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Abstract: Titanium offers excellent biocompatibility and extraordinary mechanical properties.
As a result, it is used as a material for dental implants. Implants infected by peri-implantitis
can be cleaned for successful re-osseointegration. Optimal surface properties, such as roughness and
wettability, have a significant impact on cell adhesion. The aim of this study was to evaluate the
adhesion and proliferation of osteoblasts on the surface of repeatedly cleaned nanostructured titanium
samples. Human osteoblast-like cells MG-63 were seeded on nanostructured titanium specimens
manufactured from rods produced by the equal channel angular pressing. For surface characterization,
roughness and wettability were measured. Cell adhesion after 2 h as well as cell proliferation after
48 h from plating was assessed. We have found that this repeated cleaning of titanium surface reduced
cell adhesion as well as proliferation. These events depend on interplay of surface properties, such as
wettability, roughness and topography. It is difficult to distinguish which factors are responsible for
these events and further investigations will be required. However, even after the several rounds of
repeated cleaning, there was a certain rate of adhesion and proliferation recorded. Therefore the
attempts to save failing implants by using in situ cleaning are promising.
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1. Introduction

Titanium is a commonly used implant material in the field of biomedical applications.
Its tremendous potential is based on its low density, high level of corrosion resistance with good
plasticity, resistance to body fluids, non-magneticity and non-toxicity. Spontaneous formation of
titanium dioxide film over its surface results in excellent biocompatibility [1–3]. a never-ending pursuit
of more successful materials has led to new methods for improving different properties of the metals
used in bioimplantology. One way to improve the mechanical properties of commercially pure titanium
(cpTi) is to refine its structure to form ultra-fine grained (UFG) titanium. Refinement of microstructure
is associated with a decrease of grain size to hundreds of nanometers, resulting in an improvement of
strength levels. Among the methods for considerable grain refinement, severe plastic deformation
(SPD) is the most popular. One of the methods leading to bulk and fully-dense nanostructured titanium
(nTi) is equal channel angular (ECA) pressing [4]. The goal of the ECA pressing method is to introduce
a simple shear strain when the rod of titanium material passes through the plane between two channels
under a different angle. The material exiting the channel has the same cross-section and thus can be
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passed through the channel more times. Repetitive pressing allows rotation of the billet between the
passes and leads to different microstructures [5].

Peri-implantitis is defined as an inflammatory process affecting tissues around an osseointegrated
implant accompanied by progressive loss of supporting bone. It negatively affects the prognosis
of the implant survival. The loss of surrounding bone changes the ratio between extra- and
intra-alveolar parts of the implant, thereby reducing the amount of chewing pressure transferred from
the implant to the bone during physiological load [6]. Although peri-implantitis has been described as
a polymicrobial infection associated with pathogenic bacterial strains including Porphyromonas gingivalis,
Tannerella forsythia, Fusobacterium nucleatum, and Treponema socranskii [7,8], the growth of these late
colonizers is primarily dependent on biofilm formation on the implant surface by early-colonizing
strains. The pioneer oral bacterial species are mainly streptococci, like Streptococcus salivarius,
Streptococcus mitis, and Streptococcus oralis. Oral streptococci produce an arsenal of adhesive molecules
that allow them to efficiently colonize different surfaces in the mouth and prepare a suitable environment
for pathogenic bacteria [9].

Currently, no method for the treatment of implants affected by peri-implantitis has been
standardized. The basic principle of treatment is based on either removal of or trying to save
failing implants depending on the area of affected surface [10,11]. The difference of re-osseointegration
potential between contaminated and new implants was described by Levin et al. [12]. Failed implants
were retrieved from the infected bone sites and such contaminated implants were inserted into new
sockets. New implants were inserted into peri-implantitis sockets. It was found that osseointegration
was achieved both in the infected sites with new implants and around contaminated implants in the
new sockets. In contrast, Persson et al. [13] reported failure of the significant re-osseointegration for
implant surfaces exposed to bacterial contamination. These results could suggest the importance of the
findings, if the restoring of the implant surfaces to their original condition could determine successful
re-osseointegration [14]. Plenty of articles discuss cleaning of the biofilms on the initially microbially
exposed surfaces of titanium implants [15,16] or the effect of supportive care in the prevention of
peri-implant diseases [17], but until now there has been limited information concerning cellular
behavior on used and consecutively cleaned surfaces.

The aim of this study was to evaluate repeated adhesion and proliferation of osteoblasts on the
surface of nanostructured titanium samples after cleaning procedures with the intention of determining
the suitability of such nanomaterials for repeated use in dental implantology.

2. Materials and Methods

2.1. Material

All samples (flat titanium discs, 3.0 mm in height and 5.5 mm in diameter) were processed
by turning from grade 4 nTi rods, which were produced by using the ECA pressing method on
a continuous extrusion machine (Conform 315i, BWE Ltd., Ashford, UK). For further ECA processing
details, see the work published by reference [18]. The flat surface was then treated by polishing with
abrasive paper to produce smooth surfaces with roughness Ra < 0.1 µm. Samples were then acid
etched to receive roughness Ra in the range between 0.25 and 0.55 µm. The procedure of acid etching
has been described elsewhere [19].

All twenty samples were then divided in four groups of about five pieces with non-significant
differences in roughness (Table 1). Each implant was sterilized by rinsing in 70% ethanol before first
usage. Finally the implants were rinsed in deionized water and left to dry.
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Table 1. Arithmetical mean roughness Ra and root mean square Rq values for all groups of new as well
as cleaned samples. Wettability is expressed in the form of the angle between the tangent of the drop
and the horizontal baseline of the solid surface.

Implants Group A Group B Group C Group D

New 1× Cleaned New 2× Cleaned New 3× Cleaned New 4× Cleaned

Ra (µm) 0.358 0.316 0.359 0.322 0.393 0.342 0.400 0.346
Rq (µm) 0.504 0.462 0.506 0.443 0.565 0.473 0.521 0.517

(◦) 75.9 71.3 77.9 63.6 81.1 68.8 72.5 65.6

Each implant was cleaned and sterilized before the repeated usage—the scheme of the experiment
is shown in Figure 1. The procedure contained incubation in a trypsin solution (0.25% (w/v) Trypsin
with 0.53 nM EDTA) (PAA Laboratories GmbH, Pasching, Austria) (37 ◦C, 30 min) followed by thorough
cleaning with toothbrush TePe Compact Tuft (TePe, Malmö, Sweden) and rinsing in both 70% ethanol
and deionized water. Finally the samples were left to dry.Materials 2020, 13, x FOR PEER REVIEW 3 of 10 
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Figure 1. Scheme of the experiment: cell seeding on new as well as repeatedly cleaned titanium samples.

2.2. Characterization of Surfaces

A mechanical contact profilometer Surtronic 25 (Taylor Hobson, Leicester, UK) was used for
measurement of surface roughness of each sample. Each sample was analyzed four times. Between each
measurement, the sample was rotated about 45◦ along an axis passing through the center of the cylinder.
The surface roughness was then expressed as the arithmetical mean roughness Ra and root mean
square Rq. The values were captured with a diamond-tipped stylus (radius 5 µm) at a traverse speed
of 1 mm/s. An average value was expressed as the mean surface roughness for each specimen.

Estimation of surface wettability was performed by using the sessile drop contact angle method
(LeicaS9i, Leica Microsystems, Wetzlar, Germany). The contact angle was measured 3 s after placing
a 1 µL droplet of ultrapure water on the surface. An average from three measurements was recorded
as the mean value.

2.3. Cell Cultures

Human osteoblast-like cell line MG-63 (ECACC 86051601) (Sigma Aldrich, St. Louis, MO, USA),
obtained from an osteosarcoma of a 14-year-old boy, was cultivated in Dulbecco’s Modified Eagle’s
Medium (DMEM, Biosera Europe, Nuaille, France) supplemented with 10% (v/v) fetal bovine serum
(FBS, Biosera Europe, Nuaille, France), 100 U/mL penicillin and 100 mg/mL streptomycin (PAA
Laboratories GmbH, Pasching, Austria) as well as 2.5 mM stable glutamine (Diagnovum GmbH,
Ebsdorfergrund, Germany) at 37 ◦C under 5% CO2 in a humidified incubator. Culture media were
refreshed as needed.
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2.4. Cell Adhesion and Proliferation

Cell adhesion after 2 h as well as cell proliferation after 48 h from seeding was evaluated by using
CCK-8 (Cell Counting Kit-8, Bimake, Munich, Germany) as stated in the manufacturer’s instructions
with volume modifications. The working procedure with cells was similar to that used previously [2],
with some modifications. Instead of 96-well plates, we used 48-well plates. The seeding density was
250,000 cells/mL. After 2 and 48 h of incubation, the CCK-8 test was applied.

After 2 h from plating, cells were rinsed with phosphate-buffered saline (PBS) and incubated
with 550 µL CCK-8 working solution (50 µL CCK-8 solution + 500 µL culture media) at 37 ◦C.
After 16 hours, 110 µL aliquots of working solution were transferred to a 96-well plate and the
absorbance at 450 nm was evaluated using a microplate reader Synergy H1 (Biotek, Winooski, VT,
USA). Simultaneously, the culture media were changed in each well and the incubation was continued.
After 48 h from plating, 50 µL of CCK-8 solution was added to each well of the 48-well plate and the
wells were incubated for 16 h at 37 ◦C. The microplate reader Synergy H1 (Biotek, Winooski, VT, USA)
was used for measuring the absorbance at 450 nm. Cell adhesion as well as proliferation was expressed
as a percentage of the positive control.

2.5. Cell Staining

Cultured cells were stained with CellTracker™ Green (Molecular Probes Inc., Eugene, OR, USA)
and NucBlue®Live ReadyProbes®Reagent (Thermo Fisher Scientific, Waltham, MS, USA) according to
the manufacturer’s instructions. Briefly, 2 drops of NucBlue®Live ReadyProbes®Reagent per milliliter
of media were added and the cells were incubated for another 30 min at 37 ◦C. Finally, the medium
was changed with Live Cell Imaging Solution (Thermo Fisher Scientific, Waltham, MS, USA). The cells
were observed by using an Olympus CKX41 inverted fluorescent microscope (Olympus, Hamburg,
Germany) at 400×magnification.

Cells were also stained with crystal violet. The cells were washed with PBS and fixed with
2.5% glutaraldehyde in PBS (pH = 6.7–7.1) for 30 min at room temperature. After fixation, cells
were washed with PBS again and stained with 0.5% solution of crystal violet for 20 min at room
temperature. Then, staining solution was removed and cells were rinsed with deionized water
three times. Cells were observed and photographed after drying under microscope Leica S9i
(Leica Microsystems, Wetzlar, Germany).

2.6. Statistical Analysis

All experiments were performed using five samples per group. Results are presented as mean± SD.
Four independent experiments with quadruplicate measurement of absorbance were performed. Cell
adhesion and proliferation was analyzed by ANOVA (analysis of variance) or a two-tailed unpaired t-test
where appropriate. If ANOVA denoted a significant difference (P < 0.05) further statistical comparisons
were performed by post hoc Tukey test with the value of significance P < 0.05. The SigmaPlot 12.5
software (Systat Software Inc., San Jose, CA, USA) was used for all statistical analysis.

3. Results

3.1. Roughness and Wettability

The surface roughness quantified by the arithmetical mean roughness Ra and root mean square
Rq is shown in Table 1 for each group of samples. The Ra and Rq values for acid etched surfaces of new
implants were between 0.252–0.542 µm and 0.333–0.816 µm, respectively. No significant differences
were found between the groups of nanostructured materials. Also the cleaning had no significant
impact on the surface roughness. The Ra and Rq values for surfaces of cleaned implants were between
0.255–0.397 µm and 0.345–0.576 µm, respectively.
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The mean wettability of all groups of new implants is shown in Table 1. The wettability
of group C was significantly lower than the wettability of groups a and D with p = 0.0207 and
p = 0.0061, respectively.

The cleaning increased the wettability of the implant surface significantly compared to new
implants. After the first cleaning, the wettability increased significantly (p = 0.0433). The second
cleaning cycle also significantly increased the wettability (p = 0.0035). The third and fourth cleaning
cycles did not have a significant additional effect on wettability.

3.2. Cell Adhesion and Proliferation

The cell adhesion on titanium surface did not differ significantly between new implants and
positive control (cultivation plastic) (Figures 2 and 3). There was no significant difference between
three of the four experiments performed; in the fourth experiment (sample Cnew), significantly lower
cell adhesion compared with control was observed, as shown in Figure 3.
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Figure 2. Comparison of cell adhesion and proliferation on the surface of new and different times
cleaned titanium samples assessed by CCK-8 assay. The standard errors were calculated from all
measurements (new—20 samples, 1× cleaned—15 samples, 2× cleaned—10 samples and 3× cleaned—5
samples). Data expressed as a percentage of positive control. Error bars indicate means ± standard
deviations. Asterisks represent statistical significance between respective groups (* p < 0.05, ** p < 0.01,
*** p < 0.001).
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Figure 3. Comparison of cell adhesion and proliferation on the surface of new titanium samples
assessed by CCK-8 assay in four independent experiments. The standard errors were calculated from
five replicates. Data expressed as a percentage of positive control. Error bars indicate means ± standard
deviations. Asterisks above the bars indicate significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001)
between titanium samples and positive controls.

When the cleaned implants were used, adhesion slightly decreased upon repetitive cleaning
(Figure 2). When we compared cell adhesion on the surface of new titanium samples and the same
ones which were cleaned using a different method, we saw different outcomes (Figure 4). The biggest
difference was between the new and only once cleaned surface. We found that the difference narrowed
with additional cycles of cleaning.
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Figure 4. Comparison of cell adhesion and proliferation on the surface of new and different times
cleaned same titanium samples assessed by CCK-8 assay. The standard errors were calculated from five
replicates. Data expressed as a percentage of positive control. Error bars indicate means ± standard
deviations. Asterisks represent statistical significance between respective groups (* p < 0.05, ** p < 0.01,
*** p < 0.001).
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On new implants, proliferation is significantly lower than on cultivation plastic (control) (Figure 3).
There is no significant difference between three of the four experiments performed; in the fourth
experiment (sample Cnew), significantly higher proliferation was observed compared to the last
experiment (sample Dnew) (p = 0.023).

The further decrease in the proliferation rate can be seen when cleaned implants were used
(Figure 2). a significant decrease in this rate can be seen between new implants and ones that were
cleaned once (p = 0.024), between new implants and ones that were cleaned twice (p = 0.010) and
between new implants and ones that were cleaned three times (p < 0.001) (Figure 2).

When we compared cell proliferation on the surface of new implants and older ones that were
cleaned a different number of times, we saw a small discrepancy in ones that were cleaned two times
(Figure 4).

3.3. Cell Morphology

In order to compare morphology of the MG-63 cells grown on the nanostructured titanium
material and on cultivation plastic, we stained the cells with CellTracker™ Green and NucBlue®Live
ReadyProbes®Reagent as well as with crystal violet. The staining of the cells grown on titanium
samples was necessary because unstained cells were not visible. Microscopic observation revealed that
as early as after 2 h, osteoblasts presented normal MG-63 morphology and an adherent spindle shape
of fibroblast phenotype (Figure 5a,c). The morphology of the cells did not change during the next 48 h
(Figure 5b,d).
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Figure 5. Microscopic images of cell morphology. Human osteoblast like cells MG-63 stained with crystal
violet on nanostructured titanium sample in magnification 20× (a,b) and 100× (c,d). Native osteoblasts
in bright field on tissue culture plate (e) and fluorescence image of MG-63 cells on tested titanium
material (f), both in 400×magnification.

4. Discussion

Peri-implantitis is one of the most frequent complications of the implant osseointegration.
The standard management of patients includes either preservation or removal of failing implants [20].
In the case of removal, the wound heals for months before a new implant can be used.
Nowadays, efforts are being made to achieve successful re-osseointegration of failing implants
affected by bacterial contamination by cleaning in situ in the oral cavity without conducting implant
removal. This helps to reduce postoperative complications while providing an increased lifespan for
biomedical implants [21].
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In this study, we focused on an in vitro evaluation of how the standard repeated cleaning procedure
influenced the adhesion and proliferation of osteoblasts on the surface of nanostructured titanium
samples. We have found that this repeated cleaning reduces cell adhesion as well as cell proliferation
on titanium surface. Optimal surface properties, such as wettability, topography and chemistry have
significant roles in osteoblastic cell adhesion [22], which is critical for the clinical success of dental
implants. It is, however, difficult to distinguish which of these factors is responsible for the specific
behavior of cells, as surface properties are interdependent on each other [23].

Tested grade 4 nTi samples were divided into groups with similar surface roughness. The only
significant difference in surface characteristics, which we determined, was the lower wettability of
one of the studied groups. In this group, we saw worse osteoblast cells adhesion to the surface.
However, we recorded that increase in wettability was associated with worse cell adhesion on the
surfaces of repeatedly cleaned samples. This demonstrates that the influence of wettability on cell
adhesion is not straightforward. It has been shown by numerous studies that wettability is an important
factor for cell adhesion. Shi et al. observed that the surface with a contact angle of around 40◦ can
improve fibroblast adhesion [24]. Zhao et al. found that wettability and surface energy were key
parameters in the adhesion and spreading of osteoblastic cells [25]. It is worth mentioning that in
clinically used implants, the contact angles range widely [26] and the surface wettability has not been
a focus of surface characterization studies yet [27,28].

For decades, physical chemistry has studied how wettability can be affected by adjustments of
surface roughness [29–32]. Additionally to surface roughness, wettability caused by aqueous solutions
is closely dependent on hydrophilicity of the surface. Some studies showed that hydrophilic surfaces
support cell attachment and enhance cell proliferation, spreading and differentiation compared with
hydrophobic surfaces [33–35]. Kim et al. observed a significant increase in the cell adhesion and
proliferation on the titanium surface when the grain size was reduced to the submicrometer range,
resulting in higher surface wettability and hydrophilicity [36].

Nevertheless, the role of the surface hydrophilicity of the material in determining the adhesion is
still not fully understood. Le Guehennec et al. compared cell viability on titanium and plastic with
similar hydrophilicity and the surface roughness. Their finding of lower cell viability on titanium
surfaces may be explained by a different chemical composition [37]. The interaction of cells with
artificial surfaces of different wettabilities began to be studied many decades ago. In 1985, van Wachem
et al. reported the best adherence of human endothelial cells onto moderately wettable polymers [38].

It is known that cell adhesion to titanium materials is mediated by proteins adsorbed on the surface
from the culture media or produced by the cells. Proteins of the extracellular matrix, such as fibronectin,
vitronectin, collagen and laminin contain specific amino acid sequences that bind to cell-surface
integrin receptors and so influence cell adhesion. Recently, it has seemed that moderately hydrophilic
surfaces are optimal for the cell adhesion. Both extremes, in the form of hydrophobic and highly
hydrophilic surfaces, interfere with adsorption of proteins mediating adhesion [39]. Also Webb et al.
concluded that moderately hydrophilic surfaces promoted the highest levels of cell attachment [40].
Implants with optimal hydrophilicity have been proven to improve the initial blood contact to support
osseointegration [41,42].

We assumed that change of wettability caused by repeated cleaning can be triggered by the
adsorption of various molecules produced by the cells. The change of wettability itself is probably
less important than the question of which molecules modified the surface. Some of them can promote
cell adhesion while others impair it. a surface condition after repeated cleaning where roughness is
maintained, wettability is improved and proteins produced by the bone cells of the original tissue
persist on the implant surface could be beneficial for re-osseointegration.

5. Conclusions

We observed that repeated cleaning of nanostructured titanium surface reduced osteoblasts
adhesion as well as proliferation. It is difficult to distinguish which factors are responsible for these
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events, and further investigations will be required. However, even after several times of repeated
cleaning, there was a certain rate of adhesion and proliferation recorded. Therefore the attempts to
save failing implant by carrying out in situ cleaning are promising.

Author Contributions: Conceptualization and methodology, V.B. and V.K.; investigation, J.K.D., J.D., L.D.,
J.M. and D.H.; formal analysis, J.K.D.; writing—manuscript preparation, V.B., V.K., J.K.D. and J.D.; project
administration, V.B.; funding acquisition, V.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Education, Youth and Sports of the Czech Republic through
the project National Sustainability Program I (NPU I) Nr. LO1503.

Conflicts of Interest: L.D. and the company Timplant s.r.o. had no role in the design of the study, interpretation
of data or in the decision to publish the results. The other authors declare no conflict of interest.

References

1. Banerjee, D.; Williams, J.C. Perspectives on Titanium Science and Technology. Acta Mater. 2013, 61, 844–879.
[CrossRef]

2. Babuska, V.; Dobra, J.; Kulda, V.; Kripnerova, M.; Moztarzadeh, A.; Bolek, L.; Lahoda, J.; Hrusak, D.
Comparison of fibroblast and osteoblast response to cultivation on titanium implants with different grain
sizes. J. Nanomater. 2015, 2015, 920893. [CrossRef]

3. Özcan, M.; Hämmerle, C. Titanium as a Reconstruction and Implant Material in Dentistry: Advantages and
Pitfalls. Materials 2012, 5, 1528–1545. [CrossRef]

4. Valiev, R.Z.; Langdon, T.G. Principles of equal-channel angular pressing as a processing tool for grain
refinement. Prog. Mater. Sci. 2006, 51, 881–981. [CrossRef]

5. Qarni, M.J.; Sivaswamy, G.; Rosochowski, A.; Boczkal, S. On the evolution of microstructure and texture in
commercial purity titanium during multiple passes of incremental equal channel angular pressing (I-ECAP).
Mater. Sci. Eng. A 2017, 699, 31–47. [CrossRef]

6. Novak, Z. Periimplantitis, problems and solutions. Quintessenz 2004, 13, 1–4.
7. Persson, G.R.; Renvert, S. Cluster of Bacteria Associated with Peri-Implantitis: Pathogens in Peri-Implantitis.

Clin. Implant Dent. Relat. Res. 2014, 16, 783–793. [CrossRef]
8. de Waal, Y.C.; Eijsbouts, H.V.; Winkel, E.G.; van Winkelhoff, A.J. Microbial Characteristics of Peri-Implantitis:

a Case-Control Study. J. Periodontol. 2017, 88, 209–217. [CrossRef]
9. Abranches, J.; Zeng, L.; Kajfasz, J.K.; Palmer, S.R.; Chakraborty, B.; Wen, Z.T.; Richards, V.P.; Brady, L.J.;

Lemos, J.A. Biology of Oral Streptococci. Microbiol. Spectr. 2018, 6, 426–434. [CrossRef] [PubMed]
10. Khoury, F.; Keeve, P.L.; Ramanauskaite, A.; Schwarz, F.; Koo, K.T.; Sculean, A.; Romanos, G. Surgical

treatment of peri-implantitis—Consensus report of working group 4. Int. Dent. J. 2019, 69, 18–22. [CrossRef]
[PubMed]

11. Koo, K.T.; Khoury, F.; Keeve, P.L.; Schwarz, F.; Ramanauskaite, A.; Sculean, A.; Romanos, G. Implant Surface
Decontamination by Surgical Treatment of Periimplantitis: a Literature Review. Implant Dent. 2019, 28, 173–176.
[CrossRef] [PubMed]

12. Levin, L.; Zigdon, H.; Coelho, P.G.; Suzuki, M.; Machtei, E.E. Reimplantation of Dental Implants following
Ligature-Induced Peri-Implantitis: a Pilot Study in Dogs: Reimplantation following Ligature-Induced
Peri-Implantitis. Clin. Implant Dent. Relat. Res. 2013, 15, 1–6. [CrossRef] [PubMed]

13. Persson, L.G.; Ericsson, I.; Berglundh, T.; Lindhe, J. Osseintegration following treatment of peri-implantitis and
replacement of implant components. An experimental study in the dog. J. Clin. Periodontol. 2001, 28, 258–263.
[CrossRef] [PubMed]

14. Zhou, W.; Wang, F.; Monje, A.; Elnayef, B.; Huang, W.; Wu, Y. Feasibility of Dental Implant Replacement in
Failed Sites: a Systematic Review. Int. J. Oral Maxillofac. Implants 2016, 31, 535–545. [CrossRef] [PubMed]

15. Duske, K.; Jablonowski, L.; Koban, I.; Matthes, R.; Holtfreter, B.; Sckell, A.; Nebe, J.B.; von Woedtke, T.;
Weltmann, K.D.; Kocher, T. Cold atmospheric plasma in combination with mechanical treatment improves
osteoblast growth on biofilm covered titanium discs. Biomaterials 2015, 52, 327–334. [CrossRef]

16. Renvert, S.; Polyzois, I.; Maguire, R. Re-osseointegration on previously contaminated surfaces: a systematic
review. Clin. Oral Implants Res. 2009, 20, 216–227. [CrossRef]

http://dx.doi.org/10.1016/j.actamat.2012.10.043
http://dx.doi.org/10.1155/2015/920893
http://dx.doi.org/10.3390/ma5091528
http://dx.doi.org/10.1016/j.pmatsci.2006.02.003
http://dx.doi.org/10.1016/j.msea.2017.05.040
http://dx.doi.org/10.1111/cid.12052
http://dx.doi.org/10.1902/jop.2016.160231
http://dx.doi.org/10.1128/microbiolspec.GPP3-0042-2018
http://www.ncbi.nlm.nih.gov/pubmed/30338752
http://dx.doi.org/10.1111/idj.12505
http://www.ncbi.nlm.nih.gov/pubmed/31478576
http://dx.doi.org/10.1097/ID.0000000000000840
http://www.ncbi.nlm.nih.gov/pubmed/30767944
http://dx.doi.org/10.1111/j.1708-8208.2011.00371.x
http://www.ncbi.nlm.nih.gov/pubmed/21745332
http://dx.doi.org/10.1034/j.1600-051x.2001.028003258.x
http://www.ncbi.nlm.nih.gov/pubmed/11284540
http://dx.doi.org/10.11607/jomi.4312
http://www.ncbi.nlm.nih.gov/pubmed/27183062
http://dx.doi.org/10.1016/j.biomaterials.2015.02.035
http://dx.doi.org/10.1111/j.1600-0501.2009.01786.x


Materials 2020, 13, 697 10 of 11

17. Lin, C.Y.; Chen, Z.; Pan, W.L.; Wang, H.L. The effect of supportive care in preventing peri-implant diseases
and implant loss: a systematic review and meta-analysis. Clin. Oral Implants Res. 2019, 30, 714–724.
[CrossRef]

18. Valiev, R.Z.; Estrin, Y.; Horita, Z.; Langdon, T.G.; Zehetbauer, M.J.; Zhu, Y. Producing Bulk Ultrafine-Grained
Materials by Severe Plastic Deformation: Ten Years Later. JOM 2016, 68, 1216–1226. [CrossRef]

19. Nazarov, D.; Zemtsova, E.; Solokhin, A.; Valiev, R.; Smirnov, V. Modification of the Surface Topography
and Composition of Ultrafine and Coarse Grained Titanium by Chemical Etching. Nanomaterials 2017, 7, 15.
[CrossRef]

20. Valente, N.A.; Andreana, S. Peri-implant disease: What we know and what we need to know. J. Periodontal
Implant Sci. 2016, 46, 136–151. [CrossRef]

21. Kulkarni, M.; Mazare, A.; Gongadze, E.; Perutkova, S.; Kralj-Iglič, V.; Milosev, I.; Schmuki, P.; Iglic, A.;
Mozetic, M. Titanium nanostructures for biomedical applications. Nanotechnology 2015, 26, 062002. [CrossRef]
[PubMed]

22. Babuska, V.; Palan, J.; Kolaja Dobra, J.; Kulda, V.; Duchek, M.; Cerny, J.; Hrusak, D. Proliferation of Osteoblasts
on Laser-Modified Nanostructured Titanium Surfaces. Materials 2018, 11, 1827. [CrossRef] [PubMed]

23. Lavenus, S.; Pilet, P.; Guicheux, J.; Weiss, P.; Louarn, G.; Layrolle, P. Behaviour of mesenchymal stem cells,
fibroblasts and osteoblasts on smooth surfaces. Acta Biomater. 2011, 7, 1525–1534. [CrossRef] [PubMed]

24. Shi, X.; Xu, L.; Munar, M.L.; Ishikawa, K. Hydrothermal treatment for TiN as abrasion resistant dental
implant coating and its fibroblast response. Mater. Sci. Eng. C 2015, 49, 1–6. [CrossRef] [PubMed]

25. Zhao, G.; Schwartz, Z.; Wieland, M.; Rupp, F.; Geis-Gerstorfer, J.; Cochran, D.L.; Boyan, B.D. High surface
energy enhances cell response to titanium substrate microstructure. J. Biomed. Mater. Res. A 2005, 74A, 49–58.
[CrossRef] [PubMed]

26. Rupp, F.; Scheideler, L.; Eichler, M.; Geis-Gerstorfer, J. Wetting behavior of dental implants. Int. J. Oral
Maxillofac. Implants 2011, 26, 1256–1266. [PubMed]

27. Massaro, C.; Rotolo, P.; De Riccardis, F.; Milella, E.; Napoli, A.; Wieland, M.; Textor, M.; Spencer, N.D.;
Brunette, D.M. Comparative investigation of the surface properties of commercial titanium dental implants.
Part I: Chemical composition. J. Mater. Sci. Mater. Med. 2002, 13, 535–548. [CrossRef]

28. Le Guéhennec, L.; Soueidan, A.; Layrolle, P.; Amouriq, Y. Surface treatments of titanium dental implants for
rapid osseointegration. Dent. Mater. 2007, 23, 844–854. [CrossRef]

29. Herminghaus, S. Roughness-induced non-wetting. Europhys. Lett. EPL 2000, 52, 165–170. [CrossRef]
30. Quéré, D. Wetting and Roughness. Annu. Rev. Mater. Res. 2008, 38, 71–99. [CrossRef]
31. Marmur, A. a guide to the equilibrium contact angles maze. In Contact Angle Wettability and Adhesion;

CRC Press: Boca Raton, FL, USA, 2009; Volume 6, pp. 3–18.
32. Rupp, F.; Liang, L.; Geis-Gerstorfer, J.; Scheideler, L.; Hüttig, F. Surface characteristics of dental implants:

a review. Dent. Mater. 2018, 34, 40–57. [CrossRef] [PubMed]
33. Eriksson, C.; Nygren, H.; Ohlson, K. Implantation of hydrophilic and hydrophobic titanium discs in rat

tibia: Cellular reactions on the surfaces during the first 3 weeks in bone. Biomaterials 2004, 25, 4759–4766.
[CrossRef]

34. Bornstein, M.M.; Valderrama, P.; Jones, A.A.; Wilson, T.G.; Seibl, R.; Cochran, D.L. Bone apposition around
two different sandblasted and acid-etched titanium implant surfaces: a histomorphometric study in canine
mandibles. Clin. Oral Implants Res. 2008, 19, 233–241. [CrossRef]

35. Areid, N.; Peltola, A.; Kangasniemi, I.; Ballo, A.; Närhi, T.O. Effect of ultraviolet light treatment on surface
hydrophilicity and human gingival fibroblast response on nanostructured titanium surfaces. Clin. Exp.
Dent. Res. 2018, 4, 78–85. [CrossRef] [PubMed]

36. Kim, T.N.; Balakrishnan, A.; Lee, B.C.; Kim, W.S.; Smetana, K.; Park, J.K.; Panigrahi, B.B. In vitro
biocompatibility of equal channel angular processed (ECAP) titanium. Biomed. Mater. 2007, 2, S117–S120.
[CrossRef] [PubMed]

37. Le Guehennec, L.; Lopez-Heredia, M.-A.; Enkel, B.; Weiss, P.; Amouriq, Y.; Layrolle, P. Osteoblastic cell
behaviour on different titanium implant surfaces. Acta Biomater. 2008, 4, 535–543. [CrossRef] [PubMed]

38. van Wachem, P.B.; Beugeling, T.; Feijen, J.; Bantjes, A.; Detmers, J.P.; van Aken, W.G. Interaction of cultured
human endothelial cells with polymeric surfaces of different wettabilities. Biomaterials 1985, 6, 403–408.
[CrossRef]

http://dx.doi.org/10.1111/clr.13496
http://dx.doi.org/10.1007/s11837-016-1820-6
http://dx.doi.org/10.3390/nano7010015
http://dx.doi.org/10.5051/jpis.2016.46.3.136
http://dx.doi.org/10.1088/0957-4484/26/6/062002
http://www.ncbi.nlm.nih.gov/pubmed/25611515
http://dx.doi.org/10.3390/ma11101827
http://www.ncbi.nlm.nih.gov/pubmed/30261588
http://dx.doi.org/10.1016/j.actbio.2010.12.033
http://www.ncbi.nlm.nih.gov/pubmed/21199693
http://dx.doi.org/10.1016/j.msec.2014.12.059
http://www.ncbi.nlm.nih.gov/pubmed/25686920
http://dx.doi.org/10.1002/jbm.a.30320
http://www.ncbi.nlm.nih.gov/pubmed/15924300
http://www.ncbi.nlm.nih.gov/pubmed/22167431
http://dx.doi.org/10.1023/A:1015170625506
http://dx.doi.org/10.1016/j.dental.2006.06.025
http://dx.doi.org/10.1209/epl/i2000-00418-8
http://dx.doi.org/10.1146/annurev.matsci.38.060407.132434
http://dx.doi.org/10.1016/j.dental.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/29029850
http://dx.doi.org/10.1016/j.biomaterials.2003.12.006
http://dx.doi.org/10.1111/j.1600-0501.2007.01473.x
http://dx.doi.org/10.1002/cre2.108
http://www.ncbi.nlm.nih.gov/pubmed/29955391
http://dx.doi.org/10.1088/1748-6041/2/3/S06
http://www.ncbi.nlm.nih.gov/pubmed/18458454
http://dx.doi.org/10.1016/j.actbio.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18226985
http://dx.doi.org/10.1016/0142-9612(85)90101-2


Materials 2020, 13, 697 11 of 11

39. Bacakova, L.; Filova, E.; Parizek, M.; Ruml, T.; Svorcik, V. Modulation of cell adhesion, proliferation and
differentiation on materials designed for body implants. Biotechnol. Adv. 2011, 29, 739–767. [CrossRef]

40. Webb, K.; Hlady, V.; Tresco, P.A. Relative importance of surface wettability and charged functional groups on NIH 3T3
fibroblast attachment, spreading, and cytoskeletal organization. J. Biomed. Mater. Res. 1998, 41, 422–430. [CrossRef]

41. Babuska, V.; Moztarzadeh, O.; Kubikova, T.; Moztarzadeh, A.; Hrusak, D.; Tonar, Z. Evaluating the
osseointegration of nanostructured titanium implants in animal models: Current experimental methods and
perspectives (Review). Biointerphases 2016, 11, 030801. [CrossRef]

42. Gittens, R.A.; Scheideler, L.; Rupp, F.; Hyzy, S.L.; Geis-Gerstorfer, J.; Schwartz, Z.; Boyan, B.D. A review on
the wettability of dental implant surfaces II: Biological and clinical aspects. Acta Biomater. 2014, 10, 2907–2918.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.biotechadv.2011.06.004
http://dx.doi.org/10.1002/(SICI)1097-4636(19980905)41:3&lt;422::AID-JBM12&gt;3.0.CO;2-K
http://dx.doi.org/10.1116/1.4958793
http://dx.doi.org/10.1016/j.actbio.2014.03.032
http://www.ncbi.nlm.nih.gov/pubmed/24709541
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Material 
	Characterization of Surfaces 
	Cell Cultures 
	Cell Adhesion and Proliferation 
	Cell Staining 
	Statistical Analysis 

	Results 
	Roughness and Wettability 
	Cell Adhesion and Proliferation 
	Cell Morphology 

	Discussion 
	Conclusions 
	References

