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Abstract - Dental implants significantly improve dental 
occlusion after tooth loss. However, titanium dental implants do 
not immediately integrate with the host bone. Furthermore, 
patients who have insufficient bone at the implant site tend to 
require pre-treatment surgery, such as autologous bone 
transplantation, which poses significant burden to the patient. 
Treatment can also be affected by early invasion of epithelial 
cells into the gingival epithelium, and this can also hinder the 
success of implant osseointegration. Therefore, there is a 
pressing need to develop a dental implant that can reduce the 
burden on the patient and increase the rate and success of 
osseointegration. We hypothesized that an efficient strategy for 
rapid and reliable osseointegration could be achieved by 
controlling the balance of the cellular populations around the 
dental implant. Thus, in this study, we micro-patterned a 
titanium surface with a gelatin matrix and investigated how this 
surface affected the adherence of mesenchymal stem cells to 
each of the surfaces. We found that the mesenchymal stem cells 
first adhered to the titanium and then to the gelatin, enabling 
cell adhesion to be controlled in a time-dependent manner. The 
alkaline phosphatase (ALP) activity of the cells on the titanium 
surface was stronger than that of cells on the gelatin matrix, 
suggestive of earlier differentiation of the cells into bone-
forming cells. These results suggest that it may be possible to 
develop functional dental implants that can control the 
respective populations of epithelial and mesenchymal stem cells 

at the site of implantation, and thereby promote rapid and 
reliable osseointegration. 
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1. Introduction
Dental implant therapy is a highly effective 

treatment for recovering occlusion after tooth loss [1, 2, 
3]. However, for most patients, osseointegration is not 
rapid, and there is some delay between implantation of 
the titanium prosthetic and its osseointegration with the 
native bone [4, 5]. Furthermore, some patients have 
insufficient bone for adequate implantation, and require 
surgical pre-treatment involving procedures such as 
autologous bone transplantation; these types of 
procedures are a significant burden to the patient [6, 7, 
8]. Others have shown that the cellular milieu can 
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profoundly affect the success of an implant, with the 
early invasion of epithelial cells into the gingival 
epithelium, which presumably hinders the attachment of 
mesenchymal cells that will facilitate bone formation and 
subsequent osseointegration [9, 10].  

Therefore, to improve the success rate of dental 
implant treatments, there is a growing need to design a 
dental implant that can promote rapid and reliable 
osseointegration with the existing bone at the implant 
site. We surmised that an efficient strategy for rapid and 
reliable osseointegration of the dental implant might be 
achieved by controlling the cell population on the 
titanium surface of the dental implant. Thus, in this 
study, we aimed to control the attachment and 
proliferation of a population of mesenchymal stem cells 
on a titanium surface. 

 

2. Materials and Methods 
2.1. Micro-patterning of the gelatin matrix on the 
titanium surface 

The synthesis of the photoreactive gelatin and the 
process of pattern immobilization of the photoreactive 
gelatin have been described in detail previously[1]. 
Briefly, a photomask was positioned on the titanium 
surface, with the light-shield, film-side facing up (Fig. 
1a). Photoreactive gelatin was then dripped onto the slits 
of the photomask (Fig. 1b). The photomask was covered 
with a base film (Fig. 1c), and then UV radiation was 
applied to the upper face of the base film to harden the 
photoreactive gelatin in contact with the film (Fig. 1d). 
The photomask was then flipped upside down, and UV 
radiation was applied through the slits of the photomask 
(Fig. 1e). The base film was detached from the 
photomask (Fig. 1f), and any unhardened gelatin was 
washed off using a cleaning solution [1] (Fig. 1g). UV 
radiation was then applied with the film in water and the 
gelatin side facing up. The film was removed from the 
water and dried (Fig. 1h). 

 
2.2. Cell culture on titanium plates with micro-
patterned gelatin matrix 

Micro-patterned titanium plates were placed 
within the wells of a 24-well plate. Mouse 10T1/2 cells 
(RIKEN Cell Bank, Japan) (mesenchymal stem cells) were 
seeded at a density of 1 × 105 cells per well onto the 
plates, and cultured in Dulbecco’s modified essential 
media containing 0.5% fetal bovine serum at 37°C in an 
atmosphere of 95% air and 5% CO2. Cell counts and size 
measurements were assessed at 1 and 2 h after the 
initiation of culture. 

 

 
Figure 1. The procedure of immobilization and 

patterning of the photoreactive gelatine directly to the 
titanium plate. 

 
2.3. Observation of cell movement on titanium plates 
with micro-patterned gelatin matrix 

Cell adhesion and movement on the titanium 
plates were observed under a phase-contrast 
microscope in time-lapse sequences. For migration, 1 × 
104 10T1/2 cells were seeded and grown on titanium 
plates with micro-patterned gelatin matrix, and 
microscopic time-lapse observation was performed. To 
observe cell movement before cell adhesion, time-lapse 
observations were performed immediately after 
incubation, and was maintained for 12 h. To observe cell 
movement after cell adhesion, the cells were incubated 
for 2 h, and then observed under microscopy for 36 h. 

 
2.4. Cytoskeletal analysis of cells on titanium plates 
with micro-patterned gelatin matrix 

To observe how 10T1/2 cell morphology changed 
on the titanium plate with micro-patterned gelatin 
matrix, we used fluorescence microscopy to visualize F-
actin, a constituent of the cytoskeleton, and its binding to 
phalloidin. 10T1/2 cells were cultured on micro-
patterned titanium plates, then rinsed in phosphate-
buffered saline (PBS) and fixed in a 4% 
paraformaldehyde solution for 30 min. Cells were then 
rinsed in PBS again, and incubated for 30 min in PBS 
containing 0.1% Triton X-100. Cells were then incubated 
for a further 30 min in 1 U/L phalloidin at room 
temperature for fluorescence labelling, rinsed in PBS, 
embedded in glycerin, and observed under a 
fluorescence microscope. 

a b
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2.5. Cell culture on titanium plates with cytokine 
coating 

We fixed 100 L of gelatin matrix and added 1 
g/mL human bone morphogenetic protein-2 (BMP-2) 
to the disc-shaped titanium plates. We then distributed 1 
× 105 10T1/2 cells over the entire plate. To measure the 
degree of bone production, after 10 days of culture, the 
plates were rinsed in PBS, then fixed in acetone for 1 min. 
The plates were rinsed again in PBS, and then stained 
with phenol violet at room temperature in the dark for 
ALP detection. Plates were again rinsed in sterile water, 
and observed under a microscope. To quantify the ALP 
activity of the 10T1/2 cells, the ALP-positive cells were 
counted. Statistical analyses were performed using the 
unpaired t tests. 

 

3. Results 
3.1. Micro-patterning of the gelatin matrix on the 
titanium surface, and mesenchymal stem cells 

10T1/2 cells, bearing mesenchymal stem cell-like 
characteristics, were scattered uniformly over the 
surface of the titanium plates with micro-patterned 
gelatin matrix at 0 h (before incubation) (Fig. 2a). At 1 h 
after incubation, very few cells were found adhering to  

 

 
Figure 2. Time course (0 h to 36 h) observation of cell 

migration of 10T1/2 cells on titanium with micro-patterned 
gelatin matrix. 

the gelatin matrix sections (100 μm), whereas 
numerous cells had adhered to the titanium sections 
(200 μm), forming a pattern (Fig. 2b). At 2 h, cell 
proliferation was observed, and the pattern of adhesion 
had been maintained (Fig. 2c). At 5 h, the cells continued 
to proliferate on the titanium sections, and cells had also 
started to appear in significant numbers on the gelatin 
matrix sections (Fig. 2d). At 24 h, numerous cells were 
observed on both surfaces (Fig. 2e). At 36 h, a bridge-
shaped mass of proliferative activity on the titanium 
sections had expanded to cover the gelatin matrix 
sections, with further cell proliferation also observed on 
the gelatin matrix (Fig. 2f). 

The number of cells on the titanium was much 
higher than that on the gelatin (Fig. 3a); however, there 
was no difference in the sizes of the cells grown on the 
two surfaces (Fig. 3b). 

 
Figure 3. Cell counts and cell size on the titanium and gelatine 

matrix sections, at 1 and 2 h after commencement of 
incubation. 
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3.2. Microscopic observation of early-stage cell 
movement and morphology on titanium with micro-
patterning 

Immediately after commencement of incubation, 
before the 10T1/2 cells had adhered to the surface, they 
were almost round (Fig. 4a, arrows). At 20 min after 
commencement, we observed that some cells had 
migrated (Fig. 4b, arrows); and at 40 min, some cells 
continued to migrate (Fig. 4c arrows). At 1 hr, cells that 
had begun to adhere to the surface had changed shape 
from rounded to rectangular and showed evidence of 
filopodia formation (Fig. 4d, arrows). 

 

 
Figure 4. Early-stage cell population on titanium with micro-

patterned gelatine matrix. 

 
3.3. Cell movement and morphology on titanium 
with micro-patterning after cell adhesion 

At 2 h after the initiation of culture, some cells had 
already adhered to the plate, and had started to form 
filopodia and migrate (Fig. 5a, arrowheads). At 2.5 h, the 
morphology of the cells had further developed; in one 
example, we show two cells that had begun to form 
filopodia and were migrating toward each other (Fig. 
5b). After 3 h, these two cells were almost in contact (Fig. 
5c); and this was achieved by 3.5 h (Fig. 5d). Cell 
proliferation was observed from 4 h (Figs. 5e and 5f). We 
therefore show that our titanium plates could support 
cell adhesion, migration, and proliferation. Cells, other 
than those marked by arrowheads, were also actively 
forming filopodia and migrating. 

 
Figure 5. Cell movement and morphology after cell adhesion 

on titanium micro-patterned with gelatine. 

 
3.4. Cytoskeleton of 10T1/2 cells on micro-patterned 
titanium 

An examination of the cytoskeleton of 10T1/2 cells 
on the titanium sections revealed widespread stress 
fiber formation (Fig. 6, arrow). In contrast, no stress 
fibers were observed on the gelatin matrix sections; 
however, a lobopodium-like cytoskeletal structure 
consisting of F-actin was observed (Fig. 6, arrowhead). 
The formation of F-actin in 10T1/2 cells differed in cells 
grown on the titanium sections from those on the 
gelatin-matrix sections.  

 

 
Figure 6. Cytoskeleton of 10T1/2 cells on titanium with 

micro-patterned gelatine matrix. 
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3.5. ALP activity of 10T 1/2 cells on the titanium with 
BMP-2 

On the gelatin-matrix sections of the titanium 
plates (Figs. 7a and 7b, inside the dotted lines), no cells 
were positive for ALP in the absence of BMP-2 (Fig. 7a); 
however, numerous ALP-positive cells were observed in 
the presence of BMP-2 (Fig. 7b arrows). The quantitative 
data on ALP activity showed that BMP-2 induced greater 
osteogenic potential in cells grown on the titanium than 
for those grown on the gelatin (Fig. 7c). 

 

 
Figure 7. ALP activity of 10T1/2 cells with BMP-2, on 

titanium and gelatin. 

 

4. Discussion 
We analyzed the attachment, distribution and 

osteoinductive potential of mesenchymal stem cells on 
titanium plates with a micro-patterned gelatin matrix. 
10T1/2 cells, which are an established cell line with the 
characteristics of mesenchymal stem cells, adhered 
better to the titanium sections than to the gelatin-matrix 
sections, resulting in pattern formation based on the 
fabrication process. This pattern was observed within 1 
h after incubating the cells, and suggested that 10T1/2 
cells adhered more easily to the titanium than to the 
gelatin. However, after 24 h, we found that cells had also 
started to adhere to the gelatin matrix. This suggests that 
it may be possible to control the timing of adhesion of 
mesenchymal stem cells by applying a gelatin matrix to 

the surface of the titanium. In terms of the osteoinductive 
potential of mesenchymal stem cells on titanium, these 
cells showed increased osteogenic activity earlier than 
those on the gelatin matrix.  

In our previous work, we used monkey COS-7 cells 
as an epithelial cell line and found that these cells 
adhered better to the gelatin than to the titanium [1]. We 
suggest that the discrepancies between this study and 
our previous study may be caused by differences in the 
characteristics of epithelial-like and mesenchymal-like 
cells. Mesenchymal stem cells have greater motility, 
different adhesive factors (such as N-cadherin, vimentin, 
and fibronectin), and different cell polarity than do 
epithelial cells [12, 13]. Furthermore, from a materials 
science perspective, the gelatin in this study was directly 
immobilized onto the surface of titanium without ODS 
treatment, which contrasts with that in our previous 
study [1]. The gelatin might interfere with cell adhesion, 
given its diffusive properties as a physicochemical 
hydrophilic gel layer. 

In dental implant treatment, rapid and reliable 
osseointegration is the key to success [4, 5], and the 
adhesion of epithelial cells over mesenchymal stem cells 
prohibits osseointegration [9, 10, 14, 15]. Therefore, 
controlling the respective populations of epithelial and 
mesenchymal stem cells to shift the balance in favor of 
mesenchymal stem cells could help to ensure 
osseointegration. To date, various surface modifications 
have been developed, such as sandblasting and acid 
etching (SLA), hydrothermal hot pressing, laser pulse, 
dip coating, and spray plasma coating [16, 17, 18, 19, 20, 
21, 22, 23, 24, 25, 26]. However, as yet, no method has 
been devised to regulate cell populations in functional 
dental implants.   

In future studies, we plan to analyze the respective 
populations of oral epithelial cells and mesenchymal 
stem cells on titanium plates with a micro-patterned 
gelatin matrix using a co-culture system. The possibility 
that oral epithelial cells may show greater adherence to 
the gelatin, and mesenchymal stem cells to the titanium, 
may create a system for controlling the respective cell 
populations at the implant site. 

 

5. Conclusion 
With a focus toward clinical applications, our aim 

is to develop a dental implant that can be rapidly and 
reliably integrated with the local host bone. We surmise 
that suppressing the invasion of epithelial cells while 
enhancing the population of mesenchymal stem cells at 
the titanium surface will lead to better osseointegration 
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at the bone–implant interface. We suggest that fixing a 
gelatin matrix at the border between the substructure 
and superstructure will help to prevent the invasion of 
epithelial cells from the gingival epithelium and their 
subsequent adhesion and blocking of the implant 
titanium surface. 
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