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Objective. The recently developed bioactive glass PC-XG3, which is suitable to coat zirco-

nia  implant surfaces with high adhesion strength may reduce the time of osseointegration

and  the marginal bone loss following implantation. The glass composition has been previ-

ously evaluated for cytotoxicity on fibroblast cells, and will now be used to evaluate the cell

behavior of osteoblast cells.

Methods. Three different surface morphologies were created with PC-XG3 on zirconia discs.

A  clinically tested zirconia implant surface as well as polished and machined zirconia served

as  a reference. Cell viability after 24 h, cell spreading after 30 min  and 24 h and the respec-

tive  morphology of human osteoblasts using scanning electron microscopy were evaluated.

Additionally, the corrosive process of PC-XG3 in cell culture medium up to 7 d was measured.

Results. Initial cell behavior of human osteoblasts was not accelerated by the PC-XG3 surface

when compared to zirconia. Additionally, it was found that a decreased surface roughness

promoted initial cell spreading. Storage in cell culture medium resulted in the accumulation

of  C and N on the bioglass surface while Mg, Si, K and Ca were decreased and crack formation

was  observed.

Significance. Since initial spreading quality to a biomaterial is a crucial factor that will deter-
mine the subsequent cell function, proliferation, differentiation, and viability it can be

assumed that a coating of zirconia implants with this bioactive glass will unlikely reduce

osseointegration time.
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Table 1 – Zirconia specimens were  prepared or coated
with bioglass PCX-G3 as given in the table to create
differing micro-structured surfaces.

Code Surface

Zp Zirconia, sintered, hot isostatically pressed, polished
Zm Zirconia, sintered, hot isostatically pressed
Z14 Zirconia, cer.face 14
G1 PCX-G3, sintered 830 ◦C 100 min
d e n t a l m a t e r i a l s 

.  Introduction

ental implants made of zirconia can be considered an
sthetic and biocompatible alternative to the well-established
itanium implants [1–5]. Zirconia is however susceptible to
ensile stress and displays a high elastic modulus of 210 GPa
6]. To accelerate osseointegration, surface modifications of
he endosseous part of the implant are created using dif-
erent techniques. For titanium it has been shown that the
mplant surface should be moderately roughened with an Ra
f 1 to 2 �m to increase bone implant contact and resistance
o torque [7]. For zirconia implants a micro-structuring of the
ndosseous implant part has therefore also been postulated.
irconia implants pre-treated with sandblasting, hydrofluo-
ic acid etching [8] or laser, are currently available. However,
hree-year data on the clinical performance of commercially
vailable zirconia implants only exists for the sandblasted,
ydrofluoric acid etched ZLA surface (pure, Straumann, Basel,
witzerland) [5] and additionally heat treated cer.face 14 sur-
ace (ceramic implant, vitaclinical, VITA, D-Bad Säckingen)
4].

The production of a cer.face 14 zirconia implant surface
s very time consuming, expensive and etching with 40 %
ydrofluoric acid a potential health risk to the technical oper-
tor. The etching procedure is, however, required to create a
icro-structured surface to increase the implants torque and

chieve its osseointegration.
Balmer et al. revealed that a certain immediate loading of

irconia implants is possible without crestal bone loss [4]. It
ould be attractive to both, dentist and patient if the final

estoration were placed directly after implant insertion using
he technique to establish an appropriate emergence profile
ecommended by Lambert and Mainjot [9]. This would elimi-
ate additional appointments with the patient and therefore
ignificantly reduce time and costs. If the osseointegration
rocess could be accelerated even faster to guarantee the
uccessful placement of the final restoration with immediate
oading directly after inserting the implant, the efficiency of
irconia implant placement could be significantly increased.
herefore, in order to improve the clinical concept, further
esearch on how to improve the quality of osseointegration
nd reduce healing time by optimizing the surface morphol-
gy of zirconia implants is of high priority.

To address the mentioned requirements and potentially
low down the marginal bone loss following implantation
oatings made of bioactive glasses can be applied onto the
mplant surfaces [10–12].

Bioactive glasses are able to create a direct chemical bond
o bone over the formation of hydroxyl carbonated apatite on
ts surface [13,14]. The mechanism is initiated by the rapid
issolution of alkalis from the glass surface when in con-
act with aqueous solutions. A Ca-rich and P-rich layer at the
nner alkali-depleted silica layer and consequently, a layer of
ydroxyapatite or hydroxyl carbonated apatite is created on
he glass surface [12]. The bioglass itself undergoes degra-
ation over time when in contact with body fluids, being

radually replaced by new bone [13]. The corrosion kinetic
epends on the glass network structure, type of ions present

n the glass and dissolution medium [13]. Thus, 45–52 % of
G2 PCX-G3, sintered 830 ◦C 100 min + sintered 760 ◦C 10 min
G3 PCX-G3, sintered 830 ◦C 100 min + sintered 750 ◦C 25 min

SiO2 content in bioglasses are reported to feature fast bonding
rates to tissue within 5–10 days [13,15].

Bioglass 45S5 invented in the late 1960s by Hench LL, is still
considered as the gold standard of bioactive materials [12,16].
However, due to its high crystallization tendency and the high
coefficient of thermal expansion (CTE) of 15.1 × 10−6 K−1 [11],
Bioglass 45S5 is not suitable for a thermal coating process on
zirconia with a CTE of 10.8 to 12.5 × 10−6 K−1 [17,18]. There-
fore, the glass composition of Bioglass 45S5 has recently been
modified by a partial substitution of Na2O and CaO by K2O and
MgO  to display a similar thermal expansion as zirconia [19].
This absorbable glass called PC-XG3 also contains Ca2+ and
PO4

3− that potentially contribute to the mineralization pro-
cess. Smooth and micro-structured glass coatings of PC-XG3
were applied on polished zirconia surfaces with promising
results [19]. The glass coating revealed a strong adhesion to the
zirconia substrates as well as a significant bioactive behavior
in simulated body fluid (SBF) in in vitro experiments. The cell
proliferation of L929 mouse fibroblasts on the PC-XG3 glass
was similar to the one on bioglass 45S5 and both displayed
a very low cytotoxicity of around 10% [19]. A complete dis-
solution of a layer of 50 �m of PC-XG3 when in contact to
artificial saliva can be expected within 30 days. In a next step
the osteoblast behavior on the bioactive glass PC-XG3 has to be
analyzed to evaluate its potential for improving the osseoin-
tegration behavior.

The objective of the present study was therefore to evaluate
osteoblast behavior on bioactive glass PC-XG3 and to further
characterize its corrosion. Three differently micro-structured
glass coatings were created and compared to polished and
machined zirconia as well as the clinically tested cer.face
14 implant surface. Hypothesis were that (1) cell viability of
human osteoblasts will be increased on PC-XG3 coated sur-
faces compared to zirconia surfaces and (2) cell spreading will
be accelerated on PC-XG3 surfaces compared to zirconia sur-
faces.

2.  Materials  and  methods

2.1.  Specimen  production

Six different surface morphology options for a zirconia
implant surface were compared in the present study (Table 1).
Sintered and hot isostatically pressed yttria-stabilized zirco-
nia specimens with a diameter of 13 mm and a height of

2 mm were provided by the manufacturer (VITA Zahnfabrik,
Bad Säckingen, Germany). These specimens were used with
an as machined, sintered and hot isostatically (Zm) as well

https://doi.org/10.1016/j.dental.2019.02.029
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growing on well bottom were additionally tested. After 80 min,
supernatants were transferred to a 96-well plate (for each
864  d e n t a l m a t e r i a 

as with an additionally polished surface (Zp). The surface of a
zirconia implant (“cer.face 14”), with documented clinical suc-
cess [4] was provided by the manufacturer of the implant (Z14).
To create the Z14 structure, the zirconia substrates were sand-
blasted, etched with 40% hydrofluoric acid and heat treated as
previously described [8]. Zirconia specimens were coated one
(G1) or two times (G2, G3) with bioactive glass PC-GX3 [14].
This bioglass coating is composed of 45 wt% SiO2, 22.5 wt%
CaO, 17.0 wt%  MgO,  9.5 wt% K2O, and 6.0 wt% P2O5 and has
its dilatometric softening point at 730.5 ◦C while crystalliza-
tion starts at 910 ◦C [19]. The bioglass was synthesized out
of 37.8 wt% SiO2, 9.7 wt% CaHPO4, 26.6 wt%  CaCO3, 14.3 wt%
MgO  and 11.7 wt%  K2CO3 using the melt quench technique at
1400 ◦C for 2 h. Glass frits were dried at 70 ◦C for 18 h and then
powdered using ZrO2 balls over 24 h, sieved (<710 �m)  pow-
dered again over 20 d and sieved (<20 �m).  Prior to the bioglass
coating the zirconia surfaces were subjected to a cleaning
firing at 800 ◦C for 10 min  (Austromat 3001, Dekema, Freilass-
ing, Germany). Specimens were then coated with bioactive
glass using a custom-made device (built using fischertech-
nik, Waldachtal, Germany). Briefly, the glass powder of PC-GX3
was suspended with distilled water (1:1), 1 wt% binding agent
(Optapix G1201, Zschimmer & Schwarz, Lahnstein, Germany)
and 0.25 wt%  wetting agent (KG 9033, Zschimmer & Schwarz)
and then immediately sprayed on the specimens. Twenty zir-
conia specimens were therefore placed on a disc that passed
the spray nozzle (model 97; Düsen-Schlick, Untersiemau,
Germany) that was driven with a pressure of 0.5 bar in a dis-
tance of 35 mm with 22 rpm. To achieve a coating thickness
of 20 �m of the specimens, the device was programmed to
pass the drizzle 16 times while being automatically dried in-
betweens for 5 s with a ventilator.”

After drying for 15 min  at room temperature (RT), all coated
specimens of G1, G2, and G3 were sintered at 830 ◦C for 100 min
(Austromat 3001). For G2 and G3 a second layer of bioglass
was applied on the densely sintered first coating and fired
at 760 ◦C for 10 min  (G2) or 750 ◦C for 25 min  (G3) respectively
to create a microstructure. The amorphous bioglass coatings
had a thickness of 20–40 �m after sintering. The thickness was
checked with light microscopy (AXIO Imager M2m,  Zeiss, Wet-
zlar) after coating as well as after sintering by breaking one
specimen per batch in half using a universal testing machine
(Z020, Zwick/Roell, Ulm Germany) with a cross-head speed of
50 mm/s. All specimens were finally cleaned in an ultrasonic
bath with ethanol 70 % for 5 min, followed by distilled water
for 5 min, sterilized at 200 ◦C for 2 h (T 5028, Heraeus, Hanau,
Germany) and then stored in sterile 24-well-plates. Storage
time after manufacturing of specimens until measurements
was at least 2 weeks.

2.2.  Surface  characterization

The surface topography of the specimens was visualized using
scanning electron microscopy (SEM) (ESEM XL30, Philips, Eind-
hoven, the Netherlands). Specimens were gold-sputtered with

a layer of 20 nm and images captured at 1000× from 3 angles
deviating by 10◦ to additionally visualize 3D topography (Ali-
cona MeX, Alicona Imaging v 6.1). Based on the 3D SEM
images, roughness parameters arithmetical mean height (Sa)
5 ( 2 0 1 9 ) 862–870

and maximum height (Sz) was calculated (filter tc �c 20.0 �m;
area 7000 �m).

To verify 3D data also 2D roughness parameters arithmeti-
cal mean height (Ra) and maximum height of profile (Rz) were
measured with a profilometer (T1000/TKK50, Hommelwerke,
Schwenningen, Germany). For each group 6 specimens were
analyzed with 5 contact measurements over a distance of
4.8 mm (T1E, tip 5 �m 90◦, 1.6 mN, Hommel-Etamic/Jenoptik,
Jena, Germany). Surface wetting was measured using contact
angle of water (WCA)  with a drop-shape-analyzer (DSA100,
Krüss, Hamburg, Germany). Five sessile drops of 0.5 �l were
measured on 6 specimens per group. To evaluate the corro-
sion of the glass-coated surfaces, an energy-dispersive X-ray
analysis (EDX) (Genesis, EDAX, Mahwah, NJ, USA/XL30 FEG
ESEM, Philips Electron Optics, Eindhoven, The Netherlands)
was conducted on G1–G3 at 20 kV after manufacturing and
after storage in complete cell culture medium (see below,
DMEM + 10%FCS) of 37 ◦C for 30 min, 24 h, 3 d and 7 d,
respectively. Additionally, surfaces were observed for crack
development using SEM. To evaluate the corrosion depth of
the glass coating on the zirconia surfaces, specimens of G1–G3
were broken in half at a cross-head speed of 50 mm/min
using a universal testing machine (Z020, Zwick/Roell, Ulm,
Germany).

2.3.  Cell  behavior

2.3.1.  Cell  cultivation
Cell behavior of human osteoblast-like cells (MG-63) was
tested on all surfaces. MG-63 cells (American Type Culture
Collection ATCC, CRL1427) were cultivated in Dulbecco’s mod-
ified eagle medium (DMEM; gibco, Thermo Fisher Scientific,
Waltham, USA) with 10 % fetal calf serum (FCS, Biochrom FCS
superior, Merck KGaA, Darmstadt, Germany) and 1% antibiotic
(gentamicin, ratiopharm, Ulm, Germany). Specimen surfaces
were seeded with 5 × 104 MG-63 cells (passages 8–23, 70–80 %
confluent) and incubated in 24-well plates at 37 ◦C in a humidi-
fied atmosphere with 5% CO2 for the respective time intervals.
All cell experiments were performed 3 times using different
cell passages.

2.3.2.  Cell  viability
Mitochondrial dehydrogenase activity was measured by MTT
assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) to investigate cell viability of cells growing on speci-
mens. After incubation of MG-63 cells for 24 h on the different
surfaces to evaluate the initial cell reaction to the bioglass,
specimens were transferred to a new well-plate and MTS
solution (CellTiter 96 ONE-Solution Cell Proliferation Assay,
Promega, Madison, USA) with culture medium was added (1:5)
to each specimen. A blank group containing a specimen with
culture medium without cells and a control group with cells
specimen 3 × 80 �l were analyzed). The optical density (OD)
was recorded at 490 nm with a micro-plate reader (Anthos,
Mikrosysteme, Krefeld, Germany). Relative cell viability was
calculated using the following equation:

https://doi.org/10.1016/j.dental.2019.02.029
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ig. 1 – 3D surface morphologies of zirconia specimens Zp, Z

Relativecellviability = (ODspecimen − ODblankspecimen)/

(ODcontrol − ODblankcontrol).

.3.3.  Cell  spreading
ell spreading was assessed on all surfaces after 30 min
nd 24 h, respectively. Due to the opaque material prop-
rties of the zirconia specimens, osteoblasts were labelled
sing red fluorescent dye (PKH-26, Sigma-Aldrich, Stein-
eim, Germany) prior to seeding. After 30 min  or 24 h, cells
ere rinsed twice with PBS (dulbecco’s phosphate buffered

aline, Sigma-Aldrich, Steinheim, Germany) fixed with 4%
araformaldehyde for 10 min  at RT, rinsed again with PBS and
mbedded with mounting medium (Fluoroshield with DAPI,
igma-Aldrich) and a cover slip. Cells were examined with

 water immersion objective (C Apochromat 40×,  Carl Zeiss,
.20 W Korr M27) at a wavelength of 546 nm by a confocal

aser scanning microscope (LSM780, Carl Zeiss, Oberkochen,
ermany). Mean spreading area in �m2 of 40 cells per spec-

men was then analyzed using image  processing software
ImageJ, v2.0.0).

Table 2 – 2D/3D roughness parameters arithmetical mean heigh
water contact angle (WCA)  on the specimens.

Zp Zm Z14 

Ra (�m) 0.1 ± 0.0A 0.2 ± 0.0A 1.4 ± 0.3B

Rz (�m) 0.6 ± 0.3A 1.6 ± 0.2B 8.8 ± 0.3C

Sa (�m) 0.07 0.23 1.20 

Sz (�m) 1.20 2.50 13.20 

WCA (◦) 67.8 ± 6.0A 68.6 ± 5.4A 44.8 ± 7.4B

Statistically differing groups (p < 0.05) are indicated with superscript letter
14, and bioglass-coated specimens G1, G2, G3 (SEM 1000×).

2.3.4.  Cell  morphology
Cell morphology after 30 min  and 24 h was visualized using
SEM (FEI Nova NanoSEM230, Thermo Fisher Scientific). Cells
on the specimens were rinsed with PBS after the respec-
tive time intervals, fixed with 2.5% glutaraldehyde (Merck
KGaA) for 15 min  at RT, rinsed with PBS, dehydrated with
ethanol (30%, 50%, 70%, 90%, abs.), dried in a desiccator with
silica gel and gold-sputtered. Critical point drying was not
performed to prevent bioglass surfaces from further corro-
sion.

2.4.  Statistical  analysis

Data of surface roughness, contact angle, cell viability and
cell spreading were analyzed separately for normal distri-
bution. With data of roughness parameter Rz a logarithmic

transformation was performed due to variations in standard
deviations. One-way ANOVA was then applied followed by
post-hoc Fisher LSD to test for differences between the sub-
strates (p < 0.05) (StatPlus Pro, v6.1.25).

t (Ra, Sa) and maximum height of profile (Rz, Sz) and

G1 G2 G3

1.3 ± 0.2B 5.9 ± 0.7C 5.9 ± 0.6C

5.9 ± 0.5C 32.3 ± 5.0D 29.9 ± 8.8D

0.83 3.90 3.70
4.20 23.70 29.30
32.1 ± 4.9C 40.1 ± 5.3D 36.9 ± 5.5E

s within the same parameter (horizontal comparison).

https://doi.org/10.1016/j.dental.2019.02.029
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Fig. 2 – EDX surface analysis of pooled bioglass-coated
surfaces G1–G3 at 20 kV after storage in complete cell
culture medium DMEM + 10%FCS for 30 min, 24 h, 3 d, and 7
866  d e n t a l m a t e r i a 

3.  Results

3.1.  Surface  characterization

The surface morphologies of zirconia Zp, Zm and Z14 as well
as glass-coated G1–G3 specimens are displayed in Fig. 1. On
Zp polishing grooves are visible while zirconia crystals are
not exposed. Zm displays the typical structure of sintered
zirconia revealing partially connected grain boundaries as
well as a nanostructuring due to the exposed zirconia crys-
tals. Z14 reveals a micro-structured surface with exposed
zirconia crystals. All bioglass surfaces display bubbly topogra-
phies owed to the spray coating process. While G1 displays a
rather plane surface, the topography is enhanced for G2 and
G3.

2D and 3D roughness values of the specimens are given in
Table 2. Zp and Zm displayed similar Ra/Sa values between
0.07–0.23 �m,  so did Z14 and G1 (0.83–1.40 �m)  and G2 and
G3 (3.7–5.9 �m).  Ra and Rz of the respective specimens corre-
lated linearly (y = 0.1887x, R2 = 0.994), also Sa and Sz (y = 7.104x,
R2 = 0.927) and Ra and Sa (y = 0.650, R2 = 0.992).
Contact angle of water on the specimens was generally
lower on bioglass coated specimens than on zirconia (Table 2).
Significantly higher contact angle values were measured on
Zp = Zm > Z14 > G2 > G3 > G1 (p < 0.05).

Fig. 3 – Surface corrosion after 7 d storage in cell culture medium
surfaces, black arrows indicate cracks (1000×); second row: z-cut
(1000×); lower row: close-up z-cut of corrosion layer indicated w
(10,000x).
d revealing elements present at the bioglass surface (n = 6).

EDX analysis revealed a change in elements present on the
glass surfaces after storage in cell culture medium up to 7 d
(Fig. 2). The storage in cell culture medium resulted in a sta-
tistically significant increase of C and N on the glass surfaces

when compared to the surfaces that were not subjected to the
suspension (p < 0.05). Na and Cl also tended to increase after
30 min  but the increase was not statistically different until

 of bioglass-coated specimens G1–G3. Upper row: bioglass
 of specimens, left zirconia (Z), right bioglass layer (G)
ith white arrows at the bioglass surface of the specimens

https://doi.org/10.1016/j.dental.2019.02.029
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torage for 24 h (p > 0.05). Oxygen was statistically significantly
ncreased after 30 min  and then decreased again. The presence
f Mg,  Si, K, and Ca was significantly decreased (p < 0.05). The
btained surfaces after storage for 7 d in cell culture medium
re given in Fig. 3. Crack formation was detectable on the SEM
mages of the substrates. When specimens were broken in half
nd EDX analysis was performed through the cross-sectional
rea of the glass coating (z-cut), changes in composition as
isplayed in Fig. 2 were only observed within the superficial
–2 �m (Fig. 3).

.2.  Cell  behavior

he relative cell viability after 24 h was significantly higher for
p than for all other specimens (p < 0.001) (Fig. 4). The mean
ell spreading area after 30 min  and 24 h on the different speci-
ens is displayed in Fig. 5. For the interpretation of the results

t has to be considered that obtaining focused images with LSM
f cells on specimens with a high surface roughness (G2, G3)
as difficult. Due to the adaption of the cells to the micro-

tructures of certain specimens (Z14, G2, G3), the actual basal
preading area might be slightly higher than measured. Cor-
esponding SEM images of cell morphologies after 30 min  and
4 h are presented in Fig. 6. Initial cell spreading after 30 min
as accelerated on flat zirconia surfaces Zp and Zm.  On Z14

ells started to spread into the porous structures where they
nchor their filopodia. Cells on glass-surfaces are still in spher-
cal shape, just starting their spreading. After 24 h, cells spread
at on Zp, Zm and G1. Cells on Z14 nestled into the porous
tructures of zirconia while cells on G2 and G3 spanned over
he gaps of the micro-structured glass surfaces.

.  Discussion

he objective of the present study was to evaluate osteoblast

ehavior on bioactive glass PC-XG3 and to further charac-
erize its corrosion. The first hypothesis that cell viability of
uman osteoblasts will be increased on PC-XG3 coated sur-

aces compared to zirconia was rejected because cell viability

ig. 5 – Cell spreading after 30 min  and 24 h on all specimens (n =
pecimens within 30 min  or 24 h obtained with post.hoc test Fish
letters (p < 0.05).

was similar on glass surfaces as on Zm and Z14 and even sig-
nificantly lower than on Zp. The second hypothesis that cell
spreading will be accelerated on PC-XG3 surfaces compared to
zirconia surfaces was also rejected. Analysis of cell spreading
area and morphology revealed that cell spreading after 30 min
was further enhanced on zirconia than on glass surfaces.

The specimens tested in the present study presented
roughness parameters classified as smooth (Zp, Zm)  to mod-
erately rough (Z14, G1) to rough surfaces (G2, G3) as previously
defined [20]. Currently available zirconia implants display
minimally to moderately rough surfaces with Sa values rang-
ing from 0.73 to 1.27 �m [21]. A certain roughness seems to
be required for the mechanical anchorage of the implant in
the bone, however, the ideal surface topography of zirconia
implants has not yet been identified [22].

Initial water contact angles >90◦ of implant surfaces are

considered unfavorable for the initial biological response in
blood contact [23,24]. All surfaces in the present study dis-
played hydrophilic properties that are defined as contact

 120). Statistically significant differences between
er LSD are indicated with differing letters (p < 0.05).

https://doi.org/10.1016/j.dental.2019.02.029
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Fig. 6 – Cell morphology of MG-63 osteoblasts after 30 min  (10,000×, bar 5 �m)  and 24 h (3000×,  bar 20 �m)  on zirconia
taine
surfaces Zp, Zm,  Z14 and bioglass-coated surfaces G1–G3 ob

angles between 10◦ and 90◦ [23]. Although glass-coated sur-

faces revealed significantly lower contact angles than zirconia,
it has to be considered that the contact angle is influenced
by the surface’s chemistry as well as surfaces’ microstructure
and roughness [23,25]. Silica containing glasses generally dis-
d with SEM.

play lower contact angles with water than zirconia due to their

increased polar surface energy component [26].

In a previous study where the bioglasses PC-XG3 and 45S5
were stored in SBF solution, a Si-rich layer of 20 �m covered
by a CaP-rich layer of about 10 �m was formed on the sur-

https://doi.org/10.1016/j.dental.2019.02.029
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aces after 14 d [19]. Additionally, carbonated hydroxyapatite
as found after 3.5 d–7 d [19]. In the present study, the effect of

he storage in cell culture medium on the corrosion of the glass
urfaces was evaluated. Cell culture medium contains DMEM,
hich is mainly a mixture of inorganic salts and amino acids,

s well as fetal calf serum. The reaction of the glass-surface
o the cell culture medium was different than to SBF. Already
fter 30 min  an accumulation of C, N, Na, and Cl was observed
ith EDX analysis on the glass surfaces. A decrease in con-

entration of Mg,  Si, K, and Ca was detected as a result of the
orrosive reaction. Hence, the corrosion process was already
nitiated after 30 min  storage and prolonged storage up to 7

 did not seem to basically change the surface composition.
his altered reaction compared to previous findings might be
ue to the content of serum in the cell culture medium that
esulted in an accumulation of proteins on the specimens’
urfaces as it has been previously described for bioglass 45S5
27]. Additionally, cell culture medium does not contain the
ame amount of electrolytes as SBF (especially Ca and P ions)
hat precipitate on the surface of the glass and provide poten-
ial ionic reaction partners. Consequently, an accumulation of
a and P as an indicator for hydroxyapatite or hydroxyl car-
onated apatite formation [13] on the PCX-G3 surface did not
ccur.

The formation of cracks and delamination of the glass sur-
aces are a typical corrosion process of bioglass as shown in
he literature [17,19,27,28].

Cell behavior on the specimens was assessed using the
uman osteoblast-like cell line MG-63 that is reported to
isplay similar cellular reactions regarding morphological
ehavior, adhesion and signaling properties on biomaterials
s primary human osteoblasts [29,30]. Cell viability of the cells
evealed to be accelerated on Zp compared to cells on all
ther surfaces that displayed similar metabolic activities. Fur-
her investigations are required to explain this phenomenon.
ells on Zp might have been stimulated by the submicrom-
ter grooves (Fig. 1) that are not present on Zm.  On silicon
afers it has been previously demonstrated that submicrom-

ter grooves, especially a 600 nm pitch induce faster initial cell
dhesion of MC3T3-E1 osteoblasts [31].

Initial cell spreading after 30 min  was clearly promoted on
irconia compared to glass-coated specimens. This might be
ue to the degenerative process of bioglass making it difficult
or cells to adhere on the instable substrate. Additionally, an
ncreased roughness of the specimens resulted in a lower ini-
ial cell spreading area. It has been speculated that ridges and
alleys on rough surface may exert stronger constraints on
ells than smooth surfaces which therefore only require weak
estraints; thus the cells on the smooth surface try to spread
idely to stabilize themselves on the substrate [32]. After 24 h,

ell spreading on smooth surfaces Zp and Zm was significantly
igher compared to Z14, confirming previous findings for pri-
ary human osteoblast on machined and cer.face 14 zirconia

urfaces [33]. Cell spreading on Z14 was significantly lower
han for G1, which was due to the cells’ adaption on Z14 into
he surface structures, hence the image  of the center and not

he basal cell diameter was taken by LSM. On G2 and G3 cells
pan through the ridges and displayed a cuboidal shape with
ong cellular extensions (Fig. 6). Similar cell behavior has been
reviously observed for cells on sandblasted titanium surfaces
( 2 0 1 9 ) 862–870 869

that also exhibited rough surface morphologies (Ra = 6.07 �m)
[34].

Further studies are required to assess the contribution of
submicrometer and micrometer surface structure levels on
zirconia to create an implant surface with ideal biological and
osseointegration capabilities.

5.  Conclusion

Analysis of cell viability, cell spreading area, and morphol-
ogy revealed that initial cell behavior of human osteoblasts is
not accelerated by the bioglass-coated surface PC-XG3 when
compared to zirconia. Since initial spreading quality to a
biomaterial is a crucial factor that will determine the subse-
quent cell function, proliferation, differentiation, and viability
it can be concluded that a coating of zirconia implants with
this bioactive glass will unlikely enhance the osseointegration
behavior in vivo.
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