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Mirror-polished surface of ceria-stabilized zirconia/alumina nanocomposite
enhancement in the adhesion strength of human gingival fibroblasts.
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Abstract

Connective tissue sealing between the transmucosal area of the dental implant surface and the soft tissue
is important for the long-term stability of dental implants. This study aimed to investigate the mechanical
adhesion strength of the Connective Tissue Equivalents (CTEs) to the Ceria-stabilized Tetragonal Zirconia
Polycrystal/Alumina (Ce-TZP/ALQ,) surface. We prepared Titanium (Ti) and Ce-TZP/ALO, disks with
different surface roughness, namely, mirrored and machined surfaces, on which HGF-1 were cultured,
and then the biological parameters of the cultured cells, including cell morphology and gene expression
of focal adhesion proteins were assessed. Furthermore, the mechanical adhesion strength of CTEs to the
disk surface was measured using the nano-scratch test. Scanning electron microscopy and atomic force
microscopy observation showed smoother morphology on the mirror-polished surface when compared to
the mechanically polished surface. A lager expansion of the cell area accompanied by a greater development
of actin cytoskeleton and talin1, a greater adhesion strength of CTEs to each disk, and higher gene expression
level of focal adhesion protein were observed with the mirror-polished surface than the mechanically polished
surface both Ti and Ce-TZP/ALOQ, disks. No such differences were found between Ti and Ce-TZP/ALO,
disks. This study provides the first evidence for the mechanical adhesion strength of CTEs to Ce-TZP/ALO,
and Ti surfaces. Mirror-polished Ce-TZP/AlO, might contribute to the success of implant therapy by its
strong adhesion strength to gingival connective tissues with the developed focal contact-cytoskeleton complex.
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Introduction

Dental implants and implant-supported prostheses are
common treatments for replacing missing teeth. Sufficient
bone-implant integration is primarily required for a
successful dental implant [1]. In this context, a significant
number of studies aiming at improving the integration
between the bone and surface of the dental implants were
released [2]. In addition, to ease wound healing and soft
tissue sealing, it is essential to have compatibility between
the connective tissue and the implant neck region facing
the gingiva [3]. If soft tissues do not attach quickly and
firmly to the implant, bacterial infections can occur around
the implant neck region, precisely in the connective
tissue, which can lead to peri-implant diseases [4,5].
Consequently, it is crucial to improve the implant surface
to increase its affinity with bone and connective tissues.

From another side, fibroblasts are important in connective
tissues production, remodelling, and creating a peri-implant
barrier [6]. Therefore, retaining the fibroblasts on the surface
of a material is necessary to establish integration with soft
tissue, and particularly for implant abutments sealing [7].
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The resistance of cells on a biomaterial to compressive,
tensile, or shear forces largely depends on the cell adhesion
strength [8]. This is controlled during the cell adhesion
procedure through molecules and signalling pathways
following a biological cascade, including proliferation and
Extracellular Matrix (ECM) production [9]. Throughout
cell-material interaction, adhesion is influenced by the
features of a biomaterial surface, comprising topography
and physicochemical properties. In principle, cells tend
to spread broader on a smooth and/or more hydrophilic
surfaces [10,11].

In implants, Zirconium (Zr) abutments are potential
substitutes to Titanium (Ti) and offer better aesthetic
result [12]. Furthermore, Zr can replace metals in both
clinical medicine and dentistry owing to its high level
of mechanical strength and excellent bioactivity [13].
In 1998, improvements in nanotechnology developed a
strong Ceria-stabilized Tetragonal Zirconia Polycrystal/
Alumina (Ce-TZP/ALQO,) nanocomposite, which has an
interpenetrated intragranular nanostructure. Within this
structure, each nanometer-sized particles of Ce-TZP or

Biomed Res 2022 Volume 33 Issue 8



Mirror-polished surface of ceria-stabilized zirconia/alumina nanocomposite enhancement in the adhesion strength

of human gingival fibroblasts.

ALQ, are found in submicron-sized grains [14]. The Al O,
phase dispersed homogeneously increases the hardness,
elasticity modulus, and hydrothermal stability. Moreover,
compared with conventional 3Y-TZP, Ce-TZP/ALQO,
exhibits greater flexural strength and fracture hardiness,
making it appropriate for dental implants use [15,16]. Our
previous studies on animals confirmed the overcome of
the osseointegration strength of Ce-TZP/ALO, treated
with hydrofluoric acid on acid-etched Ti implants [17].
Furthermore, we proved the improvement of gingival
fibroblast biological affinity on a totally smooth surface
without roughness or topographic features, such as mirror-
polished Ce-TZP/AlLO, surfaces (MrZr), as supported
by markedly expedited cell spread, dense actin fiber
formation, and upregulated expression of collagen and
fibronectin, which functions as a key scaffold protein
in focal adhesion plaques and is involved in linkage of
integrin adhesion molecules to the actin cytoskeleton [18].

An advanced focal contact—cytoskeleton complex
and enhanced cell spread behavior propose that MrZr
considerably promises fibroblastic retention [18]. An
indirect indication of enhanced adhesion strength of
fibroblast on materials surfaces can be simply shown by
morphologic cell observation. Nevertheless, a quantitative
comprehension of cell adhesion is needed to elucidate the
biological mechanism underlying the bio-activation of Ce-
TZP/A1,0, and intracellular behavior between cells and
MrZr. Thus, measuring direct indicators of retention such
as the critical force required to scratch the tissues on MrZr
is important. For this purpose, we established a shear test
device to assess cells and their ECM detachment force.
This device shows the direct values of the critical force
required to detach a tissue, that is, cell and ECM, from a
material surface.

This study aims to measure and compare the retention
capacity of fibroblasts and ECM on MrZr in terms of
critical load values between the machined surfaces of
Ce-TZP/AL,O, (MZr) and Ti (MTi) with similar surface
roughness using the nano-scratch test and compute the
degree of cell spread, cytoskeletal development, and focal
adhesion assembly.

Materials and Methods
Sample preparation

We mechanically prepared disks (diameter 20 mm x
thicknesss 1.0 mm; #325) of commercially pure grade
4 MTi (Nishimura, Fukui, Japan) and MZr (Yamakin,
Osaka, Japan) by means of a forming surface grinder
(NSGS515AD2; Nicco, Kyoto, Japan). To standardize the
roughness of MTi surfaces, we polished MZr for each
disk using waterproof abrasive paper (#600). We prepared
MrTi and MrZr by buffing with 0.01 um of diamond paste
after polishing using waterproof abrasive paper (#600 and
#1200). To prevent contamination, we stockpiled these
disks one by one at room temperature; then, we cleaned
them with acetone and washed them via ultrasonication in a
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series of ethyl alcohol and distilled water for 10 min. Next,
we autoclaved the disks at 121°C under 0.20 MPa (TOMY
SX-500, High-Pressure Steam Sterilizer). Afterward, we
used them instantly in the culture experiments after being
arranged on 12-well culture-grade polystyrene plates.

Surface analysis

After polishing each disk, we calculated the average of
the surface roughness (Ra) with a surface profile meter
(Surfcom 480A; Tokyo Seimitsu, Tokyo, Japan) at five
different points. We observed the surface morphology
through a Scanning Electron Microscope (SEM)
(Miniscope TM3000; Hitachi High-Technologies, Tokyo,
Japan) and an Atomic Force Microscope (AFM) (PS-
NEX; Research Institute of Biomolecule Metrology,
Ibaraki, Japan). From another side, we determined the
disks wettability as the Contact Angle (CA) using a CA
meter (SImage Mini, Excimer, Yokohama, Japan). Using
an attached injector, we dropped 5 pl of distilled water onto
the center of the specimen. Using goniometry software, we
evaluated and represented CA’s from the captured images
as average values with their standard deviations. For each
specimen, we repeated the measurements three times.

Cell culture

HGEF-1 obtained from American Type Culture Collection
(Manassas, VA, USA) was cultured in Dulbecco's modified
Eagle's medium, supplemented with 10% fetal bovine
serum (PAA Laboratories, Manassas, VA, USA) and 1
mmol/L L-ascorbic acid 2-phosphate (Asc-2P; Wako
Pure Chemical Industries Ltd, Osaka, Japan). Antibiotics
Antimicrobial Solution (Nacalai tesque, Kyoto, Japan)
were incubated in a humidified atmosphere at 37°C (95%
air; 5% CO2). When 80% of confluency was roughly
reached, we separated and seeded the cells with 0.05%
trypsin in 1 mmol/L Ethylenediaminetetraacetic acid
tetrasodium salt (EDTA-Na4) onto disks in 12-well plates
at a density of 2.5 x 10* cells/cm?. We changed the medium
every 3 days and conducted the cultures for 1 week (7
days). In this study, we used the cells from passages 3-8.
As fibroblasts accumulate collagen and ECM when Asc-
2P is added, resulting in three-dimensional structures
[19], we named this product CTEs (Connective Tissue
Equivalents) in this study as well.

Cell morphology

We performed immunohistochemical staining with
talinl (CellLight™ talin-Green Fluorescent Protein
(GFP) BacMam 2.0) and actin (CellLight™ actin-Red
Fluorescent Protein (RFP), BacMam 2.0; Thermo Fisher,
USA). We stored the samples at 4°C and cultured and
observed the morphology and cytoskeletal organization of
HGF-1 on various Ce-TZP/Al,O, and Ti surfaces under
a fluorescence phase contrast microscope (BZ-X710;
Keyence, Osaka, Japan). We measured the cell area in the
confocal images using an image analyzer (BZ-X Analyzer;
Keyence, Osaka, Japan).
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Real-time Reverse Transcription quantitative PCR (RT-
qPCR)

Many structures that link extracellular and cytoskeletal
elements, among which are talinl, vinculin, and paxillin,
are considered as major proteins involved in cellular
adhesion, thus playing a key role in the focal adhesion
process [20]. Therefore, we investigated the distribution
of these proteins under different experimental conditions.
Following the manufacturers’ protocols, we extracted
and reverse-transcribed total RNA from cultured cells
using ISOGEN® (Nippon Gene Co., LTD., Tokyo,
Japan) and Super Script I First-Strand Synthesis
System® (Thermo Fisher) through a Veriti® 96-Well Fast
Thermal Cycler (Applied Biosystems). We performed
RT-qPCR with PowerUp SYBR™ Green Master Mix
(Applied Biosystems) using a QuantStudio 3® (Applied
Biosystems), under the following conditions: activation
of Uracil-DNA glycosylases: 2 min at 50°C; activation
of Dual-Lock™ DNA polymerase: 10 min at 95°C; and
dissociation of the melting curve: 40 cycles for 15 s at 95°C,
1 min at 60°C, 15 s at 95°C, 1 min at 60°C, and 1 s at 95°C.
We used specific forward and reverse oligonucleotide
primers in conjunction with Power Up SYBR Green® dye
(Thermo Fisher) (Table 1). The level of mRNA expression
was normalized to that of glyceraldehyde 3-phosphate
dehydrogenase mRNA.

Table 1. Primers used for gPCR.
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Nano-scratch test

We performed the whole experiment using a Triboindenter
system (Hysitron Inc. TI950, Minneapolis, MN, USA)
under constant environmental conditions (24°C, 35% H)
(Figure 1). To detect the force of adhesion of the connective
tissue by CTE on disks, we used the nano-scratch test. We
carried out the calibration process using the Triboindenter
system on a fused quartz standard specimen. To determine
the scratch sites, we identified CTE on the disks via
optical microscopy (Figure 2A, a). Then, to confirm
that scratching had been performed, we checked the in
situ Scanning Probe Microscopy (SPM) imaging before
(Figure 2B, b) and after (Figure 2D, d) scratching. From
the first contact of the cell probe (Figure 2C, c-x), the
coefficient of friction increases with a rise in lateral force
(Figure 2C, c-y), and the maximum coefficient of friction
(point y) leads to the initiation of the first cell detachment
(Figure 2C). In this study, we defined point y as the critical
load value by virtue of recording a steady data compared
to those after the first detachment (Figure 2C, c-z). In a
nano-scratch test, the coefficient of friction is computed
by dividing the lateral force to the normal force [21,22].
As a probe, we used a conical diamond indenter tip with a
diameter of 0.5 pm, which is less sensitive to the direction
of scratching. We performed the nano-scratch test under
the normal load of 1,000 uN, with a scratch length of 10
pm and a constant scratching speed of 0.5 um/s. For each
sample, we repeated the test four times and computed the
average value as the measured value of the disk.

Gene Forward primer sequence (5'-3") Reverse primer sequence (3'-5')
GAPDH GAATCCACCGGTGTCCTCAC TCCTTCCACGATACCGGAGT
Talinl CGTGCAAACCAGGCAATTCA CTCTTGGACTGCAGTGAGCA
Paxillin GATCCCTAACCGGGCCTTAG TGATGGGTCCTTGAAACGGG
Vinculin CGCCGAGGGTTCGAATGG GAAAAACCGGGCTTGTGGTC

in-situSPM
imaging

Figure 1. Picture of the inside of a Triboindenter. Optical microscopy, in sita SPM imaging, and nano-scratch tests were performed
in the same site under mechanically controlled conditions in the Triboindenter.
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Figure 2. The sequences and methods of nano-scratch test. A: The screen (a) determining the site of measurement in the sample by
optical microscopy. B, D: Representative figures in SPM images: (b) before and (d) after scratching. Scratching direction is from
bottom to top. (d) The middle area with a change in morphology is the trace of probe passing through. C: Representative curves of
friction coefficients (c) obtained from the scratch test. Point x is where the tip of the cantilever first contacts the single cell, whereas
point y is assumed to be the point where the magnitude of the pushing force reaches its peak and cell detachment is initiated. The
pressing force turned to decrease, and detachment continued within the range of probe movement (point z). The maximum force at
point y was defined as the critical load value.
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Statistical analysis

To evaluate the effect of the substrate on cell spread,
protein synthesis, and critical load values, we applied two-
way analysis of variance. For multiple comparisons, we
performed the Tukey test. Significance was considered for
P<0.05.

Results

Surface morphology

The Ra values of MTi and MZr were 0.98 and 0.93 pm,
respectively. Also, the Ra values of MrTi and MrZr were
0.02 pm. Noting these, all sample surfaces of Ti and Zr
disks were hydrophilic (CA of H,0<50°). Owing to
polishing treatment, the changes in CA of Ti and Ce-TZP/
Al O, surfaces were reduced from 43.5° to 35.3° and
30.1° to 25.1°, respectively. Therefore, MrZr surfaces
presented the lowest CA among all the surface properties
(Table 2). SEM and AFM profiles revealed that the surface
morphologies of both MTi and MZr disks were relatively
smooth and flat, with some typical residual traces left from
the grinding process (Figures 3A and 3B). In contrast, the
SEM images of MrTi and MrZr disks showed very smooth
and flat morphologies, without topographical or rough
features (Figures 3C and 3D).

Table 2. Surface roughness and contact angle.

MTi MrTi MZr MrZr

Ra (um) ]0.92+0.06]0.02 +0.03|0.91 +0.04 |0.02 = 0.02

CA 43.5°+1.31353°+1.4(30.1°+1.1|25.1°+ 1.3

Cell morphology and spreading on Ce-TZP/AI20,

At 1-week cultivation, after actin staining with RFP, the
fluorescence phase contrast microscopy images of HGF-
1 revealed that HGF-1 deposition on the MrZr surface
overcame MZr. In addition, the cells on mirrored surfaces
consistently showed significantly higher values than those
on machined surfaces for the following cytomorphometric
parameters: cell area, perimeter, and diameter. The

Osawa/Urano-Morisawa/Iwasa/Baba

shapes of HGF-1 on both machined surfaces have several
common characteristics including spindle-shaped and
small protrusions (Figures 4A and 4C). In contrast, HGF-
1 deposits on both mirrored surfaces were widely spread
with large protrusions (white arrows in Figures 4B and
4D). Fluorescence phase contrast microscopy images,
after anti-talinl staining (Figures 4A-4D), labeled with
GFP, and overlaid with images of actin expression,
showed that fibroblasts on both surfaces expressed talinl
in their cytoplasm and at the tip of their extended cellular
projections at 1-week incubation.

mRNA expression of adhesive protein

The gene expression of focal adhesion proteins represents
both the development of focal adhesion and the activation of
subsequent signal transduction. First, the gene expression
of talinl upregulated equally the result of confocal image,
so it reflects the widespread of cell. Expression of talinl
and vinculin in an individual fibroblast was substantially
about 1.5 times significantly higher on MrZr than on MZr
at 7-day incubation (Figure 5A). Similarly, the identified
expression on MrTi was around 1.4 times significantly
higher than that on MTi (Figures 5B and 5C). In contrast,
paxillin expression levels were not significantly different
between MZr and MrZr. However, the extent of talinl,
paxillin, and vinculin expression divided by the cell area on
both mirrored and machined surfaces was proportionally
the same (data not shown).

Nano-scratch test

The critical load values of CTE on Ti and Ce-TZP/Al O,
were measured using the nano-scratch test. At 7-day
incubation, the mean value required to initiate detachment
of CTE on MrZr was 1.3 times significantly greater than
that on MZr (0.83 £ 3 uN to 0.64 + 4 uN, respectively)
(Figure 6). Similarly, the force level on MrTi remained
almost the same as Ce-TZP/Al O, even at 7-day incubation
(0.78 = 4 uN), yet it was significantly greater than that
on MTi (0.61 £ 1 uN). The force on MrZr tended to be
insignificantly higher than that on MrTi (P<0.05).

Figure 3. Different surface roughness profiles of Ti and Ce-TZP/A1203 disks characterized by SEM and AFM. The SEM images at
1,000 x magnification (A: MTi, B: MrTi, C: MZr, D: MrZr). The figure on the right is taken by SEM and the one on the left by AFM.
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Figure 4. Fluorescence phase contrast microscopy images (A: MTi, B: MrTi, C: MZr, D: MrZr) of the spreading, cytoskeletal
composition, and talinl distribution of HGF-1 cultured on Ti and Ce-TZP/AI1203 for 7 days. Talinl expression concentrated at the
tip of cellular projections was seen only on mirrored surfaces (white arrow in B and D). Cell area, diameter, and perimeter were
measured and evaluated using an image analyzer (BZ-X Analyzer, Keyence, Osaka, Japan). Data are presented as mean + standard
deviation (n=10). *P<0.05, showing statistically significant differences between several experimental groups.
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Figure 6. The average critical load values of the four test substrates with standard deviations (n=5). *P<0.05, indicating a statistically
significant difference between multiple experimental groups.
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Discussion

First, we evaluated the quality of the polished Zr and Ti
disks using a surface profile meter. The detected Ra values
of Ce-TZP/ALO, and Ti surfaces were approximately
0.022 and 0.023 pm, respectively, which were lower than
that of the culture-grade polystyrene plate (approximately
0.05 pm) [23]. Therefore, the mirror-polished surfaces
used in this study could be considered as extremely
smooth, with no significant topographical structures
excluding their unique linear grooves.

Cell adhesion reinforcement would lead to the avoidance
of cell detachment by external forces [24]. In addition,
for anchorage-dependent cells such as fibroblasts, the
enhancement of attachment behavior influences their
subsequent function on a scaffold [25]. Fluorescence
microscopic images showed that cell adhesion was
stimulated and improved on mirror-polished surfaces
compared to that on roughened surfaces. In this context,
fibroblasts exhibited a well-elongated shape with
development of cellular projections and a compact
cytoskeletal structure (Figures 4B and 4D). Moreover,
actin filaments were well arranged at 7-day incubation and
appeared at a greater density and intensity than those on
roughened surfaces (Figures 4A and 4C). These results,
which are consistent with those of our earlier studies,
show that mirrored surfaces accelerated and increased the
cytoskeletal development of the fibroblasts.

The minimum load value at which delamination of the
coating is detected is a critical characterization for the
mechanical resistance of the interface. This technique is
recognized in engineering to assess the adhesion properties
of films and coatings [26]. In general, this measurement
depends on inherent parameters (scratching speed, loading
rate, diamond tip radius, diamond wear, etc.) and external
parameters (coating thickness) [27,28]. In this study, we
designed a measurement system by modifying the nano-
scratch test, which is one of the interface delamination
technologies, to assess the adhesion properties of the
interface between tissues containing fibroblasts and test
surfaces. In addition, we clearly detected the exfoliation
points of tissue samples by handling in situ SPM images
(Figures 2b and 2d). As a consequence, the relatively small
standard deviations between the calculated critical load
values indicate that the measurements are reproducible
along with the adopted loading forces and velocities.
Mirror polishing treatment modified adhesion strength and
the cellular adhesive properties of individual fibroblasts.
For example, the critical load values needed to detach
CTE from Ti and Ce-TZP/AlO, were, respectively, 1.29
and 1.32 times higher on mirror-polish surfaces than on
roughened surfaces at 7-day after culture. These results
clearly indicate that cell retention is strongly increased on
mirror-polished surfaces, resulting in greater resistance
to shear and compressive force that might cause cell
detachment even in the final stage of cell adhesion.
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Complexes of focal adhesions are particular structures
that organize a large number of cytoskeletal molecules
and intracellular signalling proteins in cells [29]. These
multimolecule complexes are important in aggregating
and integrating many signals from both extracellular and
intracellular environments [30]. Through the integrin
family, such signals transmit cell membrane adhesion
molecules to adapter proteins in the focal adhesion plaque,
including talinl and vinculin [31]. Furthermore, these
adapter proteins have binding sites for actin filaments
and signalling molecules, including paxillin and Focal
Adhesion Kinase (FAK), which regulate the formation of
cellular projections and the cytoskeletal actin fiber network
[32]. In particular, paxillin emerged as a key coordinator
of the Rho family of GTPases, which dominates the
signaling process in relation to cell spreading. Moreover,
vinculin is important in initiating and establishing cell
adhesion, formation of cell shape, and cytoskeletal
development, which is indispensable for the coordinated
control of fundamental cellular processes, including
differentiation, cell cycle control, apoptosis, and motility
[33]. In a focal adhesion plaque, the amino-terminal
in the vinculin molecule binds to talinl, which, in turn,
binds to B-integrins, whereas the carboxy-terminal binds
to actin, phospholipids, and paxillin-forming homodimers
[34,35]. In addition to the recruitment of the cytoskeleton
and vinculin, the number of bound integrin receptors
and the focal adhesion combining those receptors are
known to regulate cell adhesion strengthening [36]. The
expedition and advancement of cell spread accompanying
focal adhesion assembly and cytoskeletal development
as identified above may contribute to the enhancement of
the capability of fibroblasts to adhere to mirror-polished
surfaces, which have unique characteristics such as
hydrophilicity, extremely smooth with micro-grooves
created during the polishing process.

Nevertheless, the region at which fibroblasts become
completely detached was unclear in molecular levels,
even though traces of individual cells were detected by
SPM after delamination. There are several hypothetical
detachment styles such as extracellular abruption at
integrin-ECM bonds or at the ECM-material surface,
and disruption of intracellular bonding between integrin-
vinculin and vinculin-actin [32]. The detachment style is
influenced by the following: type and quality of ECM, cell
type, form and number of integrin ligands, and material’s
surface characteristics. However, the cell-material
interactive mechanism underlying bio-activation on
mirror-polished surfaces needs to be fully clarified. Protein
absorption and synthesis, including those of collagen and
fibronectin, markedly increases on surfaces after mirror
polishing [18,37]. Based on the results of an earlier study,
we assumed that hydrophilicity of the substrate might
promote interaction with proteins and cells. However,
the difference of hydrophilicity between mirrored and
machined surfaces was not significantly observed
(Table 2). Other physicochemical surface properties
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such as electrical charge, elemental distribution, and
molecular attraction would be needed for further research.
Clarification of how interfacial signal transmission from
material to cell results in fibroblastic affinity and adhesion
strengthening on mirror-polished Zr and Ti surfaces would
be of great interest.

In the dental field, Zr material is essential not only for bone
anchorage but also for aesthetic devices, including dental
crown and dental implant abutment [38,39]. Therefore,
fibroblasts must adhere to Zr surfaces with polished
topographies in the aesthetic region of dental devices.
When taken together with the results of earlier studies
on rough-surface Zr such as machined, acid-etched, and
sandblasted, the obtained results using very smooth MrZr
might contradict some widespread trends in cell retention

property.
Conclusion

In conclusion, we enhanced the strength of the tissue
adhesion that contains fibroblast and ECM equally on MrZr
and MrTi with a very smooth mirror-polished surface,
detected using the nano-scratch test. The reinforcement
of the cellular retention capability was supplemented
by a clear improvement of cell spread and cytoskeletal
development and an increase in expression levels of
talinl, vinculin, and paxillin. The results of this study also
indicate the possible effectiveness of the mirror-polished
surfaces for fibroblastic activation on any bulk material,
regardless of the surface element, suggesting that MrZr
may be able to acquire a stronger sealing to soft tissues.
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