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file://///Users/othmanmodar/Desktop/Modar%20Othman%20Dissertation%2028.06.2022_Endgültig.docx%23_Toc109590321
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file://///Users/othmanmodar/Desktop/Modar%20Othman%20Dissertation%2028.06.2022_Endgültig.docx%23_Toc109590332
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file://///Users/othmanmodar/Desktop/Modar%20Othman%20Dissertation%2028.06.2022_Endgültig.docx%23_Toc109590337
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Abstract

Abstract

Objective:

The aim of this in vitro study was to investigate the formation of biofilms on the surfaces of

materials applied for the fabrication of implant abutments and dental materials.

Materials and methods:

Specimens were prepared from six different materials: three types of dental grade
Polyetheretherketone (PEEK), one type of mmplant-grade PEEK, one type of titanium
implant abutment material, and one type of zircontum dioxide implant abutment. All
specimens were subjected to mitial surface polishing using grit rotating silicon carbide papers.
Surface roughness measurements were conducted with an Alicona infinite focus system, and
contact angle measurement were conducted on a Keyence V5000 digital microscope.
Bacterial species Streptococcus sanguinis was cultured on the surfaces of the different
materials for 18 hours and subsequently quantified by fluorescence microscope after

fluorochrome staining with fluorescein diacetate.
Results:

Surface roughness measurement showed that titanium had the lowest surface roughness and
the contact angle measurement showed that zirconium dioxide had the lowest mean contact
angle. Biofilm formation was stronger on the surfaces of titantum and zirconium dioxide

compared to the different PEEK materials.
Conclusion:

Within the limitations of a laboratory study, the quantification of biofilm formation on
different types of materials showed that implant-grade PEEK material led to significantly
lower amounts of adherent 5. sangunis colonies on its surface, and could therefore, in regard
to biofilm formation, perform as well as titanilum and zirconium dioxide when used as an

implant dental material. However, clinical studies are necessary to corroborate these results.
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Abstract

Zielsetzung:
Ziel dieser In-vitro-Studie war es, die Bildung von Biofilmen auf den Oberflichen von
Materialien zu untersuchen, die zur Herstellung von Implantatabutments und

Dentalmaterialien verwendet werden.

Materialen und Methoden:

Die Proben wurden aus sechs verschiedenen Materialien hergestellt, drei Arten von
Polyetheretherketon zu der dentalen Verwendung (PEEK), eine Art von PEEK Implantieren,
eine Art von Implantat-Abutment-Material Titan und eme Art von Implantat-Abutment-
Zirkoniumdioxid. Alle Proben wurden poliert unter Verwendung von rotierenden
Silictumcarbidpapieren mit Kérnung unterzogen. Oberflichenrauheitsmessungen wurden mit
einem Alicona-Endlosfokussystem durchgefiihrt, Kontaktwinkelmessungen wurden mit einem
digitalen Keyence V5000- Mikroskop durchgefithrt. Die Bakterienspezies Streptococcus
Sangunis wurde 18 Stunden lang auf den Oberflichen der verschiedenen Materialien kultiviert
und anschlieBRend nach Fluorochrom-Firbung mit Fluoresceindiacetat durch e

Fluoreszenzmikroskop quantifiziert.

Ergebnisse:

Die Messung der Oberflichenrauheit zeigte, dass Titan die niedrigste Oberflichenrauheit
aufwies, und die Messung des Kontaktwinkels zeigte, dass Zirkoniumdioxid den niedrigsten
mittleren Kontaktwinkel aufwies. Die Biofilmbildung war auf den Oberflichen von Titan und

Zirkoniumdioxid im Vergleich zu den verschiedenen PEEK-Materialien stiarker.

Konklusion:

Im Rahmen emer Laborstudie zeigte die Quantifizierung der Biofilmbildung auf
verschiedenen Materialtypen, dass PEEK-Implantat-Material zu signifikant geringeren Mengen
anhaftender 5. Sangurnis-Kolonien auf seiner Oberfliche fithrte und daher im Hinblick auf die
Biofilmbildung eimne Leistung erbringen konnte sowie Titan und Zirkonmumdioxid bei
Verwendung als Implantat-Dentalmaterial. Es sind jedoch klinische Studien erforderlich, um

diese Ergebnisse zu bestitigen.
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1.Introduction

The human oral cavity 1s the gateway of the body and 1s in constant contact with the external
environment because it is the first organ of the digestive system which all foods and beverages
come through (45). Since the very first moment of birth, it 1s a favorable place for microbial
colonization, where 1ideal temperatures and rich nutrient supply are the basis of the fast
development of a large number of different bacteral species resulting m different types of
biofilms, which in the presence of teeth and their surrounding gingival pockets are referred to as

dental plaque (2).

Dental plaque, as defined by its microbial composition, can, for example, lead to periodontal
diseases such as gingivitis as the simplest form, which, when untreated, results in periodontitis as
a result of the interactions and the infection process between the commensal bacteria species
which give our microflora a positive feature, and the pathogenic species which are recognized as
the key etiologic factor for oral diseases (3).

Periodontitis 1s defined as a complex chronic inflammatory infectious disease, related to specific
bactenal species such as Aggregatibacter acinomycetemcomitans and Porphy-romonas gingivalis,
and 1t can be increased by the presence of risk factors such diabetes and smoking, affecting the

gingival tissues and potentially leading to tooth loss (4).

In the process of plaque formation, the adhesion of the early colonizing bacteria (for example,
Streptococct such as S. mutans, S. gordoni and S. mitis) to the tooth surfaces 1s considered the
crucial step for biofilm formation, followed by the adhesion of later colonizers forming a more

mature oral biofilm ().

Peri-implantitis, the inflammation equivalent of periodontitis on implants, is defined as a chronic
mflammation that affects the implant-supporting soft and hard tissues (6). "Mucositis" represents
the initial inflammation of this pathogenesis, which 1s reversible and does not cause bone loss,
while "peri-implantitis’ represents the advanced form of inflammation, which 1s usually established
over a longer period of time with crestal peri-implant bone loss (7).

Dental implants have lately been used as a reliable solution to replace the missing teeth, and they
act as an artificial tooth root that later helps the regaining of the function and the shape of the

missing teeth (8), supporting the different types of fixed (9) and removable dentures (10).
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Titanium and its alloys have been for a long time the material of choice for dental implants (11),
however the high elasticity module and the esthetic needs led to the search for alternatives, and
the most used alternatives were ceramics such as zirconia and lately polymers such as PEEK

(polyetheretherketone) (12).

Polyetheretherketone (PEEK) 1s a high-performance polymer that was introduced to the market
i the 1980s and was approved as implant material by the American Food and Drug
Administration (FDA) in the 1990s (13).

Its outstanding material properties, such as high biocompatibility, chemical resistance and
mechanical behavior, make it an interesting biomaterial for medical (14) and dental applications
(15). Due to its high mechanical properties, which can be adjusted, e.g., by reinforcement with
carbon fibers, PEEK has been proposed as a substitute for metallic biomaterials (16). Therefore,
PEEK could also serve as a viable alternative to titantum and zirconia in the field of dental

implantology.
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1.1 Oral Biofilm and Peri-implantitis

Biofilm 1s defined as a complex, relatively undefinable microbial community developed on the
tooth surface or any hard non-shedding surfaces immersed in an aqueous environment (17). In
the mouth, the biofilm formation on the tooth surface is called dental plaque, whereas this
microbial community can be formed and attached on other surfaces such as prosthetic
restorations and dental implants. This formation 1s considered a major step in the development
of the pathological process (18) of the most prevalent oral infections, such as periodontitis and
dental caries, which are two of the most common infections in the oral cavity (19).

Biofilm formation starts with three major steps: attachment, colonization and biofilm

development (20; Figure 1).

Biofilm Formation

2. Colonization

3. liferation
& - X .

M Lipid «, = Microorganism 4, ™ Nucleic Acid i. PolysacchandeJPmtem
- J

Figure 1: The Biofilm Formation Steps.
(The image was taken from the website https./www.frontiersin.org/liles/Articles/676458/tmich-12-076458-HTMI /image_my/fmich-12-676158-g001 jpg).
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Seconds after tooth brushing, the surfaces of teeth, dental implants and gingivae/mucosa are
covered by saliva, serum and other components secreted into the oral cavity by the salivary glands
such as proteins (21). These components, and especially those coming from the saliva, represent
a major nutrient source for the oral bacteria and additionally help the bacteria to attach to the
aforementioned surfaces, due to the adsorption of the different salivary proteins (proline-rich

proteins, mucin, IgA, etc.), which form a thin layer called the acquired pellicle (22).

The acquired pellicle plays a crucial role in conditioning the surface by altering the charge and
free energy of the surface, leading to an increase in the efficiency of the bacterial adhesion, acting
like an adhesion layer between the surface and the bacteria (23).

The mitial colonizers colonize the entire tooth surface within 4 hours after pellicle formation.
This binding between the bacterial surface and the surface of the pellicle 1s made possible by

special surface molecules (adhesin) present on the surface of the bacterial cell (245 Figure 2).

Adhesin Receptor

==

Eubacterium spp.
=
3, ~
=
<
-
1

=

Late
Colonizers

/L . |
Early -
= lonizers

ol A nctlnamycelomcomlmns

ie2
[

juswbely
199 |e1a19eq

! upstodigin:
! yop-ouyjosd

Figure 2: The Acquired Pellicle and The Bacterial Adhesion.

The image was taken from the website hittp./mikrolife.blogspot.com/2007/1 1/plaque-biofilm-formation. html’m=0).
(1Th 19 ken /i 7 b huy krolife.blogsp 2007/11/plaque-brofilm-1 html. 0)
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After the process of the mitial colomzation, the mitial colomzers, represented by streptococcr
(Streptococcus sanguinis, Streptococcus oralls, Streptococcus mitis, etc.), help the other bacterial
species that are unable to attach directly to the tooth surface to attach to the mitial colonizers via
a cell-cell interaction using the receptors on the surfaces of the iitial colonizers, ultimately

creating the dental biofilm (2)).

About 30 minutes after the installation of a dental implant in the oral cavity, it will be covered
with a pellicle layer (26) and the subsequent microbial colonization of the implant surface 1s
analogous to the biofilm formation on tooth surfaces (27) - in brief, the bacteria colonize the
surfaces of the implant and produce an extracellular polymeric matrix, which is responsible for
creating microenvironments and changing the virulence of the bacteria (28). Under healthy
conditions, the biofilm on implant surfaces 1s mainly composed of gram-positive aerobic bacteria
(Streptococcr) and a low number of periodontopathogenic bacteria (29,30). The periodontal
pathogens are very similar to the microbiota species which are found in cases of periodontitis (P,

gingivalis, P. intermedia, etc.) and are also mainly responsible for peri-implantitis (31).

Peri-implantitis 1s a pathogenic condition representing one of the main reasons for implant loss
(32). Pert-implantitis 1s usually observed 5-11 years after implant insertion affecting both soft and

hard tissues surrounding the implant (33).

This pathological process starts with the inflammation of the soft tissues around the implant
associated with characteristic clinical symptoms such as bleeding on probing (BOP), and changes
of the color (from pink to dark red) and the contour of the mucosal margin due to swelling. This
condition 1s defined as peri-implant mucositis and occurs in 43 % of patients according to recent
studies (34). This inflammation is not associated with bone loss and reversible under treatment,
and 1t can be gone with time under healthy conditions (35). Without treatment, mucositis
triggered by the resumption of the unhealthy conditions surrounding the implant tissues can cause
loss of connective tissues, followed by the breakdown of the mucosal seal, permitting pathogenic
bacteria to mvade and start a new inflammatory process, which finally causes marginal bone loss
around the implant and thus the formation of peri-implant pockets (36). This pattern 1s called
peri-implantitis and its prevalence 1s increasing considerably, with 20 % of implants developing

peri-implantitis (37; Figure 3).

12
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Peri-implantitis 1s a multifactorial disease - for example, periodontitis in a patient's history,
smoking and diabetes are general risk factors for peri-implantitis (38). However, it is believed
that the early colonizers play a specific role for the establishment of peri-implantitis, whereas
recent studies of subgingival and submucosal plaque samples in peri-implantitis showed the

great presence of streptococcal species, including streptococcus sanguinis (39).

Healthy Mucositis Peri-implantitis Implant loss

i,

£
==

Sty

Figure 3: Development of Peri-implantitis and the implant failure.

(The picture was taken fromhittps;/www.micro-ident.de/en/dentists/peri-implantitis).
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1.2 Dental Implant materials

Replacing missing teeth has always been of major interest in the dental field, so that oral implants
have undergone several changes throughout the decades. The Mayan civilization and the
Egyptians were the first in history to replace missing teeth using different materials, for example,
mussels, bone, wood and even other extracted teeth (40).

Ever since, implant manufacturing has followed the clinical need to obtain implants of
biocompatible materials with good physical and chemical properties to enhance long-term success
due to resistance against corrosion, fracture and wear (41). Nowadays, dental implants can be
categorized according to their design, shape, function and the implant material, though implants

are conventionally made of titantum (T1) and titantum alloys (42-46).

1.2.1 Titanium-based dental implants

For more than five decades, titanium dental implants have been the most widely used metal-based
mmplants. This began in the 1960s, after Swedish scientist Professor Branemark discovered the
potential of titanium implants to cause bone growth towards the implant surface and thus a strong
connection with the surrounding bone. He defined this phenomenon as “osseointegration” (47).
Titanium materials are available in two different forms. On the one hand as pure metal, the so-
called commercially pure titanium (CpTi). On the other hand as titanium alloys to improve the
material's properties (48). According to the American Society of Testing Materials (ASTM), pure
titanium can be divided into 4 grades (Grade I-IV) depending on the amount of trace elements

within pure titanium, such as carbon, iron, oxygen and nitrogen (49; Table 1).
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1able 1: Comparison of the chemical compositions between Titanium grades (1-4).

Introduction

(The table was taken from https.;/www.zapp.comy/lileadmin/_documents/Downloads/materials/high_performance_alloys/de/Titan-Grade-1-1-

Datenblatt.pdl)

Fe C N O H Ti
Til 0.20 0.08 0.03 0.18 0.015 Rest
T12 0.30 0.08 0.03 0.25 0.015 Rest
Ti3 0.30 0.08 0.05 0.35 0.015 Rest
Ti4 0.50 0.08 0.05 0.40 0.015 Rest
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The reason that titanium and its alloys have long been the materials of choice 1s because of their
excellent physicochemical properties, high biocompatibility, corrosion resistance and high
strength (50). However, titantum has a high Young’s modulus of 110 GPa, which 1s higher than
that of enamel (80 Gpa), cortical bone (14 Gpa) and dentin (20 Gpa) (51). This mismatch between
titanium and the surrounding bone during load transfer 1s thought to cause stresses at the implant-
bone interface, leading to bone damage and consequent bone loss due to overload (52).

In addition, there have been some concerns that titantum may cause hypersensitivity reactions.
On the one hand, this hypersensitivity could be explained as a result of an excessive pro-
iflammatory reactivity of the tissue macrophages (53), or as a result of the release of metal ions
from the implant following contact with skin or with the mucosa, whereby these 10ns react with
some proteins turning them nto allergens (54). On the other hand, due to the grey color of
titanium, when placed in the esthetic zone in the presence of a thin gingival biotype, the grey
appearance of titantum may be visible through the peri-implant tissues, thus impairing the esthetic

outcome (H); Figure 4).

Figure 4: The implant shoulder shimmers grayish through the thin mucosa.
(The picture was taken from hitp;//centralparkperio.comynaturalpinkdentalimplants.php)
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1.2.2 Ceramics as Dental Implant materials

As a metal-free substitute for titantum, ceramics are being used in the field of implant dentistry,
whereas implants made of aluminum oxide (“Ttibingen implants”) are considered as the first
generation of ceramic implants, which were withdrawn from the market in the early 1990s
because of many factors such as their low fracture toughness and what they exhibit regarding
linear elastic behavior (56). After aluminum oxide, Zirconia (Zirconium dioxide) was used due

to 1ts superior biomechanical properties, wear resistance and high flexural strength (80-100

Mpa) (57; Figure 5).

g

Figure J: Different Tyvpes of Ceramic Implants from Straumann.
(The picture was taken from hitps;/straumannprod-h.assetsadobe2.comy/is/image/content/damy/sites/straumanny/xy/dental-professionals/cgy/key-visuals-product-detail-pages/K0015-
01_VOI-SNOW-PURE%20Implant%20System_RGB_ Transparent. png’fmt=png-alpha&wid=720).
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Zirconium dioxide was first used for the fabrication of crowns and implant abutments (58,59).
Yttrium-stabilized tetragonal zirconia polycrystals (Y-TZP), in comparison to other ceramics,
have better mechanical properties related to the tetragonal-to-monoclinic phase transformation
(60)

It has also attracted considerable attention and has been proposed as a viable dental implant
material due to the white and opaque color of zircon, along with early reports of good
biocompatibility and low affinity to bacterial plaque, which made it a material of interest in
biomedical sciences (61).

On the one hand, zircontum dioxide showed preferable properties over titanium, such as
favorable color and lower plaque affinity (62,63), combined with comparable osseointegration
behavior to titanium-based implants (64,65). On the other hand, zirconium dioxide has a
Young’s modulus of around 210 GPa (66), which 1s higher than that of titanitum, and thus even

more detrimental than titantum 1mplants in terms of overloading of the peri-implant bone.
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1.2.3 PEEK as potential material for dental implants

Another group of materials in dentistry are polymers, which has recently included the high-
performance polymer PEEK for the manufacture of dental prostheses.

PEEK is a semi-crystalline linear polycyclic thermoplastic (67). It has a high melting
temperature of 343°C, allowing steam sterilization as well as gamma-radiation (68). It has been
used in orthopedics and trauma as an alternative to metal-based implant materials (69) and
exhibits less stress shielding (the stress removal which occurs due to the differences of the
properties between the bone and the implant) (70) compared to stiff implant materials, due to
its Young’s modulus being closer to that of cortical bone (3-4 GPa), which can be adjusted, e.g.,
with reinforcing carbon fibers to around 18 GPa or with glass fibers to around 12 GPa (71,72).
The combination of its metal-free property and its adjustable elastic modulus has led to the
assumption that PEEK could represent a viable alternative implant material. It has so far been
used as abutment material for provisional implant restorations (73), and also for definitive
prosthetic restorations manufactured via CAD/CAM and pressing techniques (74). In
comparison to titanium, PEEK has showed less hypersensitivity and less allergic reactions (7).
Also, the grey/beige color of pure PEEK is closer to tooth colors and can be adjusted by adding
pigment powders, making it more suitable for applications in esthetic regions (76), and
additionally to that, some studies showed that PEEK has the ability to reduce the bacterial
growth on its surface as it has been used in orthopedics without the need to use antibiotics (77).
In addition to the mechanical factors influencing the implant complex, bacterial adhesion as a
favoring factor for the development of peri-implantitis affects the long-term success of

implants.

Therefore, the aim of the present study was to evaluate the colonization behavior of .. sangurnis

as early colonizer on different PEEK grades compared to titanium and zirconia.
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2. Materials and Methods

2.1 Sample preparation.

Six different materials were used, each forming a group:
- a pure implantable PEEK grade (“P-PEEK?”), supplied as a round rod with 3 m length and a
diameter of 10 mm (14 R, Evonik industries, Essen, Germany)

- ared dental PEEK grade (“R-PEEK?”), supplied as a blank with 98.4 mm diameter and 12
mm thickness (DC4470 R, Evonik industries, Essen, Germany)

- a white dental PEEK grade (“W-PEEK?”), supplied as a blank with 98.4 mm diameter and
12 mm thickness (IDC4420 R, Evonik industries, Essen, Germany)

- a beige dental PEEK grade (“B-PEEK?”), supplied as a blank with 98.4 mm diameter and 12
mm thickness (DC4450 R, Evonik industries, Essen, Germany)

- an implantable titanium grade (“T1”), supplied as round rod with 0.2 m length and a

diameter of 10 mm (Friatec AG, Mannheim, Germany)

- an implantable zirconium dioxide grade (“Zr”), supplied as a blank with a 98 mm diameter

und 18 mm thickness (MicroCeram GmbH, Meien, Germany).
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For each material, n=10 specimens were manufactured. For P-PEEK, round disc-shaped
specimens with a diameter of 10 mm were obtained by cutting slices with a thickness of
2 mm from the round rod using a diamond saw (IsoMet 1000 Precision Cutter, Buehler,
Lake Bluff, USA). For R-, W- and B-PEEK, square samples with an edge length of 10
mm and a thickness of 2 mm were manufactured from the blanks using the diamond
saw. For Ti, round disc-shaped specimens with a diameter of 10 mm and a thickness of
2 mm were cut from the round rod using the diamond saw. For Zr, square plates with a
thickness of 2 mm and an edge length of 10 mm were cut out of the blank using the
diamond saw, and which were subsequently sintered at 1500°C for 24 hours in a ceramic

furnace (Thermo Star, Thermo-Star GmbH, Aachen, Germany; Figure 6).

Figure 0: The ceramic furnace (Thermo Star, Thermo-Star GmbH, Aachen, Germany) used for sintering the Zr
samples.
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Afterwards, all specimens were subjected to surface polishing, using a standardized procedure

with 800, 1200, 2500, and 4000 grit rotating silica carbide (S1C) papers (Hermes Schleifmittel

GmbH, Hamburg, Germany) under water cooling with a polishing machine (Exakt 400 CS,
EXAKT Advanced Technologies GmbH, Norderstedt, Germany; Figure 7).

Figure 7: The polishing machine (Exakt 400 CS, EXAK'T Advanced Technologies GmbH, Norderstedl,
Germany) used to polish the sample surfaces.
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2.2 Surface characterization.

2.2.1 Surface Roughness

Surface roughness (R,) was determined on the surface of all samples using the Alicona infinite
focus system (Alicona Imaging GmbH, Raaba/Graz, Austria). 3D scans of each of 5 separate
areas of the surfaces were taken at 10-fold magnification. On each of these scans, 4 lines were
drawn in a zigzag arrangement with a total length of 4 mm, by which the Ra value was then

determined (Figure 8).
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Figure 8: Procedure of the surface roughness measurement using the Alicona infinite focus
system (Alicona Imaging GmbH, Raaba/Graz, Austria).
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2.2.2 Contact Angle

To evaluate the surface wettability, the water contact angle was measured with the sessile drop

method using a digital microscope (Keyence VHX-5000, Keyence GmbH, Neu-Isenburg,

Germany).

A 20-ul water droplet was put on the surface of the samples at room temperature. After 10s, a

picture was taken and the contact angles of each side of the droplet were measured and

averaged (Figure 9).

Figure 9: Exemplary contact angle measurement.
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Materials and Methods

2.3 Microbiological culture.
Tryptic soy broth (TSB) was prepared by combining the following ingredients:

- trypticase soy broth (6 g)
- yeast extract (0.6 g)

- sterile distilled water (200 ml).

The mgredients were carefully measured using a precision scale (BP 221 S, Sartorius,
Gottingen, Germany), and mixed in a l-liter laboratory bottle. The broth was
sterilized afterwards in the microwave until boiling. The bottle was then removed
from the microwave and closed 2 minutes later. After 2 hours, the sterilization
procedure was repeated. Later, the TSB medium was stored in the refrigerator at 2

°C untl the day of the experiment.

Streptococcus sanguinis (DSM 20068) and agar plates were kindly provided by the
department of periodontology of the Charité-University Medicine Berlin.
The bacteria were incubated on the agar plates for 1 to 2 days m a 5 % CO:

atmosphere to obtain single colonies.

After 1-2 days of incubation, the bacterial colonies were collected by scraping from the agar plate
and thoroughly mixed mto a matching amount of TSB medium within a 50 ml centrifuge tube
(Falcon, Fisher Scientific GmbH, Schwerte, Germany). The tube was put on a circle shaker (KS
260 basic, IKA, Germany) and incubated at 37°C at 40 rpm overnight. After 24 h the bacterial

suspension could then be transferred to the experimental part of the study.

The samples were washed with 60 % alcohol, put into 24-well plates and again covered with 60
% alcohol for 30 minutes. The samples were then washed twice with sterile water and put into a

new 24-well plate.

In order to obtain a specific concentration of the bacteria in the medium, the optical density at
wavelength 600 nm (ODggo) was adjusted to ca. 0.5 using a photometer (BioPhotometer Plus,
Eppendorf AG, Hamburg, Germany; (Figure 10) by comparing 500 ul TSB medium to 500 ul
bactenal suspension, to which a calculated amount of TBS medium was added (diluting the
bacterial suspension) until the optical density level of 0.5 was reached. Fach measurement was

repeated three times.
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Afterwards, 1000 ul of the bacterial suspension was added to each sample. The samples n the
24-well plates were then incubated for 3 hours on the circle shaker at 37 °C and 40 rpm in a 5
% CO2 atmosphere.

Figure 10: The photometer (BioPhotometer Plus, Eppendorl AG, Hamburg, Germany)
which was used to obtain a bacterial concentration in the T'SB medium.
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After the 3 hours of incubation, the samples were carefully rinsed three times with a phosphate
buffered saline (PBS) to remove debris and non-adherent bacteria from the surface and to buffer

the pH value to a physiological value of 7.4.

Afterwards, the samples were put into new 24-well plates and covered with 1000 ul TBS medium

and incubated again on the circle shaker at 37°C for 18 hours.

The samples were then rinsed with the PBS again to remove debris and non-adherent bacteria,
every sample was rinsed 3 times carefully and gently, and thus, the samples were ready to be

scanned using the microscope.
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2.4 Fluorescence microscopy of bacterial colonies

Principles of fluorescence microscopy

Fluorescence 1s the emission of light from objects which have absorbed light in a specific
wavelength and exhausted it again in a different wavelength within nanoseconds. The difference
between these wavelengths can be visualized with a fluorescence microscope via a different
spectral color. The ability of these objects to be fluorescent 1s related to their physical and
chemical properties, so some objects are auto fluorescent and some are not. For auto
fluorescent objects, the way in which they absorb light and their power of light emission differs,
so the molecules that have good auto fluorescent properties are used as detectors for other

materials which have a lower fluorescence ability, and are called fluorophores (78).

As the fluorophore, FDA (fluorescein diacetate) was chosen to stain the viable bacteria since it
showed the best results in the frame of the preliminary tests.

Using blue light with a wavelength of 450 nm, FDA causes a bright yellow-green emitted
light with a wavelength about 550 nm after reacting with the cell under the fluorescence

microscope (Figure 11 and 12).
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Figure 11: The cell staining mechanism using FIDA.

(The image was taken from https.//www.dojindo.eu.com/Images/Product%20Photo/I’209_figl jpg.).
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A 5 mg/ml FDA stock solution was stored at -20°in the dark until usage. For usage, it was
diluted in PBS in a ratio of 1:100 and covered with aluminum foil due to its light sensitivity.
From this solution, 1000 ul was added to each sample in the well plates. The well plates were

covered with aluminum foil and incubated at 37 °C for 30 minutes.

Figure 12: Fluorescence microscopic image ol S. sanguinis colonies after incubation with

FDA for 50 minutes.
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For every specimen, three pictures of different rectangular (2.5 mm X 2.0 mm) areas (right,
middle, left) of the surface were taken using a fluorescence microscope (Vanox T AH-2 DIC,
OLYMPUS EUROPA SE & CO. KG, Hamburg, Germany; Figure 13) with an exposure time
of 100 ms at 5x magnification using blue light with a wavelength of 450 nm, with a total of 180

pictures of all the specimens in this study.

Figure 13 : The fluorescence microscope (Vanox T'AH-2 DIC, OLYMPUS EUROPA SE &
CO. KG, Hamburg, Germany), which was used to visualize the S. sanguinis colonies after 18
hours of mcubation.
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The pictures were then modified using Photoshop version 14 (Adobe Inc., California,
USA) to make the adherent colonies visible.

Preliminary tests showed that the strong intrinsic fluorescence of PEEK, which makes it
impossible to visualize and detect the colonies, could be circumvented by adjusting the
brightness and contrast of the images. For this, a specific filter in Photoshop called "Curves”
was used. All the pictures, including the ones of Zr and Ti, were processed with the same

filter to ensure a standardized procedure (Figure 14).

Figure 14: Fluorescence microscopic images ol'S. sanguinis colonies on W-PEEK incubated
with FDA for 30 minutes, before editing (left) and after editing (right).
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Afterwards the colonies were counted using Image J 1.531 (Figure 15), whereby a

minimum area of 100-1000 pixels and circularity of 0.00-1.00 was considered a

colony.

‘/

‘. ¢

¢

, File Edit Image Process Analyze Plugins Window Help

AR @ 4| cros

/el

s, Ndolgl 44

¥ TNTESnON 7~

385%
kil » foss
K » lzss

Default v| |Red v

IV Dark background [~ Stack histogram
IV Dontresetrange

¢ Results

File Edit Font Results

|area |Mean [Min [Max |

<4322

317
318
319
320
321

406
936
650
43

172
38
43

205 255 255
255 255 268
255 255 265
285 255 255
255 255 265
285 255 285
205 255 255

Figure 15: Due to the image processing i Imagel, the colonies on the fluorescence images (here on
W-PEEK) show as red areas, which are counted by the software.
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2.5. Statistical analysis:

Statistically significant differences between groups were analyzed by one-way ANOVA and

Tukey’s multiple comparison tests.

The contact angle measurement, the surface roughness measurement and the biofilm
measurement were carried out using the one-way ANOVA, followed by the Tukey’s post hoc

test.

The statistical significance was evaluated using SPSS 27.0 software (SPSS IBM, Chicago, 1L,
USA).

A p value <0.05 was considered statistically significant.
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3. RESULTS

3.1 Surface characterization

3.1.1 Surface Roughness measurements

Table 2 shows the mean surface roughness of the different groups, which are visualized

in Figure 16.

Table 2: Summary of the surface roughness (Ra) of the difterent groups (mean = SD).

Groups Ra [um]
W-PEEK 0.61 = 0.08
R-PEEK 0.66 = 0.08
B-PEEK 0.61 £0.12
P-PEEK 0.55 +0.11

7r 0.54 + 0.05
Ti 0.43 + 0.09

One-way ANOVA indicated a significant difference in the surface roughness between the
W-, B- and P-PEEK from one side, and the R-PEEK, Zr and T1 from the other side
(P<0.05).

Titanium showed the smoothest surface, with an average of 0.43 + 0.09 um. This result

was significantly different to W-PEEK, R-PEEK and B-PEEK (P<0.05).

Zirconium dioxide showed the second smoothest surface, with an average of 0.54 + 0.05
MM, which was not significantly different to the other groups.

P-PEEK showed a rougher surface compared to titanium and zirconium dioxide, and
was smoothest of the PEEK groups, with a mean value of 0.55 = 0.11 pum, which was not

significantly different to the other groups.

R-PEEK had the roughest surface, with a mean Ra value of 0.66 + 0.08 pum. The other
PEEK materials showed slightly smoother surfaces, with a mean Ra of 0.61+ 0.12 um for

B-PEEK and an average of 0.61+ 0.08 um for W-PEEK.
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Figure 10: Boxplot of the surface roughness of the different groups.
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3.1.2 Contact Angle measurements

Figure 17 shows one image of each group after application of the water droplet to measure

the contact angle.

W-PEEK R-PEEK

B-PEEK P-PEEK

Zr

Figure 17: Exemplary water contact angles of the different groups.
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Table 3 summarizes the mean water contact angles, which are visualized in Figure 18.

1able 3: Summary of the water contact angle measurements of the different groups (mmean +

SD).

Group Water contact angle (°)
W-PEEK 71 +3.73
R-PEEK 72 +2.92
B-PEEK 72.48 + 3.48
P-PEEK 66.65 + 9.26

7 66.26 + 9.39
11 71.75 + 6.56

There was no significant difference between the results of the water contact angles of the
different groups.

B-PEEK, with an average 72.48 £ 3.48° in water contact angle was the most hydrophobic
material, comparable to R-PEEK with an average of 72 + 2.92°, W-PEEK (71 + 3.73°) and
Ti (71.75 + 6.56°) without significant differences.

Zr and P-PEEK showed the most hydrophilic surfaces, with a mean water contact angle of
66.26 + 9.39° and 66.65 + 9.26°, respectively.
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Figure 18: Boxplot of the water contact angles of the different groups.
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3.2. Biofilm Formation

Figure 19 shows fluorescence microscopic images of the biofilm formation on the

surfaces of the different matenals before and after editing.

R-PEEK W-PEEK

P-PEEK B-PEEK

i P

Figure 19: Exemplary luorescence microscopic images of the different groups after 18 hours of incubation of'S.
sanguinis colonies, before (lefi) and afier editing (right).
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Table 4 summarizes the number of adherent colonies of S. sanguinis on the surfaces of the

different groups, while the results are visualized in Figure 20.

ble 4: Summary of the adherent colonies on the surfaces of the different groups.

1
Group Number of adherent colonies
(mean = SD)

W-PEEK 32.43 + 29.65

B-PEEK 15.63 +7.51

R-PEEK 96.1 + 39.01
P-PEEK 22.56 + 33.90

/r 100.7 £ 37.01
Ti 108.2 + 49.42
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After 18 hours of incubation, the lowest amount of adherent viable biomass of
Streptococcus sanguinis was 1dentified on the surface of B-PEEK (15.63 £ 7.51 colonies),
which was significantly lower than Zr (100.7+ 37.01 colonies), R-PEEK (96.1+39.01
colonies) and T1 (108.2 + 49.42 colonies).

P-PEEK, with an average of 22.56+ 33.90 colonies, showed the second lowest number
of colonies, with a non-significant difference to B-PEEK and W-PEEK (32.43+29.65
colonies), but with a significant difference compared to Zr, R-PEEK and 11 (P<0.05).
W-PEEK showed the third lowest number of colonies, with a significant difference to

Zr, R-PEEK and T1 (p<0.05).

Of the PEEK groups, R-PEEK showed the highest number of colonies, which was
significantly different to the other PEEK groups (P<0.05), whereas the mean number

of colonies on R-PEEK was not significantly lower than the ones of 11 and Zr.

Ti showed the highest number of adherent colonies from Streptococcus sanguinis,
which was significantly higher than the number of colonies on W-PEEK, B-PEEK and
P-PEEK.
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Figure 20: Boxplot of the number of adherent colonies of the different groups. (**) significantly different to
W-, B- and P-PEEK.
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4. Discussion

The aim of this in vitro study was to investigate the biofilm formation of an early colonizer
species (5. sanguinzs) on the surfaces of different types of PEEK materials, with Titanium and

zirconia serving as controls.

The bacterial growth differed significantly between R-PEEK, Ti and Zr, on the one hand, and
W-PEEK, B-PEEK and P-PEEK on the other hand. This could have been caused by different
reasons, including the surface roughness. This could have been the reason in the case of R-
PEEK, since it showed the highest surface roughness. In general, the topography of a surface
can affect bacterial adhesion (79,80), whereas a high surface roughness enhances bacterial

adhesion and growth (81).

In case of Zr, the high number of colonies could be attributed to its high wettability based on
its low contact angle, since a high hydrophilicity can also enhance bacterial adhesion (82),
resulting in a positive correlation between the hydrophilicity of a material and the number of

adherent bacterial colonies on 1its surface (83).

In case of titantum, the high number of colonies could not be attributed to its surface
roughness, since T1 showed the smoothest surface. Moreover, titanium did not show the
lowest contact angle, so the reason for the high number of adherent bacterial colonies was not

obvious.

Taking this into account, as well as the low numbers of adherent colonies on W-, B- and P-
PEEK, despite their surface roughness being similar to that of R-PEEK, the results of the
present study do not agree with the results of previous studies, where an increase n the surface
roughness led to an increase in the number of bacterial colonies in the biofilm in comparison
with smoother surfaces (83). However, when looking at the PEEK materials separately, the
results were in accordance with the studies, whereby the surface roughness correlated with the
numbers of adherent colonies, since R-PEEK showed the highest surface roughness and

highest number of adherent bacterial colonies compared to the other PEEK materials of the

P-, W-, and B-PEEK groups.
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Besides the surface roughness and wettability, the chemical composition of a material may
play an additional important role in biofilm formation (84). According to Scheuerman et al.,
the attachment of bacteria to different surfaces involves complex mechanisms with different

chemophysical forces that will either attract or repel bacteria (85).

In contrast to P-PEEK, the other PEEK grades contain pigment powders, such as TiO2 in
the case of W-PEEK, so as to adapt their intrinsic color to the specific field of application.
Whether these powders could have had a negative influence on the polishability, and thus
have had an indirect or a direct influence on the bacterial adhesion due to their material

properties, would need to be clarified in the future.

The results of the present study are in accordance with the literature, where titantum shows a

high contact angle in combination with a high number of adherent colonies (83).

Despite the low contact angle, P-PEEK showed a very low number of adherent bacteria. This
could have probably been caused by its surface roughness, so that air could have been

trapped 1n the surface rregularities, repelling the bacteria (81).

Preliminary studies showed that the PEEK materials included in this study were difficult to
evaluate under the fluorescence microscope due to their intrinsic fluorescence. Therefore,
various detectors had to be tested due to the strong light reflection of PEEK, such as
methylene blue as a standard dye, and later fluorophores such as DAPI (4 ”,6-diamidino-2-
phenylindole), FITC (fluorescein isothiocyanate) and FDA (fluorescein diacetate).
Additionally, the microscopic images had to be edited to make the colonies visible. This
procedure was carried out carefully in order to avoid leaving any colonies undetected, which

could not be guaranteed completely.

Furthermore, it could not be guaranteed that all relevant colonies were detected, since
fluorochrome FDA only makes living bacteria visible (86). Therefore, after the incubation
with FDA, the surfaces were scanned immediately to avoid any delay. However, the
additional detection of the dead bacteria adhering to the surfaces would be also of high
interest. Moreover, other possible fluorochromes sensitive to other light spectra should be
evaluated 1n the future, 1n order to avoid the intrinsic fluorescence of PEEK.

Biofilm formation in the oral cavity 1s a very complicated process, and still not completely
clarified yet. This study was based on an attempt to create a simplified in vitro test setup to

provide an indication of the plaque aftinity of the tested materials. Therefore, .S. sanguinis was
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used, since 1t 1s considered to be crucial for plaque formation, due to its role as one of the early
colonizers. This i vitro study showed that .S. sanguinis has the ability to adhere to the surface
of different PEEK materials as well as to the other implant materials titanium and zirconia,
despite the absence of the acquired pellicle, which may be due to its special properties as an
early colonizer (87). These results were similar to other studies which investigated the growth
of bactena (Staphylococcus eprdermudis, Pseudomonas acruginosa, and Escherichia col)) on
different orthopedic polymers (PEEK was one of them) (88). However, i vivo, namely in the
oral cavity, there are more than 700 types of bacteria which are also important for biofilm
formation, especially if they interact with each other. As mentioned above, another important
factor for biofilm formation 1s the acquired pellicle, which consists of several proteins. These
proteins have an influence on bacterial adherence, in that they can prevent and enable bacteria
to adhere at the same time. Due to the absence of other bacteria and the acquired pellicle, the
present i vitro results could differ signficantly from in vivo results (89). Another limitation of

the study could have been the low number of specimens of n=10 per group.

The mterface between the oral tissues and implant materials has always been of great interest
so as to better understand osseointegration on the one hand, and the mechanism of bacterial
colonization on the other, as well as to be able to minimize the cumulative results such as
mflammatory diseases and implant failure, and to maintain healthy conditions to achieve higher
success rates by improving the techniques and materials used in dental implantology (90).
Therefore, with the introduction of new materials such as PEEK, new challenges have arisen

i the field of dentistry.
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Conclusion

5. Conclusion

Within the limits of this in2 vitro study, three different PEEK compounds - including a pure
implantable PEEK grade - showed the least bacterial adhesion, while titantum showed the
highest, followed by zirconium dioxide and another red dental PEEK grade, using . sanguinis

as an early colonizer within the biofilm formation process.

In vivo mvestigations are needed to establish whether these results can be used to make a
statement regarding the plaque affinity of the mnvestigated materials, and also to prove whether

the test setup used could be used for the examination of other materials.
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