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ABSTRACT

Background: Polyetheretherketone (PEEK) has favorable properties that make it able to be used
as a denture base material, but it is also susceptible to the adhesion of microorganisms. In this
study, we applied Octafluoropentyl (meth) acrylate (OFPA) coating on the PEEK polymer surface
by using plasma spray and investigated the functional groups present on the surface, changes in the
surface energy and Candida albicans adhesion.

Materials and Methods: In this experimental study, the samples were placed in a control
group without surface preparation and three experimental groups that were subjected to
plasma spray for 10, 30, and 60 s and then impregnated with degassed Octa fluoropentyl (meth)
acrylate (Sigma-Aldrich, USA) monomer. Fourier transform infrared spectroscopy (FTIR) was used
to identify the functional groups and new chemical bonds between PEEK and OFPA, and Sessile
Drop Method was used to evaluate the surface’s wettability. The surface morphology was checked
using a LEXT OLS4000 (Olympus®-Japan) microscope,and the inhibition of C. albicans adhesion was
also checked by counting the colonies in terms of colony forming unit/mL (CFU/mL). Kurskal-WVallis
analysis was conducted to assess Candida adhesion, while wettability was evaluated using analysis
of variance and post hoc analyses.The level of statistical significance was set at P < 0.05.

Results: FTIR analysis confirmed that a chemical between OFPA and PEEK was established.The samples
showed a significant increase in the contact angle after 30 s of plasma application (CA = 88.2 £ 7.3).
The contact angle decreased again by increasing the surface modification to 60 s (CA = 64.33 £ 5.5).
Examining the surface morphology of the samples shows an increase in surface roughness with
increasing plasma time up to 60 s.The number of adherent colonies was the lowest in 30 s group,
but it was not statistically significant (P = 0.658).

Conclusion: No statistically significant difference in C. albicans CFU/mL count was found between
groups. The contact angle of the 30 s group was significantly higher than the control group.

Key Words: Bacterial adhesion, Candida albicans, plasma gases, polyetheretherketone, surface
properties
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INTRODUCTION

Denture stomatitis is a chronic inflammatory infection
that affects complete denture wearers.! Although
many microorganisms can cause denture stomatitis,
a strong connection between Candida albicans and
this inflammatory condition has been reported in the
literature.”! The current evidence has found the topical
use of Nystatin to be effective in the treatment of
stomatitis caused by C. albicans, but this is considered
a temporary treatment because this drug does not play
a role in preventing Candida from attaching to the
denture bases and only treats the symptoms of the
disease. Hence, the chance of re-infection in them
will remain high.*! Full or partial dentures used in the
treatment of edentulous patients are usually made of
Polymethylmethacrylate (PMMA). This material has
advantages such as reasonable price, sufficient beauty,
and the ability to reline and repair and it is known as
the most common material for making denture bases.
However, it also has disadvantages such as high
porosity, tendency to accumulate biofilm, and poor
mechanical properties.*

According to the studies, it has been determined
that polyetheretherketone (PEEK) has more flexural
strength and hardness, and its water absorption is
less than PMMA.P! High resistance to dissolution
and high biocompatibility are other features of this
material.l® Therefore, PEEK material has favorable
characteristics that make it possible to be used as
a denture base. Despite the benefits mentioned for
PEEK, several articles stated that this material is
susceptible to the adhesion of microorganisms.!’?!
So far, several solutions such as PEEK sulfonation,"
adding bioactive agents to the PEEK matrix,!"
covering its surface with agents such as titanium
oxide or polydimethylsiloxane,!'"! and also plasma
spraying the PEEK surfacel'? have been proposed to
reduce the adhesion of bacteria or increase the contact
of osteoblastic cells to the surface of implants made
of PEEK. The application of plasma treatment has
received much attention and acceptance as one of the
surface modification methods due to its simplicity
and stability, as well as the limited changes to the
surface layer and without a negative impact on the
mass properties of the material.l'*! Octafluoropentyl
methacrylate (OFPA) is one of the covering materials
that has been used as an antibiofilm and antibacterial
compound to cover the surfaces of contact and
intraocular lenses, catheters, and vascular stents.['%!%]

Therefore, in this study, we applied OFPA coating on
the PEEK polymer surface and evaluated the changes
in surface energy, functional groups, and C. albicans
adhesion on the surface.

MATERIALS AND METHODS

The present research is an experimental study and
the protocol was approved by the Research Ethics
Committee of the Research Institute of Dental
Sciences, Shahid Beheshti University of Medical
Science (IR.SBMU.DRC.REC.1401.025).

Preparation of samples

PEEK sheets (Goodfellow, Cambridge Ltd., England)
with 1-mm thickness were prepared. These samples
were cut with dimensions of 10 mm % 10 mm
and then cleaned with the help of ethanol and an
ultrasonic device. Then, they were dried in an oven
at 60°C for 24 h.l'! Surface preparation was done in
a PE-25JW (Plasma Etch, USA) plasma chamber with
a gas mixture of 25% oxygen and 75% argon under
a pressure of 20 pascals, a frequency of 40 KHz and
a flow rate of 20 sccm (standard cubic centimeters
per minute). The samples were subjected to plasma
spray in three groups of 10, 30, and 60 s. Then, the
prepared sheets were coated entirely with degassed
OFPA (Sigma-Aldrich, USA) monomer and subjected
to a temperature of 100°C for 2 h. Since surface
stability is essential, after creating a surface coating to
remove unreacted free monomers, the samples were
placed in an ultrasonic bath containing ethanol at
40°C for 1 h.

Investigation of functional groups and new
chemical bonds

Fourier transform infrared spectroscopy (FTIR)
analysis was used to identify the surface and
functional groups and new chemical bonds between
OFPA and PEEK. The basis of FTIR analysis is
the examination of infrared rays absorbed by the
analyzed samples. The samples were divided into four
groups (control, 10, 30, and 60 s), and five samples
were placed in each group. FTIR analysis was done
at the room temperature and in Nicolet iS5 (Thermo
Fisher Scientific Inc., Germany) device in total
reflection mode of 500-4000 cm ~ ! and a resolution

of 4 cm L.

Investigation of surface wettability

The sessile drop method was used to evaluate the
wettability of the surface. In this test, a drop of water
with a size of 3 pL is placed on the sample. After
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10 s, a high-precision camera (Dino-Lite Digital
Microscope-USA) takes a picture of the contact angle
of the droplet at the point of contact with the surface.!'”
One sample from each group was examined ten times.

Investigation of surface morphology

The surface morphology was investigated using a
LEXT OLS4000 (Olympus®-Japan) microscope. Using
a three-dimensional (3D) laser measuring microscope,
surface morphology and thickness of thin layers can
be measured with high accuracy in noncontact mode.
Surface texture parameters are acquired through
3D surface texture data information instead of the
conventional 2D contour profile curves used in profile
method measurement. The thickness of the coating is
measured by detecting changes in refractive index that
the high sensitivity light detectors (photo multipliers)
use in a laser microscope.!'¥]

Assaying the inhibition of Candida albicans
adhesion

C. albicans biofilm adhesion was checked by counting
colonies in colony-forming unit/mL (CFU/mL).["]
The C. albicans oral yeast strain with code ATCC:
10231 was purchased from Iran’s Industrial Microbes
Collection Center as a vial. Then in the microbiology
laboratory of the dental biomaterials department
of Shahid Beheshti Faculty of Dentistry, under
aseptic conditions, the contents of the vial were
poured into the tube containing Brain Heart Infusion
Broth (BHI) liquid medium and cultured for 24 h
in the incubator (memment-Germany) at 37°C and
under aerobic conditions. Then to prepare a single
colony of yeast, it was passaged from the liquid
culture medium to the solid culture medium with
BHI Agar (Merck-Germany) by the streak method
and incubated for 24 h at a temperature of 37°C.
Then to prepare a cell suspension, several yeast
colonies were removed from the BHI Agar medium
and mixed well in the BHI Broth culture medium
to obtain a cell suspension. After that, using a
spectrophotometer (Unico-Canada) that was set
at a wavelength of 600 nm, the amount of optical
absorption (optical density) was adjusted in the
range of 0.08-0.1 to obtain a suspension equivalent
to 0.5 of McFarland (equal to 1.5 x 10® CFU/mL).
Furthermore, a cuvette-containing medium without
C. albicans was used as a blank. To simulate the
intraoral environment and use intraoral pellicles, 2 mL
of saliva was collected from 4 nonsmokers (two men
and two women) without active caries who were also
systemically healthy, fasting in falcon tubes, and were

immediately taken to the laboratory. Then, the saliva
samples were centrifuged (Eppendorf-Germany) at a
temperature of 4°C and force of 3000 g for 15 min to
settle the debris and cells. Then the saliva supernatant
solution was slowly collected, and four saliva samples
were mixed and sterilized via a 0.2-um filter (MS
sterile syringe filter). After this step, 100 uL of saliva
were poured into each well of the 24-well plates, and
in each well, one sample of the PEEK sheets treated
with UV waves (each side 20 min) under a class II
laminar flow hood (Aster II-Iran). Finally, another 100
UL of filtered saliva were added to each sample. In
the next step, the plates were incubated in a shaking
incubator (HYSC-Korea) for 30 min at 37°C and
70 rpm. Then, the samples were taken out of the wells
under a Class II laminar hood under sterile conditions,
and each side of them was washed with 5 mL of
sterilized normal saline. Then, each sample was placed
in the bottom of the well of a new 24-well plate. In
the next step, we diluted the suspension equivalent to
half of McFarland at a ratio of 1/10 using BHI Broth
culture medium to which 1% sucrose was added (cell
count equal to 107 CFU/mL), and we added 500 uL
of this suspension to all the wells except the negative
control well. After sealing the microplates with
paraffin, they were incubated for 24 h in a shaking
incubator (HYSC-Korea) at 37°c and 70 rpm. After
24 h, the plate was removed from the incubator, and
first, the positive and negative controls were examined,
and it was ensured that both of them answered
correctly. Then, in the sterile conditions, the samples
were removed from the plate and, to remove planktonic
and nonadherent yeast cells, each side of them was
washed with 5 mL of normal saline. In the next step,
we transferred each sample to microtubes containing
1 mL of phosphate buffer and sonicated in an
ultrasonic bath (cristofoli-China) with a voltage of 180
W for 360 s. At this time, with the help of ultrasonic
waves, the attached yeast cells were separated from
the samples’ surfaces and suspended inside the saline
phosphate buffer. Then, each microtube was vortexed
for 30 s, and 40 uL of it were added to 360 uL of the
culture medium to reach a dilution of 1/10. After that,
serial dilution continued at the ratio of 1/100, 1/1000—
1/100000. Finally, 100 pL were removed from each
dilution was removed and cultured on sterile Sabouraud
dextrose agar (Merck-Germany) plates by spread
method. Then, the plates were incubated at 37°C for
24 h. After incubation time, a plate containing between
20 and 100 colonies was selected, and the number of
colonies per milliliter was calculated and reported.
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Statistic analysis

Data analysis was done using SPSS 28(IBM-NY-USA
2021) software with a significance level of 0.05.
After calculating the mean, standard deviation,
and normality of the data in each group, Kurskal-
Wallis analysis was conducted to assess C. albicans
adhesion, while wettability was evaluated using
one-way analysis of variance and post hoc analyses.

RESULTS

Investigation of functional groups and new
chemical bonds

According to Figure 1, wavelengths of 1160, 1220, 1500,
1600, and 1650 cm ~ ' are observed in both PEEK and
PEEK-OFPA. These peaks are related to diphenyl ether
groups, phenolic ring, and aromatic ring hydrogens.?2!!

In the PEEK-OFPA group, in addition to the
mentioned peaks, new peaks were also observed
at 1140 and 1750 cm™'. These peaks are related
to (C = O) and (C-F) carbonyl groups. The OH
transition vibrational peak in the region of 3600 cm !
is also observed in the FTIR spectrum.

Investigation of surface wettability
Tables 1 and 2 show that the contact angle was
measured before and after surface modification.

The results indicated that the 30-second group had
a significantly higher contact angle than the control
group (P < 0.05). Furthermore, the 60-second group
had a significantly lower contact angle than the 10
and 30-second groups (P < 0.05).

Investigation of surface morphology
The surface morphology of the samples using a
3D laser microscope shows an increase in surface
roughness with an increase in plasma spray for up to
60 s. The colors of the sample provide an estimate
of the coating thickness. The color scale bar refers
to height in microns. The thickness of the OFPA
layer was measured as 10-20 p after 10 s of plasma
application, 20-30 w after 30 s, and 3646 n after

60 s [Figure 2].

Assaying the inhibition of Candida albicans
adhesion

According to Table 3, the group subjected to 30 s of
plasma spray showed the lowest amount of fungal
adhesion. However, this result was not statistically
significant (P = 0.658).

DISCUSSION

Despite the availability of antimicrobial drugs to
treat stomatitis caused by C. albicans, the recurrence
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Figure 1: Fourier transform infrared spectroscopy analysis of the samples that were exposed to plasma spray for 10, 30 and 60 s

compared to the sample without preparation.

Table 1: Mean and standard deviation of contact angles (°) measured in the groups under investigation

Group Mean+£SD (°) 95% CI for mean (°)

Minimum (°) Maximum (°)

One-way ANOVA

Lower bound  Upper bound Source of variation df F P
Control 72.75+2.75 68.37 7713 70.00 76.00 Between groups 3 11.046 0.001
10s 81.60+6.88 73.06 90.14 72.00 90.00 Within groups 13
30s 88.20+7.39 79.02 97.38 78.00 98.00 Total 16
60s 64.33+5.51 50.65 78.01 58.00 68.00

SD: Standard deviation; Cl: Confidence interval
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Figure 2: Color-coded representation of the surface morphology and thickness of the Octafluoropentyl (meth) acrylate (OFPA)
layer on the samples using a three dimensional laser microscope: The color scale bar refers to height in microns. There is a
strong resemblance between the topographic profiles, the fine structure has lower amplitude. Color-coded, red indicates the
crests. PEEK (a), PEEK/OFPA 10s (b), PEEK/OFPA 30s (c), PEEK/OFPAB0s (d).

Table 2: The results of the post hoc test to find the
statistical differences between groups

Group (A) Group (B)(s) Mean difference (A—B) P
Control 10 -8.85 0.190
30 -15.45 0.011
60 8.42 0.320
10s 30 -6.60 0.364
60 17.27 0.010
30s 60 23.87 0.001

Table 3: Comparison of the average number
of colonies attached to polyetheretherketone
samples in terms of log10 colony-forming unit/mL

Group n Mean+SD P
Logl10 CFU/mL

Control 10 5.29+0.50 0.658
10s 10 5.15+0.51

30s 10 5.07+0.51

60 s 10 5.38+0.16

SD: Standard deviation; CFU: Colony-forming unit

of this disease has made Candida-related stomatitis
a big challenge in treating patients using removable
prostheses.??! Chandra et al. found that C. albicans
became resistant to several antifungal agents that
are currently available.”® Therefore, researchers
tried to solve this clinical challenge by using
different strategies, such as including antimicrobial
substances or different drugs in methacrylate or using
antimicrobial copolymers as surface coating on the
denture base material.l*]

Surface characteristics have an influential role in
biofilm formation, bacteria absorption, and prostheses’
final performance. For this reason, many studies
tried to create surface changes without adverse
effects on the mass properties of the material. One
of these solutions is the use of surface coatings that
are used for various purposes. Compared to other
methods, the use of plasma for surface activation

has advantages such as limited changes to surface
layers without interfering with the main chain, which
makes the resulting polymer have favorable surface
properties while maintaining mechanical strength.*!
PEEK has less water absorption and shrinkage and
greater bending strength than PMMA.B! However,
some studies stated that this polymer is prone to
the adhesion of microorganisms.”” When PEEK is
exposed to plasma, two critical chemical processes
are expected on its surface. One is chain scission, in
which plasma ions bombard polymer chains, and the
other is the placement of oxygen-nitrogen functional
groups on the surface, resulting from interaction
with plasma radicals. These functional groups on the
PEEK surface have shown the ability to change the
surface adhesion properties.l**! The type of gas used in
plasma preparation and controlling the duration of its
application are two essential parameters in achieving
ideal results and creating a stable coating with
anti-microbial properties. The study’s results by Zhan
et al. show that the samples modified with Argon
plasma have higher bond strength than N, or O,
plasma due to forming more surface polar components
and increased surface energy.* In the present study,
the appearance of new transmission vibration peaks at
1750 cm~ ! and 1140 cm ! was observed in the FTIR
spectrum of OFPA-coated samples, which confirms
the success of the bonding process. These peaks are
related to C = O and C-F groups, respectively.

The wettability of a liquid on a solid surface can
be studied by measuring the contact angle between
them. The lower the contact angle, the better the
tendency to wet the surface.’”’ In the present study,
the average contact angle for the 10-second group
was measured as 81.60, which showed an increase in
contact angle compared to the control group.?*?! This
increase can be attributed to the hydrophobic nature
of OFPA. The contact angle of the samples increased
again after 30 s of plasma application due to the more
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uniform and thicker coating of OFPA on the PEEK
surface. Nevertheless, with the increase of the surface
modification time to 60 s, the contact angle decreased
again. Examining the surface morphology of the
samples using a 3D laser microscope showed an
increase in surface roughness with increasing plasma
time within 60 s. This finding was consistent with the
study of Dupuis et al. They found that by increasing
the plasma preparation time, surface roughness in the
form of nanometer peaks and valleys increases on
the material’s surface.l'’’ Another parameter affecting
the surface roughness is the type of gas used in the
plasma spray process. Dupuis et al. found surface
roughness is higher when using air plasma than argon
or nitrogen gas alone.!'" Fricke et al. also found
that Argon and oxygen plasma cause less surface
roughness than argon gas alone.*")

From the C. albicans adhesion test, it was understood
that although the average number of colonies counted
in the groups subjected to plasma spray was less than
the control group, and the best results were obtained
for the 30-second group, this difference was not
statistically significant. The limitation in the number
of tested samples in each group can be considered one
of the reasons for the lack of statistical significance of
the results. Another reason that can be mentioned is
that we counted the fungal colonies after 24 h, and
due to the exponential growth of microorganisms,
the difference in the number of colonies between
the groups may have increased with the increase of
the incubation period. Another point of the obtained
results was that the 60-second group had more
Candida adhesion than the 30-second group. This
result could be the increase in the surface roughness
of the samples in the 60-second group. In fact, with
the increase in preparation time, the surface roughness
also increases, and as a result, the microorganisms
can be trapped in the pores created.

CONCLUSION

* Compared to other methods, the use of plasma spray
in surface activation has the advantage of limiting
the changes to the surface layer and maintaining the
mechanical properties of the materials

* Surface modification of PEEK with OFPA
anti-biofilm polymer is possible by plasma spray
technique

* Compared to the control group, the 30-s group
showed a significant increase in the contact angle

* Samples subjected to plasma spray for extended
period show higher surface roughness

* In terms of C. albicans adhesion, no statistically
significant difference could be discerned between
the groups exposed to different duration of plasma

spray.
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