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Abstract

Polymeric materials are inevitably used in dental applications. Dental prostheses
are cleaned during their service life, and surface roughness is an important crite-
rion for these polymeric materials. In this study, the effect of different denture clean-
ing methods on the surface roughness and color stability of polyether ether ketone
(PEEK) dental materials was studied. Seventy disk-shaped (10X 3 mm) specimens
were fabricated and divided into seven groups (n=10) according to the cleaning
procedure. One of these groups subjected to distilled water was the control group.
Other three groups were subjected to daily cleansing with denture cleaners (5%
sodium hypochlorite, alkaline peroxide, chlorhexidine gluconate solution) and the
other three groups were subjected to mechanical cleaning with a toothbrush with
three different dentifrices (toothpaste, soap, and denture cleansing gel). The surface
roughness values (R,) were measured with a profilometer before (R,0) and after
cleaning procedures for 270 days (R,1). CIELab color parameters of each specimen
were measured with a spectrophotometer before and after 7 days of storage in a cof-
fee solution. Color differences were calculated, and data were statistically analyzed
with one-way ANOVA and the Tukey HSD test (a¢=.05). For all test groups, R,0
and R,1 values were lower than the plaque accumulation threshold level (PATL) of
0.200 pm. For both R, and AE,y, values, the effect of the cleaning method was not
statistically significant (P>0.05). Also, no significant difference was observed for
R0, R 1, and AE, values between the test groups (P> .05). It was concluded that
considering the color stability and surface roughness, many cleaning procedures can
be used safely for PEEK polymers.
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Introduction

Polyetheretherketone (PEEK) is a high-temperature-resistant semi-crystalline
thermoplastic polymer within the polyaryletherketone (PAEK) family. PEEK
polymer is considered one of the most efficient thermoplastic materials due to
its unique properties such as abrasion resistance, superior strength and hardness,
hydrolytic stability, and corrosion resistance. PEEK has been used as an alterna-
tive to metal alloys in many industrial applications since the late 1970s. Due to
its stable physical properties, it has been increasingly used as a biomaterial in a
wide range of applications, especially for orthopedic, trauma, and spinal implants
[1-4].

The biological and physical properties of PEEK are suitable and compat-
ible with the prosthetic requirements in dentistry. The elastic modulus of PEEK
is close to that of dentine and bone. Therefore, when used as an implant mate-
rial, PEEK may show less stress concentration than titanium and titanium alloys.
Besides, PEEK material has similar tensile properties to enamel, dentin, and cor-
tical bone properties [2, 5-7]. In this context, PEEK shows high potential as a
candidate for use in dental applications [8, 9].

On the other hand, appropriate cleaning procedures are essentially required to
protect the health of oral and perioral soft tissues and to prevent any discomfort such
as prosthetic stomatitis [10-12]. Generally, two basic cleaning methods are used for
the cleaning of a prosthesis; one is the mechanical method by brushing with soap or
toothpaste and the other is the chemical method by using chemical solutions [13].
Short-term or long-term use of chemically active agents affects the surface proper-
ties of dental resins such as surface roughness, color, and gloss [14—16]. It is well
known that dental prostheses with rough surfaces are more prone to bacterial adhe-
sion, dental plaque accumulation, staining, and discoloration [17-20].

The main purpose of this in vitro study was to evaluate the effect of different den-
ture cleaning methods on the surface roughness and color stability of PEEK dental
materials. Many studies examining the effect of denture cleaning methods on the
mechanical and physical properties of widely used dental acrylic resin prostheses
were reported. However, rather limited studies have been reported on the effect of
cleaning methods for the polymeric material of PEEKdental matrices.

Materials and methods
Specimen preparation

The materials used in this study are listed in Table 1. PEEK denture base material
has been subjected to mechanical and chemical cleaning methods to determine
the change of color and surface roughness.

For this study, seventy disk-shaped PEEK specimens, with a diameter of
10 mm and thickness of 3 mm, were designed by a universal CAD (Computer
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Aided Design) software (inLab SW 4.2.1; Sirona Dental Systems, NY, USA)
and were milled by using a CAM (Computer Aided Manufacturing) machine
(inLab MC X5; Sirona Dental Systems, NY, USA) from PEEK. All specimens
were ground-finished, respectively, with 400, 800, 1200, and 2500 grit silicon
carbide abrasive paper (English Abrasives, English Abrasives & Chemicals Ltd,
UK) on a sanding machine (Phoenix Beta, Buehler, Illinois, USA) and subjected
to water cooling (300 revs/min, during 5 s) before polishing. Subsequently, the
specimens were fine-polished with universal polishing paste (Ivoclar Vivadent,
Schaan, Liechtenstein) and a lathe flannel wheel on a polishing lathe (P1000,
Zubler, Germany) for 90 s at a rate of 1500 rpm. All specimens were ultrasoni-
cally cleaned (Hygosonic, Diirr Dental, Germany) in distilled water for 10 min,
rinsed, and dried with air. The specimens were then randomly divided into seven
groups (n=10) the groups were arranged as; one control group, three groups for
chemical cleaning, and three groups for mechanical cleaning (Table 2).

Cleaning procedures, surface roughness, and color stability assessments

The initial surface roughness (R,0) of each PEEK specimen was measured using
a contact profilometer (Perthometer M2, Mahr) before the application of cleaning
procedures. The profilometers resolution was 0.01 pm, the interval (cutoff length)
was 0.8 mm, the transverse length was 5.5 mm and the stylus speed was 1 mm/s.
The mean value of R,0 values measured from three directions for each specimen was
calculated. A digital colorimeter (Minolta CR-321, Osaka, Japan) was used to meas-
ure the CIE (Commission International de 1 Eclairage) L*a*b* color parameters of
each specimen. Measurements were repeated three times, and the mean values were
recorded as Ly*, ay*, and by*.

The control group (Cnt) was immersed into a container with 200 ml of dis-
tilled water at room temperature (25 °C). Three test groups that were subjected to
chemical cleaning were immersed into three different containers; (1) with 200 ml

Table2 One-way ANOVA

P. t SS i MS . S
results of R, and AE, values arameter

RO Between groups  0.014 6 0002 1432 0.217

a

In groups 0.101 63 0.002
Total 0.115 69

R,1 Between groups  0.026 6 0.004 2.066 0.070
In groups 0.133 63  0.002
Total 0.159 69

AE,, Between groups 2.455 6 0409 1573 0.170
In groups 16390 63 0.260
Total 18.845 69

*AE, color differences; R,0, roughness average before cleaning
procedure; R, 1, roughness average after cleaning procedure. SS, sum
of squares; df, degrees of freedom; MS, mean square; P < .05, the
significant difference
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volume of 5% sodium hypochlorite (NaOCl) solution (NaOCl group); (2) with
200 ml distilled water and an alkaline peroxide tablet (Ap group); (3) with 200 ml
volume of 0.12% chlorhexidine gluconate solution (Chx group). Immersions were
made to simulate a daily hygiene routine for 3 months (90 days). All specimens
were submerged in the surface cleaning agent three times with 8 h duration in a
day to simulate the daily hygiene routine and the night immersion (overnight) for
3 months (90 days). Therefore, the cleaning solutions were changed three times a
day throughout the test, and the specimens were washed for 5 s at each renewal
step and dried before immersion in a new solution [21].

Mechanical cleaning procedures were examined with a toothbrushing simu-
lation device (DentArge TB-6.1, Analitik Medikal, Turkey). Toothbrushes with
a compact head and medium-bristles tips (Denta, Banat, Turkey) were used in
the device and different cleaners were mixed with water with the ratio of 1:2 by
volume as follows; (1) deionized water with toothpaste for toothbrush/toothpaste
group (Tbp); (2) deionized water with soap for toothbrush/soap group (Tbs); (3)
deionized water with denture cleansing gel for toothbrush/denture cleansing gel
group (Tbg).

Each specimen was subjected to linear brushing action and kept in slurries at
room temperature (25 °C) under a constant vertical force of 350 g (3.43 N) and a
stroke length of 20 mm for 7500 cycles, to simulate 9 months of toothbrushing [22].
After toothbrushing, each specimen was rinsed under running water, sonicated in
deionized water for 10 min and dried. All specimens were reassessed with the pro-
filometer for R, after being immersed and brushed, and the mean values of measure-
ments were obtained using the same device settings and recorded as R, 1.

A staining solution was prepared by dissolving 7.5 g of coffee (Nescafé Clas-
sic; Nestle Company) in 500 ml of boiled distilled water for the staining procedures
of specimens. The specimens were embedded in wax plates to cover the unpol-
ished surface and stored in the solution at 37 °C in a dark environment to simulate
intraoral conditions for 7 days. At the end of the staining procedure, the specimens
were washed for 5 min and air-spray-dried. The color parameters were remeasured
and recorded as L,*, a;*, and b;*. The color change of the specimens is determined
by using Eq. (1); [23].

N AN AN AN AN ac\( am \]"
Ak = l(ﬁ) * <KS > * <K s > +RT<KS ><K s >]
L”L e HYH e HYH
ey

where AL', AC’, and AH' are the differences in lightness (L), chroma (C), and
hue (H) for a pair of specimens in CIEDE2000 and R was the rotation factor that
accounts for the interaction between chroma and hue differences in the blue region.
Weighting factors S;, S¢, and Sy adjusted the total color difference for variations
in the location of the color difference pair in the L*, a*, b* coordinates and the
parametric factors. K;, K¢ and Ky are the terms for the experimental conditions.
The parametric factors of Eq. (1) were set to 1. Also, the visual perceptibility thresh-
old level (VPTL) was set as AE(;<0.8 and the clinical acceptability threshold level
(CATL) as AE,<1.8 units [24].
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Surface morphology

The surfaces of all resin materials after dynamic loading were examined with the
scanning electron microscope (SEM) (Nova Nano SEM 450, FEI Co.). The accel-
eration voltage of the cathode was set to 14 kV. The images were obtained atx 1000
magnifications.

Statistical analysis

The Levene test of homogeneity was used to evaluate the normal distribution of the
variables. The test showed normal distribution of variables. The one-way analysis
of variance test (ANOVA) was performed to evaluate the effects of cleansing proce-
dures on the R, and AE, values and to achieve descriptive statistics. The mean R,
and AE, values were multiplied compared with Tukeys HSD test (¢=0.05). The
pairwise comparisons between R,0 and R,1 values and also with plaque accumula-
tion threshold level of 0.200 pm (PATL) were performed with independent samples
t test. The pairwise comparisons of AE, values with VPTL and CATL were also
performed with independent samples t test. Statistical software (SPSS 20.0 V; SPSS,
Inc., Chicago, IL) was used for statistical analyses, and significance was evaluated at
P <0.05 for all tests.

Results

One-way ANOVA results of R, and AE,, values are given in Table 2. The mean
R,0 and R,1 values, standard deviations (SD), and multiple and pairwise comparison
results of test groups are shown in Table 3. It was seen that the cleaning method was
not statistically significant on R0, R,1, and AE, values (P> 0.05).

Table 3 Mean+ SD of Ra0 and Ral for test groups

Cleaning Proce- R0 R,1 t-Test***
dure
Mean/SD t-Test with Mean/SD t-Test with
PATL** PATL**

Cnt 0.137+0.032%" P<.001 0.124+0.021* P<.001 P=.325
Ap 0.146£0.033* P=.001 0.152+0.024* P<.001 P=.622
Chx 0.140+0.053* P=.006 0.153+0.060* P=.037 P=.611
NaOCl 0.114+0.023* P<.001 0.126+0.024* P<.001 P=.262
Tbp 0.156+0.047* P=.018 0.169+0.048* P=.073 P=.560
Tbs 0.151+0.041* P=.005 0.172+0.044* P=.079 P=.284
Tbg 0.158 +0.040* P=.011 0.175+0.071* P=.305 P=.531

*Tukey HSD test results are shown as letters and values having the same letters are not statistically dif-
ferent (P> 0.05. **Pairwise comparison results of the mean Ra0 and Ral values of the test groups with
PATL, according to the independent sample t-Test (P <0.05.%** Pairwise comparison results of the mean
Ra0 and Ral values for each test group
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The mean (+SD) R,0 values of test groups were in the range of 0.114 +0.023 um
and 0.158 +0.040 um, and R,1 values were 0.124 +0.021 pm and 0.175+0.071 pm.
All detected R,0 (Fig. 1) values and the R,1 values of Cnt (0.124+0.021), Ap
(0.152+0,024), Chx (0.153 £0,060) and NaOCI (0,126 +0,024) groups were signif-
icantly lower than PATL of 0.200 um, according to the pairwise comparisons with
independent samples t test (P <0.05) as shown in Fig. 2. Tukeys multiple compari-
son results showed that there was no significant difference between the test groups
not only for R,0 but also for R,1 values (P>0.05). According to the pairwise com-
parisons of R,0 and R,1 values of each test group, no statistically significant differ-
ence was detected between the groups (P> 0.05).

The mean (+SD) AE, values, and multiple and pairwise comparison results
of test groups are shown in Table 4. The AE, values of test groups were in the
range of 1.01+0.73 and 1.51+0.47, which are visually perceptible but clini-
cally acceptable. However, only the mean AE, values of Cnt (1.30+0.28), Chx
(1.51+0.47), Tbt (1.47+0.21), and Tbg (1.42+0.64) test groups were significantly
higher than VPTL, according to the pairwise comparisons with independent sam-
ples t test (P <0.05). According to the pairwise comparisons with CATL, the mean
AEy, values of Cnt (1.30+0.28), Ap (1.09+0.48), NaOCI (1.11+0.56), and Tbg
(1.01 +0.73) were significantly lower (P <0.05) (Fig. 3). Tukeys multiple compari-
sons showed that there was no significant difference between the AE, values of test
groups (P> 0.05).

SEM images of PEEK specimens surfaces with a 1000 magnification ratio are
given in Fig. 4 where (A) is the Control group, (B) is Ap, (C) is Chx, (D) is

,3007]

,2507]

nmn

0507

Ra0 (um)

T T T T T
Cnt Ap Chx NaOCl Thp Ths Thg
Groups

Fig.1 Mean Ra (=SD) R,0 values of test groups. Plaque accumulation threshold levels (R,=0.2 mm)
are indicated in the red line
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Fig.2 Mean Ra (+SD) R,1 values of test groups. Plaque accumulation threshold levels (R,=0.2 mm)
are indicated as the red line

Table4 Mean +SD of AE,, for

Cleaning procedure  AE, t-Test**
test groups

Mean/SD VPTL (<0.8) CATL (<1.8)

Cnt 1.30+£0.28" P<.001 P<.001
Ap 1.09+0.48°  P=.084 P=.001
Chx 1.51+£047¢  P=.001 P=.077
NaOCl 1.11+£0.56° P<=.117 P=.004
Tbp 147+021*  P<.001 P=.001
Tbs 1.01+£0.73* P=.385 P=.007
Tbg 142+0.64° P=.014 P=.089

*Results of Tukey honest significant differences post hoc com-
parisons are shown as letters, values having the same letters are not
statistically different (P>0.05). **Pairwise comparison results of
the mean AE, values of the test groups with VPTL (AE,<0.8)
and CATL (AE;,<1.8) according to the independent sample #-Test
(P<0.05)

NaOCl, (E) is Tbp, (F) is Tbs and (G) is Tbg.The SEM images show similar sur-
face morphologies to each other and the control group. It was seen that the sur-
face roughness has not been changed.
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Fig.3 Mean (xSD) AE,, values of test groups. The perceptibility threshold of color differences
(AE,=1.30) is indicated as X line values and the acceptability threshold level (AE,=2.25) is indicated
as Y line values

Fig.4 SEM images of PEEK specimes surfaces (1000 X). (A) Control, (B) Ap, (C) Chx, (D) NaOCl, (E)
Tbp, (F) Tbs, (G) Tbg
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Discussions

PEEK is one of the most popular high-performance polymers and is used in med-
ical applications since the 1990s [1, 2, 25]. The material is also very new in den-
tal applications and thus literature studies about the color and the surface proper-
ties of the PEEK as dental material inadequate. Therefore, in the present in vitro
study, the surface roughness and color change of the PEEK material have been
investigated by applying different surface cleaning processes.

The esthetics, biocompatibility, and long-term clinical life of dental restora-
tives depend on the surface finishing and polishing process [11]. In the present
study, all specimens were fine-polished using universal polishing paste. In a study
evaluating the surface roughness of PEEK polymer, it was stated that the lowest
R, values were obtained with the application of polishing paste [8]. Sturz et al.
[15] measured the R, of the PEEK material as about 0.277 pm after grinding with
1000 grid silicon carbide abrasive paper and reported that the R, value decreased
by an average of 0.073 pm when polishing paste was applied to these samples.
Based on this result, the polishing paste was recommended for the surface finish-
ing process of PEEK. Attached et al. [7] evaluated the effect of various polish-
ing protocols on PEEK materials and concluded that the polishing paste applied
groups significantly reduced surface roughness compared to those that have not
been applied. Kurashi et al. [26] determined the R, values of PEEK with rubber
and various polishing pastes. The lowest surface roughness was reported to be
0.015 pm in the specimens where the polishing paste was applied after a rubber
brush. In the current study, all test groups were fine-polished with universal pol-
ishing paste to provide standardization between the specimen surfaces.

The prostheses can be cleaned by mechanical and chemical methods and also
by a combination of these two methods to remove the coloration and bacterial col-
onization of the denture base materials. However, cleaning procedures can lead to
deterioration of denture bases by increasing the surface irregularities, whitening
in color, blackening of metal elements, and corrosion. The most common method
of routine denture cleaning is to brush with tap water and soap/toothpaste [27].
Brushing the PMMA with soap [28] and paste [29] is a frequently applied, cheap,
and practical method. However, while cleaning with brushing methods is effec-
tive on the plaque in acrylic resin prostheses, it may distort color and surface
properties. Approximately 10,000 cycles in the brushing simulator correspond
to a one-year toothbrushing equivalent period, according to the reported data by
Goldstein & Lerner [22]. In the current study, 7500 cycles were applied to speci-
mens that correspond to a nine-month toothbrushing period. Toothbrushing abra-
sion test may be affected by factors such as toothbrush type, force applied during
brushing, cycle speed, stroke length, and the cleaning agent used with brushing.
Therefore, these parameters were standardized for each test group. 350 g (3.43 N)
of brass weights were placed on each toothbrush holder arm in the simulator to
mimic the force applied by patients when brushing their teeth [29]. Similar to a
previous study [17], an equal amount of paste and distilled water mixture was
used for brushing.
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Chemical denture cleaning agents such as effervescent tablets generally contain
sodium perborate or sodium bicarbonate. By dissolving these tablets in water, the
sodium perborate in its structure is broken down to form an alkaline peroxide solu-
tion. This peroxide solution releases oxygen and mechanically removes residues
on the surface of the prosthesis. It has been reported that this could cause a color
change, especially in the structure of PMMA acrylic resins [30]. NaOCl cleaning
solutions used in this study are a powerful disinfectant for microorganisms. The anti-
microbial activity of NaOCI is because of hydroxyl ions and high pH [12]. 0.12%
chlorhexidine solution is frequently used as a denture-cleaning agent to prevent
prosthetic stomatitis and creates a strong color change in acrylic prostheses [31]. As
mentioned, there are many studies reported on widely used dental acrylic PMMA
resin types, while there are limited studies reported on abrasion resistance, surface
structure, and color change of PEEK materials after mechanical and chemical sur-
face cleaning. The PEEK polymers have an excellent chemical, physical stability,
and inert structure with low surface energy, low surface modification characteristics,
and superior abrasion resistance to many types of acidic-basic solutions or abra-
sives. Therefore, various chemical and/or mechanical surface treatment techniques
have been tested on PEEK polymers, and better results reported for the sulfuric acid
solution applications, especially at the concentration of 98% [1, 4, 32]. The effects
of artificial saliva solutions with pH values of 3, 7, and 10 had been evaluated on
the nanomechanical surface properties (friction performance, nano-hardness, elas-
tic modulus, and viscoelasticity) of unreinforced and carbon fiber-reinforced PEEK,
composite resin and PMMA materials at physiological temperatures over 30 days.
It has been indicated that the aging resistance of the unfilled PEEK was higher than
those of other materials and the PEEK matrix without filler was more stable than
with filler in the nanoscale [32]. In the current study, while the alkaline peroxide
solution group (Corega) was prepared according to the manufacturers instructions,
5% solution of sodium hypochlorite and 0.12% chlorhexidine gluconate were used
considering the previous studies [12].

The surface roughness (R,) of a material used for prosthetic rehabilitation is
important and directly or indirectly affects the resistance to staining, plaque accumu-
lation, the health of oral tissues, and patient comfort [21]. Surface roughness is asso-
ciated with increased initial biofilm adhesion. Previous studies have confirmed that
surfaces with low roughness and free energy show less bacterial growth and plaque
accumulation and a smoother and brighter appearance [33, 34]. In the present study,
the mean R,0 value was determined as 0.137 pm for the Control group. Although
the surface roughness values obtained are below the PATL (<0.200 pm), it is also
higher compared to the other studies [7, 8, 15, 26] probably due to the polishing
methods and the different content of PEEK materials.

The surface roughness of dental materials may be evaluated using many types of
devices, such as conventional profilometers, laser-tipped profilometers, atomic force
microscopes, and scanning electron microscopy (SEM) [35]. It has been reported in
related studies that contact profilometer devices are effective to detect the surface
roughness, caused by polishing techniques [35, 36]. In the present study, to evaluate
the surface roughness of the PEEK material after polishing and also after applying
the surface cleaning protocols, the contact profilometer and SEM have been used.
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Ozyilmaz et al. [16] investigated the effect of surface cleaning agents on the
properties of three different denture base materials including PEEK and detected
that all agents improved the surface roughness of all test groups. Unlike this
studys findings, in the present study, the absence of difference between R,0 and
R,1 values in all test groups may depend on the fact that the PEEK used did not
contain fillers and had a high purity stable structure [16, 26, 35].

Benli et al. [37] evaluated the surface roughness and the wear behavior of
PMMA, polycarbonate, PEEK, and polyethyleneterephthalate (PETG) using a
simulated chewing test, and the lowest surface roughness value was determined
in PEEK specimens. They ascribed this finding to the composition, characteri-
zation, and wear resistance of the material having different chemical structures.
Similarly, in the present study, the lack of a statistically significant difference in
the surface roughness values of PEEK specimens before and after brushing may
be explained by the fact that PEEK is a more stable material due to its chemical
structure.

It is important that an ideal denture base material is in harmony with the color
of oral tissues and protects its color throughout the mouth [38]. Depending on the
intrinsic factors of the base material and the adsorption and absorption of the color-
ants from extrinsic sources, the color change may occur in the material. Coffee is
one of the most frequently used drinks in daily life and is used as a colorant agent
in many studies [19, 20]. In the present study, test specimens were stored in a coffee
solution. In order to simulate intraoral conditions, the coffee solution was changed
for 7 days and stored at 37 °C in a dark environment [18]. Also, in the study, CIEDE
2000 color system and the AE,<0.8 perceptibility threshold and the AE;;<1.8
acceptability threshold values are in parallel with the study reported by Paravina
et al. [24]. The discoloration of PEEK and polyoxymethylene (POM) denture bases
after immersing in a coffee solution were evaluated by Polychronakis et al. [30] and
reported that higher color change values were obtained for POM. This result has
been associated with higher surface roughness values and more water absorption of
POM since it contains 20% ceramic filler. Heimer et al. [8] reported that they applied
cleaning procedures to PEEK, PMMA-based and composite materials (COMP)
after immersions in different environments such as distilled water, wine, curry, and
chlorhexidine for 7 days, the least color change was seen in PEEK material. In the
current study following the application of chemical and mechanical cleaning proce-
dures, no statistically significant color change was observed in PEEK materials.

In previous studies, although it was found that the color change of the materials
increased with the increasing surface roughness [8, 39—41], there was not always
a correlation between the color change and the surface roughness [42, 43]. In the
current study, similar to the studies [8, 30, 40, 41], no significant difference was
detected in surface roughness values and color changes after surface cleaning pro-
cesses. This situation may be attributed to the correlation between surface roughness
and color change.

The brushing and immersing in cleaning solutions procedures were carried out
for a limited time and only coffee was used to simulate intraoral conditions. Other
factors such as nutritional habits and saliva should also be taken into considera-
tion. Candida or bacterial adhesion, wear resistance, and optical properties in the
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long-term performance should be investigated and compared with different labora-
tory and chairside polishing techniques.

Conclusions
Within the limitations of this in vitro study, the following conclusions were drawn:

1. The R, values of all test groups before and after the surface cleaning procedures
were determined below the PATL of 0.200 pm.

2. No statistically significant difference was found between control and other test
groups, in terms of both R, and AE, values.

3. Considering the color stability and surface roughness, many cleaning procedures
can be used safely for PEEK polymers used for dental applications.
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