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Purpose: It is well known that zirconia materials have good biocompatibility; however, little 

is known regarding the mechanism by which cells attach to these materials. The purpose of this 

study is to elucidate the mechanism of cell attachment.

Materials and methods: In this study, we examined the surface characteristics of ceria-

stabilized zirconia/alumina nanocomposite (NANOZR), yttria-stabilized zirconia (Y-TZP) and 

commercially pure titanium (CpTi), and we evaluated the initial response of osteoblast-like cells 

to them with different inhibitors.

Results: Under the same polishing treatment, the three materials, NANOZR, Y-TZP and CpTi, 

show similar surface wettability but different surface roughness. Osteoblasts could adhere to 

the surface of all three materials, and spindle shapes were clearer in serum-containing media 

compared to PBS and serum-free culture media, suggesting that serum-contained proteins 

are helpful for the initial cell adhesion and spreading. Cell adhesion and proliferation were 

disrupted in the presence of EDTA. RGD-peptide interfered with cell proliferation by affect-

ing cell protrusion and stress fibers. Monoclonal antibody against non-RGD type integrin α
2
β

1
 

enhanced proliferation in Y-TZP, CpTi and culture dish but not in NANOZR. Cell proliferation 

on NANOZR was specifically inhibited in the presence of heparin. Furthermore, under heparin 

administration, spindle shape formation was maintained but actin cytoskeleton was disrupted, 

resulting in loose cellular spreading.

Conclusion: These results suggest that RGD type integrins and heparin-sensitive protein in 

coordination regulate cell morphology and proliferation on NANOZR, through the regulation 

of cell polarity and stress fiber formation, respectively.

Keywords: zirconia, biocompatibility, adhesion, RGD-peptide, integrins

Introduction
In dentistry, zirconia has been used since the early 1990s for endodontic posts.1 

Recently, zirconia dental implants were proposed as an important alternative to titanium 

implants due to their excellent biocompatibility, good esthetics, high corrosion resis-

tance and the absence of allergic reaction.2 The biocompatibility of an implant plays 

an important role in long-term implant success, which is achieved through surface 

integration with surrounding soft and bone tissues. The biocompatibility of zirconia is 

very closely related to cell adhesion and behavior on its surface.3 The osseointegration 

properties of biomaterials can be assessed by examining the behavior of osteoblasts on 

the implant surface.4 However, only limited data are available for zirconia–cell inter-

actions, and therefore, studies evaluating zirconia’s performance in cell adhesion are 

needed to support further development of this material for biomedical implant use.
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Cells initially adhere to implant surfaces by attaching 

either to a pre-adsorbed protein network known as the 

extracellular matrix (ECM), or to neighboring cells.5 The 

interaction between cell and ECM is mediated by integrin, 

a heterodimer composed of α and β subunits.6,7 Further-

more, it is notable that specific integrin heterodimers make 

different contributions to this process.8 For instance, the 

arginine-glycine-aspartic acid (RGD) sequence in osteopon-

tin plays an important role in cell adhesion and migration.9 

Conversely, the RGD motif in the primary structure is 

internally sequestered in the tertiary or quaternary structure 

of certain ECM, such as fibronectin, vitronectin, collagen 

and laminin.10 Indeed, Olivares-Navarrete et al11 recognized 

that integrin α
2
β

1
 plays a critical role in osteoblast response 

to micron-scale surface structure and surface energy of tita-

nium substrates. In contrast, syndecans are a small family 

of trans-membrane proteoglycans that serve as receptors 

for ECM ligands and growth factors.12 Syndecans act as 

co-receptors for heparin-binding mitogenic growth factors.13 

It has become increasingly clear that the regulation of cell 

adhesion and migration are central to integrin–syndecan-

mediated biological processes. However, the mechanisms 

of osteoblast adhesion onto zirconia material have not been 

fully investigated.

The purpose of this study was to elucidate the mechanism 

of initial osteoblast cell adhesion onto a zirconia surface. 

Therefore, in this work, we prepared ceria-stabilized zirconia/

alumina nanocomposite (NANOZR), yttria-stabilized 

zirconia (Y-TZP) and commercially pure titanium (CpTi) 

specimens, and their surface characteristics were analyzed. 

Next, MC3T3-E1, osteoblast-like cells were cultured on 

specimen surfaces in the presence of different culture media 

and different inhibitors, and the cell numbers and cell mor-

phology were characterized and studied in terms of the initial 

adhesion and differentiation.

Materials and methods
Specimen preparation
Three kinds of disks 15 mm in diameter and 1.5 mm thick 

of NANOZR (Panasonic Health Care Co, Osaka, Japan), 

Y-TZP (Panasonic Health Care Co), and CpTi (Nippon 

Steel Co, Osaka, Japan) were prepared in this study. The 

surface of each specimen was polished with aluminum oxide 

waterproof abrasive paper (200#, 400#, 600#). Next, the 

specimens were cleaned by sonication (SK3200LHC, Kudos, 

Shanghai, China) in distilled water for 60 minutes and treated 

with UV light for 24 hours using a 15 W bactericidal lamp 

(Toshiba, Tokyo, Japan) followed by immersion in 75% 

ethanol for 10 minutes and ultrapure water for 3 minutes. 

The specimens were finally stored in an airtight container 

until further analysis.

Surface characteristics
The surface morphology of those specimens was observed 

by scanning electron microscopy (SEM) (JSM-6390LA, 

Jeol Ltd, Tokyo, Japan) at 15 kV, 10-mm working distance, 

under low pressure (60 Pa), and under both low (1,000×) and 

high magnification (5,000×). The elemental composition of 

the materials was determined by energy dispersive X-ray 

analysis (EDS). The surface roughness was measured by 

profilometer (Surfcom 480A, Accretech, Tokyo, Japan) with 

a tracing length of 4.0 mm and a cutoff value of 0.8 mm. 

The arithmetic average roughness (R
a
) and ten-point average 

roughness (R
z
) of each material was calculated from a total 

of 15 points on all three specimens.

The surface wettability of the three materials was exam-

ined with a portable contact angle meter (PCA-1; Kyowa 

Interface Science, Saitama, Japan). The contact angle, surface 

tension and surface energy of NANOZR, Y-TZP, and CpTi 

were measured with distilled water, ethylene glycol and 

formamide (Wako Pure Chemical Industries, Osaka, Japan) 

as previously reported.14 An auto pipetter and a goniometer 

were employed to ensure uniformity of distilled water droplet 

volume (2 µL). Images were analyzed with FAMAS software 

(Kyowa Interface Science, Tokyo, Japan). Three measure-

ments were taken from each of the specimens per substrate. 

Five random regions were imaged for each specimen.

Cell culture
MC3T3-E1 osteoblast-like cells (MC3T3-E1: ATCC CRL-

2594) were utilized for cell culture studies. Cells were 

cultured in alpha-modified minimum essential medium 

(α-MEM, Nacalai tesque, Kyoto, Japan) supplemented with 

10% fetal bovine serum (FBS, Gibco Life Technologies Inc., 

Grand Island, NY, USA) and 1% penicillin-streptomycin 

(Gibco Life Technologies Inc.). Cells were maintained at 

37°C, 5% CO
2
 and 95% humidity. The medium was changed 

twice a week, and the cells were passaged at 80% conflu-

ence with the use of 0.25% Trypsin-EDTA (Gibco Life 

Technologies Inc.).

Effect of serum-contained proteins
The specimens were treated as previously described and 

immersed into phosphate buffered saline (PBS, Gibco Life 

Technologies Inc.) for 10 minutes just before the experi-

ment. To determine the effect of protein on cell adhesion, 

MC3T3-E1 cells (2,000 cells/well) were seeded onto 

NANOZR, Y-TZP and CpTi specimen surfaces and cultured 
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in three different culture media: PBS, α-MEM, and α-MEM 

supplemented with 10% FBS.

After 24 hours of incubation, the adhered cells were fixed 

with 4% paraformaldehyde for 2 hours at room temperature. 

Next, the cells were washed twice with PBS, permeabilized 

using 0.1% (v/v) Triton X-100 in PBS for 5 minutes and 

blocked with 1% bovine serum albumin (BSA; Sigma-

Aldrich Co., St Louis, MO, USA) in PBS for 30 minutes. 

After washing twice with PBS, the cells were incubated 

with 200 µL of 100 nM rhodamine-phalloidin (Cytoskeleton 

Inc., Denver, CO, USA) for 30 minutes to stain F-actin. 

The cell nuclei were further stained with 200 µL of DAPI 

Fluoromount-G (DAPI; Southern Biotech Co., Birmingham, 

AL, USA) for 30 seconds. Confocal images of cytoskeletal 

F-actin and cell nuclei were obtained using laser scanning 

confocal fluorescence microscopy (LSCFM, LSM 780, 

Carl Zeiss Meditec AG [Jena, Germany]). The cells cul-

tured for 24 hours were fixed with 4% paraformaldehyde 

for 15 minutes at room temperature, rinsed with 1 mL/well 

of pure water and stained with 1 mL/well of eosin staining 

solution for 1 minute. Then, the cells were rinsed with pure 

water and dried to observe under inverted microscopy.

The cells’ morphology was further observed by SEM. 

Briefly, the adhered cells were fixed with glutaraldehyde 

(Wako Pure Chemical Industries) overnight, rinsed with 

PBS three times and dehydrated in a graded series of ethanol 

(15 minutes and once for 0%, 60%, 70%, 80%, 90%, 95%, 

2 minutes and twice for 100%). Finally, after sputter coating 

with gold-palladium, the specimens were examined at 15 kV 

by SEM. Images were recorded at 1,000× magnification.

Antibodies
0.5 M ULTRAPURE™ EDTA (0.5 M) was obtained from 

Thermo Fisher Scientific (Waltham, MA, USA). A broad 

inhibitor of integrins, RGD-peptide (S8008), was purchased 

from Selleck Chemicals (Houston, TX, USA). The BHA2.1 

monoclonal antibody MAB1998 specifically recognizes 

the α
2
β

1
 integrin complex and was obtained from Millipore 

(Billerica, MA, USA). Anti-rabbit IgG and HRP-linked anti-

body (#7074) were purchased from Cell Signaling Technol-

ogy, Inc. (Danvers, MA, USA). Heparin (sodium salt, from 

porcine intestinal mucosa, H3149-10KU) was purchased 

from Sigma Aldrich Co.

Inhibition assay
For inhibition of cell attachment, MC3T3-E1 cells were incu-

bated at 37°C for 24 hours in the presence of 5 mM EDTA, 

1,000 µM RGD, 10 µg/mL MAB1998, 0.2 µL IgG, and 

10 µg/mL heparin. Next, the cells (500 µL, 5,000 cells/well) 

were added to the wells and incubated for 24 hours. To 

measure cell proliferation on the specimens, a metabolic 

activity cell counting kit (CCK-8, Dojindo, Kumamoto, 

Japan) assay was used in this experiment. CCK-8 reagent 

(50 µL) was added into a 24-well plate and incubated for 

2 hours. After that step, 100 µL of the reaction product was 

added into a 96-well plate, and optical density was mea-

sured with a microplate reader (Bio-RAD iMark Microplate 

Reader, Hercules, CA, USA) at a wavelength of 450 nm. The 

specimens were gently washed in fresh medium and later 

placed back into the 24-well plate. The cells were stained 

with rhodamine-phalloidin and DAPI, and the cytoskeletal 

actin and cell nucleus were observed by LSCFM. Then, the 

cell surface area ratio was studied to quantify the difference 

in cell behavior. The cultured cells were fixed with 4% 

paraformaldehyde, stained with eosin staining solution and 

observed under inverted microscopy. The cell morphology 

and attachment were also examined using SEM as previously 

described. A 24-well plate (Plate, Thermo Fisher Scientific) 

without specimens was taken as a control group. All assays 

were performed in triplicate with each experiment repeated 

at least three times.

Statistical analysis
Statistical analysis was performed independently using 

Student’s t-test, and one-way analysis of variance (ANOVA) 

combined with a Student–Newman–Keuls (SNK) multiple 

comparison test. The differences were considered to be sig-

nificant when P,0.05 and very significant when P,0.01.

Results
Surface characteristics
The chemical composition analysis results (Figure 1) show 

CpTi is composed of 90.92% titanium and 6.74% oxygen; 

NANOZR contains 53.85% zirconium, 27.58% aluminum, 

12.65% oxygen and 3.97% cerium; while Y-TZP is made 

of 61.17% zirconium, 7.59% oxygen and 29.28% ytterbium. 

All three materials also contain carbon, which may be due 

to the polishing and exposure to air.

SEM graphics (Figure 2) of NANOZR, Y-TZP, and 

CpTi reveal similar surface scratching after polishing. 

However, the R
a
 and R

z
 (Figure 3) of NANOZR and Y-TZP 

are 0.08573 µm and 0.8842 µm, 0.0854 µm and 0.7587 µm, 

values significantly (P,0.05) lower than CpTi’s 0.2542 µm 

and 1.46 µm, respectively, which means the NANOZR and 

Y-TZP have a flatter surface.

The water contact angles (Figure 4A) of NANOZR, 

Y-TZP, and CpTi show no significant difference between 

the materials (P.0.05). The surface energy (Figure 4B) 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

7660

Luo et al

Figure 1 Chemical composition of the three materials.
Notes: CpTi is composed of 90.92% titanium and 6.74% oxygen; NANOZR contains 53.85% zirconium, 27.58% aluminum, 12.65% oxygen and 3.97% cerium; while Y-TZP 
is made of 61.17% zirconium, 7.59% oxygen and 29.28% ytterbium. All three materials also contain carbon.
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Figure 2 Surface morphology of NANOZR, Y-TZP and CpTi.
Notes: Scanning electron microscopy graphics of NANOZR, Y-TZP, and CpTi reveal similar surface scratching after polishing. Magnification: (A) 1,000×, (B) 5,000×.
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were analyzed with the Kaelble-Uy theoretical method, and 

the values were 57.5, 62.7 and 45.96 mJ/m2 respectively, 

with no significant difference among them (P.0.05). The 

surface tension (Figure 4C) of NANOZR, Y-TZP and CpTi 

were 70.176, 70.6 and 70.94 mN/m respectively, with no 

significant difference among them (P.0.05).

Effect of serum-contained proteins
After 24 hours’ incubation in α-MEM supplemented with 

10% FBS culture medium, LSCFM and SEM results show 

highly organized actin stress fibers and actin and spindle-

shaped cells for all the specimens (Figures 5–7). After 

being cultured with α-MEM, the cells on the surface of 

NANOZR and CpTi were spindle shaped, while for the 

Y-TZP surfaces, the cells were round or oval. After cultur-

ing with PBS for 24 hours, the cells were round in shape 

without obvious cell structure or cytoplasmic process for 

all of those materials. The cell numbers also decreased 

obviously.

Effect of inhibitors
According to the CCK-8 assay results (Figure 8), the cells 

on the plate showed vulnerability to all inhibitors. It was 

shown that the absorbance value of cells cultured on the plate 

without inhibitors was significant lower than when cultured 

with MAB1988, was significant higher than when cultured 

Figure 3 Surface roughness of NANOZR, Y-TZP and CpTi.
Notes: The Ra and Rz of NANOZR and Y-TZP are 0.08573 µm and 0.8842 µm, 0.0854 µm and 0.7587 µm, which are significantly (P,0.05) lower than CpTi’s 0.2542 µm 
and 1.46 µm, respectively. (A) Ra; (B) Rz.

Figure 4 Surface wettability of NANOZR, Y-TZP and CpTi.
Notes: (A) The water contact angles of NANOZR, Y-TZP, and CpTi show no significant difference between the materials (P.0.05); (B) The surface energy of NANOZR, 
3Y-TZP and CpTi was 57.5, 62.7 and 45.96 mJ/m2, respectively, with no significant difference among them (P.0.05). (C) The surface tension of NANOZR, 3Y-TZP and CpTi 
was 70.176, 70.6 and 70.94 mN/m, respectively, with no significant difference among them (P.0.05).
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αα

Figure 5 Observation of actin cytoskeleton and nucleus of MC3T3-E1 cells cultured in three different culture media: PBS, α-MEM, and α-MEM supplemented with 10% FBS, 
on all surfaces after 24 hours of incubation.

Figure 6 Scanning electron microscopy observation of MC3T3-E1 cells cultured in three different culture media: PBS, α-MEM, and α-MEM supplemented with 10% FBS, on 
all surfaces after 24 hours of incubation. Magnification: 1,000×.

α α

with EDTA and IgG, and showed no significant difference 

for RGD and Heparin. As Figure 8A shows, a significant 

decrease (P,0.05) in cell number was found compared to 

the control group after culturing cells with EDTA. Further, 

rhodamine-phalloidin and DAPI staining (Figure 9), SEM 

(Figure 10) and eosin staining (Figure 11) results showed 

that the cells cultured with EDTA displayed weak and poorly 

structured actin filaments.
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Figure 7 Observation of cell morphology by eosin staining in three different culture media: PBS, α-MEM, and α-MEM supplemented with 10% FBS, on all surfaces after 
24 hours of incubation. Magnification: 5.6×.

α α

Figure 8 Cell proliferation of osteoblasts (MC3T3-E1 cells) cultured in the presence of different inhibitors after 24 hours of incubation.
Notes: (A) EDTA; (B) RGD; (C) MAB1998; (D) IgG; (E) Heparin. Indicates the difference between the two groups is significant (P,0.05).

A similar decreasing trend was observed for cells cul-

tured with RGD and IgG for 24 hours (Figure 8B and D), 

and the difference was statistically significant (P,0.05). In 

contrast, there was a significant increase (P,0.05) in the 

proliferation of MC3T3-E1 cells cultured on the surface of 

Y-TZP, CpTi and Plate, while for NANOZR the difference 

was not statically significant, but still showed an increase 

trend. As shown in Figures 9–11, the RGD and MAB1998 

groups display relatively complete cytoskeletal F-actin and 

cell nucleus structure. Cell–cell contacts and numerous 

filopodia-like processes were also observed.

Culturing MC3T3-E1 in the presence of Heparin 

(Figure 8E), the decrease in cell number compared to con-

trol group was not significant (P.0.05). However, the cells 
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Figure 9 Observation of actin cytoskeleton and nucleus of MC3T3-E1 cells cultured in the presence of different inhibitors (Control, EDTA, RGD, MAB1998, IgG and 
Heparin) after 24 hours of incubation.
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Figure 10 Scanning electron microscopy observation of MC3T3-E1 cells cultured in the presence of different inhibitors (Control, EDTA, RGD, MAB1998, IgG and Heparin) 
after 24 hours of incubation. Magnification: 1,500×.

cultured with heparin displayed weak and poorly structured 

actin filaments (Figures 9–11). In addition, cell–cell contacts 

and numerous filopodia-like processes were not evident.

As shown in Figure 12, the cell surface area ratios of 

RGD and MAB1998 groups are higher than EDTA, IgG and 

Heparin groups. In addition, the results of NANOZR, Y-TZP 

and CpTi are better than Plate.

Discussion
Biomaterials for implantation in bone should evoke favor-

able cellular responses in terms of cell attachment, adhesion, 

proliferation and differentiation. In particular, the initial 

phase of cell/material interactions and the quality of this 

stage will influence the cell’s capacity to proliferate and 

differentiate.15 Therefore, the quality of cell adhesion seems 
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Figure 11 Observation of cell morphology by eosin staining in the presence of different inhibitors (Control, EDTA, RGD, MAB1998, IgG and Heparin) after 24 hours of 
incubation. Magnification: 5.6×.
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Figure 12 Cell surface area ratio of osteoblasts (MC3T3-E1 cells) cultured in the 
presence of different inhibitors after 24 hours of incubation.
Notes: The cell surface area ratios of RGD and MAB1998 groups are higher than 
EDTA, IgG and Heparin groups. In addition, the results of NANOZR, Y-TZP and 
CpTi are better than Plate.
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to be an important determinant of a biomaterial’s biocom-

patibility in the in vivo situation.16 As reported, zirconia is a 

biocompatible material with great mechanical properties.17 

Our previous works reported the similar bioactivity of 

NANOZR, Y-TZP and CpTi after being polished.18 However, 

the mechanisms of osteoblast adhesion onto zirconia mate-

rial needed further investigation. In our study, we examined 

the surface characteristics of NANOZR, Y-TZP and CpTi, 

and we evaluated the initial osteoblast-like cell response to 

zirconia and titanium with different inhibitors to elucidate 

the mechanism of cell attachment.

As documented, cell adhesion is an important parameter 

by which implant surfaces may be evaluated to determine 

their suitability for medical use.19 To study initial osteoblast 

adhesion and subsequent differentiation on zirconia surfaces, 

the surface characteristics of NANOZR, Y-TZP and CpTi, 

including chemical composition, surface roughness, wet-

tability and surface energy, were evaluated in this study. 

The EDS analysis results (Figure 1) demonstrated that no 

other elements, except carbon, were observed, which may be 

caused by the polishing process or by exposure to air. SEM 

images (Figure 2) revealed similar surface scratching after 

polishing. There were no statistical differences between the 

R
a
 and R

z
 values of NANOZR and Y-TZP (Figure 3), indi-

cating that the surface roughness of NANOZR and Y-TZP 

were similar. Furthermore, the contact angles, surface tension 

and surface energy of the three tested materials (Figure 4) 

were not significantly different. These results were consistent 

with previous reports.18 Therefore, the different performance 

of initial cell adhesion and differentiation on NANOZR 

and Y-TZP surfaces may be due to the difference of their 

chemical composition.

It is well known that culture media and serum are 

important for cell growth and lots of proteins are involved 

in cell adhesion.20 However, few studies have examined 

the different effect of α-MEM, FBS and PBS on initial 

cell adhesion and differentiation on zirconia and titanium 

surfaces. To specify the effect of culture media and serum, 

the MC3T3-E1 cells were cultured on the surfaces of 

NANOZR, Y-TZP and CpTi with three different culture 

media: PBS, α-MEM, and α-MEM supplemented with 

10% FBS. According to the different cell morphology, as 

shown in Figures 5–7, we can conclude that the α-MEM 

is necessary for cell survival and serum protein is helpful 

for the initial cell adhesion and spreading on zirconia and 

titanium surfaces.
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The osteoblasts respond to the implant surface through 

ECM, which plays an important role in osseointegration.21 

As reported, there are two mechanisms for osteoblast adhe-

sion.22 One mechanism is interaction with the RGD motif via 

cell membrane integrin receptors, and the other is integra-

tion between cell membrane heparin sulfate proteoglycans 

(eg, syndecans) and heparin binding sites on ECM proteins. 

The integrins and the syndecans are two adhesion receptor 

families that mediate adhesion, but their relative functional 

contributions to cell–ECM interactions remain obscure. As 

reported, the contribution of integrins and syndecans to cell 

adhesion has largely been demonstrated through the use of 

inhibitory antibodies.23 Therefore, in this study, we evaluated 

the initial osteoblast-like cell response to NANOZR, Y-TZP 

and CpTi in the presence of inhibitory antibodies.

To test the involvement of integrins in cell adhesion onto 

zirconia and titanium, we administered EDTA, RGD-peptide 

and monoclonal antibody MAB1998. IgG was used as a con-

trol against MAB1998. CCK-8 assay showed significantly 

higher absorbance value in NANOZR when compared with 

Y-TZP, CpTi and culture dish Plate in control group, sug-

gesting that the cells show higher proliferation on NANOZR 

(Figure 8A). Because integrins are activated by divalent 

cations, integrin-mediated cell adhesion is inhibited in the 

presence of EDTA.24 The absorbance values were decreased 

in all samples in the presence of EDTA (Figure 8A). This 

result indicates that divalent cation influx is critical for cell 

proliferation, so we tested the involvement of integrins. 

Activated integrins are blocked by synthetic RGD-peptide 

or antibody which recognizes extracellular region of integrin 

heterodimer.25 Administration of synthetic RGD-peptide, an 

inhibitor of RGD-type integrins, substantially but to a lesser 

extent by EDTA, reduced absorbance in NANOZR, Y-TZP 

and CpTi (Figure 8B), suggesting that RGD-type integrins 

regulate cell proliferation on these materials. Interestingly, 

on the culture dish Plate, cells could maintain their prolifera-

tion ability in the presence of RGD-peptide (Figure 8B). This 

suggests that survival condition on zirconia or CpTi is harsher 

than on the culture plate. We next analyzed relation of integ-

rin α
2
β

1
, a representative integrin non-RGD type heterodimer 

in osteoblasts.26,27 Control IgG reduced absorbance when 

compared with non-treated samples, and blocking of α
2
β

1
 by 

MAB1998 was enhanced more than in non-treated samples in 

Y-TZP, CpTi and Plate groups (Figure 8C and D). Enhanced 

absorbance in NANOZR was not significant compared to 

other groups (Figure 8C), suggesting that suppression of 

proliferation via α
2
β

1
 is more functional in Y-TZP, CpTi 

and Plate, but less functional in NANOZR. Further, the cell 

surface area ratio result was consistent with above analysis 

(Figure 12). These results also suggest that the ECM–cell 

adhesion component that is required for normal cell prolif-

eration may be different in NANOZR.

Next we sought to examine the cell adhesion system spe-

cific for NANOZR. Because MAB1998 was not effective only 

in NANOZR, we explored another receptor of α
2
β

1
 ligand. 

Laminin is a major ligand of α
2
β

1
, and it also binds to synde-

can, a heparan sulfate-containing proteoglycan.28 It is remark-

able that most ECM molecules possess both integrin-binding 

and syndecan-binding sites, and a clear synergistic relation-

ship exists between these two families.8 We attempted heparin 

treatment because the heparan sulfate chain is inhibited under 

the coexistence of heparin. Intriguingly, heparin treatment 

significantly attenuated CCK-8 absorbance in NANOZR, but 

not in Y-TZP, CpTi and culture dish Plate (Figure 8), suggest-

ing that heparin-sensitive protein like syndecan specifically 

promotes cell proliferation on NANOZR.

Conclusion
In this study, we examined the surface characteristics of 

NANOZR, Y-TZP and CpTi, and we evaluated the initial 

response of osteoblast-like cells to them with different 

inhibitors to elucidate the mechanism of cell attachment 

on zirconia surfaces. Under the same polishing treatment, 

the three materials, NANOZR, Y-TZP and CpTi, show 

similar surface wettability but different surface roughness. 

Osteoblasts could adhere to the surface of all three materials, 

and spindle shapes were clearer in serum-containing media 

compared to PBS and serum-free culture media, suggesting 

that serum-contained proteins are helpful for the initial cell 

adhesion and spreading. Cell adhesion and proliferation were 

disrupted in the presence of EDTA. RGD-peptide interfered 

with cell proliferation by affecting cell protrusion and stress 

fibers. Monoclonal antibody against non-RGD type integrin 

α
2
β

1
 enhanced proliferation in Y-TZP, CpTi and culture dish 

but not in NANOZR. Cell proliferation on NANOZR was 

specifically inhibited in the presence of heparin. Furthermore, 

under heparin administration, spindle shape formation was 

maintained but actin cytoskeleton was disrupted, resulting 

in loose cellular spreading. These results suggest that RGD 

type integrins and heparin-sensitive protein regulate cell 

morphology and proliferation on NANOZR in coordina-

tion, through the regulation of cell polarity and stress fiber 

formation, respectively.
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