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Impact of Dental Implant Surface Modifications on
Adhesion and Proliferation of Primary Human
Gingival Keratinocytes and Progenitor Cells
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The success of dental implants depends mainly on osseointegration and
gingival sealing. Therefore, early attachment and spreading of epithelial

cells might be critical for a positive outcome. Research in dental implant
materials has primarily focused on surface roughness, defined by the average
roughness (Ra) index, as it promotes the process of osseointegration. This study
explored its influence on soft tissue attachment by looking mainly at adhesion,
proliferation, and spreading of primary human cells belonging to the epithelial
lineage. Characterized human gingival keratinocytes, gingival and epithelial
progenitor cells were seeded on machined (S1; Ra = 0.3 to 0.6 pm), Ti-Unite
(S2; Ra = 1.2 um), and SLA (S3; Ra = 2 um) implants. Cell adhesion with early
proliferation and spreading were evaluated by combining a biochemical vitality
test with imaging analyses. Findings showed that adhesion was significantly
higher on S1 (36% + 2%) and S2 (44% + 7%) than on S3 (23% =+ 6%), while

early proliferation was slightly improved on S1. The resulting data, obtained
through an innovative and easily reproducible in vitro method, suggest that
implant surface roughness affects epithelial cell adhesion and proliferation.
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Since the mid-1960s, dental implants
have been successfully used to treat
edentulous patients, with a survival
rate higher than 90% after 15 years.'
In the last decades, several physi-
cal and chemical treatments of the
titanium surface have improved its
biocompatibility in terms of bio-
safety and biofunctionality. Good
clinical performance of an implant
depends on osseointegration (ie, the
formation of an effective interface
between implant and bone) and gin-
gival attachment, which occurs via
the junctional epithelium (JE).? Sev-
eral studies have primarily focused
on bone response, leading to the
development of surface optimization
strategies to allow rapid osseointe-
gration and to improve the strength
and stability of bone-implant inter-
action.® It is widely accepted that
rough surfaces, compared with
machined ones, favor greater os-
teoblast  anchorage, facilitating
osseointegration.* However, as peri-
implantitis represents a major cause
of implant loss, recent research has
focused on the interface between
prosthesis and peri-implant soft tis-
sues, stressing the importance of an
adequate biologic seal.> This muco-
sal attachment consists of connec-
tive and epithelial components and
protects the underlying tissues, such
as alveolar bone, from bacteria and
other pathogens. The epithelial at-
tachment, being in direct contact
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with the oral cavity, represents the
first barrier and is essential for the
innate immune response. Peri-im-
plantitis occurs with little resistance
from the host tissues once the mu-
cosal seal fails and bacteria infect
the cavity.® In periodontal disease
the lesion never reaches the bone
tissue, whereas in peri-implantitis
the lesion invades the bone up to
the marrow spaces, suggesting a
weakness of the immune defense
mechanism.” The pathogenesis of
both periodontal and peri-implant
disease clearly demonstrates that
epithelial downgrowth is the first
event characterizing attachment loss
after bacterial accumulation.®? At an
advanced stage of the disease, the
inflamed connective tissue in the api-
cal part of the peri-implant lesion is
in direct contact with the biofilm on
the implant surface? Recent clinical
studies indicate that rough surfaces
reduce the strength of soft tissue at-
tachment and affect the efficacy of
antimicrobial treatments.'®" Several
groups are still unraveling the struc-
tural and functional biology of the
implant-tissue interface.>'213 Given
the importance of mucosal interface
for the long-term stability of tita-
nium implants, the present authors
evaluated the effect of three den-
tal implants on human primary cells
deriving from tissues involved in the
onset of the epithelial sealing around
the prosthesis. Through a rapid and
sensitive in vitro analysis, the short-
term impact of the implants’ physi-
cal and topographic features on cell
behavior was investigated. Gingival
keratinocytes, gingival progenitor
cells, and epithelial progenitor cells
were isolated, characterized, and

maintained in culture on machined
(S1), Ti-Unite (S2; Nobel Biocare), and
SLA (S3, Straumann) dental implants.
Cell adhesion, proliferation, spread-
ing, and morphology on each were
then analyzed with the aim to pro-
pose a link between the data and
clinical success or failure.

Materials and Methods
Cell Isolation and Expansion

All cell populations were obtained
from waste tissues of healthy donors
undergoing oral or plastic surgery,
following the procedure approved
by IRCCS Galeazzi Orthopaedic
Institute (PQ 7.5.125, version 4,
22.01.2015). Written informed con-
sent was obtained from all patients.
Gingival keratinocytes (hGKs) and
progenitor cells (hGPCs) were col-
lected from five donors, while epi-
thelial progenitor cells (hREPCs) were
collected from two donors.

Gingival Keratinocytes

Specimens of gingival epithelium
were digested with 0.1% Trypsin
0.04%  ethylenediamenetetraacetic
acid (EDTA) and centrifuged. Pel-
lets were then resuspended in com-
plete Roswell Park Memorial Institute
(cRPMI) medium (RPMI1640 [Sigma
Aldrich] supplemented with 5% fe-
tal bovine serum [FBS] [HyClone,
Thermo Scientific], 25 mM HEPES
[Corning], 2 mM L-glutamine [Sigma
Aldrich], 50 U/mL penicillin, and
50 pg/mL  streptomycin  [Sigma
Aldrich]) and plated to favor pri-
mary cell outgrowth, as previously
described.®

Gingival Progenitor Cells

Gingival progenitor cells (hGPCs)
were isolated from fragments deriv-
ing from reductive gingivoplasty, as
previously described.’ Briefly, sam-
ples were washed in phosphate-
buffered saline (PBS), minced with
surgical scissors, and digested with
type | collagenase (50 U/mL, Life
Technologies, 3:1 v/w ratio). After
centrifugation, cells were cultured
in complete Dulbecco’s modified
Eagle’s medium (cDMEM) (DMEM
[Sigma Aldrich] supplemented with
10% fetal bovine serum, 2 mM
L-glutamine, 50 U/mL penicillin, and
50 pg/mL streptomycin).

Epithelial Progenitor Cells

Skin obtained as waste material from
abdominoplasty was quickly washed
in 70% ethanol. The epithelial layer,
isolated from loose connective tis-
sue and subcutaneous fat with twee-
zers and a scalpel, was mechanically
minced and digested with 0.1% Tryp-
sin 0.04% EDTA. After centrifugation,
cells were cultured in cDMEM.

Al cell types were kept in a con-
trolled environment (37°C in a humid-
ified atmosphere with 5% CO,) and
expanded. Keratinocytes and pro-
genitor cells were used in the third
and fourth passage, respectively.

Cell Characterization

Cell morphology and proliferation
rate were determined for all cell
types. For hGPCs and hEPCs, ad-
ditional features including clono-
genicity, phenotypic profile, and
multidifferentiative ability were also
analyzed.
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Morphology
Cells were fixed and stained with
Diff-Quik Kit (Medion Diagnostics).

Cell Proliferation

A quantity of 8 X 103 cells/cm? were
cultured from second to fourth pas-
sage and detached when the cells
were 80% to 90% confluent. Popu-
lation doubling time (DT) was calcu-
lated as follows:

DT = At X In2/In(N/N,)

where At = hours between passag-
es, N. = number of collected cells,
and N, = number of plated cells.

Cadherin Expression

The hGKs were seeded on 1-cm-
diameter glass cover slips or on im-
plants. After 3 days, cells were fixed
in 4% paraformaldehyde, permea-
bilized with 0.1% Triton X-100 and
incubated overnight at 4°C with a
monoclonal antibody raised against
pan Cadherin (clone CH-19, C1821,
Sigma Aldrich). Specific binding was
revealed with a polyclonal goat an-
timouse antibody conjugated to
AlexaFluor 488 (ab150113, Abcam),
and samples were analyzed by ei-
ther wide-field fluorescence micro-
scopy (Olympus BX51) or confocal
microscopy (Leica TCS SP5 AOBS).

Colony-Forming Unit-Fibroblast
(CFU-F) assay

The hGPCs and hEPCs were serially
diluted in six-well plates starting from
800 cells/well and cultured for 14
days in modified cDMEM (20% FBS).
Then cells were fixed in methanol
and stained with 2 mg/mL Crystal
Violet (Fluka). Colonies with at least
25 cells were considered.

Flow Cytometry Analysis

The hGPCs and hEPCs were ana-
lyzed by fluorescence-activated
cell sorting (FACS), as previously
described.” Briefly, cells were in-
cubated for 30 minutes at 4°C
with monoclonal antibodies raised
against human CD73, CD?90,
CD105, or CD45, either FITC- or
PE-conjugated. Samples were ac-
quired by FACSCalibur flow cy-
tometer (Becton Dickinson) and
analyzed using CellQuestPro soft-
ware (BD Bioscience).

Osteogenic Differentiation

Cells were cultured up to 3 weeks
in cDMEM (CTRL), or osteoinduc-
(OSTEO: cDMEM
supplemented with 10 nM chole-

tive medium

calciferol, 10 nM dexamethasone,
10 mM glycerol-2-phosphate, and
150 pM L-ascorbic acid-2-phosphate;
all reagents Sigma Aldrich). Osteo-
genic differentiation was assessed
through Sirius Red staining (Fast Red
80, Sigma Aldrich) to evaluate colla-
gen production and Alizarin Red-S
staining (Fluka) to depict mineral de-
position, as previously described.'®

Adipogenic Differentiation

Cells were cultured in either CTRL
or adipogenic medium (ADIPO: cD-
MEM supplemented with 500 pM
3-isobutyl-1-methylxanthine [IBMX],
1 uM dexamethasone, 200 uM indo-
methacin, and 10 pg/mL insulin; all
reagents Sigma Aldrich) for 14 days.
Samples were then fixed in 10% for-
malin and stained with Oil Red-O
(BioOptica) to assess lipid vacuole
formation.’®

Dental Implants

In this study, three commonly used
surface topographies were consid-
ered: machined (S1 provided by iRES
Group), Ti-Unite (S2, Nobel Biocare)
and SLA (S3, sandblasted and acid
etched, Straumann).”%2° A machined
surface is an untreated surface char-
acterized by an anisotropic distribu-
tion that creates a Ra around 0.3 to
0.6 pm. Ti-Unite is a highly crystal-
line biomaterial characterized by a
thick layer of titanium oxide (up to 10
pm) with a moderately rough porous
surface (Ra = 1.2 um). SLA surface
is a moderately rough surface (Ra =
2 um) obtained through a large grit
sandblasting process that creates a
macroroughness on the Ti surface,
followed by strong acid etching that
produces 2- to 4-um micropits.

Implants with variable shapes
and sizes were longitudinally abrad-
ed in half to provide a flat surface
that ensured good stability during
the experiments. All the implants
were cleaned and sterilized for clini-
cal use.

Cell Adhesion and Growth on
Implants

Cell-Seeding Procedure

Implants were positioned inside
the wells of a 24-well plate, previ-
ously coated with 1% agarose to
prevent cell spreading on tissue-
culture polystyrene. To achieve an
efficient and uniform cell distribu-
tion, a small volume (10 pl) of fresh-
ly mixed cell suspension at high
(5 X 10* hGPCs/implant) or low
density (10* cells/implant for hGKs
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Morphology

hGKs

Cadherin expression

50 ym

50 pm

Fig 1 Characterization of human gingival keratinocytes (hGK). (a) hGK outgrowth from a
gingival specimen. (b) Morphology by Diff-Quik staining. (c) Immunostaining for Cadherin
expression of hGKs on coverslip. (d) Immunostaining for Cadherin expression of hGKs on

implant.

and hEPCs) was added to the sur-
face of the implants. Culture me-
dium was added after 90 minutes,
a suitable time span to allow cell
adhesion and prevent cell suspen-
sion dehydration. Simultaneously,
to indirectly quantify the number of
cells present on the implants over
time, a standard curve for each cell
type was set starting from 8 X 10*
cells/mL following serial dilutions
with a ratio of 1:2.

Viability Assay

Samples were incubated in a culture
medium supplemented with 10%
AlamarBlue (Thermo Fisher Scien-
tific) at 37°C in the dark. Four hours
later, supernatants were transferred
to black-bottom 96-well plates and
fluorescence was read with a Wal-
lac Victor Il. Data were obtained
at 24 hours for adhesion and after
3 days for proliferation by compar-

ing cells seeded on dental implants
with their standards. Adhesion is
expressed as percentage of vi-
able cells on implants in respect to
the number of seeded cells set as
100%. Cell proliferation is shown
as percent of growth, considering
the number of adherent cells at 24
hours as 100%.

Viable Cell Detection by Stereo-
and Confocal Microscopy

Cells maintained on the implants
for 4 days were incubated for 20
minutes with Calcein-AM, follow-
ing LIVE/DEAD Cell Assay (Thermo
Fisher Scientific). Images of the
central area of each implant were
acquired by fluorescent stereomi-
croscope (Leica M205FA) or con-
focal microscope (Leica TCS SP5
AOBS). Single images that allowed
a three-dimensional reconstruction
of cell distribution were obtained

by merging the Z stacks. To quantify
the number of viable cells on the im-
plants, images were analyzed by Fiji
software (ImageJ).

Statistical Analysis

Unless otherwise stated, data are
expressed as mean = SEM and sta-
tistical analysis was performed us-
ing one-way analysis of variance by
GraphPad Prism 6. Differences were
considered significant at P < .05.

Results

Characterization of Primary
Cell Cultures

The hGKs displayed a typical
squared shape and showed a strong
expression of Cadherins when cul-
tured in standard condlitions and on
implants, without major differences
between the two settings (Fig 1). On
the contrary, progenitor cells (\GPCs
and hEPCs) exhibited the fibroblast-
like morphology with elongated
cytoplasmic processes peculiar of
adult stem cells (Fig 2). The doubling
time of 75.3 = 18 hours for hGKs was
slower compared to hGPC (49.1 =
7 hours) and hEPC (42.2 = 9 hours)
(Table 1). These last cell populations
displayed a mean clonogenic abil-
ity of about 25% (Table 1). Both cell
types expressed on their cell mem-
brane the mesenchymal markers
CD90 (> 97%), CD73 (> 93%), and
CD105 (> 94%), while they lacked
the peculiar hematopoietic marker
CD45 (data not shown). Further-
more, osteogenic stimuli promoted
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a mild upregulation of collagen pro-
duction and calcified extracellular
matrix deposition with respect to
CTRL cells. After adipogenic induc-
tion, no morphologic change was
observed in hGPCs and just a few
lipid vacuoles were present in hEPC
cytoplasm (Fig 2).

Adhesion and Growth of
Primary Human Cells on
Titanium Implants

As shown in Fig 3a, S2 implants
showed the most pronounced cell
adhesion regardless of the cell
type. Indeed, 44% + 7% of seeded
cells attached to S2 surfaces. S3im-
plants displayed the least efficient
performance, with a mean adhe-
sion of 22% =+ 6%. With 36% + 2%
cell adhesion, S1 appeared almost
as good as S2. In addition, S1 slight-
ly improved short-term proliferation
(with an increase of 200% = 12% in
respect to day 1), whereas S2 (157%
+ 11%) and S3 (152% = 27%) dem-
onstrated similar cell growth (Fig
3b). As a proof of concept, hGK
growth was evaluated up to day
10 to determine implant long-term
biocompatibility and the results
on S2 showed that cell number in-
creased over time, matching the
classical exponential kinetic model
of standard culture conditions (Fig
3c). These cell adhesion and growth
trends on different surfaces were
confirmed by fluorescence micros-
copy. The stereomicroscopy analy-
sis indicated that the distribution
of gingival progenitors on the two
implants that showed the highest
growth rate and cell attachment

Morphology

-.V
’ X

T b
C

hGPCs
VY
¥
L

OSTEO

‘
CTRL

hEPCs
-
3
ADIPO

Differentiation
Sirius Red  Alizarin Red
14d 21d

Oil Red O

OSTEO CTRL

CTRL

ADIPO

Fig 2 Human gingival progenitor cell and epithelial progenitor cell features: morphology
by DiffQuik staining and 14- or 21-day differentiation (left, middle, and right panels,
respectively). In osteodifferentiated cells, collagen deposition was determined by Sirius
Red staining while calcified extracellular matrix formation was determined by Alizarin Red
staining. Adipo-induced cells were stained by Oil Red O.

Table 1 Cell Proliferation Rate Expressed as Doubling Time (DT),
Clonogenic Ability as Percentage of Number of Colonies/

Seeded Cells, and Differentiative Ability Expressed as
Percentage of Increase with Respect to Undifferentiated Cells

% increase with respect to CTRL

OSTEO ADIPO
Collagen Calcified ECM Liquid droplet
DT (h) CFU-F (%) deposition production formation
hGKs 75.3+18 ND ND ND ND
hGPCs 4917 199 =11 +82 +360 +10
hEPCs 4229 29.6=%9 +150 +82 +20

hGKs = gingival keratinocytes; hGPCs = gingival
progenitor cells; CFU-F = colony-forming unit—fi

ND = not determined.

(S1 and S2) was comparatively more
homogenous in respect to S3 (Fig
3d). To provide a snapshot of the
presence of cells on different areas
of the implants at day 4, laser scan
confocal microscopy analysis was
performed. Cells were easily count-
able, and their morphology and

Erogenitor cells; hEPCs = epithelial
roblasts; ECM = extracellular matrix;

spreading were clearly discernible
(Fig 4). Metabolically active cells
were observed uniformly spread
on S1, regardless of the cell type
(hGKs or hEPCs), suggesting that
the machined surface might favor
cell growth (Fig 4b). This analy-
sis also showed that epithelial cell
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Fig 3 Primary cell adhesion and proliferation on dental implants. (a) Comparison of cellular adhesion on different implants. Data, derived
from three independent experiments, are expressed as percentage of viable adherent cells with respect to the seeded ones. *P < .05;

**P < .01. (b) Cellular proliferation on the implants 3 days after seeding. Data from three independent experiments are expressed as
percentage of cell growth, with the number of adherent cells at day 1 on each implant set as 100%. (c) Human gingival keratinocyte
proliferation on S2 compared to standard culture condition on tissue culture polystyrene (TCP) up to 10 days. Data are expressed as mean
+ SD of three technical replicates. (d) Stereomicroscopic images of empty implants (bright field) or loaded with human gingival progenitor

cells and Calcein-stained on day 4.

attachment and the spreading ob-
served on S3 implants were less
pronounced, confirming the previ-
ous results regarding cell vitality
(Fig 4b).

Discussion

In the present study, it was investi-
gated whether adhesion and short-
term proliferation of human primary
cells of epithelial lineage are influ-
enced by implant surface charac-

teristics. Through a combined cell
biology approach, the effects of
surface roughness of three dental
implants on cell attachment and
short term growth were evaluated
in vitro.

Purified and characterized iso-
lated gingival and skin progeni-
tor cells appear to belong to the
adult stem cell type, according to
the mesenchymal stem cell (MSC)-
defining criteria.?! Indeed, their clo-
nogenic ability, together with their
osteogenic potential, nicely align

with human bone marrow stromal
cells and human adipose-derived
stem cells.?? However, these pro-
genitor cells scarcely differentiate
into adipocytes, and their low ad-
ipogenic potential might depend on
the harvesting source, as previously
demonstrated for MSCs of other
origins.?® Since terminally differenti-
ated keratinocytes express a high
level of Cadherins, a class of trans-
membrane proteins responsible for
cell-to-cell adhesion, proliferation,
migration, and maintenance of an
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effective barrier function, a more
pronounced expression of these pro-
teins by gingival keratinocytes was
observed compared to MSCs (data
not shown).?* The three-dimensional
culture conditions did not affect this
parameter. The authors believe that
these three primary cell populations
are effective tools for monitoring
variations in adhesion and growth
induced by the modified surfaces of
dental implants. Cell attachment of
progenitors and terminally differen-
tiated cells was significantly reduced
only on S3 in comparison to S2 and
S1 surfaces, indicating that rough-
ness of inert biomaterials is not the
most important feature in favoring
cell adhesion. Since the Ra index of
S2 and S3 was quite similar, other
factors could be involved in promot-
ing or reducing initial cell adhesion.
Mild improvement was seen in the
proliferation rate of adherent cells
on S1 that was further confirmed af-
ter observing cell spreading through
stereo- and confocal microscopy.

A recent preclinical study by
Atsuta et al*® showed no difference
between machined and rough im-
plants on epithelial attachment at
4 weeks of follow-up. However, at
16 weeks, they described a weaker
and thinner epithelial attachment
around rough implants. Their in
vitro data are consistent with the
present observations and suggest
that machined implants, compared
to rougher surfaces, favor better
cell migration with proliferation
and expression of adhesion mol-
ecules. All these data correspond
with the results found by Baharloo
et al’® who demonstrated a re-
duced epithelial cell attachment

hGKs

hEPCs

. ZOQ-.pm

ST s2 s3
Count Spreading Count Spreading Count Spreading
hGKs 4+ +++ + ++ + ++
hEPCs 4+ +++ ++ ++ + +
b

Fig 4 Analysis of cell growth by confocal microscopy. (a) Representative image of
Calcein-stained human epithelial progenitor cells (hnEPCs) cultured on S1 for 4 days and
its quantitative analysis using Fiji software. The number of counted cells for each selected
area is indicated. (b) Confocal microscopy images of viable human gingival keratinocytes
(hGKs) and hEPCs seeded on S1, 52, and S3 for 4 days and then stained with Calcein.

n: cell count determined by Fiji software. At least three images were acquired for each
magnification (X 50 and X 100) and analyzed. The arbitrary scores +/++/+++ for cell
growth and spreading indicate poor/good/optimal performance and were attributed by
three independent blind operators on the basis of cell count and distribution through
the implants (homogeneity, presence/absence of clusters, and maintenance of cell
morphology), respectively.

et al?* on different types of dental
implants provided evidence that

and spreading on rough surfaces
in comparison to machined. Sev-

eral studies reviewed by Esposito  turned implants reduce the risk of
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peri-implantitis onset over a 3-year
period compared to rough sur-
faces. More recently, Simion et al?’
showed good clinical performance
of machined implants in sinus-lifted
posterior maxilla, evaluating the
survival rate over a 12-year period
with regular follow-up. In this retro-
spective study, the rate of implant
failure appeared low and the risk of
peri-implantitis seemed to be mi-
nor when using machined surfaces.
Implant surface modifications have
greatly improved the first phases
of osseointegration, leading to en-
hanced early implant success, espe-
cially in soft bone and the posterior
maxilla.?® However, the advantages
brought by material technology in
terms of osseointegration are likely
to lead to a more challenging mu-
cosal seal, especially once a lesion
is established.® To facilitate an epi-
thelial seal and reduce the chances
of bacterial infiltration around the
prosthesis, more basic science and
clinical studies focused on epithe-
lial cell adhesion around dental
implants are needed. The present
authors propose the combined
method developed as an easy and
rapid way to quantify cell adhesion
and growth on three-dimensional
scaffolds such as dental implants.
This method allows precise and
reliable monitoring of cell vitality,
proliferation, and spreading over
time. Improvement will be attained
by analyzing several variables on
different supports of identical size
and shape (eg, different implant
topographies,
and/or cell types). This new strategy
combines biochemical and image-

materials, surface

based analyses and could be eas-
ily applied in the screening of new
materials for clinical purposes and
to evaluate the behavior of cells
derived from donors suffering from
different oral pathologies.

Conclusions

Given the importance of peri-
implant mucosal sealing in provid-
ing protection to the underlying
tissues and stability to the pros-
thesis, this study investigated cell
response to different implant surfac-
es. Taken together, the data support
the hypothesis that the process of
prosthesis sealing may be affected
by the physical and topographical
features of the implant, indicating
that machined surfaces exert a posi-
tive influence on the proliferation
rate of primary human gingival kera-
tinocytes and gingival and epithelial
progenitor cells. The results confirm
that implant surface modifications
have a relevant effect on epithelial
cell adhesion and proliferation. Fur-
thermore, the authors believe that
appropriately designed in vitro ex-
periments may be a useful and pre-
dictive tool to provide indications
about implant success or failure. It
seems incredibly important for im-
plant manufacturers and researchers
to evaluate the impact of different
implant surfaces and designs on
the establishment of a stable mu-
cosal seal around the prosthesis.
After osseointegration and connec-
tive tissue integration, the onset of
a proper epithelial seal may further
improve implant success.
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