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ABSTRACT
Statement of problem. The longevity of dental implants depends on themaintenance of peri-implant
tissue and absence of inflammation. How the physical-chemical properties intrinsic to each material
over time can affect adhesion, given constant cell turnover and biofilm development, remains unclear.

Purpose. The purpose of this in vitro study was to evaluate the influence of aging on the viability,
adhesion, and proliferation of normal oral keratinocytes (Nok-si) and on the multispecies biofilm
formation of Fusobacterium nucleatum (F. nucleatum), Porphyromonas gingivalis (P. gingivalis), and
Streptococcus sanguinis (S. sanguinis).

Material and methods. Zirconia (ZrO2) and titanium (Ti) disks were analyzed by surface roughness,
water contact angle, and X-ray diffraction before and after aging in an autoclave. The Nok-si cell
viability was evaluated by using a 3-(4.5-dimethylthiazole-2-yl)2.5-diphenyl tetrazolium bromide
assay (MTT), morphology by scanning electron microscopy (SEM), and proliferation and adhesion
by using a confocal microscope. Multispecies biofilms were analyzed quantitatively by
colony-forming units per milliliter (CFU/mL) and qualitatively by SEM.

Results. For Ti, the aging process affected the roughness and wettability. However, for ZrO2, the
aging did not affect roughness but did affect wettability and the ratio of the tetragonal to
monoclinic phase (P<.05). A significant difference was found in the bacterial growth for Ti
(nonaged and aged) in relation to the control, and no differences were found in Ti before and
after aging; however, ZrO2 had increased growth of microorganisms after aging. For ZrO2, a
statistically significant difference was found between aged ZrO2 and the control (P<.001).

Conclusions. The results indicate that, after the aging, Ti showed better cell adhesion and
proliferation and lower biofilm adhesion than zirconia. (J Prosthet Dent 2019;122:564.e1-e10)
Material surface changes may
be involved in the direct con-
tact of peri-implant tissue with
a dental implant abutment.
The abutment material un-
dergoes changes with the ag-
ing and degradation
processes.1-3 Titanium (Ti) is
the most commonly used ma-
terial for implant abutments
with its excellent biocompati-
bility and corrosion resis-
tance4,5 and the high chemical
stability of the surface oxide
layer.6 However, the biological
aging of a titanium surface has
been associated with a mark-
edly reduced adhesion of pro-
teins and cells from the
progressive accumulation of
hydrocarbons on the titanium
surface.5
epartment of Dental Materials and Prosthodontics, School of Dentistry at Araraquara, São Paulo State University (UNESP), Araraquara, Brazil.
llaborator, Bioscience and Biotechnology Applied to Pharmacy (BBAF), School of Pharmaceutical Sciences, São Paulo State University (UNESP), Araraquara,

fessor, Department of Dental Materials and Prosthodontics, School of Dentistry at Araraquara, São Paulo State University (UNESP), Araraquara, Brazil.
dent, Department of Dental Materials and Prosthodontics, School of Dentistry at Araraquara, São Paulo State University (UNESP), Araraquara, Brazil.
r, Department of Dental Materials and Prosthodontics, School of Dentistry at Araraquara, São Paulo State University (UNESP), Araraquara, Brazil.
hool of Dentistry, University of Franca (UNIFRAN), Franca, Brazil.
chool of Dentistry, University of Franca (UNIFRAN), Franca, Brazil.
chool of Dentistry, University of Franca (UNIFRAN), Franca, Brazil.
essor, School of Dentistry at Araraquara, São Paulo State University (UNESP), Araraquara, Brazil.

THE JOURNAL OF PROSTHETIC DENTISTRY

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prosdent.2019.08.027&domain=pdf


Clinical Implications
The findings could offer a starting point to selecting
the appropriate material for abutments and for the
gingival profile of each patient by considering the
costs, the longevity of the material, and tissue
recovery. Titanium showed better cell adhesion and
proliferation and lower biofilm adhesion than
zirconia.
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Zirconia (ZrO2) appears to be a promising alternative
abutment material because of its high mechanical and
flexural strength and excellent esthetic properties.7 The
in vivo degradation of ZrO2 has been reported to have
high variability as a consequence of the strong influence
of this aging process.1-3 Low-temperature degradation
(LTD) or aging results in the transformation of a meta-
stable tetragonal structure (t) into a stable monoclinic
structure (m) in yttria-stabilized tetragonal zirconia (Y-
TZP). LTD can be simulated in an autoclave at 134 �C
under 200 kPa for a period of 20 hours.8,9 This acceler-
ated aging protocol has been recommended because
Chevalier et al10 observed that 20 hours is sufficient to
promote an extensive t/m transformation (approxi-
mately 80%). Thus, this protocol could evaluate cellular
behavior on the surfaces of aged Ti and ZrO2.

Chemical changes resulting from the natural aging
process alter the physical-chemical material properties,
including roughness, wettability, surface free energy
(SFE), and the composition and phase of the mate-
rial.4,11-20 Reduced epithelial downgrowth and more
coronally located connective tissue adaptation has been
reported for rough surfaces21; thus, roughness below 0.2
mm might be the most effective way to obtain a pro-
tective barrier around the abutments.16,19,22,23 If crystal-
lographic phase transformation in the zirconia occurs, the
surface becomes altered and consequently may interfere
with cellular adhesion.1,12,20

SFE can also play an important role in the adsorption of
proteins and cell adhesion and distribution.4,24 Thus, the
purpose of this study was to evaluate the effect of in vitro
aging on the physicochemical properties of Ti and ZrO2

abutment materials. The effects of aging on the viability,
adhesion, and proliferation of normal oral keratinocytes
(Nok-si) and on the multispecies biofilm formation of
Fusobacterium nucleatum (F. nucleatum), Porphyromonas
gingivalis (P. gingivalis), and Streptococcus sanguinis
(S. sanguinis) were also evaluated. The null hypothesis
tested was that aging of the abutment materials, Ti and
ZrO2, did not influence the viability, adhesion, and pro-
liferation of Nok-si or the multispecies biofilm formation
of F. nucleatum, P. gingivalis, and S. sanguinis.
Rigolin et al
MATERIAL AND METHODS

Figure 1 represents the flowchart of the study. Disk-
shaped specimens of Ti and ZrO2 (Conexão Sistemas
de Próteses Ltda)17-19,25 with a diameter of 8 mm and
thickness of 2 mm were obtained (N=45). Surface
roughness and SFE were analyzed according to protocols
described previously.17,19 The disks used had an average
roughness (Ra) between 0.1 and 0.2 mm.22,23 For SFE, the
sessile drop technique was used to measure the contact
angles of liquid drops (distilled water, ethylene glycol,
polyethylene glycol, and diiodomethane). SFE was
calculated in accordance with the Owens-Wendt-Rabel-
Kaelble (OWRK) method.18,19,26 X-ray diffraction (XRD)
was performed by using an XRD device (D 5000; Siemens
Corp) with a monochrome beam of Cu Ka (15 418 Å)
filtered with nickel.1,27 The disks were cleaned by im-
mersion in acetone for 20 minutes, immersion in test
tubes containing distilled water, ultrasonic cleaning for 20
minutes, and thorough wash with distilled water.28

LTD was simulated in an autoclave (AB-25|AB-42;
Phoenix Luferco) at 134 �C for 20 hours and a pressure of
200 kPa (ISO 14801:2007) (n=29).9,10,29 After the aging
process, the same disks were resubmitted to the rough-
ness, SFE, and XRD analyses. The control disks were
sterilized overnight by gamma irradiation at 25 kGy from
an artificial cobalt-60 source in a nuclear reactor (ISO-
11137: 2006) (Energy and Nuclear Research Institute,
IPEN).17

Nok-si were cultured in DMEM with 4.5 g/L of
glucose (Invitrogen; Thermo Fisher Scientific), supple-
mented with fetal bovine serum, penicillin (1000 IU/mL),
streptomycin (10 mg/mL), and amphotericin (25 mg/
mL).30 Cells were cultured at 37 �C with 5% CO2 in a
humidified atmosphere and used between passages 3
and 7. For analysis, 3×104 Nok-si were plated on aged
and nonaged Ti and ZrO2 specimens, according to the
protocol for each analysis. The 3-(4.5-dimethylthiazol-2-
yl)2.5-diphenyl tetrazolium bromide (MTT; Sigma-
Aldrich Co) assay was performed according to the
protocol described previously.19

The spectrophotometric measurements were
performed at 562 nm (EZ Read 400; Biochrom Ltd) by
using isopropanol as a control. The experiments were
performed at 3 different times in triplicate (n=9). The
morphology of the cells adhered to the specimens (aged
and nonaged surfaces) was evaluated after 24 hours in a
24-well plate. The specimens were fixed with 400 mL of
2.5% glutaraldehyde (Sigma-Aldrich Co) overnight,
washed 3 times with sterile PBS, subjected to gradual
dehydration in alcohol solutions (70%, 90%, and 100%),
transferred to stubs, and stored in a desiccant for at least
7 days.19 For analysis, the specimens were coated with
gold and analyzed by scanning electron microscopy
THE JOURNAL OF PROSTHETIC DENTISTRY



X-ray
diffraction

(n=3)

SFE
(n=3)

MTT
(n=9)

SEM
(n=2)

CFSE
(n=2)

F-actin
(n=2)

CFU
(n=6)

SEM
(n=2)

SFE
(n=3)

X-ray
diffraction

(n=3)
Surface roughness

(N=45)

Nok-si
Fusobacterium nucleatum (Fn),

Porphyromonas gingivalis (Pg) e
Streptococcus sanguinis (Ss)

Specimens Ti (A and NA)
ZrO2 (A and NA)

Figure 1. Flowchart of study. A, aged; CFSE, carboxyfluorescein succinimidyl ester; CFU, colony-forming units per milliliter; MTT, 3-(4.5-dimethylthiazole-
2-yl)2.5-diphenyl tetrazolium bromide assay; NA, nonaged; SEM, scanning electron microscopy; Ti, titanium; ZrO2, zirconia.
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Figure 2. Effect of aging on surface roughness: A, Roughness average for
Ti; B, Roughness average for ZrO2. A, aged; NA, nonaged; Ti, titanium;
ZrO2, zirconia. Data shown as mean ±standard deviation (n=10). P<.05
was considered statistically significant. *P=.003.
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(SEM) (JSM-6610LV; JEOL Ltd). This assay was per-
formed in duplicate (n=2).

To assess the cellular proliferation of Nok-si, on
specimens, the cells were stained with carboxyfluorescein
succinimidyl ester (CFSE) (5 mM) (Thermo Fisher Scien-
tific) and incubated at 37 �C for 20 minutes. Then, 60 mL
of PBS was added to stop the CFSE reaction, and 2
washes were carried out for 5 minutes. The cells were
then seeded on each disk in a 48-well plate and incu-
bated for 24 and 48 hours. The analysis was performed by
using a confocal microscope (LSM 800; Carl Zeiss) (n=2):
laser wavelength: 488 nm at 5.5%; detection wavelength:
488 to 520 nm; detection gain: 700 V. In another assay,
the specimens were washed with 300 mL of 1×PBS, and
then the cells were fixed with 300 mL of 4% para-
formaldehyde for 20 minutes and washed again with
PBS. Then, 0.1% Triton (Sigma-Aldrich Co) was added
for 15 minutes. Two washes were carried out with PBS,
and then 2 drops of Actin Red (ActinRed 555 ReadyP-
robes Reagent; Thermo Fisher Scientific) reagent were
added to each specimen. Then, 300 mL of 0.1% Hoechst
(33342; Life Technologies; Thermo Fisher Scientific) was
added and incubated for 10 minutes. The specimens were
washed once with 300 mL of PBS, and then each spec-
imen remained in 300 mL of PBS until analyzed. The cells
were evaluated by using a confocal microscope (LSM
800; Carl Zeiss) (laser wavelength: 405 nm at 3.51%;
detection wavelength: 400 to 555 nm; detection gain: 896
V; laser wavelength: 561 nm at 1.10%; detection wave-
length: 555 to 700 nm; detection gain: 630 V).

Multispecies biofilms were generated by using the
method described by Sánchez et al.31 F nucleatum (ATCC
25586), P gingivalis (ATCC 33277), and S sanguinis (ATCC
10556) were grown on Brucella supplemented with hemin
THE JOURNAL OF PROSTHETIC DENTISTRY
(5 mg/mL), menadione (1 mg/mL) (Merck KGaA), and 5%
sheep deliberated blood for 3 days in an anaerobic chamber
(atmosphere of 85% N2, 10% to 15% H2, and 5% to 10%
CO2) at 37 �C17,32,33 to confirm the purity of the strains. The
logarithmic growth phase (Log) was determined for each
bacterium; thus, colonieswere transferred to 96-well plates,
with a final volume of 200 mL of supplemented Brucella
broth. The concentrations used ranged from 107 to 109

UFC/mL, and the times measured were 0, 6, 12, 24, 36, 48,
and 72hours after incubation in an anaerobic chamber at 37
�C.After growth curve graphswere plottedwith the Prisma
program, the best concentration and incubation time for
the Log phase of each bacteriumwere determined (data not
shown). For the establishment of the multispecies biofilm,
after 30 hours, 1 disk per well was placed in a 48-well plate
and submerged in 100 mL of Brucella broth containing each
bacterium at a concentration of 109 CFU/mL, for a total
Rigolin et al
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Figure 3. Effect of aging on wetting property. A, Contact angle for Ti; B, Contact angle for ZrO2. A, aged; D, diiodomethane; DW, distilled water; E,
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Table 1. Titanium and zirconia surface free energy before and after
aging

Surface Free Energy Nonaged Aged

Ti 35.57 mN/m 32.60 mN/m

ZrO2 25.36 mN/m 34.86 mN/m

Ti, titanium; ZrO2, zirconia.
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volume of 300 mL (F. nucleatum, S. sanguinis, and
P. gingivalis).31 After the adhesion period (72 hours), the
disks were washed twice with sterile PBS to remove any
bacteria that were not adhered.33-36 Then, the disks were
removed from theplate, andprotocols of each analysiswere
performed. Three polystyrene disks for cell adhesion were
used as controls.

For the colony-forming unit (CFU/mL), the disks were
placed into Falcon tubes with 500 mL of PBS and kept in
an ultrasound bath for 20 minutes (Ultrasonic Cleaner
1440 Plus; ODONTOBRAS) to detach the biofilm from
the specimens. Then, 100 mL of the bacterial suspension
was serially diluted in hemi-mandarin and blood for the
subsequent determination of the bacterial growth and
plaques maintained under anaerobiosis by using a digital
colony counter. The bacterial growth was calculated as
CFU/mL. Fifty-microliter aliquots were plated on Brucella
agar, and the plates were incubated in an anaerobic
chamber at 37 �C for 72 hours. After the incubation
period, counting was performed by an investigator blin-
ded to the experimental design.33,35,36 This assay was
performed in triplicate. The morphological analysis of the
adhered biofilm was performed by SEM (JEOL JSM-
6610LV), and the dehydration and fixation protocols
were followed as previously described.17,31
Rigolin et al
The data were analyzed by using a software program
(Graph Pad Prism; GraphPad Software Inc) (a=.05). The
surface roughness data showed adherence to a D’Agostino
normal curve, and a Pearsonnormality testwas applied and
complemented with a paired 2-tailed t test. For SFE, a 2-
tailed paired test was performed. A paired t test was per-
formed to determine if there was a difference in roughness
and SFE measurements before and after the aging process.
For the cellular viability data (MTT), a 1-way ANOVA was
applied and complemented with a post hoc Tukey test. The
CFU/mL data were analyzed by using a 1-way ANOVA
with a post hoc Tukey test.

RESULTS

The roughness data are shown in Figure 2. The results of
a 2-tailed paired test concluded that the aging process
did not affect the average roughness of the ZrO2 disks. A
statistically significant difference was found between the
roughness measurements of the Ti surface before and
after the aging process (P=.003).

The aging process affected the wettability of the ZrO2

surface when the surface was in contact with ethylene
glycol (P<.001) and polyethylene glycol (P=.035). The
aging process affected the wettability of the Ti surface
when the surface was in contact with distilled water
(P=.011) and polyethylene glycol (P=.044) (Fig. 3). The
SFE value of ZrO2 and Ti, aged and nonaged, is shown in
Table 1. The results of the X-ray diffraction analysis of the
aged and nonaged ZrO2 and Ti disks are shown graph-
ically in Figure 4. For ZrO2, aging in the autoclave was
shown to increase the amount of the monoclinic phase.
No changes were observed for Ti.
THE JOURNAL OF PROSTHETIC DENTISTRY
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The cell viability data (MTT assay) are graphically
presented in Figure 5. The results of the 1-way ANOVA
concluded that there were no statistically significant dif-
ferences in the viability of the different nonaged and aged
materials (P>.05), which had no effect on cell viability or
on the interaction between them (aging material).
Therefore, the viability of Nok-si was not affected by the
type of material on which they were cultured. Similarly,
there was no change in Nok-si viability on aged and
nonaged surfaces.
THE JOURNAL OF PROSTHETIC DENTISTRY
Figure 6 shows the morphology of Nok-si cultured on
ZrO2 and Ti before and after aging. The cell density after
adhesion was qualitatively similar in the aged and non-
aged ZrO2 and Ti substrates. On the Ti surface (nonaged
and aged), the cells had an increased number of pro-
jections and were scattered on the surfaces, while on the
ZrO2 surface, the cells had a rounded conformation and
few projections. Figure 7 shows the proliferation of Nok-
si after 24 and 48 hours of adhesion to the different ZrO2

and Ti substrates, both nonaged and aged. The prolif-
eration of cells on Ti was higher than that on ZrO2,
especially on the aged surfaces after 48 hours. The cells
proliferated less on both the nonaged and aged ZrO2

surfaces than on the Ti surfaces; however, in the ceramic
setting, no significant increase in cell proliferation was
observed between 24 and 48 hours.

Figure 8 shows the labeled b-actin of the cytoskeleton
of the adhered Nok-si, revealing the interaction of the
cells with the studied surfaces. For both materials and
under the conditions evaluated, more b-actin were
labeled after the 24-hour incubation than at the 48-hour
timepoint; however, the relative fluorescence intensity of
the cells on the Ti surfaces (aged and nonaged) was
significantly higher than that on the tested ZrO2 surfaces.
A similar behavior was maintained at 48 hours; however,
a difference was observed. At 48 hours, the reduction in
the fluorescence intensity of the ZrO2 specimens was
Rigolin et al



Figure 6. Scanning electron micrographs of Nok-si after 24 hours of adhesion to different substrates. A, ZrO2 nonaged. B, ZrO2 aged. C, Ti nonaged.
D, Ti aged. Original magnification ×10 000.
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larger than that of the Ti specimens (Table 2). The bac-
terial count (CFU/mL) is graphically represented in
Table 3. The results of the 1-way ANOVA concluded that
a significant difference was found in the bacterial growth
for Ti (nonaged and aged) in relation to the control
(P<.001). No differences were found in Ti before and after
aging, but ZrO2 had increased growth of microorganisms
after aging. For ZrO2, a statistically significant difference
was found between aged ZrO2 and the control (P<.001).

Figure 9A-D shows images of multispecies biofilms,
which adhered after 24 hours to the ZrO2 and Ti speci-
mens before and after aging. Small bacterial aggregates
adhered to all surfaces studied, but on the nonaged and
aged Ti surfaces, the microorganisms were sparsely lined
with bacteria, which were separated by numerous gaps,
exposing parts of the underlying surface of the dental
material. However, on ZrO2, after surface aging, the
population of microorganisms was larger, and they were
more scattered across the surface.
DISCUSSION

Aging affected the physicochemical properties of the Ti
and ZrO2 implant abutment materials and the adhesion
and proliferation of normal oral keratinocytes (Nok-si).
Rigolin et al
The formation of multispecies biofilms of F. nucleatum,
P. gingivalis, and S. sanguinis was reduced after the aging
of the materials. Therefore, the null hypothesis was
rejected as aging influenced the adhesion of cells and
microorganisms on the Ti and ZrO2 surfaces.

The surface roughness of ZrO2 did not significantly
change after autoclaving, which is consistent with other
findings.28,29,37 The effects of aging on ZrO2 may initially
occur around the superficial layer in the highest topo-
graphical grains, which are also more susceptible to water
contact.29 This could also indicate why the aging treat-
ment of autoclaving for 20 hours at 134 �C with 200 kPa
of pressure was not significant enough to promote the
deleterious effects described by Lughi and Sergo.8 The
increase in the surface roughness of Ti after aging is
probably because of the formation of this layer of Ti ox-
ide. In the case of implant abutments, a 0.2-mm rough-
ness value has been accepted as the minimum average
roughness threshold required to maintain the seal be-
tween the epithelial cells and the surface, hence the
stability of the soft tissue.38

After aging, the hydrophobic characteristic of the
ZrO2 surfaces was maintained, and they presented the
highest surface tension value.18 This result is consistent
with that in the study by Han et al.26 After aging, Ti
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 7. Confocal microscopy showing proliferation of Nok-si after incubation with different substrates for 24 and 48 hours. A, ZrO2 nonaged at 24
hours. B, ZrO2 nonaged at 48 hours. C, ZrO2 aged at 24 hours. D, ZrO2 aged at 48 hours. E, Ti nonaged at 24 hours. F, Ti nonaged at 48 hours. G, Ti aged
at 24 hours. H, Ti aged at 48 hours. Original magnification ×10.
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became more hydrophobic and the contact angle
increased, thus decreasing the surface interaction with
distilled water and characterizing the surface as hydro-
phobic. The Ti surface maintained its lipophilic charac-
teristic, as evidenced by the decreased contact angle after
aging, with liquids of lower material polarity. The SFE
value of Ti was similar because of the increased inter-
molecular interaction forces on the surface. The XRD
results on the ZrO2 surfaces showed a decrease in the
tetragonal phase after autoclaving and an increase in the
monoclinic phase, a finding consistent with other
studies.39-42 The ability of the tetragonal grains to un-
dergo the phase transformation in response to induced
stress can be detrimental, particularly when zirconia is
exposed to a humid environment at temperatures
ranging from 100 �C to 300 �C.39 This phenomenon is
LTD.29 The XRD for Ti showed no change because this
surface does not have a crystalline structure.

Regardless of the type of material, the aging process
did not affect cell viability or morphology, presumably
because the cells adhere to an intermediate layer of
deposited extracellular matrix molecules.43 However, a
THE JOURNAL OF PROSTHETIC DENTISTRY
subtle difference was observed between the materials.
The cells adhered on the surface of ZrO2 presented a
more rounded conformation and fewer projections. After
aging, the cell proliferation analysis showed an increased
number of cells adhered to the Ti surfaces, which
maintained their hydrophobic and lipophilic character-
istics, suggesting that this characteristic influenced the
cells studied.4 Similarly, other authors have highlighted
SFE as important in determining the adhesion of gingival
epithelial cells because a relation between the free surface
energy and the conformational state of the adsorbed
proteins may influence the biologically active conforma-
tion on high surfaces.4,43 For cells adhering to ZrO2, the
amount of b-actin dramatically decreased in 48 hours for
both the nonaged and aged surfaces. Before and after
aging, the cells adhering to the Ti surface had a higher
amount of b-actin than the cells adhering to ZrO2, which
suggests better initial establishment of adhesion to this
surface and that the adhesion was maintained. This
finding may be associated with hydrophobic and lipo-
philic characteristics of Ti because there is a relationship
between SFE and the adsorption of proteins associated
Rigolin et al



Figure 8. Confocal microscopy showing adhesion of Nok-si to different substrates at 24 and 48 hours. A, ZrO2 nonaged at 24 hours. B, ZrO2 nonaged at
48 hours. C, ZrO2 aged at 24 hours. D, ZrO2 aged at 48 hours. E, Ti nonaged at 24 hours. F, Ti nonaged at 48 hours. G, Ti aged at 24 hours. H, Ti aged at
48 hours. Original magnification ×20.

Table 2.Quantity of b-actin present in adhered cell surfaces of aged and
nonaged titanium and zirconia abutments observed in adhesion test
after 24 and 48 hours

Fluorescence Measurement at 405 nm to 561 nm 24 h 48 h

ZrO2/nonaged 22373.329 9742.792

ZrO2/aged 18871.090 8352.457

Ti/nonaged 35589.327 19692.524

Ti/aged 33707.224 20244.763

Ti, titanium; ZrO2, zirconia.

Table 3. Effect of aging on biofilm formation at 72 hours through
quantitative measurement of CFU/mL as indicator of bacterial
colonization on polystyrene well C+ and Ti (nonaged and aged) surfaces
compared with that of ZrO2 surfaces (nonaged and aged)

Group

Log10 CFU/mL

Mean SD

ZrO2/nonaged
a 6.95 0.09

ZrO2/aged
c 7.23 0.07

Ti/nonagedb 6.29 0.11

Ti/agedb 6.40 0.12

C+a 7.31 0.13

Ti, titanium; ZrO2, zirconia. One-way ANOVA used with Tukey post hoc test. Data shown as
mean ±SD. Statistically significant differences indicated as P<.05. Same letters represent
results with no significant difference.
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with cell surface adhesion.4,24 Interestingly, this type of
cell preferentially adhered to hydrophobic materials,
suggesting that, owing to the same chemical nature, the
final interaction between the chemical elements of the
epithelial cell membrane and the surface is
hydrophobic.13,19

In the present study, a higher biofilm adhesion was
found to both ZrO2 surfaces and compared with the Ti
surfaces, possibly because of increased SFE.11 These data
contrast those reported by Dutra et al,29 in which no
difference in biofilm formation was observed after hy-
drothermal aging simulation. Ti presents low surface
polarity and attracts molecules that are of the same
Rigolin et al
chemical composition, highly hydrophobic, and lipo-
philic. F. nucleatum and P. gingivalis are mainly formed by
polysaccharides (molecules with an affinity for hydro-
philic surfaces).

More studies are needed to evaluate the behavior of
both the cells and microorganisms on the surfaces used
as prosthetic components after aging: Ti and ZrO2. The
physical-chemical properties of the surface, which are
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 9. Scanning electron micrographs showing morphology of biofilm after 72 hours of adhesion with different substrates. A, ZrO2 nonaged. B, ZrO2

aged. C, Ti nonaged. D, Ti aged. Original magnification ×7000.
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significantly altered because of their permanence in the
mouth and respective aging processes, influence the
extent and manner of cell and bacterial adhesion. How-
ever, owing to the complexity of the system, the specific
properties are difficult to determine. Moreover, under-
standing the interaction between these surfaces and the
architecture of the peri-implant tissue may be crucial to
the long-term success of implant treatment, especially in
patients with susceptibility to periodontal diseases.
Modifying the surface by changing SFE and chemical
composition may be an attempt to reduce bacterial
colonization and to influence the interactions between
the surface and the microorganisms that contact it.

CONCLUSIONS

Based on the results of this in vitro study, the following
conclusions were drawn:

1 The aging-induced changes in the physicochemical
properties of Ti and ZrO2 influenced the adhesion
and proliferation of normal oral keratinocytes.

2 The changes in these properties also affected the
viability and adhesion of multispecies biofilms of
F. nucleatum, S. sanguinis, and P. gingivalis.
THE JOURNAL OF PROSTHETIC DENTISTRY
3 The results indicate that the materials examined are
suitable for use as abutments; however, Ti showed
better cell adhesion, improved proliferation, and
lower biofilm adhesion than ZrO2.
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