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Abstract
Aims: To test whether titanium surface roughness disparity might be used to specifi-
cally guide the behavior of gingiva fibroblasts and keratinocytes, thereby improving 
the quality of soft tissue (ST) integration around abutments.
Methods: Titanium discs resembling the roughness of enamel (M) or cementum (MA) 
were created with normal or increased hydrophilicity and used as substrates for 
human fibroblasts and keratinocytes. Adhesion and proliferation assays were per-
formed to assess cell-type specific responses upon encountering the different sur-
faces. Additionally, immunofluorescence and qPCR analyses were performed to study 
more in depth the behavior of fibroblasts and keratinocytes on MA and M surfaces, 
respectively.
Results: While enamel-like M surfaces supported adhesion, growth and a normal dif-
ferentiation potential of keratinocytes, cementum-emulating MA surfaces specifi-
cally impaired the growth of keratinocytes. Vice versa, MA surfaces sustained regular 
adhesion and proliferation of fibroblasts. Yet, a more intimate adhesion between fi-
broblasts and titanium was achieved by an increased hydrophilicity of MA surfaces, 
which was associated with an increased expression of elastin.
Conclusion: The optimal titanium implant abutment might be achieved by a bimodal 
roughness design, mimicking the roughness of enamel (M) and cementum with in-
creased hydrophilicity (hMA), respectively. These surfaces can selectively elicit cell 
responses favoring proper ST barrier by impairing epithelial downgrowth and promot-
ing firm adhesion of fibroblasts.
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1  |  INTRODUC TION

Long-term survival of titanium dental implants is mainly determined 
by the intimate structural and functional connection that is created 
at the interface with the surrounding bone (i.e., osseointegration).1 
However, to ensure a successful clinical outcome, the establishment 
of an effective and tight soft tissue (ST) barrier around the transmu-
cosal component seems as important as osseointegration.2 Indeed, 
the formation of a proper biological seal is crucial to protect the 
bone-to-implant interface from pathogenic microorganisms present 
in the oral cavity, which can cause inflammatory reactions progress-
ing into severe damages of the peri-implant tissues and leading, in 
the most severe cases, to implant failure.3 Furthermore, proper ST 
organization around abutments is also important, especially in the 
esthetic zone, as the appearance of the tissues should reflect those 
of the adjacent natural teeth.4

Advances and innovations in the healthcare field have usually 
evolved by recapitulating the solutions provided by nature, a prac-
tice often referred to as “biomimicry”.5 Yet, there are some biological 
structures that cannot be copied from healthy periodontal to peri-
implant ST. These include the periodontal ligament (PDL) as well as 
the junctional epithelium (JE).6,7 Because of the lack of the PDL, the 
implant cannot be firmly attached to the neigboring alveolar bone by 
perpendicular Sharpey's fibers. Rather, it is surrounded by collagen 
fibers, which are synthesized, and assembled by gingival fibroblasts, 
and which run parallel to the inert titanium surface.8–10 This results 
in poorer mechanical resistance of the transmucosal component 
when compared with the situation around natural teeth. In addition, 
the most apical epithelium that is formed around dental implants is 
different to the JE adjacent to teeth as it is not derived from the 
reduced enamel epithelium and hence, cannot encapsulate all the 
unique properties of the JE.6,11,12 Furthermore, the newly formed 
epithelial seam around dental implants is shorter and more apically 
attached when compared to the native situation, creating a deeper 
pocket more vulnerable for bacterial infections.2,8 Collectively, the 
situation around abutments is not identical to the natural system, 
which might contribute to the challenges related to the formation of a 
proper biological seal (i.e., reduced stability, bacterial accumulation).

Although we cannot entirely reproduce the physiological ST or-
ganization around teeth, we still aim to biomimic as much as possible 
from it with the hope to further boost the clinical success of implants. 
Specifically, we focused on titanium surface roughness and wettabil-
ity as key parameters known to affect cell responses.13–15 It has been 
shown that microrough surfaces promote osteoblast differentiation 
and osteogenesis,16,17 as well as macrophage polarization into a pro-
reparative M2 phenotype.18 Similar, hydrophilicity of such surfaces 
can further promote these cellular processes enhancing the overall 
performance of dental implants.19–22 Yet, the impact of titanium sur-
face roughness and hydrophilicity on ST cells (i.e., fibroblasts and 
keratinocytes) is still a relatively unexplored research topic.

As enamel and cementum interfacing the JE keratinocytes 
and PDL fibroblasts, respectively, display inherently different 

roughness,23 we hypothesized that this roughness disparity might 
elicit cell type specific responses relevant for ST barrier formation 
around abutments. Titanium implants mimicking the surface rough-
ness of natural enamel and cementum were created that allowed us 
to assess surface-mediated behavior of gingiva keratinocyte and fi-
broblasts, the most relevant cell types in contact with the abutment. 
Through a series of in vitro assays, we could show that bimodal ti-
tanium surface roughness can potentially guide the response of ST 
cells, which might maximize the success of clinical implants by pro-
viding a better ST integration around the abutment.

2  |  MATERIAL S AND METHODS

2.1  |  Histology

Six Göttingen Minipig (Ellegaard Göttingen Minipigs) unextracted 
molars and premolar, which were obtained as discarded material, 
were used to clarify the anatomy of ST adhesion around tooth neck. 
To do that, teeth were processed for hard tissue histology as previ-
ously described24 and stained with hematoxylin–eosin (H&E).

2.2  |  Minipig teeth collection and preparation for 
surface roughness analysis

Similarly, in order to analyze the surface roughness of natural teeth 
and to generate biomimetic surfaces, 18 Göttingen Minipig teeth 
(12 premolars and 6 molars) were collected as discarded material 
from other approved studies and placed into 70% ethanol. Before 
the analysis of surface roughness, teeth were removed from etha-
nol, air dried and placed into a sputter coater (208 HR, Cressington 
Scientific Instrument) to be coated with a 7 nm layer of Platinum/
Palladium to reduce reflective artifacts in the roughness measure-
ment process.

2.3  |  Titanium discs

Titanium discs with a machined (M) or a treated (MA) surface were 
developed, manufactured, and provided by Institute Straumann AG 
as follows. The SLA surface method was adapted specifically by re-
moving the sandblasting step and adjusting the acid treatment pro-
cess until the desired surface roughness was obtained. Half of the 
M and MA surfaces were further treated, following the same manu-
facturing process of the SLActive surface generation (wet chemical 
method) to increase their hydrophilicity, obtaining hM and hMA sur-
faces, respectively. Increase of surface hydrophilicity was confirmed 
through water contact angle measurements using a sessile-drop test 
with ultrapure water (EasyDrop DSA20E, Krüss GmbH).

Samples were provided as sterile discs of 1 mm (thickness) and 
15 mm (diameter) to fit in 24-well culturing plates.
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    |  3BELLON et al.

2.4  |  Surface roughness analysis

Tooth and titanium disc surface roughness were measured with 
a confocal microscope (S neox 090 non-contact 3D Optical 
Profilometer, Sensofar AG). Three titanium discs for each group 
were assessed at three random positions. For each of the 18 
evaluated teeth, the area of interest corresponding to the enamel 
and the cementum was manually selected in the proximity of the 
cemento-enamel junction (CEJ) which showed as a clearly visible 
margin. Measurements of the cementum were taken from the 
coronal most portion. 3D images were obtained with the confocal 
microscope equipped with a 20X lens on a measurement area of 
842 × 707 μm2 with a lateral resolution of 0.69 μm. The 3D rough-
ness parameters were calculated with the software SensoMAP 
Premium (Sensofar AG) by applying a Gaussian filter with a cutoff 
wavelength of 30 × 30 μm2.

2.5  |  Cell culture

Patient-matched primary human gingiva-derived keratinocytes 
(hGK) and fibroblasts (hGF) were isolated and purified using 
the explant culture technique from discarded biopsies obtained 
from the retromolar area of patients undergoing dental treat-
ments in the Department of Periodontology, University of Bern, 
Switzerland.25 Primary gingiva keratinocytes as well as the immor-
talized oral mucosa keratinocyte line OKF6/TERT-2 were grown in 
keratinocyte serum-free medium (KSFM, Thermo Fisher Scientific) 
containing 25 μg/mL bovine pituitary extract, 0.2 ng/mL epider-
mal growth factor, 0.4 mM CaCl2, and 1% penicillin and strepto-
mycin (PenStrep, Thermo Fisher Scientific), while fibroblasts were 
cultured in Dulbecco's Modified Eagle's Medium with 10% fetal 
bovine serum (FBS, Sigma-Aldrich) and 1% PenStrep as described 
elsewhere.25,26 For all the experiments using single cell types, ke-
ratinocytes and fibroblasts were seeded on titanium discs at an 
initial concentration of 10 000 cells/disc (adhesion assay) or 1000 
cells/disc (viability and differentiation assay); while for co-culture 
experiments, hGK and hGF were seeded in a 1:1 ratio with 5000 
keratinocytes and 5000 fibroblasts/disc and cultured for 5 days 
in a 1:1 medium as previously reported.27 Details about cells used 
in this study are reported in Table  1. Culturing media were ex-
changed every other day.

2.6  |  Immunofluorescence staining

For Immunofluorescence (IF) staining, cells were washed twice with 
phosphate-buffered saline (PBS) before fixation in 4% paraform-
aldehyde (PFA) for 20 min at room temperature (RT). Cells were 
then washed 3X with PBS, permeabilized in 0.1% Triton-X-100 for 
5 min, and rinsed three times with PBS prior to blocking in 3% bo-
vine serum albumin solution for 30 min at RT, followed by incubation 
with primary antibody for 2 h at RT. Afterward, cells were exten-
sively rinsed in PBS and incubated with fluorescent-labelled second-
ary goat anti-mouse/rabbit antibodies (dilution 1:1000; Molecular 
Probes, Thermo Fisher Scientific) with or without tetramethylrho-
damine (TRITC)-phalloidin (dilution 1:50; Sigma-Aldrich) for 1 h at 
RT in the dark. Finally, cells were washed 3X in PBS and once with 
double-distilled water (ddH2O) before being coverslip-mounted 
using the Vectashield Mounting Medium containing DAPI (Vector 
Laboratories). Samples were examined under an Olympus BX51 
phase/fluorescence microscope (Olympus Life Science Solutions) 
equipped with fluorescence filters U-MWIBA3 for Alexa Fluor 488, 
U-MWIGA3 for Alexa Fluor 568, and U-MNUA2 for DAPI (Olympus 
Life Science Solutions) detection.

Primary antibodies used: Mouse monoclonal antibodies anti-
vinculin (dilution 1:100; V9131, Sigma-Aldrich), anti-laminin α3 
(dilution 1:100; P3H9, Developmental Studies Hybridoma Bank), 
anti-keratin 10 (dilution 1:100; DE-K10, Thermo Fisher Scientific), 
and anti-involucrin (dilution 1:100; SY5, BIO-RAD). Rabbit poly-
clonal antibodies anti-fibronectin,28 anti-keratin 13 (dilution 1:100; 
Proteintech), and anti-transglutaminase 1 (dilution 1:200; Thermo 
Fisher Scientific).

2.7  |  Cell adhesion

hGK, hGF and OKF6/TERT-2 cells were seeded on M and MA tita-
nium discs at a density of 10 000 cells/disc in their respective culture 
medium. After 3 h, 24 h, and 7 days, cells were gently washed with PBS 
and fixed in 4% PFA for 20 min at RT. After extensive washing with 
PBS and ddH2O, cells were coverslip mounted with the Vectashield 
Mounting Medium containing DAPI (Vector Laboratories). Samples 
were examined under an Olympus BX51 phase/fluorescence micro-
scope (Olympus Life Science Solutions). Images were analyzed using 
the ImageJ software.

ID Cells Donor sex
Donor age 
(years) Origin

hGK Keratinocytes F 28 Retromolar pad 
gingiva primaryhGF Fibroblasts

OKF6/TERT-2 Keratinocytes M 57 Floor of 
the mouth 
immortalized

TA B L E  1  List of the cells used.

 16000765, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jre.13295 by T

am
pere U

niversitaet Foundation, W
iley O

nline L
ibrary on [18/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4  |    BELLON et al.

2.8  |  Cell viability

To evaluate the number of viable hGF and OKF6/TERT-2 cells on 
M and MA titanium implant surfaces, an MTT (3-(4,5-dimethylthia
zol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed 2, 
4, and 6 days after seeding 1000 cells/disc in their complete cultur-
ing medium. At each experimental time point, cells were incubated 
with MTT solution (Sigma-Aldrich) at a final concentration of 0.5 mg/
mL for 4 h to allow MTT conversion into formazan in metabolically 
active cells. After two PBS washes, converted MTT was solubilized 
with a 4 N HCl solution, and the absorbance read at 570 nm on an 
EL808 BioTek microplate reader (BioTek).

2.9  |  In vitro differentiation of keratinocytes

To induce keratinocyte differentiation, a cell density-dependent 
assay was applied. In brief, keratinocytes were grown in complete 
KSFM, plated on M or hM titanium discs at a density of 1000 cells/
disc density, and grown for 7 days to reach full confluence before 
harvesting. In parallel, cells were also seeded on plastic (1000 cells/
well of a 24-well plate) and collected after 2 days of culture, as the 
emergence of the first colonies was observed. Cells grown on plastic 
were used as the normalizing low-density (LD) sample.

Alternatively, for cell characterization, hGK and OKF6/TERT-2 
cells were cultured in basal KSFM medium (0.1 mM CaCl2) to bring 
them to a basal differentiation state. After 3 days in basal medium, 
100 000 cells were seeded into 60 mm tissue culture dishes in basal 
medium. Twenty-four hours later, CaCl2 was adjusted to a final 
1.8 mM concentration (Calcium switch) and incubated for another 
3 days to induce differentiation.

2.10  |  RNA extraction, cDNA synthesis, and 
quantitative real-time polymerase chain reaction 
(qPCR)

At the end of the culturing time, total RNA from living cells was ex-
tracted using the innuPREP RNA Mini Kit (IST Innuscreen GmbH) 
following the manufacturer's instructions. RNA concentration was 
measured with a NanoDrop 2000c (Thermo Fisher Scientific) and 
stored at −80°C until use.

cDNA was synthesized starting from 500 ng of total RNA using 
an Oligo(dT)15 primer (Microsynth AG) and the M-MLV reverse tran-
scriptase (Promega).

Gene expression was analyzed in triplicate by qPCR using the 
GoTaq® qPCR Master Mix (Promega) on a QuantStudio 3 instrument 
(Applied Biosystems, Thermo Fisher Scientific) using a 10 μL reac-
tion, with the following cycling program: 40 cycles of 15 s at 95°C 
followed by 1 min at 60°C were applied.

Data analysis was performed using the ΔCT method when abso-
lute mRNA normalized to GAPDH levels were reported or by ΔΔCT 

method when absolute levels were further referenced to a control 
sample.

The sequences of the qPCR primers used are listed in Table S1. 
Primers were taken from the NCBI primer designing tool and tested 
for specificity and efficiency using cDNA standard curves.

2.11  |  Statistical analysis

Experiments were performed at least three times in multiple 
replicates. Data were analyzed using Prism 7 (GraphPad) and re-
ported as means ± standard deviation (SD). Comparisons between 
two groups were performed using the Mann–Whitney nonpara-
metric test. Multiple comparisons were performed using one- or 
two-way analysis of variance (ANOVA) with Tukey's post hoc test, 
after having assessed the normality of the data using the Shapiro–
Wilk normalization test. Data were considered significant when 
p < .05.

3  |  RESULTS

3.1  |  Bimodal roughness can be used to mimic 
the interface between periodontal soft tissues and 
tooth

We initially inspected the naturally occurring interactions of the 
periodontal ST with the tooth structures. H&E staining of por-
cine teeth illustrated that the JE keratinocytes attached to the 
enamel, while the connective tissue (CT) cells (i.e., PDL fibro-
blasts) were associated to the cementum, with the CEJ repre-
senting a sharp border separating the two tissue compartments 
(Figure  1A). Prompted by this observation, we were keen to 
learn whether the surface roughness disparity between enamel 
and cementum is responsible for this strict cell type discrimina-
tion. Aiming to emulate the physiological surface modalities, we 
initially measured the surface roughness of enamel and cemen-
tum of porcine teeth. We observed a stark shift from a smooth 
(enamel) to a rougher surface (cementum) around the level of the 
CEJ (Figure 1B). These measurements allowed us to create ma-
chined (M) and surface treated titanium discs (MA) with Sa values 
similar to the ones of natural enamel and cementum, respectively 
(Figure  1C). Notably, the ratio of the physiological cementum/
enamel surface roughness could be optimally recapitulated 
with the newly generated titanium discs (MA/M) (Figure  1D). 
Verification of the various surfaces resulted in hydrophobic and 
hydrophilic surfaces consistent with values typical to SLA and 
SLActive, respectively.29

These observations provided the rationale for using the novel 
titanium discs to test whether the surface roughness disparity might 
be used to specifically guide attachment and growth of hGF and 
hGK to improve the quality of the peri-implant ST.
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3.2  |  In competing systems, titanium model 
substrates emulating the roughness of cementum 
favor gingival fibroblasts over keratinocytes growth

In a typical transgingival wound healing environment, both hGF and 
hGK compete for implant surface colonization. Therefore, we used a 
1:1 mix of hGF and hGK to test whether the different surface rough-
ness of the titanium discs resembling enamel (M) and cementum (MA) 
might selectively promote the growth of a specific cell type. After 
7 days, the cultures were stained for the epithelial and mesenchymal 
markers Laminin α3 (LAMα3) and Fibronectin (FN) (Figure S1), respec-
tively. While the MA surface selectively impaired the growth of hGK, 
resulting in discs almost completely overgrown with hGF, presence of 
both cell types emerged on the M surface (Figure 2). These results 
were intriguing as hGK possess a significantly faster growth rate than 
hGF on tissue culture plastic (data not shown) and suggested that 
when both phenotypes are present, titanium implant surfaces emulat-
ing cementum (MA) markedly favored the growth of hGF over hGK.

3.3  |  Titanium model substrates emulating the 
roughness of cementum exert cell selectivity for gingival 
fibroblasts by suppressing epithelial cells' proliferation

To confirm and to better understand this cell type-specific growth 
impairment on the MA surface, we repeated the experiments using 

pure cultures of hGF and hGK. Nuclei counterstain of hGF and hGK 
corroborated our previous observations. While the proliferation of 
hGF was not affected by surface roughness as assessed by identical 
cell numbers on both surfaces after 7 days (Figure 3A), the growth 
of hGK was significantly impeded on MA compared to M surfaces 
(Figure 3B).

As our hGK are mixed cultures consisting of both keratinizing 
(e.g., positive for Keratin 10 (K10)) and non-keratinizing (e.g., positive 
for K4) epithelial cells (Figure  S2), we also included OKF6/TERT-2 
in our analysis as a representative line of non-keratinizing epithe-
lial cells, which are more similar to the sulcular epithelium, at least 
regarding their differentiation pattern. Neverteless, OKF6/TERT-2 
also displayed a significant growth impairment on the MA surface 
alike the hGK (Figure 3C).

To strengthen this observation, we further measured the gene 
levels of the proliferation marker Ki67 in hGF, hGK, and OKF6/TERT-
2. While Ki67 transcript levels in hGF were comparable on M and MA 
surfaces, there was a clear reduction of Ki67 in OKF6/TERT-2 as well 
as a trend towards lower Ki67 in hGK when the keratinocytes were 
cultured on MA compared to M surfaces (Figure 3D).

To test the cytocompatibility of the novel titanium discs, we 
next analyzed the colony morphology of hGK and OKF6/TERT-2 
keratinocytes 24 h and 7 days after seeding by staining for the actin 
cytoskeleton (Figure  3E,F). Typical cobblestone-like colonies were 
formed by hGK and OKF6/TERT-2 on both surfaces, and neither 
cell morphological alterations nor loss of nuclear integrity were 

F I G U R E  1  Fabrication of titanium discs mimicking the tooth surface roughness at the interface with periodontal soft tissues. (A) Diagram 
depicting the interaction of periodontal and peri-implant tissues with tooth and implant components, respectively. Hematoxylin and Eosin 
(H&E) staining of embedded porcine teeth at the level of the cementum-enamel junction (CEJ) highlights that the keratinocytes constituting 
the junctional epithelium (JE) are in direct contact with the enamel, while the fibroblasts of the soft connective tissue (PDL) interface the 
cementum. Scale bar: 500 μm. Close-up (right image): 250 μm. (B) Histogram reporting average roughness values of enamel and cementum. 
Based on such values titanium discs were produced with similar roughness values. *p < .05. (C) Corresponding histogram showing roughness 
of newly produced enamel-like (M) and cementum-like (MA) surfaces. *p < .05. (D) Histogram depicting the ratio between the roughness of 
cementum and enamel, and of M and MA surface.
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6  |    BELLON et al.

observed after 7 days. These findings suggested that both the M 
and the MA surfaces allowed a normal adhesion and morphology of 
keratinocytes, without any signs of material-mediated cytotoxicity. 
Metabolic assays further confirmed that keratinocyte proliferation, 
but not viability, was affected on the MA surface (Figure S3).

Taken together, these data indicate that titanium model sub-
strates with a roughness resembling cementum (MA) as opposed to 
enamel (M) exert cell-selective capabilities by a surface-mediated 
suppression of keratinocyte proliferation.

3.4  |  Enamel (M) like surfaces sustain normal 
keratinocytes behavior. However, enhanced 
hydrophilicity does not provide additional benefits

As improved hydrophilicity of titanium implant surfaces has been 
shown to positively affect cell behavior (i.e., osteoblast adhe-
sion and differentiation),20 we were interested to analyze these 
processes in hGK and OKF6/TERT-2 when plated on either 

hydrophobic (M) or hydrophilic (hM) surfaces. As evidenced in 
Figure 4A, hydrophilicity did not influence keratinocyte adhesion 
and proliferation. Similar keratinocyte and colony morphologies as 
well as comparable cell numbers and Ki67 transcript levels were ob-
served 7 days post-seeding on M or hM surfaces. Identical growth 
was considered ideal for comparing whether the keratinocytes 
can still undergo their normal normally differentiation program 
on the M and hM surfaces. Therefore, we comparatively investi-
gated cell density-dependent differentiation of hGK and OKF6/
TERT-2 when cultured on M or hM surfaces. We specifically fo-
cused on the induction of differentiation markers distinct for non-
keratinized (K4, K13 and K19) and keratinized (K1, K10 and Loricrin 
(LOR)) epithelia as well as of the more general late differentiation 
markers, Transglutaminase 1 (TGM1) and Involucrin (IVL). As shown 
in Figure 4B and in Figure S4, keratinocyte cultures could differ-
entiate on both surfaces. However, the induction of K1, K10, and 
LOR was less pronounced in hGK on hM compared to M surfaces. 
In contrast, markers specific for non-keratinizing epithelia (e.g., K4 
and K19), except for K13 in hGK, were similarly induced on the M 
and hM surfaces in both cultures. Some of these findings were fur-
ther confirmed on protein level by IF. Specifically, the fluorescence 
images of hGK and OKF6/TERT-2 cells indicated that 7-day culti-
vation on both M and hM surfaces led to confluent cell layers dis-
playing zones of stratification, although these areas seemed to be 
less pronounced on hM when compared to M surfaces (Figure 4C, 
F-Actin, white dashed lines). Similarly, K10-, K13-, TGM1-, and IVL-
positive keratinocytes were generally more abundant on M com-
pared to hM surfaces (Figure 4C and Figure S4).

Collectively, this set of data suggests that keratinocytes could 
attach, proliferate, and differentiate on enamel like M titanium sur-
faces independent of their hydrophilicity.

3.5  |  Enhanced hydrophilicity of cementum 
(MA) like surfaces improves fibroblasts 
adhesion and promotes the creation of a 
pro-regenerative environment by modulating ECM 
components synthesis

According to our previous results, the use of a MA surface inhibits 
the gingival epithelial cell growth. Consequently, the MA surface is 
warranted to promote fibroblast growth.

F I G U R E  2  Competing colonization of enamel-like (M) and 
cementum-like (MA) surfaces by hGF and hGK. (A) Fluorescence 
images of 1:1 ratio co-cultured hGF and hGK on M and MA discs 
7 days after seeding, stained for epithelial-specific marker Laminin 
α3 (LAMα3, red) and fibroblast-specific fibronectin (FN, green). 
Blue: cell nuclei. Scale bar: 50 μm. Close-up (right images): 20 μm.

F I G U R E  3  Adhesion and proliferation of human fibroblasts and keratinocytes to M and MA titanium discs. (A–C) Fluorescence images 
of DAPI-labelled hGF, hGK and OKF6/TERT-2 cells on M and MA surfaces 3 h, 24 h, and 7 days after seeding. Histogram on the bottom 
reports averaged cell counts of five different regions of interest (ROIs) per substrate. Note that MA surface markedly impede the growth of 
human keratinocytes (i.e., hGK and OKF6/TERT-2) compared to M. h, Hours; d, Days. Scale bar: 100 μm. *P < 0.05. (D) Histograms showing 
Ki67 transcript levels in hGF, hGK and OKF6/TERT-2 cultured on M or MA surfaces for 7 days. Note that while for hGF, Ki67 expression is 
comparable on both the surfaces, Ki67 expression on M surface is higher than MA for hGK and OKF6/TERT-2. *p < .05. (E, F) Fluorescence 
images of hGK and OKF6/TERT-2 cells on M and MA surface 24 h and 7 days after seeding. Note that the underlying titanium surface did 
not alter cell morphology, viability, or nuclear integrity of the keratinocytes. Red: F-Actin (cytoskeleton). Blue: Cell nuclei. h, Hours; d, Days. 
Scale bar: 50 μm.
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8  |    BELLON et al.

Therefore, we were interested in better elucidating the re-
sponse of hGF upon encountering the MA surface resembling the 
natural roughness of cementum. In addition, we were also keen to 
learn more about the effects of hydrophilicity on the behavior of 

hGF. Firstly, we investigated whether enhanced hydrophilicity could 
alter proliferation and adhesion of hGF on MA surfaces (Figure 5A). 
On both the surfaces cells appeared to be healthy displaying a ca-
nonical fibroblast morphology with an elongated spindle-like shape. 

F I G U R E  4  Influence of hydrophilicity of enamel-emulating M (i.e., M vs hM) surfaces towards adhesion, proliferation, and differentiation 
of hGK and OKF6/TERT-2 cells. (A) Fluorescence images of hGK and OKF6/TERT-2 cells on M and hM surfaces 24 h after seeding, stained 
for cytoskeleton (F-Actin, red) and nuclei (blue). Scale bar: 10 μm; As well as fluorescence images of DAPI-labelled hGK and OKF6/TERT-2 
cells on M and hM discs 7 days after seeding. Scale bar: 100 μm. Histograms to the right report gene expression of Ki67 in hGK and OKF6/
TERT-2 cells on M and hM surfaces 7 days after seeding. Note that hydrophilicity do not impair nor promote keratinocytes adhesion and 
proliferation. (B) Differentiation marker expression profiles of hGK and OKF6/TERT-2 cells grown to confluency for 7 days on M and 
hM surface. Values have been normalized to the expression of the same genes analyzed in subconfluent cultures. K: Keratin. *p < .05. (C) 
Fluorescence images of hGK and OKF6/TERT-2 cells grown to confluency on M and hM substrates for 7 days and stained for cytoskeleton 
(F-Actin, red), K13 and K10 (both green). White dashed lines indicate zones of stratification. Blue: Cell nuclei. K, Keratin. Scale bar: 100 μm.
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    |  9BELLON et al.

Hydrophilicity did not appear to influence the proliferation of hGF as 
the number of nuclei after 7 days was identical on the two surfaces 
as were Ki67 transcription levels. However, increased expression of 
Vinculin (VINC) was detected by qPCR in hGF cultured on hMA com-
pared to MA (Figure 5B). In line with this observation, IF for VINC 
let us appreciate that hGF on hMA surface formed more, longer, and 
homogenously distributed focal adhesions all over the cell body as 
compared to highly localized ones at the cell borders when plated on 
MA discs. Whether this potential stronger adhesion of hGF on hMA 
compared to M surfaces was the consequence of an altered ECM 
deposited by the hGF was our final question we wished to address 
in this study. Indeed, hydrophilicity also influenced the composition 
of the microenvironment produced by hGF (Figure 5B). hGF on hMA 
surfaces created an ECM composed of reduced levels of Collagen 
I (COL1a1 and COL1a2) and of increased COL5, while COL3a1 lev-
els remained similar, resulting in a microenvironment surrounding 

the abutment displaying a decreased COL1/COL3 ratio, which has 
been often observed in scar-less, regenerative healing processes 
(Figure  S5).30 Additionally, higher levels of Aggrecan (ACAN) and 
Elastin (ELN) were observed in hGF on the hMA compared to MA 
surfaces, while the expression of FN and Tenascin C (TNC), two gly-
coproteins, was not affected by increased hydrophilicity.

This last set of data let us speculate that a change from hydro-
phobic to hydrophilic cementum-like MA surfaces may improve tight 
adhesion of the hGF affecting the synthesis of ECM components.

4  |  DISCUSSION

Adequate peri-implant tissue quality and attachment represents 
one of the unresolved whilst crucial problems in modern implant 
dentistry.8,31 Indeed, while a remarkable success of over 95% has 

F I G U R E  5  Influence of hydrophilicity of cementum-emulating MA (i.e., MA vs hMA) surfaces towards adhesion, proliferation, and gene 
expression of hGF. (A) Fluorescence images of hGF on MA and hMA surfaces 24 h after seeding, stained cytoskeleton (F-Actin, red) and 
nuclei (blue). Scale bar: 10 μm, As well as fluorescence images of DAPI-labelled hGF on MA and hMA discs 7 days after seeding are also 
shown. Scale bar: 100 μm. Histograms to the right report gene expression of Ki67 in hGF on MA and hMA surfaces 7 days after seeding. 
(B) Fluorescence images of hGF on MA and hMA surfaces 24 h after seeding, stained for vinculin (VINC, green), cytoskeleton (F-Actin, 
red) and nuclei (blue). Scale bar: 10 μm. Close-up (bottom images): 2 μm. Histograms to the right report gene expression of VINC in hGF on 
MA and hMA surfaces 7 days after seeding. *p < .05. (C) Histograms reporting gene expression of a selected panel of extracellular matrix 
(ECM) components, which are representative of the main four ECM components, on MA and hMA titanium substrates 7 days after seeding: 
(i) collagens (orange box): Collagen 1 (COL1a1 and COL1a2), 3 (COL3a1) and 5 (COL5a1); (ii) glycoproteins (blue box): Fibronectin (FN) and 
Tenascin C (TNC); (iii) proteoglycans (yellow box): Aggrecan (ACAN); and (iv) elastic fibers (light blue): Elastin (ELN). *p < .05.
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10  |    BELLON et al.

been achieved for osseointegration,32,33 much lower rates have been 
reached for ST.2 Consequently, various approaches have been de-
veloped and proposed to improve the quality of the biological seal 
around abutments, including engineered, micro−/nano-patterned 
and biopolymer-coated titanium surfaces.34–36 However, all these 
techniques come with some caveats that have impeded their clinical 
application, such as a cumbersome and expensive production and 
inability in delivery proteins in a safe and localized manner.37 Hence, 
there is still a considerable interest in exploring titanium surface 
modifications which can be translated to the clinics to improve the 
integration of ST.

Gingival epithelial cell downgrowth and parallel arrangement of 
collagen fibers assembled by gingival fibroblasts are two particu-
larities often observed around dental abutment,7 which have been 
linked to the quality of peri-implant ST. Indeed, these circumstances 
lead to a deeper and less sealed pocket at the implant interface, re-
spectively. Such scenario, if combined with poor hygiene conditions 
and systemic disorders (e.g., diabetes), might further compromise ST 
integration. Consequently, guiding and improving the colonization 
of titanium surfaces by competing gingival fibroblasts and keratino-
cytes seems worth consideration.

As surface roughness is known to differentially control cell re-
sponse,14 we were keen to learn whether under physiological con-
ditions, the roughness of tooth surface might influence periodontal 
ST organization. Notably, we observed a stark difference between 
enamel and cementum roughness, which nicely corresponded with 
the attachment of JE keratinocytes and PDL fibroblasts, respec-
tively. Therefore, we developed novel titanium surfaces with com-
parable roughness to enamel (M) and cementum (MA) (Figure  1). 
Knowing that gingival keratinocytes and fibroblasts are the major 
cell sources participating in ST integration,37 we studied the behav-
ior of patient-matched hGK and hGF when cultured on the newly 
developed titanium implant surfaces. We observed that although 
hGK possess a higher proliferation rate than hGF (data not shown), 
the cementum-like (MA) surface markedly impeded the proliferation 
of hGK in favor of hGF, without affecting their adhesion and viabil-
ity (Figures 2 and 3). As such, we could conclude that the use of a 
bimodal rough titanium abutment, composed by an enamel-like (M) 
in close proximity to a cementum-like (MA) surface, could be devel-
oped to impede apical keratinocyte proliferation. Limiting epithelial 
cells adhesion and proliferation on the top part of the abutment 
would result in the formation of a shorter pocket, contrasting exces-
sive biofilm formation.

Similar to micro−/nano-topographic cues, hydrophilicity is an-
other characteristic affecting cells' behavior on implantable ma-
terials.38 On one hand, the introduction of hydrophilicity on the 
M surface did not provide additional benefits on the behavior of 
human keratinocytes in vitro (Figure 4). On both the surfaces, signs 
of stratification and differentiation were indeed present. However, 
a slight enhancement of epithelial cells' differentiation markers (i.e., 
K13, K1, K10, and LOR) was noticed on the hydrophobic (M) sur-
face. This observation could be attributed to a closer attachment of 
cells to hydrophilic surfaces,39 which could limit the rearrangement 

of cell cytoskeleton thus contrasting differentiation.40 Whether 
this behavior is favorable to attain a less mature, stratified, non-
keratinized and incompletely differentiated epithelium, potentially 
similar to the JE cannot be stated, as the keratinocytes coloniz-
ing the implant surface are embryologically different from the one 
giving rise to the JE.11 Furthermore, we must also acknowledge 
that due to a limitation of the in vitro model, keratinocytes were 
directly seeded on the top of implantable surfaces. As in a real 
clinical scenario, we will never face this situation, these data must 
be kept as a capacity of M and hM surfaces to support a normal 
keratinocyte behavior in vitro, which might not necessarily reflect 
a better epithelial cells' response in  vivo. On the other hand, we 
observed a strong influence of hydrophilicity on the response of 
hGF when cultured on the cementum-emulating discs (Figure  5). 
Enhanced hydrophilicity improved the adhesion of fibroblasts, as 
evidenced by the detection of bigger focal adhesions and higher 
Vinculin expression on the hMA versus the MA surface. Notably, 
the behavior of the cells reflected that observed for MG-63 and 
C2C12 cells when cultured on rough titanium surface with normal 
or increased hydrophilicity.39,41 Although more in depth analysis, 
which could better elucidate the interaction of fibroblasts with the 
underlying surface (i.e., SEM-FIB), would be warranted, we might 
speculate that an increased expression of Vinculin with homog-
enous cytoplasmatic distribution is associated with a closer and 
intimate association between cells and titanium. This would be of 
course favorable to promote a tight seal of the CT on the implant 
abutment surface, and therefore, to contrast micro-motion and 
soft-tissue capsule formation that are known to initiate inflamma-
tion.42 Improved fibroblast adhesion on the hydrophilic surface was 
further associated with a different ECM composition. Notably, we 
observed a decreased ratio between COL1a1/2 and COL3a1 ex-
pression on the hMA surface, which let us speculate the presence 
of a more regenerative environment.30 This observation was also 
strengthened by increased level of COL5a1 on the hMA surface, 
whose expression has been recently associated with reduced scar 
size after heart injury.43 Furthermore, higher transcript levels of 
ACAN and ELN were observed, which could suggest the deposition 
of a more elastic ECM on the hMA surface, and corroborating the 
idea of a better resistance to compression forces when a hydro-
philic MA-like surface is used for CT integration.

Altogether, the herein-presented data point to combining M and 
MA surfaces into novel transmucosal components to optimize ST 
integration. However, some limitations of the present study must 
be reported. First of all, this is an in  vitro study. In  vitro models 
approximate more complex phenomena. In this specific case, the 
intricate clinical scenario was simplified by studying fibroblasts and 
keratinocytes behavior, while the transmucosal wound healing also 
involves other cell types (e.g., immune cells) and their interaction 
and competition with the oral microbiome. With regard to this, our 
findings need to be confirmed with animal studies. Another lim-
itation of this study is the use of primary cells derived from one 
single donor. This choice is primarily due to the fact that for sev-
eral reasons (e.g., patient age, periodontal health status) it is not 
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always feasible to co-isolate both epithelial cells and fibroblasts 
from a single tissue biopsy. However, although we acknowledge 
this limitation, we would like to stress the fact that using fibroblasts 
and keratinocytes from the same donor is definitely a strength of 
this study. Additionally, as we were aware of this limitation, we 
potentiate our data by studying the behavior of OKF6/TERT-2, an 
immortalized keratinocyte cell lines, which was shown to adhere, 
proliferate, and differentiate similarly to primary epithelial cells on 
the various titanium surfaces tested.

Finally, although it is not a proper limitation of this study, another 
aspect worth consideration regards the possibility to use a rough 
surface (MA) on the transmucosal component of dental implants. 
Indeed, as roughness is prone to bacterial contamination,44 the 
use of smoother abutments has been so far advocated.45 However, 
contrasting results have also been reported that a switch from the 
micro- to the nanoscale roughness seems to enable fibroblasts be-
havior while reducing bacterial attachment.46,47 More in vitro stud-
ies investigating the colonization of such novel implant surfaces by 
oral microorganisms are therefore warranted.

5  |  CONCLUSIONS

In summary, the data presented within this study support the use of a 
bimodal roughness abutment to improve ST integration. Specifically, 
an apical hydrophilic cementum-emulating (hMA) surface could be 
combined with a coronal enamel-like (M or hM) to promote fibro-
blasts and epithelial cells' response, respectively. While previously 
postulated for cells in general,48 the current study demonstrates 
for the first time that a cell-specific surface can be engineered to 
promote a preferential interaction with a desired cell type, at least 
within the context of gingival cell types. Moving forward, this phe-
nomenon would need to be recapitulated on the tissue level to de-
termine its clinical relevance.
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