
Obtaining a perimucosal seal of soft tissue to the
implant surface should be one of the prerequi-

sites for successful treatment with endosseous dental
implants. Components of the soft tissue cover, ie, the
epithelium as well as the connective tissue, act as an
important barrier between the internal and external
environment.1 If the seal is lost and/or the tissues are
not held close to the implant neck by the circular
fibers encircling the structure in the gingiva, the peri-
odontal pocket will extend to the osseous structures

and the crest of the bone around dental implants.2–4

Therefore, one must be concerned over breakdown
between oral soft tissue adjacent to implanted materi-
als with potential apical epithelial migration to the
ultimate point of implant exfoliation.5

With respect to biomaterials such as commercially
pure titanium and titanium alloy,6–8 several additional
factors that may influence cell substrate interactions
must be considered. These parameters include com-
position, topography, protein adsorption and confor-
mation, charge density, corrosion and ion release,
oxide layer formation, and other physical factors.9–11

The biomaterial surface, which regulates extracellular
matrix (ECM) protein adsorption and conformation,
may modify the signaling ability of the ECM mole-
cules. Thus, it is likely that the surface characteristics
of a substrate provide cells and tissue with a variety
of signals and environmental cues that subsequently
influence cellular behavior.

A possible practical application of this information
may lie in coating biomaterials with substances that
promote the attachment of one desired population of
cells at the expense of others.12 For dental implants,
it may be advantageous to coat the coronal part of an
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implant with a factor that promotes epithelial attach-
ment; whereas more apically, where fibroblast attach-
ment is more desirable,13,14 different coating might
be applied. However, this philosophy may be overly
simplistic for connective tissue because connective
tissue is composed of many cell types and most
attachment proteins show differing activities on
diverse cell types. Moreover, since different cells
have a variety of receptors for different attachment
proteins, it may be difficult to obtain a surface that
excludes other cell types while promoting the adhe-
sion of fibroblasts. However, at the epithelial
tissue–implant interface, it may be easier to control
the epithelial cells, because epithelial tissue is com-
posed of only one cell type. Therefore, the use of
ECM molecules to coat dental implant materials at
the epithelial tissue–implant interface has also been
considered as a means to promote the adhesion or
differentiation of epithelial cells to ideal sites on the
implant surface, thus facilitating the perimucosal seal
and ultimately the success of the dental implant.

The molecules involved in cell adhesion include
ECM molecules, transmembrane receptors known as
integrins, and intracellular cytoskeletal elements. In
part, these effects may be mediated through signal
transduction pathways that are coupled to the cell
surface–binding proteins, which function as recep-
tors for extracellular matrix proteins; but additionally,
these effects may also be mediated by receptor-
linked effects on cytoskeletal organization.15 There
are many studies to suggest that cell attachment
plays a critical role in coordinating and integrating
cellular differentiation, shape, movement, and
biosynthetic activity.16,17

This in vitro study attempts to delineate the role
of ECM constituents with epithelial cells at the
epithelial tissue–implant interface. To know which
ECM constituents have a positive influence on the
behavior of epithelial cells, the attachment, prolifera-
tion, morphologic pattern, and differentiation or
cytoskeletal organization of human oral epithelial
cells (HOEC) on ECM-coated and noncoated tita-
nium surfaces have been evaluated and compared.
Titanium was used as a control and the following
ECM constituents were employed: Type IV collagen
(CIV), fibronectin (FN), Type I collagen (CI),
laminin (LN), and vitronectin (VN). The results of
using commercially pure titanium (cp titanium) were
also compared with those obtained from using oxy-
gen plasma–cleaned titanium (opc titanium). Evalua-
tion of these effects on human oral epithelial cells is
intended to serve as a reference for determining
attachment proteins on titanium and to provide infor-
mation concerning the achievement of an adequate
perimucosal seal around the dental implant.

Materials and Methods

Serum-free culture media, keratinocyte growth
medium (KGM) supplemented with pituitary extract,
was purchased from Clonetics (San Diego, CA).
Trypsin, ethylenediaminetetraacetic acid (EDTA),
Hank’s balanced salt solution (HBSS), penicillin, and
streptomycin were obtained from Gibco (Grand
Island, NY). The 0.4% dispase and N-acetyl-ß-D-hex-
osaminidase were obtained from Sigma (St. Louis,
MO). ECM constituents for cell attachment were
obtained from the following sources: CIV (EHS sar-
coma, powdered, Sigma); FN (human plasma,
lyophilized, Sigma); CI (calfskin, 0.1% solution,
Sigma); LN (human placenta, solution, Sigma); VN
(human plasma, lyophilized, Sigma). A microbicin-
choninic (BCA) protein assay kit was purchased from
Pierce (Rockford, IL). Methyl 3H-thymidine was
secured from Amersham Life Science (Arlington,
IL). Tissue culture plastic ware was obtained from
Falcon (Cockeysville, MD) and Nunc (Rockslide,
Denmark). Monoclonal antipan cytokeratin antibody
and antimouse  gamma G immunoglobin (IgG) (Fc
specific) TRITC-conjugate were from Sigma. Cyto-
keratin AE-1 monoclonal antibody and AE-3 mono-
clonal antibody were from Vector (Burlingame, CA).
Commercially pure titanium discs were purchased
from Friatec (Kontich, Germany). The titanium tar-
get for transmission electron microscopy was made
from cp titanium discs which were melted at the
Department of Prosthetics, College of Dentistry,
Chosun University, Kwang-ju, Korea.

Cell Culture and Maintenance. Primary human
oral epithelial cells were obtained using modified
protocols described by Oda and Watson.18 Briefly,
healthy gingiva overlying the impacted third molar
teeth of adult humans was used as a source of tissue.
These biopsies were obtained with the informed con-
sent of the patients in accordance with the ethical
standards of the Review Committee on the use of
Human Subjects at Seoul National University, Korea.
Specimens were processed within 1 hour after exci-
sion and were kept at 4°C until processing. Before
dispase treatment, the specimens were washed
several times with calcium and magnesium-free
phosphate buffered saline containing antibiotics
(penicillin-streptomycin and fungizone). The tissues
were trimmed of any ragged edges, cut into 0.3 � 0.3
cm small pieces and subsequently were incubated
overnight at 4°C with 0.4% dispase grade II.19 The
epithelium was collected by mechanical separation
and treated with 0.05% trypsin and 0.53 mmol/L
EDTA for 10 to 15 minutes at 37°C, centrifuged, and
suspended in KGM supplemented with pituitary
extract. The cells were incubated at 37°C in a humid-
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ified incubator with 5% CO2 and fed every 2 days.
When the monolayers were confluent, they were sub-
passaged using routine methods. Cells used for the
experiments were in the third generation.

Preparation of Titanium Substrates. Commer-
cially pure titanium having a disc shape with a diame-
ter of 10 mm, a thickness of 3 mm, and a smooth sur-
face were utilized. According to the manufacturer,
these substrates were processed in a manner similar to
their clinical implants. They were polished using 600,
800, 1000, 1200, 2400, and 4000 grit; this was com-
pleted using a polishing cloth (Struers, Salzburg, Aus-
tria) with aluminum paste with a diameter of 0.25 µm.
The titanium substrates were then washed in mild
soap solution and extensively rinsed in water purified
by reverse osmosis. Prior to use, the specimens were
sonicated 3 times in distilled water for 5 minutes each
time, washed in deionized water, passivated in 29%
nitric acid for 2 to 4 hours, again extensively rinsed in
deionized water, dried overnight in the laminar flow,
and then sterilized under ultraviolet light for 15 min-
utes. After the above processing, some samples were
treated with oxygen plasma cleaner (Anatech, Spring-
field, VA) for 30 minutes at 200 W. These surfaces are
referred to as cp titanium and opc titanium. For stan-
dardization of the specimens, surface roughness was
measured for some of the discs using a roughness
tester (Shimadzu, Tokyo, Japan), and surface rough-
ness of titanium specimens was compared with that of
the titanium insert element (TIE) portion of IMZ
implants (Friatec) shown in Table 1.

Measurement of ECM Protein Bound to Tita-
nium Specimens. Titanium discs in the 4-well plate
were coated with ECM constituents in the following
concentrations according to the manufacturer’s
instructions: CIV, 6.0 µg per disc; FN, 2.0 µg per disc;
CI, 7.0 µg per disc; LN, 1.0 µg per disc; and VN, 0.2
µg per disc. The above-listed concentrations were
selected because they are reported by the suppliers to
be active at those concentrations. The discs were
rinsed twice with calcium- and magnesium-free phos-
phate-buffered saline (PBS), after which binding pro-

tein was resolved with 1% sodium dodexyl sulfate in
PBS solution. Microtiter wells received 0.1 mL sam-
ples of ECM proteins. The protein content of each
well was measured using the Pierce micro-BCA
assay20 according to the manufacturer’s instructions,
except that the absorbance was read at 490 nm in a
Biotek enzyme-linked immunosorbent assay (ELISA)
reader. Standard curves for each protein were estab-
lished by linear regression. The data were obtained by
calculating the percentage of attached proteins to total
applied proteins. Experiments were also carried out
using sixplicate wells with cp titanium and opc tita-
nium in each.

Cell Attachment Assay. Titanium discs were
coated with the 5 ECM constituents as experimental
groups, and titanium only was used as a control
group. Epithelial cells were displaced using 0.05%
trypsin and 0.53 mmol/L EDTA in HBSS, resus-
pended in KGM, counted, and collected by centrifu-
gation. The cells were added on the titanium disc in
each well, 4 � 104 per ml, and incubated for 30, 60,
and 180 minutes in each. Following the incubations,
the unattached cells were removed by aspirating the
medium and rinsing the wells with CMF-PBS. The
attached cells were dissolved in 0.5% triton X-100,
transferred into microtiter wells, and quantitated by
measuring endogenous N-acetyl-ß-D-hexosamini-
dase.21,22 The absorbance was read at 405 nm on a
Biotek ELISA reader. To relate absorbance to cell
number, enzyme activity was measured in wells to
which known numbers of cells were added and
processed. The data were obtained by calculating the
percentage of attached cells to total applied cells.
Experiments were carried out using triplicate wells
and repeated twice. These assays were also done with
cp titanium and opc titanium in each.

Cell Proliferation Assay. In a control group and
5 experimental groups, the epithelial cells were
added on titanium discs in each well (4 � 104 per
ml). If the cell confluency was 70 to 80%, 5 milli-
curies of 3H-thymidine were added. The cells were
then further incubated for 3 hours, removed from
the medium, fixed with ice-cold 5% trichloroacetic
acid at 4°C for 30 minutes, lysed with 0.5 mol/L
sodium hydroxide, the cocktail solution added, and
the radioactivity was measured with a liquid scintilla-
tion counter. Experiments were carried out using
triplicate wells and repeated twice. These assays were
also done with cp titanium and opc titanium in each.

Scanning Electron Microscopy (SEM). The
cells were added to titanium discs in each well (4 �
104 per ml) and incubated for 30 minutes, 60 minutes,
180 minutes, and 24 hours in each. Following the
incubations, specimens were fixed with 2.5% glu-
taraldehyde in 0.1 mol/L cacodylate buffer, pH 7.3,
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Table 1 Profilometric Analysis of Randomly Selected
Commercially Pure Titanium Discs, IMZ Implants, and
Oxygen Plasma–Cleaned Titanium Discs

Material Ra

IMZ (n = 16) 0.12 ± 0.05
Cp titanium (n = 8) 0.17 ± 0.08
Opc titanium (n = 7) 0.13 ± 0.05

Cp = commercially pure; opc = oxygen plasma–cleaned. Results were
arithmetic mean deviation of the profile (Ra, µm) and expressed as mean
± SD. ANOVA with Duncan multicomparison test was performed; no
significant difference among them appeared (P > .05).



for 30 minutes and 1% osmium tetroxide in 0.1 mol/L
cacodylate buffer, pH 7.4, for 1 hour. After rapid
dehydration through a series of ethanol baths, critical-
point drying, and sputter-coating with gold, the dorsal
surface of the cell was observed with a scanning elec-
tron microscope (Jeol 840A, Jeol, Tokyo, Japan). After
detaching the attached cells using adhesive tape, the
ventral surface and the remnant of an attached area of
cells in some of the specimens were observed.

Transmission Electron Microscopy (TEM).
For TEM, titanium substrates were obtained using
modified protocols described by Gould et al23 and
Jansen et al.24 Briefly, titanium substrates were
obtained by depositing a thin film, approximately 30
to 50 nm thick, on the inner surfaces of polystyrene
tissue-culture 4-well dishes using an ion-sputtering
coater and titanium target and sterilized with acetone
and 70% alcohol. The cells were grown on titanium
thin film in each well (4 � 104 per ml) and incubated
for 24 hours. After the incubation period, the
attached cells were fixed in situ using 2.5% glu-
taraldehyde in 0.1 mol/L cacodylate buffer, pH 7.3,
for 30 minutes and 1% osmium tetroxide in 0.1
cacodylate buffer, pH 7.4, for 1 hour. The fixed cul-
tures were dehydrated through a graded series of
alcohols, infiltrated using hydroxypropyl methacry-
late, and embedded in Epon (Polyscience, Washing-
ton, PA). The titanium-Epon complex containing
substrate, as well as the cells attached to them, were
cut on an ultramicrotome and stained with uranyl
acetate and lead citrate. The sections were examined
and photographed using a transmission electron
microscope (Jeol 1200EXII, Japan).

Indirect Immunofluorescence Using Cytoker-
atin Antibody. Epithelial cells were grown on cp
titanium in a control group and 5 experimental
groups and coated with various proteins for 60 min-
utes, 180 minutes, and 24 hours in each. Cells were
fixed in methanol (5 minutes at 4°C) and permeabi-
lized in acetone (10 minutes at –20°C). They were
preincubated with goat IgG, incubated with primary
antibody (monoclonal antibody anti-pancytokeratin
and the antiepidermal keratin molecules AE-1 and
AE-3) for 1 hour at room temperature, then with flu-
orescent-labeled secondary antibody (Fc-specific
antimouse tetramethyl rhodamine isothiocyanate-
[TRITC] conjugate) for 30 minutes. After rinsing, the
samples were mounted with glycerol-PBS and exam-
ined with fluorescence microscope (Olympus, Tokyo,
Japan).

Statistical Analysis. The experimental design was
a between-group comparison. Between groups, the
data were analyzed using analysis of variance
(ANOVA) with Duncan’s multicomparison procedure
at the 5% level. Student’s t test was also performed

between cp titanium and opc titanium at the 5%
level. The SAS statistical software (Cary, NC)
designed for personal computers (release 6.03) was
used for all statistical procedures.

Results

Binding of ECM Protein to Titanium Substrate.
The amount of each ECM constituent that bound to
titanium substrates and had actual influence on
epithelial cells in culture media was calculated. Both
cp titanium and opc titanium followed the same rank
order of protein binding to all substrates in the range
of 42 to 72%: LN>FN>CI>CIV>VN as shown in
Table 2. Opc titanium revealed higher binding of
matrix protein than cp titanium in CIV, FN, and LN
but showed lower binding in CI and VN. Statistically
significant differences were not observed between cp
titanium and opc titanium in all groups.

Cell Attachment. In the cp titanium and opc tita-
nium, CIV-coated titanium demonstrated a high
attachment of human oral epithelial cells to titanium,
whereas VN-coated titanium revealed a low attach-
ment of epithelial cells to titanium (Table 3). Attach-
ment of epithelial cells in the CIV-coated group,
expressed as percentages, were 73.4:75.7, 79.7:78.9,
and 90.2:89.4, respectively, according to the incuba-
tion time, which was significantly different from those
in FN, CI, LN, and VN groups; whereas attachment
of epithelial cells in the VN-coated group, expressed
as percentages, were 58.5:60.5, 65.1:66.7, and
73.1:77.4, respectively, according to the incubation
time, which was significantly different from those in
the CIV, control, FN, CI, and LN groups. A signifi-
cant difference between cp titanium and opc titanium
was not found with the exception of the FN-coated
group at 30 minutes after incubation and the LN-
coated group at 30 minutes after incubation. There
was not direct correlation between the binding per-
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Table 2 Binding of ECM Protein to Commercially Pure
and Oxygen Plasma–Cleaned Discs

Substrate Cp titanium Opc titanium

Type IV collagen 46.5 ± 2.6 51.9 ± 10.1
Fibronectin*,†,†† 66.3 ± 3.4*,† 68.1 ± 5.2*,†,††

Type I collagen† 58.6 ± 11.2 53.5 ± 1.1†

Laminin*,†,†† 69.6 ± 2.5*,† 71.4 ± 4.9*,†,††

Vitronectin 43.4 ± 3.7 42.6 ± 1.9*

Cp = commercially pure; opc = oxygen plasma–cleaned. Results were
obtained from sixplicate wells. All values were binding percentages of
extracellular matrix proteins and expressed as mean ± SD. Student’s t test
was performed; no significant difference between cp titanium and opc
titanium was observed (P > .05). ANOVA with Duncan multicomparison
test was also performed: statistically significant relative to type IV colla-
gen (*P < .05); to vitronectin (†P < .05); to type I collagen (††P < .05).



centage of ECM protein and HOEC attachment at
the concentration of ECM protein recommended by
the suppliers.

Cell Proliferation. The growth of epithelial cells
was increased, especially by CIV, in cp titanium and
opc titanium discs (Table 4). For the CIV-coated
group, values were higher (3076:3233) than those of
the control, FN, CI, LN, and VN-coated groups. Sta-
tistically significant differences were not observed
between cp titanium and opc titanium in all groups.

Scanning Electron Microscopic Findings.
Thirty minutes after plating, all epithelial cells were
spherical, with numerous microvilli and blebs, and
were rimmed by a thin lamella in contact with the
titanium substrates (Fig 1a). After 60 minutes, a

lamellar rim of cytoplasm often spread out radially
from the round cell body containing the nucleus (Fig
1b). After 180 minutes, with increasing time of
attachment, the area of lamellae increased, and the
cells became more flattened, with fewer microvilli
and blebs evident (Figs 2 and 3). Often lamellae were
edged by filopodia, and the filopodia were increased
with time of spreading. After 24 hours, the cells
became polarized and spread extensively across the
titanium substrates (Figs 4 to 6). Cells were elon-
gated and well spread out, indicating good attach-
ment, but showed no preferred orientation. In the
control (titanium only) group and especially in the
VN-coated groups epithelial cells spread slowly com-
pared with other groups. When the epithelial cells
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Table 3 Attachment of Human Oral Epithelial Cells on Titanium Discs Coated with
Extracellular Matrix Protein According to the Incubation Time

Commercially pure Oxygen plasma–
Substrate Time (min) titanium cleaned titanium

Type IV collagen* 30 73.4 ± 5.9 75.7 ± 4.0
60 79.7 ± 2.2 * 78.9 ± 1.5 *

180 90.2 ± 2.1 89.4 ± 6.0
Control* 30 69.4 ± 4.4 72.4 ± 1.1
(titanium only) 60 76.1 ± 4.4 * 77.6 ±6.8 *

180 84.7 ± 1.5 83.7 ± 2.0
Fibronectin*,† 30†† 66.1 ± 1.2 75.3 ± 1.7

60 67.5 ± 12.2 † 76.9 ± 1.3 *
180 76.4 ± 3.5 82.3 ± 7.5

Type I collagen*,† 30 66.9 ± 8.1 73.5 ± 4.0
60 70.9 ± 14.8 † 73.1 ± 10.8 *

180 78.2 ± 6.6 82.6 ± 1.1
Laminin*,† 30†† 63.9 ± 3.8 73.1 ± 4.2

60 70.4 ± 4.9 73.1 ± 2.6 †

180 84.4 ± 4.1 75.8 ± 1.1
Vitronectin*,† 30 58.5 ± 3.7 60.5 ± 2.8

60 65.1 ± 0.9 † 66.7 ± 3.0 †

180 73.1 ± 4.4 77.4 ± 4.6

Results were obtained from sixplicate wells. All values were percentages of attached cells and expressed as
mean ± SD. ANOVA with Duncan multicomparison test was performed: statistically significant relative to vit-
ronectin (*P < .05); to Type IV collagen (†P < .05). Student’s t test was performed; commercially pure titanium
versus oxygen plasma–cleaned titanium (††P < .05). 

Table 4 Proliferation of Human Oral Epithelial Cells on Titanium Discs
Coated with Extracellular Matrix Protein

Commercially Oxygen plasma–
Substrate pure titanium cleaned titanium

Type IV collagen 3076 ± 1019 3233 ± 170
Control (titanium only)*,† 939 ± 493*,† 1412 ± 222*
Fibronectin* 1685 ± 714* 1915 ± 926*
Type I collagen* 1878 ± 373* 1990 ± 669*
Laminin* 1291 ± 735* 1406 ± 806*
Vitronectin 1728 ± 348* 1708 ± 241*

Results were obtained from sixplicate wells. All values were count per minute (CPM) and
expressed as mean ± SD. Student’s t test was performed; no significant difference between
commercially pure titanium and oxygen plasma–cleaned titanium was observed (P > .05).
ANOVA with Duncan multicomparison test was also performed: statistically significant relative
to type IV collagen (*P < .05); to type I collagen (†P < .05).



approached the substrate 24 hours after incubation,
each cell process terminated on a globular accretion
in FN (Fig 4), LN, CI, and CIV-coated substrates.

After detaching the attached cells using adhesive
tape, the ventral surface and the remnant of attached
area of cells were observed (Figs 1a, 1c, and 6). In
that case, epithelial cells on CIV-coated substrates
showed even and smooth or flat contact with the tita-
nium surface; epithelial cells on other protein-coated
substrates showed irregularities and small or large
vacuole-like structures in their cytoplasm (Fig 1c).

Transmission Electron Microscopic Findings.
Multilayers of cells were found on all substrate sur-
faces. The cells appeared elongated and desmosomes
were present between cells. The cells had a normal
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Fig 1a Scanning electron micrograph showing ventral surface
of epithelial cells after incubation for 30 minutes on CIV-coated
titanium (magnification �350). Note the meshwork/network
structure of the type IV collagen (arrowhead) on titanium.

Fig 1c Scanning electron micrograph showing the remnant of
the attached area of epithelial cells after detaching the attached
cells following incubation for 60 minutes on CIV-coated tita-
nium (magnification �700).

Fig 2 Scanning electron micrograph showing dorsal surface of
epithelial cells after incubation for 180 minutes on VN-coated
titanium (magnification �950).

Fig 3 Scanning electron micrograph showing dorsal surface of
epithelial cells after incubation for 180 minutes on CI-coated
titanium (magnification �500).

Fig 1b Scanning electron micrograph showing dorsal surface
of epithelial cells after incubation for 60 minutes on CIV-coated
titanium (magnification �500).



appearance characterized by the presence of ribo-
somes, surface pseudopodial projections, tonofila-
ment bundles, vesicles, and a nucleus. Lysosomes
were observed in the cells, and numerous vacuoles
containing large particles were also seen. Some of the
cells contained coated vesicles, and occasionally, in
the plasma membrane, coated regions were found on
surfaces facing the substratum. The titanium was visi-
ble as an irregular, dense black line covering the sur-
face of the culture substrate, having a thickness of
about 30 to 50 nm (Fig 7).

There were 3 distinctive types of cell-substrate
contacts. The first type of cell-substrate contact was
close contact between the cell membrane and the
substratum. Close contact between cells and sub-

strate surface occurred in a strikingly high frequency.
In most of these areas, a gap of 20 to 40 nm could be
found between the cell and the substrate, and these
regions were also identified as a focal contact. Micro-
filament bundles were in intimate association with
these sites of close contact (Fig 8). The second type
of cell-substrate contact was ECM contact between
the cell membrane and the substratum, having a gap
of about 100 to 150 nm. Strands of ECM appeared to
connect the plasma membrane and the substratum
surface. The third type of cell-substrate contact was
hemidesmosome contact, which is characterized by
an electron-dense plaque inside the cytoplasm and by
peripheral filament extending from the plasma mem-
brane to the substrate surface bridging a gap approxi-
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Fig 4 Scanning electron micrograph showing dorsal surface of
epithelial cells after incubation for 24 hours on FN-coated tita-
nium (magnification �1,500). Note the globular accretions
(arrowhead) in the cytoplasm of the attached epithelial cell.

Fig 5 Scanning electron micrograph of LN-coated group. Dor-
sal surface of epithelial cells after incubation for 24 hours on
LN-coated titanium (magnification �750).

Fig 6 Scanning electron micrograph of control group (titanium only). (Left) Dorsal surface of epithelial
cells after incubation for 24 hours on titanium (magnification �1,875). (Right) The remnant of attached
area of epithelial cells after detaching the attached cells after incubation for 24 hours on titanium (mag-
nification �750). Note the vacuole-like structure (star) of remnant of attached area on titanium.



mately 10 to 20 nm wide (Figs 9a and 9b). These 3
types of contact were observed in all specimens.
Hemidesmosome contact, 24 hours after incubation,
was not clearly distinguished in the control, FN, CI,
LN, and VN-coated titanium discs but was definitely
observed in the CIV-coated titanium discs.

Cytoskeletal Organization. All cultured epithe-
lial cells reacted strongly with anti-pancytokeratin
monoclonal antibody, which is specific to stratified
squamous epithelium. They reacted with AE-1, which

is specific to cytokeratin filaments with low molecular
weight and intermediate molecular weight, and they
also reacted with AE-3, which is specific to cytokera-
tin filaments with high molecular weight. They
demonstrated a network of filamentous staining.

Four distinct cytoskeletal morphologies were
observed. Type I cells displayed central staining with
faint cytokeratin filament formation in the central
area of the cell. Type II cells showed strong central
staining and faint peripheral staining with some radi-
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Fig 7 Transmission electron micrograph of control group after
incubation for 24 hours on the thin titanium film (TF). An
epithelial cell is attached to the titanium surface by close con-
tact or ECM contact. Cell organelles are prominent throughout
the cytoplasm, and there are lamella bodies, vacuoles (V), cyto-
keratin filament bundles, and numerous actin filaments (aster-
isk) associated with intercellular junction of the epithelial cells
(magnification �30,000).

Fig 8 Transmission electron micrograph of CI-coated group
after incubation for 24 hours on the thin titanium film (TF).
Epithelial cells are attached to the titanium surface by close
contact. Note the 2 epithelial cells including nuclei (N) and
intact desmosomes (arrow) along the cell junction (magnifica-
tion �8,000).

Fig 9a Transmission electron micrograph of CIV-coated tita-
nium after incubation for 24 hours on the thin titanium film
(TF). An epithelial cell is attached to the titanium surface by
hemidesmosome contact (arrowhead) (magnification �40,000).

Fig 9b Transmission electron micrograph of CIV-coated group
after incubation for 24 hours on the thin titanium film (TF).
Note the cytokeratin filament bundle (CK) in the cytoplasm, the
coated pits (arrow) and hemidesmosome (arrowhead) in the
contact area of epithelial cell with titanium (magnification
�30,000).



ally oriented filaments. Type III cells had distinct,
well-formed cytokeratin filaments that were located
in all of the cytoplasm. These 3 types each repre-
sented a different stage in the degree of cytoskeletal
reorganization according to the attachment process.
Type IV cells revealed strong staining in all cytoplasm
and characteristically small multiple globular staining
along the periphery of the cell. This type was clearly
observed in FN, CI, and CIV-coated substrates after
24 hours incubation (Fig 10). Except for this globular
staining, there was no difference in the cytoskeletal
organization or differentiation of attached epithelial
cells on the titanium substrate noncoated or coated
with various ECM constituents.

Discussion

In the natural dentition, the junctional epithelium
(JE) provides a seal at the base of a periodontal sul-
cus, protecting against the penetration of periodon-
tally pathologic chemical and bacterial substances.
Disruption of this seal or lysis of the connective tissue
fibers inserted into root cementum apical to the JE
leads to rapid migration of the crevicular epithelium,
forming a pathologic pocket.25 As no cementum or
fiber insertion is reported on the surface of titanium
perimucosal abutments, an epithelial perimucosal
seal could provide the only barrier against pathologic
insults to deeper tissues.26,27 Therefore, most studies
of cell attachment have been designed to determine
whether certain proteins can function selectively as
ligands for epithelial cell attachment. In these stud-
ies, researchers usually used ECM proteins such as

FN, CI, LN, and occasionally VN, but CIV was not
widely used as an attachment protein for epithelial
cells. It may be because of the fact that CIV can
interact with cells indirectly through LN and also
binds to heparin and heparin sulfate proteoglycans.28

FN is widely distributed in basal lamina and peri-
odontal connective tissue. It has been found to pro-
mote the substrate attachment of both fibroblasts and
epithelial cells.29 LN is found in the basal membrane
and has also been shown to be involved in a multitude
of other functions, such as attachment of epithelial
cells, wound healing, neurite growth, and bacterial
adhesion. It has also been reported that laminin is a
potent chemoattractant and theoretically could pre-
vent epithelial cell migration. VN has been isolated
from human serum and has been shown to promote
the attachment and spreading of cells grown in cul-
ture. CI is distributed in the basal layer of epithelial
cells and provides the proper environment for cellular
migration, attachment, and differentiation. CIV is a
major constituent of basal membrane and is also dis-
tributed and present in a rather homogenous mesh-
work or network-forming structure.30–32 It is involved
in interactions with cells and possesses 2 specific
recognition sites for the integrins �1ß1 and �2ß2. To
function in vivo, the cellbinding sites have to be acces-
sible if the molecules are incorporated into the macro-
molecular network of CIV. In this respect, the binding
sites are located within the N-terminal area of the CIV
molecule, which is more exposed and less protected
than the C-terminal half of the triple-helical domain.33

In the present study, CIV-coated titanium revealed
increased attachment of human oral epithelial cells to
titanium, whereas VN-coated titanium revealed less
attachment of epithelial cells to titanium. Epithelial
cell attachment to CIV-coated titanium was measur-
ably better compared with the other groups, especially
after 180 minutes of incubation (unpublished data).
This result could be affected by 2 factors. First, other
ECM proteins such as laminin can be actively synthe-
sized and secreted on CIV by epithelial cells with the
passage of appropriate time; and second, CIV is con-
tributed in a manner by which cell receptors are con-
trolled by or interact with substrates secreted by its
own epithelial cells, not by applied substrates in the
early process of cell attachment. VN-coated titanium
revealed low attachment of epithelial cells to titanium
and had a statistically significant difference compared
to the other groups. This could have resulted from the
fact that the cell receptor for VN was not found in
epithelial cells. From this outcome of VN, it was sug-
gested that VN be used as a medium to restrain the
attachment of epithelium in dental implants.

Types I, III, and V collagen increased the growth
of osteoblast-like cells or dermal fibroblasts on tita-
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Fig 10 Immunofluorescent staining of CIV-coated titanium
using pancytokeratin antibody after incubation for 24 hours on
titanium (magnification �100). Left inset is magnification of
epithelial cell (magnification �400). Note the regional intense
globular fluorescent granule (arrow and arrowhead) in the
periphery of the cytoplasm (magnification �400).



nium or titanium alloy in the steady-state level.34 FN
also promoted fibroblastic proliferation in several
studies involving laboratory animals.34 However, the
growth of epithelial cells on titanium resulted from a
significant increase in the CIV-coated titanium, as
shown in the present study.

In general, the surface chemistry, surface energy,
and surface topography govern the biologic response
to implanted material.35 The cellular response to
implant materials may also be affected by adsorbed
surface species that affect the surface composition
and charge. These adsorbed species may be, initially,
contaminant films arising from preparatory proce-
dures that result in low-energy surfaces and adverse
responses.36 For example, the plasma cleaning of
dental implants to obtain a high-energy surface has
been recommended.37,38 The difference of protein
attachment, cell attachment, and cell growth
between cp titanium and opc titanium were investi-
gated but no significant differences were detected,
except with the FN-coated group at 30 minutes after
incubation and the LN-coated group at 30 minutes
after incubation in case of cell attachment. Why is it
that plasma cleaning improved the effectiveness of
cell attachment only in FN-coated titanium and LN-
coated titanium? Further investigations to resolve
this question will be necessary.

In the SEM observations, cells were elongated
and well spread out, indicating good attachment, but
they showed no preferred orientation according to
incubation time. Epithelial cells on CIV-coated sub-
strates also showed even or smooth contact with the
titanium surface. Each cell process terminated on a
globular accretion in CIV-, FN-, CI-, and LN-coated
substrates, which correlated with intense spherical
immunofluorescent staining to cytokeratin antibody.

SEM is usually used to observe the morphologic
characteristics of a cell, especially the dorsal surface.
However, to investigate the cell contact between cer-
tain substrates and cells thoroughly, it was necessary
to see the ventral or attached surface of the cells.39 In
this study, the ventral surface and the remnant of
attached area of cells could be observed using adhe-
sive tape, as well as the dorsal surface. This method
could contribute to the discovery of the attachment
mechanism of cells to substrate.39

It is well known that epithelial cells attach to the
surface of the titanium in much the same manner as
they attach to the surface of a natural tooth, with a
basal lamina and the formation of hemidesmo-
somes.40 However, hemidesmosomes have appeared
to develop by 2 days, 3 days, or 2 weeks according to
conditions.41,42 The hemidesmosome was well estab-
lished on CIV-coated titanium within 1 day in our
investigation. Differences in cell population, culture

conditions, or the treatment of titanium substrates
may have influenced the different results.24 The sub-
strate surface was covered with an adsorbed layer of
serum proteins, so that direct cell-substrate contact is
unlikely to occur. Therefore, the hypothesis that can
be put forward is that the substrate’s influence on the
nature and/or conformational state of the serum com-
ponents adsorbed determines whether hemi-
desmosome or focal- and ECM-type contacts only
will be formed.23

The ECM constituents can act as a regulator of
cellular processes such as differentiation, cytoskeletal
organization, and phenotypic expression.43,44 But only
three types of HOEC morphology, each representing
a different stage in the degree of cytoskeletal reorgan-
ization as studied by indirect immunofluorescence,
were found. To delineate the effect of ECM con-
stituents on cell differentiation at the titanium sur-
face, the specific gene expression of epithelial cells
will be examined by other methods such as in situ
hybridization.

Conclusion

These experiments suggested that CIV could provide
an excellent substratum for cell attachment on tita-
nium surfaces, but we were unable to detect the basic
cause and/or mechanism by which CIV showed the
greatest effectiveness in epithelial cell attachment
compared to FN, CI, LN, and VN. Therefore, further
research will focus on the molecular biologic approach
to uncover this and will also consider the influencing
factors including concentration, cultivation time, and
application of CIV produced by HOEC.
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