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Bone formation, in skeletal development or in osseointegration processes, is the result
of interaction between angiogenesis and osteogenesis. To establish osseointegration,
cells must attach to the implant in a direct way without any deposition of soft
tissue. Structural design and surface topography of dental implants enhance the cell
attachment and can affect the biological response. The aim of the study was to
evaluate the cytocompatibility, osteogenic and angiogenic markers involved in bone
differentiation of human periodontal ligament stem cells (hPDLSCs) on different titanium
disks surfaces. The hPDLSCs were cultured on pure titanium surfaces modified with
two different procedures, sandblasted (Control—CTRL) and sandblasted/etched (Test—
TEST) as experimental titanium surfaces. After 1 and 8 weeks of culture VEGF, VEGF-R,
and RUNX2 expression was evaluated under confocal laser scanning microscopy. To
confirm the obtained data, RT-PCR and WB analyses were performed in order to
evaluate the best implant surface performance. TEST surfaces compared to CTRL
titanium surfaces enhanced cell adhesion and increased VEGF and RUNX2 expression.
Moreover, titanium TEST surfaces showed a different topographic morphology that
promoted cell adhesion, proliferation, and osteogenic/angiogenic commitment. To
conclude, TEST surfaces performed more efficiently than CTRL surfaces; furthermore,
TEST surface results showed them to be more biocompatible, better tolerated, and
appropriate for allowing hPDLSC growth and proliferation. This fact could also lead to
more rapid bone–titanium integration.

Keywords: titanium disks, angiogenesis, osseointegration, mesenchymal stem cell, cytocompatibility, human
periodontal ligament stem cells

INTRODUCTION

In the last few years, mesenchymal stem cells (MSCs) have been performing a primary function in
regenerative medicine and tissue engineering. They offer the opportunity to restore, recover, and
renovate cells, tissues, and organs (Di Nisio et al., 2015). In dentistry, human periodontal ligament
stem cells (hPDLSCs) have been the mostly utilized MSCs population. They have been collected

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 May 2020 | Volume 8 | Article 315

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2020.00315
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2020.00315
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2020.00315&domain=pdf&date_stamp=2020-05-14
https://www.frontiersin.org/articles/10.3389/fcell.2020.00315/full
http://loop.frontiersin.org/people/182076/overview
http://loop.frontiersin.org/people/109086/overview
http://loop.frontiersin.org/people/727124/overview
http://loop.frontiersin.org/people/366909/overview
http://loop.frontiersin.org/people/85140/overview
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00315 May 12, 2020 Time: 19:59 # 2

Marconi et al. VEGF/VEGF-R and RUNX2 in Bone Tissue Regeneration

from the periodontal ligament, a specialized connective tissue
that linked alveolar bone socket with the tooth root surface,
distinguished by various cell populations as osteoblasts,
fibroblasts, epithelial cells, endothelial cells, and stem cells
(De Colli et al., 2015; Safi et al., 2019). The hPDLSCs show
multipotent and proliferative properties (Winning et al., 2017).
In fact, hPDLSCs improved the interface formation among
dental devices utilized for implants and bone in an event
defined osseointegration (Kado et al., 2019). Devices used in
dentistry are composed by materials with chemical and physical
properties able to differentiate stem cells into osteoprogenitor
cells (Kim et al., 2014). Titanium is one of the materials mostly
used in this field. It has a good biocompatibility, is relatively
inert, and is defined by surface features such as topography,
roughness, and hydrophilicity that support cell growth and
differentiation, influence the protein adsorption of the device
implant and its immobilization (Gittens et al., 2014; Liu et al.,
2017; Selders et al., 2017; Yadav et al., 2017). One of the
primary aims of research in dentistry has been to improve
the bone–implant interface and the titanium bioactivity by
modifying its surface structure. The formation of a direct contact
between the implant and mineralized bone is the result of
angiogenic and osteogenic differentiation processes (Hanawa,
2019). There is no bone formation without a prior formation
of newly -formed blood vessels. The existence of blood vessels
shows a vital role in bone renewal processes and in implant
osseointegration (Beltran-Partida et al., 2017; Genova et al., 2019;
Raines et al., 2019b). The relationship between the complex
molecular mechanisms of blood vessels and bone formation is
still relatively unexplored, and a better understanding of these
features would be welcomed. Recent studies have reported a
close relationship between MSCs and endothelial cell, improving
vasculogenesis (Genova et al., 2019; Raines et al., 2019b). It
has been hypothesized that changes in the microstructure of
implant surface could have a relationship with the secretion
by osteoprogenitor cells of pro-angiogenic substances (Raines
et al., 2019a). The modification of titanium implant surfaces,
by chemical or physical treatment, could represent an effective
method, affecting cell adhesion and differentiation (Zahran et al.,
2016). In the oral cavity, numerous typologies of MSCs have
been described (Rajan et al., 2016; Bianchi et al., 2017; Diomede
et al., 2018c). As extensively reported in the literature, MSCs
can be easily isolated form craniofacial bones during routine
dentistry procedures. Owing to their embryological origin from
neural crest, they appear as a suitable cell population to evaluate
cell–biomaterial connection in the craniofacial field, involving
osteoinductive/osteointegrative events. The biological and
immunomodulatory characteristics of MSCs could be affected by
chemistry and topography of implant surfaces (Conserva et al.,
2019). Until now, six different human dental stem cells have
been reported in the literature: human dental pulp stem cells
(DPSCs), human exfoliated deciduous teeth stem cells (SHED),
hPDLSCs (Sinjari et al., 2019), human apical papilla stem cells
(APSCs), human dental follicle stem cells (DFSCs), and human
gingival GMSCs (Romeo et al., 2018; Trubiani et al., 2019b). In
particular, MSCs taken from the human periodontal ligament
can be easily isolated and manipulated to use as an in vitro model

to assess cell cytocompatibility of different materials (Diomede
et al., 2016; Pizzicannella et al., 2018b). Moreover, the complex
restoration of the periodontal ligament has shown unexpected
clinical results and preserves an attractive challenge in dentistry
(Trubiani et al., 2012b; Pizzicannella et al., 2018a). The goal of
the current work was to evaluate the presence of angiogenic and
osteogenic markers as RUNX2 and VEGF, and their receptors,
on different titanium disks surfaces.

MATERIALS AND METHODS

Ethics Statement
The protocol and informed consent from human periodontal
ligament biopsies were accepted by the Medical Ethics
Committee at the Medical School, “G. d’Annunzio” University,
Chieti, Italy (no. 266/17.04.14). The formal consent form
was subscribed by all patients prior to sample collection. The
Department of Medical, Oral and Biotechnological Sciences and
the Laboratory of Stem Cells and Regenerative Medicine are
certified in accordance with the quality standard ISO 9001:2015
(certificate no. 32031/15/S).

Cell Culture
Five human periodontal ligament biopsies were scraped from
human premolar teeth of patients in general good health
conditions. The tissue was obtained by scaling the roots using
Gracey’s curettes (Trubiani et al., 2012a; Diomede et al., 2018b).
The samples were washed five times with PBS (LiStarFish) and
cultured using TheraPEAKTM MSCGMTM CD BulletKit serum
free, chemically defined (MSCGM-CD) medium for the growth
of human MSCs (Lonza, Basel, Switzerland) (Libro et al., 2016).
The medium was changed twice a week, and cells migrating
from the explants tissue after reaching about 80% of confluence,
were trypsinized (LiStarFish), and after, were subcultured until
passage 2nd (P2).

hPDLSC Characterization
The study of hPDLSC phenotype was performed by flow
cytometry, as earlier stated (Diomede et al., 2018a). Shortly,
2.5 × 105 cells were incubated for 30 min with the following
antibodies: anti-CD44-FITC, anti-CD105-FITC, and anti-CD29-
PE (Ancell Corporation, Bayport, MN, United States); anti-
CD14-FITC (Miltenyi Biotec, Bergisch Gladbach, Germany);
OCT3/4-PE, SOX2-Alexa488, CD73-PE,CD90-FITC (Becton
Dickinson, San Jose, CA, United States) and CD34-PE (Beckman
Coulter, Fullerton, CA, United States). After incubation with
proper secondary antibodies, fixation in 1 mlL of PBS 0.5%
paraformaldehyde and washing, cells were detected utilizing a
FACStar -plus flow cytometry system and the FlowJoTM software
v10.0.7 (Tree Star, Ashland, OR, United States). The hPDLSCs at
P2 were analyzed with an inverted light microscopy Leica DMIL
(Leica Microsystem, Milan, Italy).

Dental Implants
In the current work, two different titanium disk surfaces,
provided by Implacil De Bortoli (São Paulo, Brazil), have been
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utilized: Control (CTRL) and Test (TEST). The disks were
manufactured of commercially pure titanium (ASTM F67). The
surface of CTRL disks was obtained by sandblasting with a mix
of titanium oxide power and then cleaning with purified water,
enzymatic detergent, acetone, and alcohol, while the surface of
TEST disks, after the same sandblasting procedure, was cleaned
with purified water, enzymatic detergent, acetone, alcohol, and
then a double acid attack with acetylic acid.

Atomic Force Microscopy (AFM)
The morphologies of two disk surfaces, CTRL and TEST,
were assessed by Atomic Force Microscopy (AFM), exploiting
a Multimode 8 Bruker AFM microscope (Bruker, Milan,
Italy) coupled with a Nanoscope V controller (Bruker AXS,
Marne La Vallee, France) and commercial silicon tips (RTESPA
300, resonance frequency of 300 kHz, and nominal elastic
constant of 40 N/m) were used in ScanAsyst air mode.
The ScanAsyst air mode technique was used for the AFM
observations with a scan size of 10 µm. Then the Nanoscope
analysis 1.8 software was adopted to analyze images and
3D reconstruction. The roughness average (Ra), that is the
arithmetic mean of the absolute values of the height of the
surface profile, was assumed for the statistical analysis. Five
samples of each group were analyzed, and the mean values
(±standard deviation) were considered for statistical analysis
(Mastropasqua et al., 2020).

Scanning Electron Microscopy (SEM)
Analysis
CTRL and TEST samples were cultured with hPDLSCs for
21 days and successively were fixed for 4 h at 4◦C in 4%
Glutaraldehyde in 0.05 M phosphate buffer (pH 7.4), dehydrated
in growing ethanol concentrations, and then critical point dried.
They were then mounted on aluminum stubs and gold coated
in an Emitech K550 (Emitech Ltd., Ashford, United Kingdom)
sputter coated before imaging by means of SEM (ZEISS, EVO 50)
(Gugliandolo et al., 2018).

Cell Viability
The cell viability of hPDLSCs seeded with or without
CTRL and TEST samples was measured by the quantitative
colorimetric MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazoliumbromide test] (Promega, Milan, Italy) as
earlier described (Cavalcanti et al., 2015). Into a 96-well
culture plate with MSCBM medium (Lonza), 2.5 × 105

cells/well were cultured after 24 h of incubation at 37◦C,
15 µl/well of MTT was added to culture medium, and cells
were incubated for 3 h at 37◦C. The supernatants were read
at 650-nm wavelength utilizing an ND-1000 NanoDrop
Spectrophotometer (NanoDrop Technologies, Rockland,
DE, United States). The MTT assay was executed in three
independent experiments.

Alizarin Red S Staining (ARS)
After 1 and 8 weeks of cultures on both CTRL and TEST
titanium surfaces, calcium deposition and extracellular matrix

mineralization were evaluated by ARS staining assay. This
analysis was executed according to the method previously
described (Pizzicannella et al., 2019a). Human PDLSCs were
washed with PBS, fixed in 10% (v/v) formaldehyde (Sigma-
Aldrich) for 30 min, and washed twice with a lot of dH2O
prior to the addition of 0.5% Alizarin Red S in H2O, pH
4.0, for 1 h at room temperature. Later, cell incubation under
gentle shaking was done, and cells were washed with dH2O
four times for 5 min. For dying quantification, 800 µl of
10% (v/v) acetic acid was added to each well. Cells were
incubated for 30 min with shaking, and then scraped from
the plate, moved into a 1.5-ml vial, and vortexed for 30 s.
The obtained suspension, overlaid with 500 µl of mineral oil
(Sigma-Aldrich), was heated to 85◦C for 10 min, then moved
to ice for 5 min, meticulously avoiding opening the tubes until
fully cooled, and centrifuged at 20,000 × g for 15 min. Five
hundred microliters of the supernatant was positioned into a
new 1.5-ml vial, and 200 µl of 10% (v/v) ammonium hydroxide
was added to neutralize the acid, ensuring a pH between
4.1 and 4.5. One hundred fifty microliters of the supernatant
taken from hPDLSCs grown with CTRL and TEST titanium
surfaces after 1 and 8 weeks of culture was read in triplicate at
405 nm by a spectrophotometer (Synergy HT). The osteogenic
induction was assessed in three independent experiments for
each experimental group, and spectrophotometer reads were
normalized per cell number.

Confocal Laser Scanning Microscopy
(CLSM) Analysis
Cells grown on CTRL and TEST samples were fixed for 10 min
at room temperature (RT) with 4% paraformaldehyde in 0.1 M
sodium phosphate buffer (PBS), pH 7.4 (Di Giulio et al., 2015;
Mazzatenta et al., 2016). After washing in PBS, cultures were
processed for immunofluorescence labeling. Briefly, hPDLSCs
grown on titanium disks were permeabilized with 0.5% Triton
X-100 in PBS, followed by blocking with 5% skimmed milk
in PBS (Giacoppo et al., 2017). Primary monoclonal antibodies
to anti human VEGF (Santa Cruz Biotechnology, Santa Cruz,
CA, United States), VEGF-R (Santa Cruz Biotechnology), and
RUNX2 (Santa Cruz Biotechnology) were utilized, continued by
Alexa Fluor 488 green fluorescence-conjugated goat anti-mouse
as secondary antibodies (Molecular Probes, Invitrogen, Eugene,
OR, United States). Successively, samples were incubated with
Alexa Fluor 594 phalloidin red fluorescence conjugate (Molecular
Probe), as actin cytoskeleton marker. Nuclei were dyed with
TOPRO (Molecular Probe). Samples were put facing down on
glass slides and mounted with Prolong antifade (Molecular
Probes) (Diomede et al., 2018d). Staining of samples was assessed
utilizing a Zeiss (Jena, Germany) LSM510 META confocal
system, linked to an inverted Zeiss Axiovert 200 microscope
furnished with a Plan Neofluar oil-immersion objective (40×/1.3
NA). Images were analyzed utilizing an argon laser beam with
excitation lines at 488 nm. After 1 and 8 weeks of culture,
the percentages of VEGF/VEGF-R/RUNX2-positive cells were
measured, built on the 15 pictures taken casually. Experiments
have been performed in triplicates.
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FIGURE 1 | Implant surface evaluation. 3D reconstruction of atomic force microscopy (AFM) images of (A) Control (CTRL), (B) Test (TEST) surfaces and (C)
histograms of roughness average (Ra) values.

FIGURE 2 | Human periodontal ligament stem cell (hPDLSC) characterization. (A) Cytofluorimetric analysis of hPDLSCs. (B) hPDLSCs observed at light microscopy
(original magnification: 10×).

Gene Expression
VEGF and RUNX2 mRNA expressions were assessed by real-
time PCR. For this purpose, total RNA was isolated utilizing
the Total RNA Purification kit (NorgenBiotek Corp., Thorold,
ON, Canada) in agreement with the manufacturer’s instructions
(Zara et al., 2013). The M-MLV Reverse Transcriptase reagents
(Applied Biosystems) were utilized to produce cDNA. Real-time

PCR was performed with the Mastercycler ep realplex real-
time PCR system (Eppendorf, Hamburg, Germany). Expression
levels in cells seeded onto CTRL and TEST samples were
compared. Commercially available TaqMan Gene Expression
Assays (VEGF Hs00900055_m1, VEGF-R Hs00157093_m1,
and RUNX2 Hs00231692_m1) and the TaqMan Universal
PCR Master Mix (Applied Biosystems, Foster City, CA,
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FIGURE 3 | Scanning electron microscopy (SEM) analysis showed the hPDLSCs’ adhesion capacity to the titanium implant surfaces. (A) CTRL surface without cells.
(B) TEST surface without cells. (C) Human PDLSCs adhere on CTRL surface. (D) Human PDLSCs adhere on TEST surface. Mag: 1,000×. Arrows indicate cells
attached on titanium surface.

FIGURE 4 | Human PDLSCs seeded on CTRL (A–D) and TEST (E–H) titanium surfaces for 48 h. (A,E) Cytoskeleton actin was dyed in red fluorescence; (B,F) nuclei
were dyed in blue fluorescence; (C,G) TL, transmission light: gray; (D,H) merged picture of the abovementioned channels. Scale bar: 10 µm.

United States) were utilized in agreement with the standard
protocols (Pizzicannella et al., 2019b). Beta-2 microglobulin
(B2M Hs99999907_m1; Applied Biosystems, Foster City, CA,
United States) was utilized for template normalization. RT-
PCR was analyzed in three independent experiments; duplicate
determinations were obtained for each sample.

Protein Expression
Thirty micrograms of proteins, acquired from all samples,
were processed as earlier mentioned (Mammana et al., 2019).
Membranes were incubated with primary antibodies rabbit

anti-VEGF (1:750; rabbit; Sigma-Aldrich, Milan, Italy), RUNX2
(1:750; rabbit; Sigma-Aldrich), and anti-beta-actin (1:750; mouse;
Santa Cruz Biotechnology, Santa Cruz, CA, United States).
After five washes in PBS containing 0.1% Tween-20, samples
were incubated for 1 h at room temperature with peroxydase-
conjugated secondary antibody anti-rabbit and anti-mouse
diluted 1:2,000 in 1 × PBS, 3% milk, 0.1% Tween (Mazzatenta
et al., 2014). Protein expression was detected using the
enhanced chemiluminescence detection system (ECL; Amersham
Pharmacia Biotech, Milan, Italy) with photo documenter Alliance
2.7 (Uvitec, Cambridge, United Kingdom). Signals were captured
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FIGURE 5 | Proliferation assay of hPDLSCs seeded on CTRL and TEST
titanium surfaces. MTT assay was evaluated at 24, 48, 72 h, and 1 week on
both CTRL and TEST titanium surfaces. The human PDLSCs seeded on
TEST surface showed after 24 and 48 h a slightly higher proliferation rate
compared to cell cultured on CTRL surface and control cells. Cells cultured on
CTRL and TEST surface after 72 h and 1 week of culture showed a similar
proliferation rate of control cells. Proliferation was assessed using
[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliumbromide test] (MTT)
assay. The data shown are the mean (±SD) (n = 3). Densitometric values
evaluated by ANOVA return significant differences, ∗p < 0.05.

by ECL enhancing and analyzed using a UVIband-1D gel
analysis (Uvitec).

Data and Statistical Analysis
The Statistical Package for Social Science (SPSS, v.21.0, Inc.,
Chicago, IL, United States) was used for data analysis.
Parametrical methods were used after having verified the
existence of the required assumptions. In particular, the
normality of the distribution and the equality of variances were
assessed by the Shapiro–Wilk and Levene’s tests, respectively.
Data were expressed as means and standard deviation of the
recorded values. The differences among the levels of the factors
under investigation were assessed performing three distinct two-
way ANOVA tests, one for each experiment. Tukey tests were
applied for pairwise comparisons. A value of p < 0.05 was
considered statistically significant in all tests.

RESULTS

Titanium Surface Evaluation at AFM
The two titanium disks surfaces, CTRL and TEST, were analyzed
by utilizing AFM. In Figure 1, tridimensional micrographs of
the titanium surfaces are studied. From the height panel, the
Nanoscope analysis 1.8 software (Bruker, Milan, Italy) is capable
of analyzing roughness (Diomede et al., 2018a). The AFM
analysis have demonstrated that the TEST group was identified by

an average roughness (Ra) of 139 ± 48.1 and 39.5 ± 13.6 nm (Ra)
for the CTRL (Figure 1). These results extracted demonstrated
that the roughness for the TEST surface is much higher compared
to the CTRL titanium surface.

Human PDLSC Characterization
For the purpose of evaluating the hPDLSC phenotype, flow
cytometry analysis was performed on stem cells at the second
passage. Ex vivo expanded hPDLSCs evidenced positivity
for Oct3/4, Sox-2, CD29, CD44, CD73, CD90, and CD105
(Figure 2A). Primary cultures of hPDLSCs at second passage,
observed by light microscopy, showed a spindle-shaped
morphology (Figure 2B).

Human PDLSC Adhesion
Cell adhesion has been evaluated by SEM and CLSM techniques.
SEM observations evidenced the surface morphology of two
distinct, taken into consideration, surfaces, CTRL and TEST,
without cells (Figures 3A,B). Human PDLSCs exhibited the same
adhesion capability on CTRL and TEST surfaces not having
any morphological variations (Figures 3C,D). At CLSM level,
fluorescence figures of the cytoskeleton actin (phalloidin, red)
and the nuclei (TOPRO, blue) of hPDLSCs seeded on the CTRL
and TEST group of samples taken after 48 h of culture established
the cell adhesion. The cells adhered and spread well with a spindle
fibroblast-like shape on both titanium surfaces, which confirmed
that the different surface treatment did not affect the adhesion
capability (Figure 4).

Proliferation Assay of hPDLSCs Cultured
on CTRL and TEST Titanium Surfaces
MTT assay was performed at 24, 48, 72 h, and 1 week on both
CTRL and TEST titanium surfaces. The hPDLSCs seeded on
the TEST surface showed after 24 and 48 h a slightly higher
proliferation rate compared to cells seeded on the CTRL surface
and control cells. Cell cultured on the CTRL and TEST surface
after 72 h and 1 week of culture showed a similar proliferation
rate of control cells (Figure 5).

Alizarin Red S Staining of hPDLSCs
Grown in the Presence of CTRL and
TEST Surfaces
The osteogenic process in human PDLSCs, seeded with CTRL
and TEST titanium surfaces after 1 week (Figures 6A,C) and
after 8 weeks of culture (Figures 6B,D), was evaluated by Alizarin
Red S (ARS) staining (Figures 6A–D) and its colorimetric
detection (Figure 6E).

A significant augmented extracellular deposition was evident
in cells grown after 8 weeks on the CTRL and TEST titanium
surfaces compared to that of cells seeded on both surfaces after
1 week of culture (Figure 6).

Titanium Surfaces Influence Protein
Expression at CLSM
Figures 7–10 show fluorescence images of the cytoskeleton actin
(phalloidin, red) and the nuclei (TOPRO, blue) of hPDLSCs
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FIGURE 6 | Human PDLSCs seeded on CTRL and TEST titanium implant surface were analyzed after 1 and 8 weeks of culture by Alizarin Red S staining (ARS).
(A) Human PDLSCs seeded on CTRL and negative for Alizarin Red S (ARS) staining after 1 week of culture; (B) hPDLSCs cultured on CTRL and positive for ARS
after 8 weeks of culture; (C) hPDLSCs seeded on TEST and negative for ARS; (D) hPDLSCs cultured on TEST and positive for ARS after 8 weeks of culture.
ARS-positive staining was more evident in cells grown on TEST surface with respect to CTRL surface after 8 weeks of culture; (E) graph of ARS quantification. The
error bars on these graphs showed standard deviation (±SD). Densitometric values analyzed by ANOVA return significant differences, **p < 0.01.

cultured on the CTRL and TEST group of samples taken
after 1 and 8 weeks of culture. The cells adhered and spread
well with a spindle fibroblast-like shape on all samples, which
indicates that the different surface treatment did not affect the
cytocompatibility. The number of cells increased from 1 to
8 weeks (Figures 7–10). The CLSM observation demonstrated
the tendency of osteogenic differentiation in cells cultured on
TEST samples at 1 and 8 weeks of culture, which can be observed
from the RUNX2-positive expression (Figures 9, 10). Cells
seeded on TEST implant surface showed a positive expression
for VEGF and VEGF-R when compared to cells cultured on
CTRL samples (Figures 7–10). In particular, cells cultured
on both surfaces after 8 weeks of culture evidenced a strong
VEGF and VEGF-R expression compared to 1 week of culture.

A qualitative analysis of fluorescent photomicrographs evidenced
no expression of VEGF and a slow expression of VEGF-R and
RUNX2 in cells seeded on CTRL and TEST samples after 1 week.
Meanwhile, cells cultured on CTRL and TEST samples after
8 weeks of culture exhibited a high positivity of VEGF, VEGF-R,
and RUNX2 (Figure 11).

VEGF and RUNX2 Expression
Histograms evidenced the gene expression of VEGF and RUNX2
performed by RT-PCR after 8 weeks of culture (Figure 12A).
Human PDLSCs cultured on TEST exhibited an upregulation
of VEGF and RUNX2 with respect to hPDLSCs seeded on the
CTRL surface. Gene expression proved the qualitative data taken
by CLSM analysis.
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FIGURE 7 | Human PDLSCs seeded on CTRL titanium implant surface were analyzed after 1 week of culture. (A) Cytoskeleton actin was stained in red
fluorescence; (B) specific markers (VEGF, VEGF-R, and RUNX2) were stained in green fluorescence; (C) nuclei were stained in blue fluorescence. (D) PDLSCs with
CTRL; (E) TL, transmission light: gray. Scale bar: 10 µm.

To identify protein expression of VEGF and RUNX2 in
hPDLSCs seeded on CTRL and TEST after 8 weeks of culture,
a Western blot analysis was performed. Protein expression of

specific bands of VEGF and RUNX2 exhibited an over expression
in hPDLSCs seeded on TEST with respect to the cells cultured
on CTRL (Figure 12B and Supplementary Materials). Bar
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FIGURE 8 | Human PDLSCs cultured on CTRL titanium implant surface were observed after 8 weeks of culture. (A) Cytoskeleton actin was stained in red
fluorescence; (B) specific markers (VEGF, VEGF-R, and RUNX2) were stained in green fluorescence; (C) nuclei were stained in blue fluorescence. (D) PDLSCs with
CTRL; (E) TL, transmission light: gray. Scale bar: 10 µm.

charts of densitometric analysis evidenced the related protein
band quantification (Figure 12C). These results confirmed the
obtained gene expression data.

DISCUSSION

Recently, novel treatment techniques of titanium surfaces were
suggested and tested to increment the clinical performance, and

to decrease the percentage of clinical unsuccessful attempts.
The endeavors of scientific research were primarily concentrated
to ameliorate the quantity and quality of bone tissue healing
around implant surfaces and to increase the contact area between
the implant surface and the bone tissue. All approaches were
relatively surface treatments, adopted recently, driven to specific
micro-structured surfaces with a better performance, liked to a
greater contact area with the bone, have the capability to absorb
biological molecules, induce more rapid healing, augmenting the
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FIGURE 9 | Human PDLSCs cultured on TEST titanium implant surface were observed after 1 week of incubation. (A) Cytoskeleton actin was stained in red
fluorescence; (B) specific markers (VEGF, VEGF-R, and RUNX2) were stained in green fluorescence; (C) nuclei were stained in blue fluorescence. (D) PDLSCs with
TEST; (E) TL, transmission light: gray. Scale bar: 10 µm.

cellular reaction and long-term clinical successes. Sandblasted
and acid-etched surfaces have shown good biomechanical and
biological results (Zizzari et al., 2015). Chemical modifications

of titanium implant surfaces could be one active tool for
achieving fast bone formation around the implant. After implant
placement, several events occur between the host and the implant
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FIGURE 10 | Human PDLSCs cultured on TEST titanium implant surface were observed after 8 weeks of incubation. (A) Cytoskeleton actin was stained in red
fluorescence; (B) specific markers (VEGF, VEGF-R, and RUNX2) were stained in green fluorescence; (C) nuclei were stained in blue fluorescence. (D) PDLSCs with
TEST; (E) TL, transmission light: gray. Scale bar: 10 µm.

surface, which consist of the primary contact of blood with
the implant surface, where proteins and ligands are vigorously
adsorbed onto and released from the implant surface. As widely

reported in the literature, the superficial oxide characteristics
of the implant play an essential role in protein adsorption,
and this fact is due to the biological tissues that cooperate
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FIGURE 11 | Graph bar evidence the percentage of positive cells for the
specific markers (VEGF/VEGF-R/RUNX2). The error bars on these graphs
showed standard deviation (±SD). ∗∗p < 0.01 significant difference of cells
seeded on TEST and CTRL surfaces.

primarily with the outside atomic layers of the dental implant.
Surface chemistry, topography, roughness, and wettability of the
surface could influence the type, quantity, and conformation
of the incorporated protein layer. Different strategies including
the modification of the surface physicochemical, morphological,
and/or biochemical properties have been studied in order to
increase the bone–implant interface (Shah et al., 2019). The usage
of MSCs appears to promote encouraging outcomes in bone
tissue renewal (Trubiani et al., 2019a). MSCs, taken from the oral
cavity, showed differentiation ability and immunomodulatory
characteristics (Fawzy El-Sayed and Dorfer, 2016). Based on the
literature, hPDLSCs are encouraging dental stem cells and are
utilized as a substitute to human bone marrow mesenchymal
stem cells (BMMSCs) for evaluating the osteogenic capability of
titanium surfaces and for assessing osseointegration in titanium
implants (Zhou et al., 2016). For this motivation, the purpose of
human PDLSCs cultured with the titanium implants represents
a proper and appropriate exploratory approach to deeply study
the mechanisms of cell interplay with distinct implantological
surfaces (Gao et al., 2015).

In the current work, the observance was focused on the
in vitro outcomes displayed by hPDLSCs cultured on diverse
titanium implant surfaces (CTRL and TEST), established with
two distinct methods, in order to assess the ability of the
hPDLSCs to promote angiogenesis and osteogenesis. The present
results have shown that hPDLSCs cultured on both experimental
titanium disks presented a similar cell proliferation rate as the
control cells (Figure 5). In particular, cells seeded on the TEST
surface had a better performance, in terms of proliferation rate,
when compared to the CTRL surfaces, after 48 h of culture
(Figure 5). No significant differences between TEST and CTRL
surfaces were observed under SEM, and the hPDLSCs revealed
the same adhesion capability on both surfaces without any
morphological changes (Figure 3). However, hPDLSCs seeded
on TEST surfaces evidenced a greater osteogenic characteristic
in vitro with respect to the cells seeded on CTRL surfaces.
In detail, hPDLSCs in culture with TEST surface had an
enhanced osteogenic response with an up-regulation of RUNX2,

an early osteogenic marker. An upregulation of VEGF, VEGF-
R, and RUNX2 was shown in both surfaces, after 8 weeks of
culture, by Western blot (Figures 12B,C) and by CLSM analysis
(Figures 8, 10). The protein expression of specific bands of
VEGF and RUNX2 exhibited an over expression in hPDLSCs
seeded on TEST with respect to the cells seeded on CTRL
(Figures 12B,C). On the contrary, VEGF expression was not
present, after 1 week of culture, on both surfaces under CLSM
observations (Figures 7, 9). To further support these results,
the gene expression of VEGF and RUNX2 was investigated
through RT-PCR (Figure 12A). The data have shown that
hPDLSCs cultured on TEST surfaces, after 8 weeks of culture,
promoted an upregulation of VEGF and RUNX2 with respect
to hPDLSCs cultured on CTRL surfaces (Figure 10). These
results validated the data acquired by Western blot and under
CLSM observations. Remarkably, a previous study evidenced
that RUNX2 was a component of the genetic program that
modulated the expression of VEGF throughout endochondral
bone development (An et al., 2017). These data may encourage
that the augmentation of RUNX2 could induce the enhanced
VEGF and VEGF-R (Liu et al., 2012). The present data have
shown that both titanium surfaces induced the increase of
the pro-angiogenic factor VEGF, which plays an important
and pivotal part in osteogenesis and bone regeneration, and
particularly, the TEST surface showed a better performance
with respect to the CTRL group. The relevant role of VEGF
on osteogenesis has been previously established, and VEGF
may regulate also calvaria ossification. Vascularization is a key
process during osteogenesis and bone restoration (Lu et al.,
2018). As largely reported in the literature, VEGF expression
was evidenced during bone repair, indicating the key role of this
angiogenic protein in bone tissue renewal. Furthermore, it was
reported that VEGF administration in an experimental model
of osteonecrosis of the femoral head led to bone remodeling
and new bone formation (Dailiana et al., 2018; Jin et al., 2019).
Blood vessels are an important component of bone formation and
maintenance, and the rapid vascularization of tissue-engineered
osteogenic grafts is a major obstacle in the development of
regenerative medicine approaches for bone repair (Helmrich
et al., 2013). The loss of VEGF in osterix-positive osteoblast
progenitor cells caused a reduction in calvaria ossification,
indicating that VEGF derived from these cells is required for
optimal intramembranous bone formation (Duan et al., 2016).
The reduction of VEGF injured endochondral bone formation,
decreasing angiogenesis and osteogenesis, and causing a delay in
fracture healing (Hu and Olsen, 2016).

The present results indicated that both surfaces, in contact
with hPDLSCs, have shown not only osteoconductive properties,
evaluated through the cell adhesion and proliferation, but also
the ability to promote VEGF secretion from cells evidenced
by gene expression and confocal microscopy. The induction
of the release of VEGF and VEGF-R from hPDLSCs may
represent an expectation for tissue engineering and, in particular,
for the therapeutic growth of novel blood vessels surrounding
the biomaterial in the first phase of osseointegration. In two
recent studies, Raines et al. (2019a; 2019b) have shown the
production of pro-angiogenic substances by osteoblasts (Raines
et al., 2019a,b), while Obice et al. (2019), in an in vivo
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FIGURE 12 | (A) Graph bar of RT-PCR showed the mRNA levels of VEGF and RUNX2 in cells seeded on CTRL and TEST surface after 8 weeks of culture
**p < 0.01. (B) Protein level expression of VEGF and RUNX2 in cells seeded on CTRL and TEST surface after 8 weeks of culture. (C) Graphs evidence densitometric
analysis of protein bands expressed as integrated optical intensity (IOI) average of three separate experiments. The error bars on these graphs showed standard
deviation (±SD). Densitometric values evaluated by ANOVA return significant differences, **p < 0.01.

human work, have established that the treatment with TiO2
of dental abutments increased the angiogenesis levels (Obice
et al., 2019). In line with the augmentation of VEGF, VEGF-
R, and RUNX2 by protein and gene expression, the confocal
microscopy assessments exhibited the occurrence of molecules
involved in vascularization events after 8 weeks of culture in
hPDLSCs cultured on TEST. This TEST samples exhibited a
better performance with regard to bone restorative ability. For
the first time in the current work was investigated the VEGF
and its receptor expression, a key player in angiogenesis, and
RUNX2, early osteogenic marker on two novel implant titanium
surfaces. The novelty of the current study is related to the
properties evidenced of the titanium surfaces tested. It was
shown that the surface topography of the TEST surface has a

significant roughness with respect to the CTRL titanium surface.
This property reported in our study is the primary fundamental
and successful features on angiogenesis and osteogenesis due
to augmenting the release of different pro-angiogenic growth
components. Our study demonstrated that the TEST titanium
surface promotes osteogenesis and angiogenesis, which has
incredible prospective as a successful, engineered platform for
bone tissue renewal. To conclude, these data have exhibited
an essential role of the VEGF and its receptor, and a greater
performance of TEST surfaces with respect to CTRL surfaces.
The same data were described by Beltran-Partida et al. (2017)
who found that rougher surfaces improved the endothelial
proliferation (Beltran-Partida et al., 2017). This fact could be
potentially useful in devising surfaces to be used in bone
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restoration processes and tissue engineering and, particularly, for
the therapeutic development of novel blood vessels surrounding
the material in the primary phase of osseointegration. The ability
to augment the levels of VEGF and its receptor may conduct to
faster bone–titanium integration.
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