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Abstract

Objectives: This study aims to evaluate the ability of tantalum-coated titanium to improve human gingival
fibroblasts’ adhesion, viability, proliferation, migration performance, and the potential molecular mechanisms.

Materials and methods: Titanium plates were divided into two groups: (1) no coating (Ti, control), (2) Tantalum-
coated titanium (Ta-coated Ti). All samples were characterized by scanning electronic microscopy, surface
roughness, and hydrophilicity. Fibroblasts’ performance were analyzed by attached cell number at 1 h, 4 h, and 24
h, morphology at 1 h and 4 h, viability at 1 day, 3 days, 5 days, and 7 days, recovery after wounding at 6 h, 12 h,
and 24 h. RT-PCR, western blot were applied to detect attachment-related genes’ expression and protein synthesis
at 4 h and 24 h. Student’s t test was used for statistical analysis.

Results: Tantalum-coated titanium demonstrates a layer of homogeneously distributed nano-grains with mean
diameter of 25.98 (± 14.75) nm. It was found that after tantalum deposition, human gingival fibroblasts (HGFs)
adhesion, viability, proliferation, and migration were promoted in comparison to the control group. An upregulated
level of Integrin β1 and FAK signaling was also detected, which might be the underlying mechanism.

Conclusion: In the present study, adhesion, viability, proliferation, migration of human gingival fibroblasts are
promoted on tantalum-coated titanium, upregulated integrin β1 and FAK might contribute to its superior
performance, indicating tantalum coating can be applied in transmucosal part of dental implant.

Clinical significance: Tantalum deposition on titanium surfaces can promote human gingival fibroblast adhesion,
accordingly forming a well-organized soft tissue sealing and may contribute to a successful osseointegration.
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Introduction
After dental implant surgery, the following soft tissue
healing constitutes a collar like seal, an effective physical
and physiological barrier between oral environment and
peri-implant bone. Soft tissue integration consists of
epithelium and connective tissue [1]. However, due to
lack of periodontal ligament, dental implant is more
prone to have penetration of bacterial, as well as

epithelial downgrowth [2] and invasion of all sorts of in-
fections and toxins. Unsuccessful attachment of connect-
ive tissue to the implant can lead to bone loss and
implant failure. Therefore, connective tissue seal around
dental implant is essential for preventing peri-implantitis
[3, 4] and maintaining successful osseointegration [5]. It
has been proven that in a 300–600-μm-wide zone that
connective tissue attached to traditional titanium im-
plant surface, collagen (82.36%) was prone to appear in
peripheral areas (40–200 μm) while cells (fibroblasts =
32.32%) appeared to be more closed to the implant sur-
face in a narrow region (0–40 μm) [6] (Fig. 1). Thus,
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conclusions were drawn that gingival fibroblasts attached
to implant surface plays an important role in establish-
ing and maintaining adequate seal against external envir-
onment [7, 8].
Bacterial infection is the major factor that influences

soft tissue integration [9]. Toxins from microflora like
lipopolysaccharide would interfere with cell proliferation
and differentiation and even induce cell pyroptosis. Vari-
ous surface modification treatments have been applied
to reduce biofilm formation on dental implant surface.
For example, deposition of silver ion and titanium (zir-
conium) nitride, coating of silica, chitosan-lauric acid,
and peptides [10–15]. However, most nanoparticle coat-
ings with antibacterial effect are toxic and can cause for-
eign body response [16, 17]. The possible reason could
be releasing of ions after interaction between titanium-
based materials and human body fluid, which would
cause poisoning, and allergy [18, 19].
With superior biocompatibility, physicochemical sta-

bility and corrosion resistance [20–23], tantalum coating
exhibits effective antimicrobial activity against soft tissue
infections [24, 25]. It can enhance phagocytosis of
bacteria by polymorphonuclear neutrophils (PMNs, neu-
trophils), reduce lysis of neutrophils, and enhance mac-
rophages releasing proinflammatory cytokine [24]. It was
found that titanium have no multi-nucleated macro-
phages in the tissue surrounding the metallic implant,
while tantalum implants displayed an occasional peri-
implant macrophage [26]. Besides, studies have shown
that tantalum implants placed in dorsal subcutaneous
tissue demonstrate substantial attachment strength at 4
weeks, indicating tantalum has superior character for

soft tissue attachment [27]. However, the effectiveness of
tantalum coating on the connective-tissue integration of
titanium implants remains unclear, let alone its relative
mechanisms.
In addition, tantalum coating with its self-passivating

surface oxide layer also possess super performance of
anticorrosion and good wear resistance. However, unlike
titanium, high modulus of elasticity and low frictional
characteristics make it unsuitable for pure tantalum
implant manufacturing. Here we applied magnetron
sputtering technique to fabricate tantalum coating on
titanium plates. It is an easy-controlling coating fabrica-
tion technique. Coatings fabricated by magnetron sput-
tering have high density and uniformity, as well as
strong adhesion, low processing temperature [28]. It is a
cost-effective technique.
Therefore, the aim of present study was to explore

gingival fibroblasts adhesion, viability, proliferation, mi-
gration ability on tantalum coating on titanium in
comparison with titanium, and its relative mechanism.
Molecular level of specific cell adhesion-related genes
expressions was detected. We aimed to figure out the
clinical application potential of tantalum coatings in con-
nective tissue integration aspects. The null hypotheses in
this study were that tantalum coating cannot improve gin-
gival fibroblasts adhesion, viability, proliferation, and mi-
gration on titanium plates.

Materials and methods
Preparation and characterization of materials
Commercial pure titanium plates (diameter 15 mm,
thickness 1 mm) of grade IV were provided by Trausim

Fig. 1 Schematic illustration of soft tissue implant integration. The gingival fibers in a parallel orientation on implant surface
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Medical Instrument Co., Ltd, (Changzhou City, Jiangsu
Province, People’s Republic of China) Tantalum was im-
planted onto titanium disk by magnetron-sputtering
technique. Titanium plates were sputter-cleaned for 5
min at a bias of 800 V, duty factor of 30% and working
pressure of 0.02 Pa. And then sputtered with Ti for 10
min at a bias of 250 V, duty factor of 30% and working
pressure of 0.02 Pa. Then, tantalum deposition was done
for 40 min by sputtering at a substrate bias of 150 V,
duty factor of 80%, working pressure of 0.02 Pa.
Field-emission scanning electron microscopy (FE-SEM,

JSM-6700F, JEOL Ltd., Japan) was used to observe the
surface morphologies of two samples. Profilometer (Mahr
Perthometer M1, Germany) was used to assess the surface
roughness, and goniometer (OCA 15EC, Germany) was
used to detect hydrophilicity of two surfaces, respectively.

Cell culture of human gingival fibroblasts
Primary human gingival fibroblasts (HGFs) were ob-
tained from healthy patients’ gingival biopsies. All ex-
perimental protocols were approved by the Independent
Ethics Committee of *** School of Medicine. The col-
lected tissues were rinsed with sterile phosphate buffered
saline (PBS) supplemented with 2% antibiotics immedi-
ately after separation from gingiva and incubated in
2.0U/mL dispase II (Roche, Basel, Switzerland) for 40
min at 37 °C in order to separate the epithelium layer
from the underlying connective tissue. Then tissues were
cut into 1.0 mm3 small pieces with sterile scissors. After
being dampened with Dulbecco’s modified Eagle
medium (DMEM; GIBCO Laboratories, Grand Island,
NY), tissue fragments were evenly scattered on the dish.
Then, the dish was inverted in an incubator for 4 h.
Finally, the dish was flipped upright and filled with 10
mL DMEM containing 10% fetal bovine serum (FBS,
GIBCO), 1% penicillin/streptomycin and 2 mM glutam-
ine at 37°C in a 5% CO2 humidified atmosphere. It took
about 2 weeks for the primary cells to reach confluence,
and then, the cells were washed with PBS and passaged
with 0.25% trypsin/ethylenediaminetetraacetic acid (tryp-
sin/EDTA). Cells from passages 2–6 were used for the
experiments.

Cell adhesion ability assay
Cell numbers in the initial seeding period (1, 4, and 24
h) were measured to represent the adhesive cells on dif-
ferent samples. HGFs at a density of 5 × 104 cells per
well were incubated on three samples at each time point
for each group in 24-well plates. And the experiment
was performed three times (n = 27 per group). At each
time point, cells remained on the plates were fixed with
4% paraformaldehyde at 4 °C. Cell nuclei were stained
with DAPI for 5 min at room temperature and then

observed under a confocal laser-scanning microscope.
Each sample was selected to obtain a relatively uniform
distribution of three different horizons for images. To
count the number of cells attached.

Cell morphological observation by scanning electron
microscopy (SEM)
Field-emission scanning electron microscopy (FE-SEM,
JSM-6700F, JEOL Ltd, Japan) was applied to observe the
cell adhesion morphology. Briefly, the HGFs were seeded
on three samples at each time point for each group in a
24-well plate at a density of 1 × 104/well and repeated
three times (n = 18 per group). After incubating for 1, 4
h, all samples were fixed with 2.5% glutaraldehyde
overnight at 4°C. Ethanol with a series of concentration
gradient of 30, 50, 75, 90, 95, and 100 v/v% was used
sequentially to dehydrate the samples. The samples were
finally dried in a fume cupboard. All samples were sput-
ter coated with gold for observation.

Cell viability and proliferation
Viability of HGFs was evaluated using a Live/Dead via-
bility kit (Biovision, USA). The HGFs were seeded on
three samples per group in 24-well plates at a density of
1 × 105 cells per well and the experiment was performed
three times (n = 9 per group). After 24 h, the samples
were rinsed with PBS and then incubated in the Live/
Dead solution (2 μM Calcein-AM and 4 μM PI) for 15
min at 37 °C
The Counting Kit-8 (CCK-8, Dojindo Laboratories

Inc., Kumamoto, Japan) assay was used to evaluate the
proliferation activity of HGFs on different samples. Ini-
tially, 5 × 104 cells/mL was seeded onto three samples
per group in 24-well plates and cultured for 1, 3, 5, and
7 days, respectively. And the experiment was carried out
three times (n = 36 per group). At each time point, three
samples per group were washed twice with PBS and then
incubated in 600 μL of DMEM with a supplement of 60
μL of CCK-8 solution for an hour. The collected solu-
tion was carefully transferred to a 96-well plate with 200
μL per well. The absorbance was read at the wavelength
of 450 nm according to the manufacturer’s instructions
by the microplate spectrophotometer (Bio Tek, Highland
Park, Winooski, USA). The results were shown as units
of optical density (OD) absorbance value.

Wound healing assay
Wound healing assay was conducted to study the cell
migration ability on both samples. Briefly, 1 × 105 cells
per milliliter were grown on three samples per group
and allowed to reach 100% confluence. Experiment was
performed three times (n = 36 per group). Before being
wounded, the samples were incubated overnight in a
medium containing 2% FBS, and then, the cell
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monolayers were carefully wounded with a plastic pip-
ette. Images were taken at 0 h, 6 h, 12 h, and 24 h after
the cells were wounded. At each time point, samples
from both groups were transferred to a new plate and
fixed with 4% paraformaldehyde for 30 min. Cells were
permeated by 0.1% Triton X-100 for 10 min and incu-
bated with Rhodamine-phalloidin (Enzo Life Sciences,
Exeter, UK) for 30 min at room temperature after being
washed three times with PBS. Finally, samples were in-
cubated in DAPI (Solarbio, China) for 5 min. Images of
cells on all samples were taken using confocal laser-
scanning microscope (Leica, Hamburg, Germany). The
regions between the cell layer borders were measured
using NIH ImageJ software. Wound healing percentage
was calculated based on initial wound region.

Immunofluorescence of adhesion-related proteins
HGFs were seeded at a density of 1 × 104 cells per well
on three samples per group and incubated for 4 and 24
h in 24-well plates. Experiment was repeated three times
(n = 18 per group per protein). After washing with PBS
twice, the remained cells were fixed in 4% paraformalde-
hyde for 30 min at 4 °C and then treated with 0.1% Tri-
ton X-100 for 10 min. Then, after being blocked by
bovine serum albumin, BSA (1 wt% in PBS, Sigma Al-
drich, MO, USA) for 1 h, the samples were incubated
with specific primary antibody targeting Integrin β1 and
Vinculin (Abcam, Cambridge) at room temperature for
1 h, respectively. After twice PBS washes, all samples
were incubated in DyLight 488-conjugated anti-mouse
IgG antibody (Invitrogen) for another hour at room
temperature in the dark. Then, a rhodamine-phalloidin
antibody was applied to the samples for 1 h in dark. The
nuclei were stained with DAPI for another 5 min after
twice washing with PBS, and all specimens were ob-
served using Zeiss 710 confocal laser-scanning
microscope.

RNA isolation and gene expression by quantitative real-
time PCR analysis
Real-time PCR assay was performed to investigate rela-
tive gene expression level of HGFs seeded on CFRPEEK
plates. Cells were seeded on three samples (15 mm × 15
mm × 1 mm) per group in 6-well plates with 2 × 105

cells per milliliter and incubated for 4 and 24 h. The ex-
periment was carried out three times (n = 18 per group).
The total RNA was extracted using TRIzol reagent (Invi-
trogen, Carlsbad, USA), and cDNA was generated using
PrimeScript 1st Strand cDNA Synthesis kit (TaKaRa,
Japan) according to the manufacturer’s instructions. The
gene expression of Vinculin (VCL), Integrin β1 (ITGB1),
Integrin α2 (ITGA2), Integrin α5 (ΙΤGΑ5), collagen type
1 (Col-1A1), and Fibronectin (FN) were detected by the
Bio-Rad Quantitative Real time PCR system (qRT-PCR;

Bio-Rad, MyiQ, USA). Specific gene primers were syn-
thesized commercially (Shenggong Co., Ltd. Shanghai,
China), and the genes, primer sequences, and amplicon
sizes were listed in Table 1. All mRNA values were nor-
malized against glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH) expression.

Western blot
For western blot, after seeding at a density of 2 × 105

cells/mL on 6 samples per group in 6 cm cell culture
dishes at 4 and 24 h and repeated three times (n = 36
per group), HGFs were collected and lysed with a pro-
tein extraction regent containing protease inhibitor,
phosphatase inhibitor and phenylmethanesulfonyl fluor-
ide (PMSF). The protein concentration was measured
using a Bio-Rad protein assay kit. Equal amounts of pro-
tein (40 μg/lane) were separated on SDS-polyacrylamide
gel electrophoresis and electrotransferred to a polyvinyli-
dene difluoride (PVDF) membrane (Millipore). Mem-
branes were incubated mouse antibody FAK, phospho-
FAK (Tyr397), and β-actin (CST, 1:1000 dilution) over-
night at 4 °C. Afterwards, the primary antibodies were
detected by horseradish peroxidase-conjugated goat
anti-rabbit and goat anti-mouse in PBS for 60 min.
Bound secondary antibodies were visualized by enhanced
chemiluminescence (ECL). The protein bands were
quantitated by the ImageJ.

Fibronectin adsorption on surfaces
Here, we use ELISA to measure the amount of fibronec-
tin adsorbed on the titanium and Ta-coated Ti surfaces.
Three samples per group were placed in 24-well plates
and 1 mL DMEM supplemented with 10% FBS was
added for 1 and 4 h. The experiment was carried out

Table 1 Primer pairs used in real-time PCR analysis

Gene Primers (F = forward, R = reverse) Amplicon

ITGB1 F:TGGAGGAAATGGTGTTTGC 107 bp

R:CGTTGCTGGCTTCACAAGTA

ITGA2 F:GCACCACATTAGCATACAGA 138 bp

R:GGCATCATACAGGAGAGGAA

ITGA5 F:GGCTGTGTATGGGGAGAAGA 200 bp

R:TCACCGCGAAGTAGTCACAG

VCL F:CGAATCCCAACCATAAGCAC 158 bp

R:CGCACAGTCTCCTTCACAGA

FN1 F:GACCGAAATCACAGCCAGTAG 101 bp

R:CATCTCCCTCCTCACTCAGC

COL-1A1 F:AAGACATCCCACCAATCACC 120 bp

R:CGTCATCGCACAACACCTT

GAPDH F:TGTGTCCGTCGTGGATCTGA 150 bp

R:TTGCTGTTGAAGTCGCAGGAG
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three times (n = 18 per group). After rinsing with PBS,
all samples were incubated in 1% BSA for 1 h, then
treated with rabbit anti-fibronectin primary antibody
(Proteintech, dilution, 1:50) for 1 h at room temperature.
After rinsing 3 times with 0.1% Tween 20 for 15 min,
samples were incubated for 45 min with anti-rabbit sec-
ondary antibody conjugated with horseradish peroxidase
(Jackson ImmunoResearch Laboratories, Inc., Baltimore,
USA). Finally, the amount of fibronectin adsorbed to the
surface was measured with the TMB (QuantiCyto®,
Shenzhen, China). Light absorbance was measured at
450 nm. Both samples were performed in triplicate, and
the results were shown as units of optical density (OD)
absorbance value.

Statistical analysis
All experiments were conducted in triplicate. The data
were shown as mean ± standard deviation. Student’s t
test was applied to analyze the statistical difference be-
tween two groups. The significant difference was set at a
level of p < 0.05. All of the statistical analyses were de-
termined with the GraphPad Prism 8 statistical software
package.

Results
Surface characterization
Surface characterization of the two samples at 0 h was
shown in Fig. 2a. Macro-pits and micro-pits were seen
on the surfaces of the two samples. After tantalum de-
position, nano-grains ranged from 16 to 30 nm can be
observed distributing homogeneously and forming a
cover. Surface roughness were 1.028 ± 0.051 μm for ti-
tanium plates and 0.8183 ± 0.057 μm for Ta-coated Ti
plates. Average contact angle on Ti plates was 101.7 ±

0.125°, while Ta-coated ones were 101.4 ± 0.163°, which
is not statistically different.

Early cell adhesion
As shown in Fig. 3a, the numbers of HGFs on Ta-coated
Ti plates overtake those attached to the Ti groups after
incubation for 1, 4, 24 h. The statistical analysis of cell
counting results also indicate more adherent cells on
Ta-coated Ti with 93.67 ± 4.11 at 1 h, 311.67 ± 7.85 at 4
h, and 911.33 ± 7.41 at 24 h than Ti with 42.67 ± 2.87 at
1 h, 205.33 ± 4.64 at 4 h, and 593.33 ± 10.08 at 24 h, es-
pecially at 24 h (p < 0.05) (Fig. 3c).

SEM analysis of cell morphology
SEM morphologies of HGFs cultured on two samples
for 1, 4 h are shown in Fig. 3b. After 1 h-seeding, cells
on Ti plates demonstrate spherical appearance while
cells on Ta-coated Ti plates have more filopodium-like
projections indicated with green arrows. After 4 h-
seeding, cells on Ti plates begin showing filopodium-like
projections while cells on Ta-coated Ti plates have
spreaded cytoplasm bound tightly to the surface. These
results demonstrate tantalum coating promotes HGFs
adherence.

Cell viability and proliferation ability
As shown in Fig. 4a, the proportion of dead cells after
seeding for 24 h was low (red fluorescence), suggesting
most of the cells maintained their viability on the surface
and both samples have good biocompatibility to HGFs.
Relative HGF viability rate is exhibited in Fig. 4b with
1.12 ± 0.01 for Ta-coated Ti. Relative proliferation rate
of HGFs cultured on both Ti and Ta-coated Ti is exhib-
ited in Fig. 4c. Proliferation ability of HGFs on Ta-

Fig. 2 a SEM morphologies of Ti an Ta-coated Ti plates under different magnifications. b Surface wettability. No obvious difference for contact
angles (p > 0.05)
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coated Ti plates with 1.09 ± 0.004 at day 1, 1.13 ± 0.004
at day 2, 1.23 ± 0.002 at day 5, 1.18 ± 0.0001 at day 7 is
always superior to those on Ti plates.

Wound healing assay
As shown in Fig. 5a, Ta-coated Ti plates promote cell
migration better than Ti plates. For titanium plates, only
8.76 ± 1.12% of the wound was closed after 6 h while
29.03 ± 1.47% of the wound was closed for Ta-coated Ti
plates, and 24.73 ± 1.58% for Ti plates, 58.91 ± 1.72% for
Ta-coated Ti at 12 h; 58.17 ± 2.67% for Ti plates, 91.73
± 1.64% for Ta-coated Ti at 24 h. After 24 h, HGFs on
Ta-coated Ti demonstrated a formed cellular monolayer.

Immunofluorescence of adhesion-related proteins
Immunofluorescence of adhesion-related proteins vincu-
lin and integrin β1 was performed to further explore ad-
hesion ability of HGFs on both samples. As shown in
Fig. 6a, HGFs adhering to Ta-coated Ti plates express
more vinculin at 24 h. While integrin β1 of HGFs on
Ta-coated Ti plates is also increasingly distributed com-
pared with those on Ti plates.

Adhesion-related genes analysis
Figure 7a, b exhibits the HGFs mRNA expression of vin-
culin, integrin β1, integrin α2, integrin α5, collagen type
1 and fibronectin on both samples at 4 h and 24 h.
HGFs from Ta-coated Ti plates showed higher vinculin

Fig. 3 a Cell adhesion assy. Cell nuclei stained with DAPI on both samples were imaged by confocal laser scanning microscopy at 1, 4, and 24 h
after seeding (× 100). b SEM morphology of HGFs adhered on tantalum-coated titanium and titanium plates at 1 h and 4 h, noting that cells on
Ta-coated Ti plates at 4 h with more extensively spread cytoplasm than those on Ti plates, the green arrow represented the filopodium-like
projections of spreading gingival fibroblast cells. c Statistical results of adhesive cell numbers. *p < 0.001, **p < 0.0001 when compared with
Ti group
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and Integrin β1 gene expression, compared with HGFs
from titanium plates, which is in accordance with the re-
sults of immunofluorescence. Gene expression of colla-
gen type 1 is also higher for HGFs from Ta-coated Ti
plates, and showed a significant difference at 4 h.

Western blot
Western blot was applied to investigate FAK expression
and phosphorylation for HGFs on both surfaces. As
shown in Fig. 7c, higher levels of phosphor-FAK proteins

with gray value of 0.92 ± 0.01 at 4 h and 0.88 ± 0.01 at
24 h are registered for HGFs on Ta-coated Ti plates at
both time points. Meanwhile, fibronectin expression is
also increased on Ta-coated Ti plates.

Protein adsorption
Figure 7e shows fibronectin adsorption of two samples
in 1 h and 4 h. Ta-Ti plates with absorbance of 0.83 ±
0.01 at 1 h and 1.09 ± 0.01 at 4 h demonstrate relatively
higher adsorption than Ti plates with 0.55 ± 0.01 at 1 h

Fig. 4 Relative cell viability and proliferation assay. a HGFs cultured on both samples for 24 h were stained with Calcein AM (green) and PI (red),
indicating live and dead cells (× 100). b Relative HGF viability rate was detected at 24h based on live/dead cell staining. *p < 0.001 when
compared with Ti group. c Relative HGFs proliferation rate on both samples was detected by CCK-8 at 1, 3, 5, and 7 days. *p < 0.0001 when
compared with Ti group

Zhang et al. International Journal of Implant Dentistry            (2021) 7:36 Page 7 of 12



Fig. 5 Wound healing assay of HGFs on both samples at 0, 6, 12, and 24 h. a Nuclei (blue) and actin filaments (red) were visualized by DAPI and
rhodamine-phalloidin (× 100). b The quantification of wound heal percentages.*p < 0.001, **p < 0.0001 when compared with the Ti group

Fig. 6 Immunofluorescence expression of adhesion-related proteins detected by confocal laser scanning microscopy. a Expression of integrin β1
(green) of HGFs from titanium plates and tantalum coated titanium plates at 4 h and 24 h after seeding. b Expression of Vinculin (green) of HGFs
from titanium plates and tantalum coated titanium plates at 4 h and 24 h after seeding
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and 0.60 ± 0.01 at 4 h, and there is a statistical signifi-
cance at both time points, implying tantalum coating
promotes adsorption of fibronectin (p < 0.05).

Discussion
The objective of this study was to investigate the ability
of tantalum coating on titanium to promote HGFs adhe-
sion, viability, proliferation, and migration. And we
found out that tantalum coating can promote HGFs ad-
hesion, proliferation, and migration without reducing
viability, which can be ascribed to increased expression
of integrin β1 and activation of FAK signaling.
Surface roughness and hydrophobicity, the predomin-

ant characteristics of implant surface, are considered as
key-properties of dental implant surfaces for both tissue
integration [29, 30], and biofilm formation [31]. Here,
we applied magnetron sputtering technique to acquire

tantalum (Ta) films deposited on titanium surfaces,
which possess high bonding strengths between deposited
layers and substrates. Studies have shown that fibroblasts
prefer smooth surfaces rather than roughened ones [32].
In this study, after tantalum deposition on titanium
disks, surfaces with tantalum coating become relatively
smoother, and better performance of HGFs adhesion,
proliferation, and migration were detected.
Conclusions have been extracted from investigations

that hydrophilicity rather than topography is more likely
to influence soft-tissue integration, and hydrophilic sur-
faces can promote more intimate connective tissue at-
tachment [33, 34], support the wound healing and thus
accelerating osseointegration [28]. Though it was sug-
gested that material surfaces with contact angles be-
tween 30° and 60° favor serum protein adsorption,
protein exchange with cell adhesive serum proteins [35].

Fig. 7 a, b Real-time PCR detection of adhesion-related gene expression of HGFs on both samples at 4 and 24 h with statistical significance by
**p < 0.01, ***p < 0.001, ****p < 0.0001. c Western blot for signaling protein (FAK and pFAK) and Fn. d The expression ratio of p-FAK/FAK
quantified by densitometry (n = 3).**p < 0.01. e Increased fibronectin adsorption on Ta-coated Ti surface compared to Ti group (****p < 0.0001)
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Ηigh surface energy may also promote cell adhesion and
proliferation [36]. Ηοwever, it was also suggested that
surfaces with higher surface energy are more preferred
for bacterial adherence. Contact angles analysis here
have shown that it is not statistically different between
tantalum-coated titanium samples and titanium samples,
indicating tantalum coating does not change surface
hydrophilicity, superior connective tissue integration
mainly ascribes to chemical trait of tantalum. Besides,
investigation showed that implant decorated Ta2O5
films hardly cause cytotoxity, allergy, and chronic in-
flammation [37]. Its superior anticorrosion property can
even annul abnormal apoptosis caused by released ions.
It is asserted that soft tissue sealing forms prior to

osteointegration. Cell adhesion determines the speed
and condition of later phase of proliferation and migra-
tion [38]. In present study, tantalum-coated titanium
showed faster and denser initial HGFs adhesion than
pure titanium indicates its superior biocompatibility.
Studies have shown that integrin as well as fibronectin
assist cell adhesion [9]. Tantalum coatings obviously in-
creased these genes expression. Wound healing assay
provided evidence for tight adhesion and quick reliable
soft tissue repair around the implant surface.
HGFs are the major constitutes of connective tissue

around inserted implant. Nevertheless, in contrast to
connective tissue attaching to natural teeth, where colla-
gen fibers insert into root cementum in a perpendicular
direction, fibers around implant are parallel to the sur-
face [1]. They sustain tissue integrity by regulating colla-
gen and proteoglycan metabolism [39]. Study shows that
once tissue cells integrate the implant surface, they begin
yielding protection protein and collagen against infec-
tion. Tissue integration to implant surface starts with a
cascade of protein adsorption [40]. Collagen stem from
ECM components is vital for HGFs adhesion, migration
on material surfaces. The adsorbed proteins provide rec-
ognition sites for cell attachment [41]. It also directs tis-
sue development and provides tensile strength [42].
Fibrinogen, vitronectin, and fibronectin play important
roles in adhesive serum proteins. Fibronectin, as an
extracellular matrix protein, provide structures for cell
attachment, migration, and differentiation through trans-
membrane receptors integrins [43, 44]. Optimal activa-
tion of integrin will then enhance cell adhesion and
proliferation on the surface. Integrins are also detected
here. However, neither integrin α2 nor integrin α5 were
detected increased. This may suggest that improvement
of HGF adhesion to tantalum-coated titanium was
mainly related with integrin β1 and Fn. The formed
matrix through interaction between Fn and integrins
served binding sites for regulatory factors. As a collagen
receptor, integrin α2 functions during matrix remodeling
and increases along with a fibrotic phenotype, which

may clarify its low level. It has been suggested that
higher deprotonation rate on the surface may attributed
to fibronectin staying in a compact structure, which
therefore would affect interaction with integrin which
regulating cytoskeleton and mediating related signal
pathway [45]. Intracellular focal adhesion protein vincu-
lin connects integrins to actin filaments, as well as link-
ing extracellular and cytoskeletal elements, is a major
protein involved in cellular adhesion and can be applied
to track the adhesion process. As the key role in stabiliz-
ing focal adhesion, it indicates the promoted ability of
HGF adhering to tantalum-coated titanium surfaces.
The Ta-modified surfaces prominently improved the

initial adhesion and spreading of HGFs, not only depend
on the up-regulation of adhesion-related genes like in-
tegrin β1, but also related to the activation of integrin
co-localized enzyme, focal adhesion kinase FAK [46].
Here, phosphorylation of FAK was detected at an early
stage on Ta-coated surfaces, which increased the num-
ber of bound integrins and adhesion strength over time.
The cell motility and attachment-related cell receptors
can activate FAK signaling and then trigger downstream
biochemical molecules. It is the possible signaling path-
way that may explain the effect of tantalum coatings on
cell adhesion. FAK is closely related to integrin-stimulated
signaling events and is a downstream signaling molecule
of integrin activation. As a cytoplasmic tyrosine kinase, it
can be activated by autophosphorylation at tyrosine 397
upon integrin β1 activation. FAK can influence the dy-
namic regulation of integrin-associated cell adhesion by
further activating downstream signaling molecules such as
Src and PI3K. Moreover, actin cyto-skeleton can also be
influenced; therefore, cell migration can be controlled in
way of migrating cells’ focal-complex assembly/disassem-
bly cycle. Besides, FAK phosphorylation can contribute to
reconstruction of connective tissue during wound healing
by activation of ERK and p38 and following promoting
TGF-β1-induced α-SMA expression required for fibro-
blast differentiation.
For further studies, though in vivo study demon-

strated that the surface characteristics, including
roughness did not influence dimension and compos-
ition of peri-implant mucosal attachment [47], Nevins
et al. reported that formation of perpendicularly at-
tached connective tissue fibers to implant surface can
be promoted with application of laser microgrooves
[48–50]. Studies have shown finely grooved surfaces
had better fibroblasts attachment performance than
smooth ones [51–53]. It has been shown that fibro-
blasts prefer wormlike structures with average height
of 3.2 nm rather than dot like nanostructures with
average height of 6 nm, proved by earlier adhesion
and promoted proliferation [54]. Further studies can
be carried out about the fibroblast attachment ability

Zhang et al. International Journal of Implant Dentistry            (2021) 7:36 Page 10 of 12



of titanium coated with topography modified with
wormlike structures tantalum.

Conclusion
In summary, current study found out that nanoscale tan-
talum oxides coatings on titanium fabricated by DC
magnetron sputtering technique showed better HGFs
adhesion as well as promotion of cell proliferation and
migration speed. Meanwhile increased expression of
HGF integrin β1 and activation of FAK were detected,
which may well explain the outstanding performance of
HGFs on tantalum oxides-coated titanium surfaces, indi-
cating enhancement of peri-implant soft-tissue integra-
tion for clinical application. However, further in vivo
studies are needed to excavate its clinical application
potential.
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