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Effect of laser-dimpled titanium surfaces on 
attachment of epithelial-like cells and fibroblasts 
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PURPOSE. The objective of this study was to conduct an in vitro comparative evaluation of polished and laser-
dimpled titanium (Ti) surfaces to determine whether either surface has an advantage in promoting the attachment 
of epithelial-like cells and fibroblast to Ti. MATERIALS AND METHODS. Forty-eight coin-shaped samples of 
commercially pure, grade 4 Ti plates were used in this study. These discs were cleaned to a surface roughness 
(Ra: roughness centerline average) of 180 nm by polishing and were divided into three groups: SM (n=16) had no 
dimples and served as the control, SM15 (n=16) had 5-µm dimples at 10-µm intervals, and SM30 (n=16) had 
5-µm dimples at 25-µm intervals in a 2 × 4 mm2 area at the center of the disc. Human gingival squamous cell 
carcinoma cells (YD-38) and human lung fibroblasts (MRC-5) were cultured and used in cell proliferation assays, 
adhesion assays, immunofluorescent staining of adhesion proteins, and morphological analysis by SEM. The data 
were analyzed statistically to determine the significance of differences. RESULTS. The adhesion strength of 
epithelial cells was higher on Ti surfaces with 5-µm laser dimples than on polished Ti surfaces, while the 
adhesion of fibroblasts was not significantly changed by laser treatment of implant surfaces. However, epithelial 
cells and fibroblasts around the laser dimples appeared larger and showed increased expression of adhesion 
proteins. CONCLUSION. These findings demonstrate that laser dimpling may contribute to improving the peri-
implant soft tissue barrier. This study provided helpful information for developing the transmucosal surface of the 
abutment. [ J Adv Prosthodont 2015;7:138-45]
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INTRODUCTION

Dental implants comprise an important treatment option 
for partial or complete edentulism. The functional structure 
of  transmucosal implants entails interfacing with epithelial 
cells, fibroblasts, and osteoblasts.1 Since Brånemark coined 
the term “osseointegration” in the 1960s, the interaction 
between bone and the Ti implant has been one of  the most 
important and controversial issues in implant dentistry.2 
Recently, unwanted clinical responses such as soft tissue 
recession and marginal bone resorption have highlighted 
additional biological and mechanical challenges. Consequently, 
the soft tissue around the implant has been studied in 
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detail.3 Additionally, it has been proposed that the stable 
attachment of  soft tissues to the abutment contributes to 
the resistance of  the alveolar bone against bacterial inva-
sion, which can cause peri-implant disease.4-6 The coronal 
portion of  the implant, beyond the crestal bone level, is 
generally structured to prevent the accumulation of  plaque 
along the edge of  the abutment.7 In a natural tooth, the 
connective tissue and epithelium attach to the cemental 
root surface. The epithelial attachment occurs by means of  
hemidesmosomes (HDs), and connective tissue attachment 
results from collagen fibers inserting into the gingival tis-
sues.8 The coronal portion does not provide such support 
in an implant. There are limitations to the height of  the 
soft tissue that can surround the implant and thereby resist 
bacterial invasion of  the sulcular epithelium and connective 
tissue.9 In animal studies, the structures for epithelial 
attachment (HDs or basement membranes) are necessarily 
different from that of  a natural tooth.10 Also, the peri-
implant connective tissue attachments resemble scar tissue, 
consisting of  fibroblasts and collagen, with fewer cells than 
that observed in a healthy periodontal attachment.11 These 
studies indicate that the peri-implant soft tissue adhesion 
should promote the acceptance of  implants in the oral 
environment. To optimize soft tissue attachment, various 
surface modifications to Ti abutments have been investigat-
ed (e.g., fine threads, nano-roughness, and electrolytic 
polarization).12-15 Some studies reported that inferior soft 
tissue cell attachment resulted from a roughened sub-
strate.3,16,17 However, laser micro-grooves promoted the 
attachment of  connective tissue, which effectively prevent-
ed the resorption of  peri-implant bone.18 Although many 
studies have reported biomechanical modifications, there 
have been few reports on the biological effects of  micro-
texturing using the laser dimple technique on the Ti surface. 

In this study, we used a laser dimple technique of  
micro-texturing of  dental implant surfaces. It was hypothe-
sized that this process may enhance the adhesion of  soft 
tissue cells to the Ti surface. As this technology entails min-
imal mechanical modification of  surface topography, it may 
be superior to the rough surfaces used in previous studies, 
which disturbed soft tissue cell adhesion and accelerated 
dental plaque accumulation.3,19 Therefore, the purpose of  
this study was to conduct an in vitro comparative evaluation 
of  polished and laser-dimpled Ti surfaces to determine 
whether either surface has an advantage in promoting epi-
thelial cell and fibroblast attachment to Ti.

MATERIALS AND METHODS

Forty-eight coin-shaped samples of  commercially pure, 
grade 4 Ti plates (Neobiotech Co., Seoul, Korea) were used 
in this study. The discs measured 10 mm in diameter and 2 
mms thick. They were washed in an ultrasonic bath by 
using distilled water and stored in 100% ethanol at room 
temperature before further treatment.

Dimples of  5-µm diameter (Fig. 1) were formed using a 
220 fs-pulsed Ti: sapphire laser (wavelength: 800 nm; repe-
tition rate: 100 kHz). The laser beam was focused by a mag-
nification microscope objective IR lens (×20, NA 0.4; 
Olympus, Tokyo, Japan) by using a laser power of  5 mW 
and a laser irradiation time of  1 ms to form a dimple. The 
sample was moved with a velocity of  1 mm/s. Micro-
dimpling was performed on a 2 × 4 mm2 area at the center 
of  the polished Ti discs (Fig. 2). Before irradiation, the 
sample surface was cleaned to a surface roughness (Ra: 
roughness centerline average) of  180 nm by polishing with 
0.1 µm Alumina powder. The discs were divided into three 
groups: SM (n = 16) discs were polished Ti discs with no 

Fig. 1.  High magnification (5000×) scanning electron 
microscopy (SEM) image of a laser-dimpled titanium 
surface.

Fig. 2.  The 5-µm laser-dimpled surface with an area of 2 
× 4 mm2 at the center of a polished titanium disc.
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dimples, which served as controls, SM15 (n = 16) discs had 
5-µm dimples at 10-µm intervals (center distance; pitch = 
15 µm), and SM30 (n = 16) discs had 5-μm dimples at 
25-µm intervals (center distance; pitch = 30 µm) in the pol-
ished disc (Fig. 3).

The human lower gingival epithelial squamous carcino-
ma cell line YD-38 (Korea Cell Line Bank, Seoul, Korea) 
was cultured in RPMI1640 supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2% l-glutamine, and 
2% penicillin/streptomycin solution at 37ºC in a 5% CO2 
humidified incubator. The human fetal lung fibroblast-like 
cell line MRC-5 (ATCC No. CCL-171) was cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% heat-inactivated FBS, 2% l-glutamine, 
and 2% penicillin/streptomycin solution at 37ºC in a 5% 
CO2 humidified incubator. 

WST-8 kit (Dojindo, Kumamoto, Japan) was used to 
conduct the cell proliferation assay. One Ti disc and 1 × 104 
YD-38 or MRC-5 cells were placed in each well of  a 
24-well plate (Thermo Scientific Nunc, Waltham, MA, 
USA), and cells were cultured on the Ti disc for 1 or 3 days. 
These were maintained for 4 hours at 37°C with 1.1 mL of  
serum-free medium containing 100 μL of  WST-8 after 
removing the culture medium. 100 μL of  the supernatant 
from each well was transferred to a corresponding well with 
a 96-well plate. The absorbance at 450 nm was recorded in 
each well by using an ELISA reader (Molecular Devices, 
Sunnyvale, CA, USA). All values of  proliferation and adhe-
sion test are expressed as percentage. The size of  dimple 
area (2 × 4 mm2) in the entire disc (5 × 5 × 3.14 mm2) was 
assumed as 100 in control disc at day 1.

According to an earlier study, the adhesion assay was 
conducted for evaluating the adhesion strength of  YD-38 
and MRC-5 cells.20 Briefly, cell adhesion strength was mea-
sured as follows: 1 × 104 YD-38 or MRC-5 cells were cul-

tured for 1 or 3 days on each type of  Ti disc. A rotary shak-
er (BF-350SK, BioFree, Gyeonggi-do, Korea) agitated the 
discs three times at 75 rpm for 5 minutes to remove the 
non-adherent or weakly attached cells. The quantity of  
adherent cells was measured by the same way, as described 
in the proliferation assay. 

YD-38 and MRC-5 cells were fixed in acetone for 10 
min, washed with phosphate-buffered saline (PBS), and 
blocked with 1% bovine serum albumin at 37ºC. Cells were 
then fluorescently stained for integrinβ-4, vinculin, and 
actin filaments, as described below. YD-38 and MRC-5 cells 
were incubated overnight at 4ºC with mouse anti-integrin 
β-4 antibody and mouse anti-vinculin antibody (Merck 
Millipore Co., Billerica, MA, USA), respectively. After wash-
ing, cells were incubated with fluorescein isothiocyanate-
conjugated (FITC) anti-mouse IgG (Sigma-Aldrich, St. 
Louis, MO, USA) for 1 h at room temperature. Cells were 
then washed with PBS and incubated with tetramethylrho-
damine isothiocyanate-conjugated phalloidin (Sigma-
Aldrich, St. Louis, MO, USA) for 1 h at 37ºC for actin 
staining. Subsequently, cells were mounted with 4′,6-diamid-
ino-2-phenylindole (DAPI) (VECTOR Laboratories Inc., 
Burlingame, CA, USA) for nuclear staining. For imaging of  
the stained cells, a fluorescent microscope (S-4700, HITACHI, 
Tokyo, Japan) was used.

The morphological characteristics of  Ti discs and the 
cells were analyzed with a scanning electron microscope 
(SEM, S-4700, HITACHI, Tokyo, Japan). 

All statistical analyses were conducted using SPSS 18.0 
for Windows (SPSS Inc., Chicago, IL, USA), which calculat-
ed the standard deviation (SD) and mean of  all data. One-
way analysis of  variance (ANOVA) with the Duncan’s mul-
tiple range test was executed to evaluate the differences 
among groups. A P value <.01 was considered statistically 
significant.

Fig. 3.  Light microscopy images of each group (40× magnification). A, SM15: 5-µm dimple and 15-µm center distance. 
B, SM30: 5-µm dimple and 30-µm center distance. 
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RESULTS

The number of  YD-38 cells increased from day 1 to day 3 
by 1.7-fold on SM discs, by 1.9-fold on SM15 discs, and by 
2-fold on SM30 discs (Fig. 4). The number of  YD-38 cells 
was the highest when cultured on SM30 discs; however, the 
differences in cell proliferation among the 3 types of  discs 
were not statistically significant. The proliferation of  MRC-
5 cells cultured on any of  the discs for 3 days showed no 
significant differences (Fig. 5).

Adhesion assays of  YD-38 cells showed no significant 
differences in adhesion strength among SM, SM15, and 
SM30 discs on day 1. However, the numbers of  adherent 
YD-38 cells on SM15 and SM30 discs were significantly 
higher than that on SM discs on day 3 (Fig. 6A). SM15 and 
SM30 discs had 1.2 times (P<.01, SM15 vs. SM) and 1.5 

times (P<.01, SM30 vs. SM) higher number of  attached 
YD-38 cells, respectively, compared to that on SM discs 
(Fig. 6B). However, the adhesion strength of  MRC-5 cell 
cultures on all discs showed no statistical difference after 1 
or 3 days (Fig. 7).

The morphology of  YD-38 and MRC-5 cells cultured 
on different discs was evaluated after 3 days by using SEM. 
We observed that cells appeared widely spread on the Ti 
surfaces. In addition, many cellular processes such as filo-
podia and lamellipodia were commonly observed in both 
cells on the laser-dimpled areas, in close contact with the 
underlying Ti surface (Fig. 8). In particular, we found divid-
ing YD-38 cells on the laser-dimpled areas of  SM30 discs 
near the boundary between the dimpled and non-dimpled 
areas (Fig. 8 - SM30). 

To determine the expression levels of  adhesion proteins 

Fig. 4.  Proliferation of epithelial cells (YD-38) cultured 
on titanium discs for 3 days. SM: Smooth surface, served 
as a control, SM15: 5-µm dimples and 15-µm center 
distance, and SM30: 5-µm dimples and 30-µm center 
distance. The value was assumed 100 in control disc at 
day 1. All values are expressed as percentage.

Fig. 5.  Proliferation of fibroblast cells (MRC-5) cultured 
on titanium discs for 3 days. SM: Smooth Surface, served 
as a control, SM15: 5-µm dimples and 15-µm center 
distance, and SM30: 5-µm dimples and 30-µm center 
distance. The value was assumed 100 in control disc at 
day 1. All values are expressed as percentage.

Fig. 6.  (A) Adherence of epithelial cells (YD-38) cultured on titanium discs for 1 and 3 days. No significant difference 
was observed in the adhesion strength between SM, SM15, and SM30 discs on day 1. SM: Smooth surface, served as a 
control, SM15: 5-µm dimples and 15-µm center distance, and SM30: 5-µm dimples and 30-µm center distance. (B) Cell 
adherence of YD-38 cells cultured on titanium discs for 3 days. ** P<.01, SM vs. SM15, SM vs. SM30. The value was 
assumed 100 in control disc at day 1. All values are expressed as percentage.

A B
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such as actin filaments, integrin-β4, and vinculin in cells 
cultured on dimpled discs, immunofluorescent staining 
analysis was performed. As Fig. 9 shows, expression levels 
of  actin filaments and integrin-β4 in YD-38 cells were 
higher on SM30 discs than on SM discs. Particularly, mor-
phology and cytoskeleton of  YD-38 cells appeared more 
clearly visible on SM30 discs than on SM discs. Actin fila-
ments on SM30 discs extended in a straight line in the 
nucleus as well as in the cytoplasm. Similar to YD-38 cells 
in the dimpled areas, the expression levels of  actin fila-
ments and vinculin in MRC-5 cells were greater and spread 
further on SM30 discs than on SM discs (Fig. 10). The 
expression of  vinculin on SM30 discs was clearly distinct in 
the cytoplasm and nucleus, while on SM discs, such a dis-
tinction was not clear.

Fig. 7.  Adherence of fibroblast cells (MRC-5) cultured on 
titanium discs for 1 and 3 days. SM: Smooth surface, 
served as a control, SM15: 5-µm dimples and 15-µm 
center distance, and SM30: 5-µm dimples and 30-µm 
center distance. The value was assumed 100 in control 
disc at day 1. All values are expressed as percentage.

Fig. 8.  High magnification (250×, 1000×) scanning electron microscopy (SEM) images of epithelial cells (YD-38) 
cultured on SM, SM15, and SM30 discs for 3 days. The dotted line represents the border between the dimpled and non-
dimpled areas. Two circles among the visible dimples textured on the disc were marked, and imply the dimple zone. 
SM: Smooth surface, served as a control, SM15: 5-µm dimples and 15-µm center distance, and SM30: 5-µm dimples 
and 30-µm center distance.

Fig. 9.  Immunofluorescence images (400× magnification) showing actin filaments and integrin-β4 in epithelial cells 
(YD-38) cultured on SM and SM30 discs for 3 days. White circles indicate the laser dimples. SM: Smooth surface, 
served as a control and SM30: 5-µm dimples and 30-µm center distance on a polished titanium surface. 
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DISCUSSION

Mucosal tissue consists of  epithelial and connective tissue 
components.6 The epithelial components form the first bar-
rier of  the oral environment, while the connective tissue 
helps to prevent epithelial ingrowth and establish peri-
implant sealing.3,8,21 Notwithstanding a myriad of  previous 
studies, there is no consensus about the optimal surface for 
effective sealing. Several authors suggested an implant 
design with a smooth and a hydrophilic neck section that 
could promote a tight biological sealing by epithelial cells 
and fibroblasts.22-24 In this regard, we demonstrated that an 
altered surface is not significantly different from the exist-
ing smooth surface, allowing for similar quantities of  
plaque accumulation.25 

This study was designed to examine the effects of  5-µm 
dimples produced by a laser on a titanium surface. To inves-
tigate the effects of  laser dimpling, we measured cellular 
adhesion strength and expression of  adhesion molecules in 
human epithelial cells (YD-38) and human fibroblast cells 
(MRC-5) cultured on laser-dimpled and control Ti discs. 
Our data showed that the adhesion strength of  YD-38 cells 
on discs with 5-µm dimples was significantly higher than 
that of  cells cultured on SM (control) discs, even though we 
did not find any significant differences in cell proliferation 
among these three types of  disc. The results of  fluores-
cence assays showed that the expression of  actin and integ-
rin, which are key molecules of  cell adhesion processes, was 
increased in YD-38 cells around the laser dimples, when 
compared to that observed in cells growing on the control 
discs. It is well known that the peri-implant epithelium pro-
tects the interface between the implant and the bone 
against bacteria, following implant placement.26 Moreover, 

studies have shown that the epithelium attaches to the 
implant surface mainly through basement membrane HDs. 
HDs are adhesion plaques in the plasma membranes of  
epithelial cells that adhere to the extracellular matrix 
(ECM).10 HDs are multiprotein complexes, including lam-
inin, integrin, and plectin, among other constituents. The 
interface between the epithelium and the implant plays a 
key role in defense and in bonding mechanical closures.27 
The enhancement of  epithelial cell attachment, spreading, 
and HD assembly improves the healing process of  soft tis-
sues around the implant.28 After all, it may be clear that the 
attachment of  epithelial cell has a significance.

Some recent studies indicated that epithelial cells would 
attach less tightly to rough surfaces.29,30 These studies also 
suggested that an engineered surface is advantageous for 
forming a stable epithelial seal. In this regard, our method 
might be a positive development because the epithelial cells 
around the laser dimple design showed an increase on a 
quantitative scale. 

In contrast, 5-μm dimples had no effect on cell prolifer-
ation or adhesion strength of  MRC-5 cells. This may be 
due to several reasons. First, fibroblast cells contain high 
level of  fibronectin and fibrin, which generates rapid and 
secure fibroblast adhesion to the Ti substrate.19 In other 
words, the altered surface topography in our study did not 
affect the proliferation or the attachment of  the fibroblast 
cells because of  their superior proliferative capacity. The 
second reason may be the limitation in the number of  dim-
ples because these were not generated on the entire disc. 
For technical reasons, the dimpled zone was limited to a 2 
× 4 mm2 area at the center of  the polished disc. The total 
number of  dimples on each disc was 35,378 (266 × 133) 
for SM15 discs and 8,778 (133 × 66) for SM30 discs. We 

Fig. 10.  Immunofluorescence images (400× magnification) showing actin filaments and vinculin in fibroblast cells 
(MRC-5) cultured on SM and SM30 discs for 3 days. White circles indicate the laser dimples. SM: Smooth surface, 
served as a control and SM30: 5-µm dimples and 30-µm center distance.
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considered these numbers to be enough to estimate poten-
tial differences. The third reason may be aging of  the Ti 
surface, causing the surface to become hydrophobic, there-
by hindering the attachment of  cells.31 Our study focused 
on the surface of  the abutment in the upper part of  the 
crestal module, which is difficult to maintain in a pristine 
state, unlike the part below the crestal bone. Therefore, the 
situation seems to be different from that observed with the 
adhesion of  osteoid cells. In addition, sometimes, the abut-
ment is made to be removable. The last reason may be the 
size of  the dimples. In some Ti surface studies, the orienta-
tion of  cells was changed depending on groove depth and 
width.32,33 Accordingly, the SEM images show that MRC-5 
cells covered the dimpled areas. Fluorescent images of  
adhesion molecules in MRC-5 cells, cultured on discs with 
5-μm dimples, showed elevated signals compared to those 
observed with cells cultured on non-dimpled controls. The 
cytoskeletal protein vinculin contributes to the mechanical 
link between the contractile cytoskeleton and the ECM 
through integrin receptors. In addition, vinculin modulates 
the dynamics of  cell adhesion and is associated with 
decreased cell motility on two-dimensional ECM sub-
strates.34,35 In our study, vinculin expression was increased 
in MRC-5 cells around the laser dimples compared with 
that in cells cultured on SM (control) discs. This increase in 
vinculin expression may be related to cell adhesion strength.3

CONCLUSION

The results of  the current study can be summarized as follows:
1.	�The adhesion of  epithelial cells was higher on titani-
um surfaces with 5-μm laser dimples than on pol-
ished Ti surfaces (P<.01).

2.	�The adhesion of  fibroblasts was not significantly 
changed by laser treatment of  implant surfaces.

3.	�Epithelial cells and fibroblasts around the laser dim-
ples appeared to be larger and showed increased 
expression of  adhesion proteins.

These findings indicate that laser dimpling may promote 
the quality of  the soft tissue seal around dental implants. 
This study provided helpful information for developing the 
abutment surface of  implants. Nevertheless, optimization 
through animal and clinical studies is required to demon-
strate the potential use of  laser-dimpled Ti surfaces in 
implant dentistry.

Acknowledgements

We thank to Prof. Jae-Seok Im for providing the general 
advice, Prof. Kyung-Lhi Kang for editing English, and 
Yu-Ri Kim for the technical support.

ORCID

Dong-Woon Lee  http://orcid.org/0000-0002-0796-9100

REFERENCES

	 1.	 Abrahamsson I, Berglundh T, Wennström J, Lindhe J. The 
peri-implant hard and soft tissues at different implant sys-
tems. A comparative study in the dog. Clin Oral Implants Res 
1996;7:212-9.

	 2.	 Brånemark PI, Adell R, Albrektsson T, Lekholm U, Lundkvist 
S, Rockler B. Osseointegrated titanium fixtures in the treat-
ment of  edentulousness. Biomaterials 1983;4:25-8.

	 3.	 Furuhashi A, Ayukawa Y, Atsuta I, Okawachi H, Koyano K. 
The difference of  fibroblast behavior on titanium substrata 
with different surface characteristics. Odontology 2012;100: 
199-205.

	 4.	 Chehroudi B, Gould TR, Brunette DM. The role of  connec-
tive tissue in inhibiting epithelial downgrowth on titanium-
coated percutaneous implants. J Biomed Mater Res 1992;26: 
493-515.

	 5.	 Geurs NC, Vassilopoulos PJ, Reddy MS. Soft tissue consider-
ations in implant site development. Oral Maxillofac Surg Clin 
North Am 2010;22:387-405.

	 6.	 Linkevicius T, Apse P. Biologic width around implants. An 
evidence-based review. Stomatologija 2008;10:27-35.

	 7.	 Meffert RM. How to treat ailing and failing implants. Implant 
Dent 1992;1:25-33.

	 8.	 Berglundh T, Lindhe J. Dimension of  the periimplant muco-
sa. Biological width revisited. J Clin Periodontol 1996;23:971-
3.

	 9.	 Hansson S. The implant neck: smooth or provided with re-
tention elements. A biomechanical approach. Clin Oral 
Implants Res 1999;10:394-405.

10.	 Ikeda H, Yamaza T, Yoshinari M, Ohsaki Y, Ayukawa Y, Kido 
MA, Inoue T, Shimono M, Koyano K, Tanaka T. Ultra-
structural and immunoelectron microscopic studies of  the 
peri-implant epithelium-implant (Ti-6Al-4V) interface of  rat 
maxilla. J Periodontol 2000;71:961-73.

11.	 Rompen E, Domken O, Degidi M, Pontes AE, Piattelli A. 
The effect of  material characteristics, of  surface topography 
and of  implant components and connections on soft tissue 
integration: a literature review. Clin Oral Implants Res 2006; 
17:55-67.

12.	 Abrahamsson I, Zitzmann NU, Berglundh T, Linder E, 
Wennerberg A, Lindhe J. The mucosal attachment to titanium 
implants with different surface characteristics: an experimen-
tal study in dogs. J Clin Periodontol 2002;29:448-55.

13.	 Berry CC, Campbell G, Spadiccino A, Robertson M, Curtis 
AS. The influence of  microscale topography on fibroblast at-
tachment and motility. Biomaterials 2004;25:5781-8.

14.	 Huh JB, Rheu GB, Kim YS, Jeong CM, Lee JY, Shin SW. 
Influence of  Implant transmucosal design on early peri-im-
plant tissue responses in beagle dogs. Clin Oral Implants Res 
2014;25:962-8.

15.	 Xing R, Salou L, Taxt-Lamolle S, Reseland JE, Lyngstadaas 
SP, Haugen HJ. Surface hydride on titanium by cathodic po-
larization promotes human gingival fibroblast growth. J 
Biomed Mater Res A 2014;102:1389-98.

16.	 Baharloo B, Textor M, Brunette DM. Substratum roughness 
alters the growth, area, and focal adhesions of  epithelial cells, 

J Adv Prosthodont 2015;7:138-45



The Journal of Advanced Prosthodontics    145

and their proximity to titanium surfaces. J Biomed Mater Res 
A 2005;74:12-22.

17.	 Könönen M, Hormia M, Kivilahti J, Hautaniemi J, Thesleff  
I. Effect of  surface processing on the attachment, orienta-
tion, and proliferation of  human gingival fibroblasts on tita-
nium. J Biomed Mater Res 1992;26:1325-41.

18.	 Nevins M, Kim DM, Jun SH, Guze K, Schupbach P, Nevins 
ML. Histologic evidence of  a connective tissue attachment to 
laser microgrooved abutments: a canine study. Int J 
Periodontics Restorative Dent 2010;30:245-55.

19.	 Okawachi H, Ayukawa Y, Atsuta I, Furuhashi A, Sakaguchi 
M, Yamane K, Koyano K. Effect of  titanium surface calcium 
and magnesium on adhesive activity of  epithelial-like cells 
and fibroblasts. Biointerphases 2012;7:27.

20.	 Goodwin AE, Pauli BU. A new adhesion assay using buoyan-
cy to remove non-adherent cells. J Immunol Methods 1995; 
187:213-9.

21.	 Eisenbarth E, Velten D, Schenk-Meuser K, Linez P, Biehl V, 
Duschner H, Breme J, Hildebrand H. Interactions between 
cells and titanium surfaces. Biomol Eng 2002;19:243-9.

22.	 An N, Rausch-fan X, Wieland M, Matejka M, Andrukhov O, 
Schedle A. Initial attachment, subsequent cell proliferation/
viability and gene expression of  epithelial cells related to at-
tachment and wound healing in response to different titani-
um surfaces. Dent Mater 2012;28:1207-14.

23.	 Qu Z, Rausch-Fan X, Wieland M, Matejka M, Schedle A. The 
initial attachment and subsequent behavior regulation of  os-
teoblasts by dental implant surface modification. J Biomed 
Mater Res A 2007;82:658-68.

24.	 Zhao G, Schwartz Z, Wieland M, Rupp F, Geis-Gerstorfer J, 
Cochran DL, Boyan BD. High surface energy enhances cell 
response to titanium substrate microstructure. J Biomed 
Mater Res A 2005;74:49-58.

25.	 Drake DR, Paul J, Keller JC. Primary bacterial colonization 
of  implant surfaces. Int J Oral Maxillofac Implants 1999;14: 
226-32.

26.	 Listgarten MA. Soft and hard tissue response to endosseous 
dental implants. Anat Rec 1996;245:410-25.

27.	 Atsuta I, Yamaza T, Yoshinari M, Goto T, Kido MA, Kagiya 
T, Mino S, Shimono M, Tanaka T. Ultrastructural localization 
of  laminin-5 (gamma2 chain) in the rat peri-implant oral mu-
cosa around a titanium-dental implant by immuno-electron 
microscopy. Biomaterials 2005;26:6280-7.

28.	 Kim S, Myung WC, Lee JS, Cha JK, Jung UW, Yang HC, Lee 
IS, Choi SH. The effect of  fibronectin-coated implant on ca-
nine osseointegration. J Periodontal Implant Sci 2011;41:242-
7.

29.	 Teng FY, Ko CL, Kuo HN, Hu JJ, Lin JH, Lou CW, Hung 
CC, Wang YL, Cheng CY, Chen WC. A comparison of  epi-
thelial cells, fibroblasts, and osteoblasts in dental implant tita-
nium topographies. Bioinorg Chem Appl 2012;2012:687291.

30.	 Atsuta I, Ayukawa Y, Furuhashi A, Ogino Y, Moriyama Y, 
Tsukiyama Y, Koyano K. In vivo and in vitro studies of  epi-
thelial cell behavior around titanium implants with machined 
and rough surfaces. Clin Implant Dent Relat Res 2014;16: 
772-81.

31.	 Lee JH, Ogawa T. The biological aging of  titanium implants. 

Implant Dent 2012;21:415-21.
32.	 Walboomers XF, Croes HJ, Ginsel LA, Jansen JA. Growth 

behavior of  fibroblasts on microgrooved polystyrene. Biomaterials 
1998;19:1861-8.

33.	 Walboomers XF, Croes HJ, Ginsel LA, Jansen JA. Contact 
guidance of  rat fibroblasts on various implant materials. J 
Biomed Mater Res 1999;47:204-12.

34.	 Goldmann WH, Schindl M, Cardozo TJ, Ezzell RM. Motility 
of  vinculin-deficient F9 embryonic carcinoma cells analyzed 
by video, laser confocal, and reflection interference contrast 
microscopy. Exp Cell Res 1995;221:311-9.

35.	 Mierke CT, Kollmannsberger P, Zitterbart DP, Diez G, Koch 
TM, Marg S, Ziegler WH, Goldmann WH, Fabry B. Vinculin 
facilitates cell invasion into three-dimensional collagen matri-
ces. J Biol Chem 2010;285:13121-30.

Effect of laser-dimpled titanium surfaces on attachment of epithelial-like cells and fibroblasts


