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Purpose: To demonstrate the likelihood of the polyetheretherketone (PEEK), zirconia (ZrO,), and titanium (Ti) disks to
support proliferation and hemidesmosome formation of gingival cells. Materials and Methods: Water contact angle
was performed on each material, and surface roughness (Ra) was measured. Scanning electron microscopy and x-ray
photoelectron spectroscopy were used. Later, oral keratinocyte cells were cultured on disks, and metabolic activity
and expression of hemidesmosome markers, integrin a6 and 4, in relation to the biomaterial disks at 1, 3, and 5 days
of cell culture were quantified. Tissue culture polystyrene was used as the control. Statistical analysis was performed
with analysis of variance (ANOVA) with Tukey post hoc comparison test. A P value of < .05 was considered statistically
significant. Results: The water contact angle ranged from 70.2 degrees (Ti) to a maximum of hydrophobicity of
93.3 degrees (PEEK). Ra was highest on ZrO,, followed by PEEK. Ti showed the most keratinocyte metabolic activity at
1, 3, and 5 culture periods. Contrarily, ZrO, and PEEK disks had lower keratinocyte metabolic activity at all observation
times, with no statistical differences between both groups. Integrin a6 and 4 expression was highest on TCPS and ZrO,
compared to Ti and PEEK. Conclusion: Keratinocytes proliferated faster on Ti than on ZrO, and PEEK substrates, and
expression of hemidesmosome formation markers, integrin a6 and 4, were higher on ZrO, than either Ti or PEEK. Int J

Oral Maxillofac Implants 2023;38:496-502. doi: 10.11607/jomi.9894

Keywords: dental implant, hemidesmosomes, keratinocytes, polyetheretherketone, titanium, zirconium

itanium (Ti) is the most commonly used material for

dental implants because of its biocompatibility,' but
it is not exempt of limitations: (1) It may represent an
esthetic complication if visible in the oral cavity, espe-
cially in thin tissue biotypes and in the esthetic zone;
(2) Ti particles have been found in soft and hard tis-
sues surrounding implant and abutment components,
and in regional lymph nodes, which may lead to bio-
logic complications®™%; (3) and finally, Ti allergies have
been reported by Sicilia et al® at approximately 0.6%
in more than 1,500 patients. Therefore, alternatives to
Ti have been developed to overcome those potential
drawbacks.
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Zirconium dioxide (zirconia; ZrO,) has been suggest-
ed as an alternative implant material to Ti. Results for
biocompatibility of ZrO, implants are similar to those
for conventional Ti implants.>” However, ZrO, has been
observed to accumulate less plaque,’® and no metal
color can be seen when exposed through the tissue.>0
Furthermore, Depprich et al'! observed that ZrO, den-
tal implants displayed a 74% to 98% implant survival
rate over 12 to 56 months and 79.6% to 91.6% success
rates over 6 to 12 months. Later, according to the
meta-analysis results from Elnayef et al,’? ZrO, implants
showed a 91.5% survival rate and a 91.6% success rate
over a 42.37-month mean follow-up period, reporting
that this may be a good alternative to Ti implants, spe-
cifically in the anterior esthetic areas with a thin tissue
biotype.

Polyetheretherketone (PEEK), a synthetic thermo-
plastic polymer, is a commonly employed biomaterial
in the field of orthopedic surgery'? and is increasingly
gaining evidence-based applicability in dentistry.
This polymer has primarily been used in relation to
bone due to its comparable modulus of elasticity (3 to
4 GPa), in addition to high stability and biocompatibil-
ity.!> Aside from PEEK’s introduction as a dental implant
material,'® PEEK has been applied as an implant healing
abutment.!”

To be considered an alternative material to Ti in the
dental implant field, for both implants and transepithe-
lial abutments, a number of characteristics would have
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to be considered, namely, biocompatibility, adequate
biomechanical effects on the surrounding anatomy,
superior esthetic outcomes, fracture resistance, and a
well-adapted seal at the implant-abutment junction.

Considering that the junctional epithelium is a
specialized epithelial structure that seals off the sup-
porting tissues of the tooth and dental implant and
represents the first line of defense against periodontal
diseases,'8 the interaction of the biomaterial surface
with the junctional epithelium would be of great inter-
est. This interaction is mediated by hemidesmosomes,
cell adhesion complexes initiated by integrin a6f34
binding to extracellular laminin 332.' The coronal soft
tissue integration success of dental implants and their
transepithelial components may be due to earlier at-
tachment of gingival epithelial cells, via hemidesmo-
somes,?® and consequently providing a better soft
tissue sealing and potentially preventing peri-implant
diseases.’® However, in vitro comparisons between
PEEK, Ti, and ZrO, show mixed results when compar-
ing epithelial cell proliferation and hemidesmosome
formation. For example, Kimura et al*' showed no
differences between Ti and ZrO,, while Atsuta et al??
showed significantly higher hemidesmosome for-
mation on titanium compared to zirconia. Indeed, a
systematic review by Corvino et al?? recently noted
“extreme heterogeneity” in the literature for ideal ma-
terial properties for epithelial sealing, and a recent
meta-analysis by Canullo et al?* could not draw defini-
tive conclusions about transmucosal implant compo-
nents affecting soft tissue conditions.

The aim of this in vitro, preliminary investigation

was to demonstrate the likelihood of PEEK, ZrO,, and Ti
materials supporting proliferation of gingival cells and
hemidesmosome formation, related to the potential
epithelial seal that may be established to these com-
monly used biomaterials for dental and orthopedic
implants.

MATERIALS AND METHODS

Overview of Experimental Plan

PEEK, Ti,and ZrO, disks were used to imitate the applica-
tion of these materials as transepithelial implant abut-
ments. Physical-chemical and topographic properties
of the surfaces of these materials were assessed, and
oral epithelial cells were cultured to be placed onto the
implant materials. The cellular parameters measured
included the quantification of epithelial cell metabolic
activity and expression of hemidesmosome formation
markers on the biomaterial disks.

Experimental Specimens

Experimental disks.

The specimens employed in this investigation were
non-surface-modified, laboratory-milled disks of differ-
ent biomaterials. The dimensions of each disk were fit
to a single well in a standard 12-well Clear TC-treated
Multiple Well Plate (Corning), at 1-cm diameter and
2-mm thickness. The disks were made of Ti, ZrO,, and
PEEK (Fig 1a).
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Study Design

Sessile drop water contact angle (WCA) was per-
formed in each disk material using a contact angle
analyzer (DM-CE1, Kyowa Interface Science). De-
ionized water was used as the wetting liquid with
a drop volume of 2 yL. Three angles were obtained
per material. A white-light confocal laser microscope
(HS200, Hyphenated Systems) was used to quantify
surface roughness (Ra; arithmetic mean of height
deviations) at x50 magnification. Scans were pro-
cessed with a Gaussian waviness filter (\c = 20) and
smoothened using a circular Hann window (0.70-pm
diameter). Two scans per sample were obtained from
three samples.

To further analyze the implant material surface,
scanning electron microscopy (SEM) was used to
observe implant material surface morphology.
Samples were imaged with a desktop SEM (TM3000,
Hitachi) at X200 magnification at an acceleration
voltage of 15 kV. Finally, x-ray photoelectron spec-
troscopy (XPS; PHI 5000 VersaProbe IIl, ULVAC) was
used to confirm surface elemental composition of
implant materials using a monochromatic Al Ka
x-ray source (45 degrees, 1,486.6 eV, 50 W, and a
sampling area: 200-um diameter) at a pass energy
of 280 eV and step size of 1.0 eV with charge com-
pensation. Spectra were calibrated to the C 1s signal
(284.8 eV) for analysis in MultiPak (ULVAC Inc). Rep-
resentative spectra are shown from around three
scans per material.

Immortalized gingival keratinocytes ([TERT2/
OKF6; RRID:CVCL_L225]% BWH Cell Culture and Mi-
croscopy Core) were cultured in defined keratinocyte
serum-free medium supplemented with epidermal
growth factor, bovine pituitary extract, and 1% peni-
cillin/streptomycin (Thermo Fisher Scientific). Cells
were provided by scientist Prof James Rheinwald in
2015 after original isolation, previously authenti-
cated, stained positive for keratinocyte marker cyto-
keratin 14, tested negative for mycoplasma, and were
not previously noted as a commonly misidentified
cell (International Cell Line Authentication Commit-
tee). Medium was routinely changed every 3 days
as the cells grew at 37°C in a humidified, 5% CO,
atmosphere.

Prior to the study, [substrates @ = 1 cm] were dis-
infected with absolute ethanol for 30 minutes, ex-
tensively washed in phosphate-buffered saline (PBS),
and exposed to UV for 20 minutes per side for final
sterilization. Keratinocytes at passage 11 were seed-
ed in medium at 76.4 cells/mm? onto Ti, ZrO,, and
PEEK disks of identical diameter and volume, and
tissue-culture polystyrene (TCPS) disks were used as
the control. Three disks were used per group.

498 Volume 38, Number 3, 2023

At 1, 3, and 5 days, metabolic activity was mea-
sured with Cell Counting Kit-8 (CCK8, Dojindo Mo-
lecular Technologies). Medium was changed at days
2 and 4. Disks were washed three times in PBS, trans-
ferred to a new well-plate, and CCK8 solution added
at 1:10 dilution in medium. Absorbance was read fol-
lowing 2.5 hours of incubation on a plate reader (Syn-
ergy, BioTek) and controlled for background. Data are
expressed as mean optical density (OD) + SD of three
technical replicates.

Enzyme-linked immunosorbent assays (ELISAs)
were used to quantify integrin a6 (OKCD07282 Avi-
va Systems Biology) and integrin 4 (OKCD07398
Aviva Systems Biology) expression. Gingival kera-
tinocytes were cultured as described, and ELISAs
were performed at 1, 3, and 5 days of culture per
the manufacturer’s suggestions (lysed with ice-cold
98035, Cell Signaling Technology, and 1% v/v prote-
ase inhibitor [78429, Thermo Fisher Scientific] and
cleared [12,000 g, 10 minutes]). Expression was then
normalized to total protein with a micro bicincho-
ninic acid assay following the manufacturer’s in-
structions (23235, Thermo Fisher Scientific). Data are
expressed as mean protein concentration (ng/mg of
total protein) = SD of three technical replicates.

To examine keratinocyte proliferation after
18 hours of culture, one disk from each mate-
rial was fixed in 4% paraformaldehyde at room
temperature for 10 minutes, permeabilized with
1% Triton X-100 at room temperature for 10 min-
utes, and then blocked in 5% bovine serum albu-
min for 30 minutes at room temperature. Samples
were then stained and counterstained with
4'6-diamidino-2-phenylindole (DAPI; D9542, Ther-
mo Fisher Scientific) for 10 minutes at room tem-
perature. Samples were washed three times in PBS
between each step. Visualization was performed on
a Leica DM6 B upright fluorescent microscope at
%10 magnification and visualized in ImageJ (Nation-
al Institutes of Health).

Statistical Analysis

Statistical analysis was performed with two-way
analysis of variance (ANOVA; factors: time and mate-
rial) with Tukey post hoc comparison test (GraphPad
Prism 7.0e) on the OD values obtained with CCK8 and
on integrin expression values. One-way ANOVA (fac-
tor: material) with Tukey post hoc comparison test
was used to compare WCAs and roughness of each
implant material. The normality of the data was con-
firmed by Anderson-Darling and Shapiro-Wilk tests.
A P value of < .05 was considered statistically signifi-
cant. Mean and SD are reported.

© 2023 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.



Gargallo-Albiol et al

Fig 2 (a) Surface roughness (Ra) of the
three different materials tested and (b) SEM
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Fig 3 XPS full survey spectra of the three different materials tested. Individual peaks of interest are denoted.

RESULTS

Implant Surface Characteristics

The WCA of the implant materials (Fig 1a) ranged from
70.2 degrees (Ti disk) to a maximum of 93.3 degrees
(PEEK disk; Fig 1b). The comparison between groups
was significant between Ti or ZrO2 compared to PEEK
disks (P < .05). In contrast, the comparison between Ti
and ZrO, disks marginally lacked statistical significance
(P = .065). Surface Ra was significantly higher on ZrO,

than both Ti and PEEK; PEEK Ra was significantly higher
than Ti (Fig 2a). SEM micrographs revealed (Fig 2b) a
relatively smooth Ti surface, a slightly rougher PEEK sur-
face, and a rather rough ZrO, surface, with grooves from
milling visible. XPS analysis (Fig 3) revealed expected
characteristic peaks for each material; for example, Ti2p
for Ti, Zr3p'4 for ZrO,, and C1s and Os1 for PEEK. Sur-
faces did not show the presence of contaminants.

The International Journal of Oral & Maxillofacial Implants 499

© 2023 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.



Gargallo-Albiol et al

Proliferation

o
o)}
J

=450nm)
=)
N
o

0.2 4 AB B

CCK8 OD (A

o BT
Zr

0,

PEEK
TCPS

0.0 --.—_

Fig4 Proliferation of human ke-
ratinocytes on materials tested.
(a) CCK8 metabolic activity up to
5 days in culture. (b) DAPI fluores-
cent staining of the nuclei of the
cells at 18 hours. Groups with dif-
ferent letters had statistically sig-
nificant differences. Scale bar is
100 pm.

PEEK

T Fig5 Hemidesmosome
210, integrin a6 and 34 expression.
BN PEEK (a) Integrin a6 and (b) integrin 34
TCPS expression up to 5 days in cul-
_ 6 G ture. Groups with different let-
- S 201 - L
£ 207 F e T ] oer FF© DEFG ters had statistically significant
P~ <} .
5 « o Toeo_cr 515 coe  scoe| oer T differences.
& 15 BC gp .  BC & BED & o ABCD ¢ T
2 1 £ AB ' ABC |-
= A B = {A T
2 101 £10
(=
S 3
£ 05 £ 05
(o)) [
1] <
£ £
O N o
a b J N N

Metabolic Activity and Proliferation of Human
Keratinocytes

TCPS disks (control) showed the most keratinocyte
metabolic activity (used as a proxy for proliferation),
followed by the Ti disks at 1, 3, and 5 days of culture
(Fig 4a). No statistical difference between Ti and TCPS
was found, except during the 3 days of observation
where TCPS revealed statistically significant differences
with respect to Ti disks. Contrarily, ZrO, and PEEK disks
had the lowest keratinocyte metabolic activity at all
observation times, with no statistical differences be-
tween both groups. When comparing Ti or TCPS groups
with ZrO, or PEEK groups, the differences were always
statistically significant with the exception of the day 3
observation, where no difference were found between

500 Volume 38, Number 3, 2023

Ti, ZrO,, and PEEK groups. These findings are shown in
Fig 4a. In support of 1-day results, similarity was ob-
served when analyzing the fluorescent staining of the
nuclei of the cells in contact with the Ti, ZrO,, and PEEK
disks at 18 hours (Fig 4b).

Expression of Hemidesmosome Integrin a6 and
34 by Human Keratinocytes

Keratinocyte expression of integrin a6 was generally
higher on ZrO, and TCPS than Ti and PEEK and slightly
increased from days 1 to 3 to 5 (Fig 5a). Similarly, expres-
sion of integrin B4 was higher on ZrO, and TCPS com-
pared to Ti and PEEK, again increasing from days 1 to 3
to 5 (Fig 5b). Statistical significance between groups is
detailed in Figs 5a and 5b.
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DISCUSSION

Metal-free restorations have gradually generated in-
terest in the field of implant therapy for a number of
reasons, such as superior esthetic outcomes in thin
gingival biotype,'® increased elasticity and therefore re-
sistance to cyclic loading related to PEEK abutments,?®
and growing fear of allergic reactions to the presence
of Ti particles in the peri-implant area, the effects
and implications of which have not been thoroughly
investigated.'®

While PEEK has been suggested in the aforemen-
tioned literature as an orthopedic implant,?” a dental
implant'®and a healing/provisional abutment,” it is yet
to be deemed a reliable option as a definitive implant
abutment. Meanwhile, ZrO, has already been proposed
with enough scientific evidence for a dental implant al-
ternative toTi,'? and as a definitive prosthetic abutment
or for a definitive nonmetal restoration.>?®

Innovation in the dental implantology field has ex-
perienced huge advances in multiple areas. These inno-
vations involve, but are not limited to, new materials,
advances in prosthetic components, and an enormous
advance in understanding the importance of the long-
term bone and soft tissue implant seal in relation to
preventing marginal bone loss and peri-implantitis.
Unfortunately, peri-implantitis has become the most
frequent complication related to dental implantology,
affecting approximately one-third of patients and one-
fifth of all implants.?®

Epithelial and connective tissue sealing to den-
tal implant components is critical to preventing
peri-implantitis and simultaneously improving long-
term implant success.3° The junctional epithelium ad-
heres to the tooth and to the implant components and
seals off the supporting tissues from the aggressive oral
environment. The junctional epithelium represents the
first line of defense against periodontal and peri-im-
plant diseases.'®

In this investigation, keratinocytes showed lower
metabolic activity on PEEK and ZrO, disks compared
to Ti substrates. Thereby, based on the results of the
present study, it seems that PEEK and ZrO, surfaces do
not support proliferation of epithelial cells as well as Ti
surfaces. However, ZrO, supported higher expression
of hemidesmosome components integrin a6 and (34
than Ti and PEEK. These results would be in line with
those that validated less plaque accumulation on PEEK
abutments compared to Ti abutments. Koutouzis et al3'
showed a statistically significant difference regarding
plague accumulation between PEEK and Ti abutment
groups (20.5% vs 40.9%) in a prospective randomized
controlled clinical trial during 3 months of follow-up. Ac-
cordingly, ZrO, implants also presented lower bacterial

attachment compared with Ti implants,32 which may
lead to less inflammation and ultimately to a lower
prevalence of mucositis and peri-implantitis. Less epi-
thelial cell attachment to Ti and PEEK surfaces may be
related to a lower surface roughness of Ti and low wet-
tability of PEEK,3 respectively, combining the potential
advantage of lower biofilm formation with a lower ca-
pacity for a better soft tissue seal. The present results
suggest that higher wettability (lower WCA) associated
with Ti favors keratinocyte colonization of the implant
surface and that higher roughness, as is the case of the
ZrO, surfaces that were tested, support formation of
hemidesmosomes.

In summary, this study revealed that ZrO, enhanced
hemidesmosome formation by keratinocytes compared
to Ti and PEEK. In addition, the keratinocytes’ metabolic
activity was lower on ZrO, and PEEK than on Ti, which
might have been driven by their higher hydrophobic-
ity and is in line with studies reporting less plaque ac-
cumulation. Both findings supported that, among the
materials tested, ZrO, has the most favorable proper-
ties for potential enhancement of peri-implant soft
tissue attachment and thus, soft tissue implant seal to
hinder bacterial access and biofilm accumulation at the
implant surfaces, a critical challenge for preventing fu-
ture peri-implantitis.

Further investigations will be imperative to better
clarify the relationship between the lower epithelial
cell proliferation/metabolic activity, the lower surface
roughness and related wettability combined to lower
plaque accumulation, and the soft tissue seal quality
and the influence on development or prevention of
peri-implantitis. One possible mechanism is surface
characteristics affecting extracellular matrix glycopro-
tein laminin 332, which is critical to hemidesmosome
formation. Future work is necessary to elucidate this.
Other work should define methods to upregulate both
keratinocyte proliferation and hemidesmosome forma-
tion simultaneously.

However, the results of the present investigation
should be considered with caution; thereby, some limi-
tations should be stated, in view of cell behavior vari-
ability in comparison to live and multicellular hard and
soft tissues. Additionally, other relevant capacities of
the keratinocytes, mainly the hemidesmosome forma-
tion in relation to the capacity to create new connec-
tions with the foreign materials and to achieve a new
seal, have not been evaluated here. Other work could
include comparison of different oral keratinocyte
sources. Furthermore, all the study materials employed
in this investigation were relatively smooth surfaces,
which might vary the cell interaction in comparison
with microrough and other modified surfaces that are
popular for osseointegration.
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CONCLUSIONS

Expression of hemidesmosomal integrins a6 and (34
was higher in ZrO, than in PEEK and Ti. Thus, ZrO, sur-
faces for implants and transepithelial abutment ma-
terials might enhance hemidesmosome formation by
keratinocytes. Selecting suitable materials for optimiz-
ing soft tissue attachment may affect implant success.
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