Journal of Prosthodontics and
Restorative Dentistry, 25(4): 228-234.

Volpato C, Cesar P, Botino M, 2016. Influence of Accelerated Aging on the Color Stability of Dental
Zirconia. Journal of Esthetic and Restorative Dentistry; 28:304-312.

Volpe, S., Verrocchi, D., Andersson, P., Gottlow, J. and Sennerby, L., 2008. Comparison of early
bacterial colonization of PEEK and titanium healing abutments using real-time PCR. Applied

Osseointegration Research, 6(2): 54-56.

118



Vu, B., Chen, M., Crawford, R.J. and lvanova, E.P., 2009. Bacterial extracellular polysaccharides
involved in biofilm formation. Molecules, 14(7): 2535-2554.

Wang, L., He, S., Wu, X., Liang, S., Mu, Z., Wei, J., Deng, F., Deng, Y. and Wei, S., 2014.
Polyetheretherketone/nano-fluorohydroxyapatite composite with antimicrobial activity and

osseointegration properties. Biomaterials, 35(25): 6758-6775.

Warren, P.R. and Chater, B.V., 1996. An overview of established interdental cleaning methods. The
Journal of Clinical Dentistry, 7(3): 65-69.

Watnick, P. and Kolter, R., 2000. Biofilm, city of microbes. Journal of Bacteriology, 182(10): 2675-
2679.

Williams, D.L., Woodbury, K.L., Haymond, B.S., Parker, A.E. and Bloebaum, R.D., 2011. A modified
CDC biofilm reactor to produce mature biofilms on the surface of PEEK membranes for an in

vivo animal model application. Current Microbiology, 62(6): 1657-1663.

Wilson Jr, T.G., Glover, M.E., Maliky~A.K:, Sehoen, J:A.-and_Dorsett, D., 1987. Tooth loss in
maintenance patients in a private periodontal practice. Journal of Periodontology, 58(4): 231-
235.

Wise, M.D. and Dykema, R.W., 1975. The plaque-retaining capacity of four dental materials. The
Journal of Prosthetic Dentistry,-33(2):-178-190.

Xiao, J., Klein, M.1., Falsetta, M.L.., Lu, B., Delahunty, C.M.; Yates I, J.R., Heydorn, A. and Koo, H.,
2012. The exopolysaccharide. matrix. modulates the. interaction between 3D architecture and

virulence of a mixed-species oral biofilm. PLoS Pathogens, 8(4): 1-16.

Yu, P., Wang, C., Zhou, J., Jiang, L., Xue, J. and Li, W., 2016. Influence of Surface Properties on
Adhesion Forces and Attachment of Streptococcus mutans to Zirconia In Vitro. BioMed
Research International, 2016: 1-10.

Zhang, Y. and Hu, Z., 2013. Combined treatment of Pseudomonas aeruginosa biofilms with

bacteriophages and chlorine. Biotechnology and Bioengineering, 110(1): 286-295.

Zok, F.W. and Miserez, A., 2007. Property maps for abrasion resistance of materials. Acta Materialia,
55(18): 6365-6371

119



APPENDIX

Control BF Wash
No | Material | Device | Surface
L* a* b* L* a* b* L* a* b*
1 PEEK AQ Polish 88.42 | 0.52 44 8262 | 792 | -4.09 | 86.94 | 3.88 | 1.72
2 PEEK AQ Polish 884 | 051 | 46 |8266 | 7.71 | -3.95 | 87.03 | 3.53 | 2.05
3 PEEK AQ Polish 88.94 | 044 | 44 | 8288 | 6.98 | -3.46 | 87.08 | 3.62 | 19
4 PEEK AQ Polish 88.64 | 05 431 | 8484 | 7.09 | -3.04 | 8797 | 1.47 | 4.01
5 PEEK AQ Polish 88.03 | 052 | 57 824 | 747 | -342 | 8683 | 274 | 3.9
6 PEEK AQ Polish 88.74 | 0.44 45 8225 | 758 | -3.44 | 88.15 | 2.44 | 3.08
7 PEEK AQ Polish 88.91 | .0:58 | 4.14-{.81:66.|10.56 | -3.58 | 88.6 | 1.69 | 3.59
8 PEEK AQ Polish 88.73 |-0.59 |-416 -81.76- 1045 | -1.65 | 88.44 | 153 | 4.24
9 PEEK AQ Polish 88.56/ | 0.52 4,5 828 | 10.86 | -2.88 | 88.5 | 1.55 43
10 PEEK AQ Un-polish | 87.66 | 0.46 | 548 | 83.34 | 9.83 | -2.02 | 87.66 | 1.96 | 3.09
11 PEEK AQ Un-polish—{-87.87-{-0.36-5.35{83.89{-9.72| -1.75 | 875 | 279 | 2.76
12 PEEK AQ Un-polish |[87.49'| 0.44"|.5.27 || 83.43/| 9.0L | -1.04 | 87.44 | 2.02 | 2.95
13 PEEK AQ Un-polish [87:¢5 | 053 || 496 | 83,15 | [9.61 0.41 | 87.16 1 4.35
14 PEEK AQ Un-polish | 87.97 | 052 | 4.7 | 8372 | 971 | -2.03 | 87.83 | 2.76 | 3.03
15 PEEK AQ Un-polish | 87.72 | 0.51 54 84.48 | 8.96 -0.6 | 87.67 | 217 | 3.48
16 PEEK AQ Un-polish | 87.62 | 047 | 541 | 8425 | 12.83 | -2.06 | 86.82 | 3.31 33
17 PEEK AQ Un-polish | 87.44 | 0.6 5.89 | 83.86 | 12.19 | -0.51 | 85.78 | 439 | 3.45
18 PEEK AQ Un-polish 88 0.51 | 5.23 838 | 12.09 | -2.14 | 8842 | 1.04 | 4.36
19 PEEK WP Un-polish | 88.78 | 0.51 | 4.25
20 PEEK WP Polish 88.59 | 055 | 436 | 8255 | 7.03 | -358 | 87.84 | 221 | 298
21 PEEK WP Polish 88.75 | 05 44 82.33 75 -3.37 | 87.58 | 227 | 2.65
22 PEEK WP Polish 88.93 | 043 | 4.38 | 8238 | 745 | -3.37 | 88.22 | 2.31 | 3.07
23 PEEK WP Polish 88.73 | 051 | 429 | 8531 | 795 | -3.73 | 88.76 | 1.23 | 4.02
24 PEEK WP Polish 88.28 | 053 | 4.65 | 83.75 | 745 | -3.28 | 88.32 | 1.47 | 3.95
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25 PEEK WP Polish 88.56 | 0.56 | 4.23 | 83.63 | 7.32 | -3.59 | 88.43 | 1.66 35
26 PEEK WP Polish 88.27 | 0.51 | 456 | 83.84 | 10.76 | -3.01 | 88.31 | 1.87 | 3.79
27 PEEK WP Polish 88.74 | 051 | 4.4 8255 | 9.96 | -5.03 | 88.33 | 1.38 | 4.28
28 PEEK WP Polish 88.85 | 0.61 | 433 | 8248 | 10.13 | -2.64 | 88.73 1 4.26
29 PEEK WP Un-polish | 87.34 | 0.45 | 497 | 8365 | 946 | -1.14 | 87.73 | 251 | 3.93
30 PEEK WP Un-polish | 87.83 | 0.51 | 5.07 | 8335 | 9.27 | -1.54 | 87.86 | 1.99 | 3.57
31 PEEK WP Un-polish | 87.26 | 0.61 | 6.39 | 83.77 | 959 | -1.06 | 87.27 | 257 | 3.45
32 PEEK WP Un-polish | 88.26 | 0.49 | 489 | 8353 | 9.03 | -1.63 | 87.95 | 0.78 | 3.99
33 PEEK WP Un-polish | 87.43 | 0.52 5.4 83.03 | 926 | -2.28 | 8752 | 1.63 | 4.18
34 PEEK WP Un-polish | 88.04 | 0.51 | 461 | 8425 | 9.24 | -1.53 | 87.95 | 1.98 | 3.09
35 PEEK WP Un-polish | 87.27 | 053 | 5.72 | 83.68 | 11.81 | -2.43 | 87.06 | 2.62 3.8
36 PEEK WP Un-polish | 87.97 | 0.51 5.2 83.76 | 125 -13 | 87.83 3 2.9
37 PEEK WP Un-polish | 87:43 | 0.5 |~5.63{.83:56.| 12.38 | -1.42 | 87.08 | 1.41 | 4.46
38 PEEK WP Polish 88.52/ | 0.63 | 4.42

39 PEEK WP Polish 88.73 | 05 45

40 PEEK WP Un-polish | 87.49/ | 0.56 5.4

41 ZR AQ Polish 777511251 11.32°1 7599 | 4.69 8.64 | 77.79 | 1.45 | 10.89
42 ZR AQ Polish 7732 /| L1337 £10837)' 7592 |~ 3.62 .| 10.07 | 77.16 | 1.4 | 10.83
43 ZR AQ Polish 76.64-~ L7 12.8 | 7454 |.451. | 1033 | 77.04 | 1.79 | 12.36
44 ZR AQ Polish 77.94 | 049 | 103 | 75.47 | 6.54 9.16 | 77.54 | 155 | 10.14
45 ZR AQ Polish 77.12 | 0.83 | 1259 | 75.29 | 6.43 8.84 | 77.86 | 1.56 | 12.98
46 ZR AQ Polish 77.07 | 1.52 | 11.59 | 73.96 | 6.36 8.76 | 76.55 | 1.7 | 11.45
47 ZR AQ Polish 77.6 05 | 1257 | 716 9.46 593 | 77.29 | 0.91 | 12.63
48 ZR AQ Polish 78.06 | 0.51 | 10.59 | 71.65 | 9.42 3.08 | 77.61 | 1.03 | 10.45
49 ZR AQ Polish 76.98 | 0.65 | 13.35 | 73.19 | 6.73 942 | 76.8 | 087 | 134
50 ZR AQ Un-polish | 76.57 | 1.41 | 11.94 | 7599 | 5.25 8.3 76.26 | 1.32 | 10.78
51 ZR AQ Un-polish | 76.33 | 1.42 | 12.15 | 73.44 | 6.98 822 | 76.33 | 1.63 | 11.6
52 ZR AQ Un-polish | 76.41 | 1.73 | 12.66 | 75.24 | 514 | 1042 | 76.93 | 1.75 | 12.29
53 ZR AQ Un-polish | 76.49 | 0.54 | 13.24 | 73.38 | 7.54 9.22 | 76.91 | 0.98 | 12.03
54 ZR AQ Un-polish | 78.16 | 0.23 | 12.39 | 7441 | 7.66 9.08 | 76.22 | 0.57 | 11.87
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55 ZR AQ Un-polish | 76.53 | 1.43 | 12.19 | 7345 | 7.36 | 9.54 | 76.56 | 2.01 | 11.03
56 ZR AQ Un-polish | 78.14 | 0.55 | 10.93 | 72.26 | 10.78 | 3.47 | 78.04 | 0.92 | 10.33
57 ZR AQ Un-polish | 76.92 | 0.29 | 13.32 | 72.23 | 10.6 | 4.89 | 76.96 | 1.1 | 12.67
58 ZR AQ Un-polish | 76.77 | 0.35 | 134 | 7434 | 729 | 8.36 | 78.22 | 0.54 | 12.04
59 ZR WP Polish 7691 | 1.38 | 11.1 | 75.33 | 3.96 9.88 | 77.49 | 1.34 | 10.75
60 ZR WP Polish 77.17 | 156 | 1152 | 75.68 | 4.28 | 10.76 | 77.78 | 1.64 | 11.61
61 ZR WP Polish 77.3 14 | 11.01 | 75.32 4.2 9.9 77.16 | 1.53 11
62 ZR WP Polish 77.67 | 1.22 | 10.46 | 75.32 | 6.49 9.8 | 77.24 | 141 | 10.84
63 ZR WP Polish 77.07 | 1.68 | 12.18 | 75.67 | 6.18 9.58 773 | 2.07 | 11.85
64 ZR WP Polish 7725 | 169 | 1224 | 7531 | 6.71 911 | 77.72 | 2.01 | 11.87
65 ZR WP Polish 78.05 | 1.03 | 10.43 | 74.05 | 6.73 9.67 | 78.08 | 1.07 | 10.71
66 ZR WP Polish 7733 | 168 | 1217 | 73.42 | 6.29 9.27 77.3 2 11.75
67 ZR WP Polish Leln®B |l BT il T 7D 6.47 9.4 7712 | 1.76 | 11.62
68 ZR WP Un-polish' | 76.63 | 1.3 | 14.37 | 7491 | 5.25 9.67 | 76.65 | 1.6 | 11.39
69 ZR WP Un-polish |"76.77 | 1.46 | 12.89 | 76,63 | 5.53 933 | 76.96 | 1.54 | 12.44
70 ZR WP Un-polish | 76.82 | 1.46|| 121 | 74.86 | 531 959 | 76.57 | 142 | 12.17
71 ZR WP Un-polish={=76:28={—1.5-{~11.93"1"73:11={~7.5% | 851 | 76.47 | 1.44 | 11.65
72 ZR WP Un-polish T}, 76:85 7| 111593 12.73 )" 7454 |~ 7.65 897 | 76.79 | 1.57 | 11.96
73 ZR WP Un-polish | 76:66-(-1:76 ;{+12.,68 | 7457 |7.12 936 | 77.01 | 1.73 | 12.12
74 ZR WP Un-polish | 76.66 | 1.37 | 11.9 73.2 7.62 8 76.63 | 1.55 | 11.97
75 ZR WP Un-polish | 76.96 | 1.63 | 12.22 | 74.35 74 9.37 | 77.36 | 1.52 | 12.08
76 ZR WP Un-polish | 76.05 | 1.26 | 12.04 | 74.65 | 7.66 842 | 76.37 | 1.22 | 11.43
77 ZR WP Polish 78.18 | 0.27 | 11.84

78 ZR WP Polish 77.08 | 0.82 | 12.76

79 ZR WP Un-polish | 76.9 | 0.8 | 13.35

80 ZR WP Un-polish | 77.06 | 0.37 13

81 LDS AQ Polish 7141 | 3.71 | 18.79 | 68.47 | 6.31 | 13.78 | 71.62 | 4.06 | 18.49
82 LDS AQ Polish 71.03 | 3.77 | 18.63 | 67.84 | 6.43 | 13.87 | 71.03 | 4.03 | 18.44
83 LDS AQ Polish 71.36 | 3.88 | 1891 | 69.83 | 6.14 | 16.78 | 71.01 | 3.96 | 18.59
84 LDS AQ Polish 7132 | 4.05 | 19.02 | 67.74 | 9.69 | 144 | 70.66 | 5.67 | 17.96
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85 LDS AQ Polish 7123 | 3.77 | 18.77 | 67.82 | 9.36 | 14.09 | 70.05 | 5.62 | 18.07
86 LDS AQ Polish 71 3.66 | 18.53 | 67.46 | 9.74 | 14.07 | 70.16 | 5.28 | 17.6
87 LDS AQ Polish 71.28 | 3.58 | 1851 | 67.87 | 9.03 | 14.78 | 71.13 | 4.24 | 18.58
88 LDS AQ Polish 7127 | 3.83 | 18.87 | 6754 | 9.82 | 1478 | 71.3 | 422 | 18.95
89 LDS AQ Polish 70.63 | 3.72 | 18.71 | 68.13 | 9.43 | 14.46 | 70.62 | 4.48 | 18.88
90 LDS AQ Un-polish | 70.79 | 3.92 | 1891 | 68.94 | 7.27 | 16.01 | 70.77 | 3.72 | 18.93
91 LDS AQ Un-polish | 70.67 | 3.75 | 18.67 69 7.1 16.05 | 70.2 | 3.94 | 18.74
92 LDS AQ Un-polish | 70.18 | 3.82 | 18.74 | 69.39 | 6.95 | 16.18 | 70.94 | 3.96 | 18.59
93 LDS AQ Un-polish | 70.99 | 3.73 | 18.47 | 68.63 | 10.31 | 15.51 | 70.53 | 4.76 | 18.83
94 LDS AQ Un-polish | 70.91 | 3.7 | 18.49 | 69.81 | 10.4 | 15.19 | 70.07 | 5.13 | 17.95
95 LDS AQ Un-polish | 70.89 | 3.6 | 18.06 | 68.8 | 10.33 | 155 | 70.69 | 4.77 | 18.42
96 LDS AQ Un-polish | 70.98 | 3.9 | 18.85 | 68.57 | 10.04 | 15.47 | 70.79 | 4.14 | 18.97
97 LDS AQ Un-polish | 70.27 | 3:75 .|-~18.61+{.68:26..| 10.23 | 15.38 | 70.68 | 4.75 | 18.27
98 LDS AQ Un-polish | 70.83 | 3.86 | 18.71 | 68.25 | 10.74 | 15.72 | 70.84 | 4.11 | 19.08
99 LDS WP Polish 7157 1371 | 185 | 70.19 | 659 | 16.56 | 71.48 | 4.42 | 18.33
100 LDS WP Polish 72.07 | 3.99 | 19.03 | 70.51 | 6.64 | 16.41 | 71.81 | 432 | 18.61
101 LDS WP Polish 71.53°1°3.86118.92-169.52"| 6.83 | 1558 | 71.29 | 429 | 185
102 LDS WP Polish 71.2 7| 383 18.67 | 6738 | 9.82 | 14.48 | 71.07 | 4.86 | 18.36
103 LDS WP Polish 71.32-|-3.96 /18,84 | 6855 |.9.45 | 1452 | 70.99 | 4.62 | 18.13
104 LDS WP Polish 7131 | 3.68 | 184 | 68.87 9.4 1485 | 71.23 | 52 | 18.22
105 LDS WP Polish 715 | 3.69 | 18.65 | 67.66 | 9.71 | 14.37 | 70.84 | 3.96 | 18.37
106 LDS WP Polish 7182 | 391 | 1891 | 6738 | 9.24 | 13.32 | 71.74 | 437 | 18.84
107 LDS WP Polish 7142 | 345 | 18.28 | 67.2 9.58 | 12.73 | 71.39 | 4.09 | 18.76
108 LDS WP Un-polish | 70.79 | 3.91 | 18.75 | 70.39 | 7.26 | 17.08 | 70.77 | 3.96 | 18.03
109 LDS WP Un-polish | 71.96 | 3.97 19 69.63 | 7.04 | 16.53 | 70.24 | 4.01 | 19.22
110 LDS WP Un-polish | 70.54 | 3.86 | 18.71 | 69.57 7 16.38 71 3.94 | 18.87
111 LDS WP Un-polish | 71.28 | 3.92 | 18.69 | 68.51 | 10.29 | 15.34 | 70.66 | 4.22 | 18.84
112 LDS WP Un-polish | 7091 | 391 | 18.7 | 69.13 | 10.47 | 15.65 | 70.66 | 4.12 | 18.66
113 LDS WP Un-polish | 71.79 | 3.89 | 18.67 | 68.4 | 10.81 | 15.62 | 70.64 | 4.67 | 18.74
114 LDS WP Un-polish | 70.9 | 3.73 | 18.68 | 67.85 | 10.42 | 15.44 | 70.51 | 4.63 | 19.03
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115 LDS WP Un-polish | 7091 | 3.7 | 185 | 68.95 | 10.83 | 15.04 | 70.43 | 4.16 | 18.82
116 LDS WP Un-polish | 70.41 | 3.76 | 18.58 | 68.61 | 10.74 | 15.48 | 71.03 | 4.66 | 19.22
117 LDS WP Polish 7193 | 3.73 | 18.71
118 LDS WP Polish 7141 | 3.83 | 18.63
119 LDS WP Un-polish 71 3.61 | 185
120 LDS WP Un-polish | 70.39 | 3.8 | 187
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