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Objectives. In recent years, zirconia dental implants have gained increased attention espe-
cially for patients with thin gingival biotypes or patients seeking metal-free restoration.
While physical and chemical material surface properties govern the blood-material interac-
tion and subsequent osseointegration processes, the organizational principles underlying
the interplay of biochemical and biophysical cues are still not well understood. Therefore,
this study investigated how the interaction of a microstructured zirconia surface with blood
influences its osseointegration potential compared to microstructured titanium with or
without additional nanostructures.
Methods. Microstructured zirconia and micro- (and nano)structured titanium surfaces were
fabricated via sandblasting followed by acid etching and their topographical as well as
physico-chemical features were thoroughly characterized. Following, an advanced in vitro
approach mimicking the initial blood interaction of material surfaces upon implantation
was applied. Fibrinogen adsorption, human blood coagulation as well as their influence on
cell fate decisions of primary human bone and progenitor cells (HBC) were studied.
Results. Obtained surface micro- and nanostructures on titanium surfaces were sharp with
rugged peaks whereas zirconia surfaces were less rough with structures being shallower,
more round and granular. Compared to titanium surfaces, the zirconia surface showed
increased fibrinogen adsorption, higher levels of total accessible fibrinogen y-chain moieties
yielding in increased platelet adhesion and activation and consequently thrombogenicity.
Mineralization of HBC on microstructured surfaces was significantly higher on zirconia than
on titanium, but was significantly lower compared to titanium surfaces with nanostructures.
Significance. This study provides insights into blood-material interaction and subsequent
cellular events that are important for implant surface development.
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1. Introduction

Dental implants are the gold standard of dental replacement
strategies and to date, a multitude of implant materials and
surface modifications have been developed and are routinely
applied in clinics. Especially titanium and titanium alloys have
been the materials of choice for dental implant systems due to
their exceptional mechanical and chemical properties as well
as the biological response to those implants [1]. Various in vitro
and in vivo studies successfully showed that the implant sur-
face properties including topography, chemical composition,
and hydrophilicity regulate the cellular fate decisions of osteo-
progenitors and their progeny, ultimately determining the
osseointegration potential and clinical success of an implant
[2]. Microstructuring of titanium surfaces via sandblasting and
acid etching has been shown to induce osteogenic differentia-
tion in vitro [3,4], and also to result in a better osseointegration
of the material in vivo [5,6]. Interestingly, modification of
the microstructured surfaces with additional spontaneously
formed nanostructures via storage of the freshly prepared sur-
faces in NaCl solution further increases the osseointegration
potential of the materials [6,7]. Not only topographical fea-
tures, but also surface hydrophilicity was demonstrated to
trigger the osteogenic differentiation [6,7]. Combining these
surface properties to create super-hydrophilic micro- and
nanostructured titanium surfaces results in fastest osseoin-
tegration of the material, thus presenting the current gold
standard for dental implants [6,8]. The relevance of micro-
and/or nanostructured dental implants was ultimately shown
by the large number of clinical studies that demonstrate
enhanced osseointegration and an overall reduction in healing
time [9-11].

Even though titanium based implants have become the
standard in clinics, unfavorable outcomes can occur espe-
cially in patients having a thin gingival biotype. There, in case
of buccal bone loss, the grey color of titanium can appear
through the gingiva around the region of an osseointegrated
implant [12-15]. Furthermore, few cases of potential titanium
intolerance in patients have been described, which would
require an alternative material for implant-supported pros-
theticrehabilitation [16,17]. In the recent two decades, ceramic
implants especially those made of yttria-stabilized tetragonal
zirconia polycrystalline (Y-TZP) material have been developed.
The tooth-like color of the material, the excellent mechanical
properties and demonstrated biocompatibility makes zirconia
a promising alternative to titanium implants [18,19]. Preclin-
ical studies show the importance of surface roughness for
ceramic implants as it is the case for titanium-based implants
[20,21]. Importantly, preclinical and early clinical studies show
bone-to-implant contact and removal torque being similar for
microstructured ceramic and titanium implants after com-
plete integration into the bone, thus suggesting that both
materials offer similar long-term performance [22-25]. Fur-
thermore, on the long-term zirconia implants are suggested
to perform similarly to state-of-the-art hydrophilic titanium
implants with micro and nanostructures, too [24]. However,
the early osseointegration potential (<4 weeks) of zirco-
nia surfaces in comparision to micro- and nanostructured,
hydrophilic titanium implants still remains unclear.

As mentioned before, surface micro- and nanotopography,
as well as hydrophilicity have been successfully identified
to enhance osseointegration potential of titanium implants.
However, surface roughening of zirconia has been techni-
cally challenging due to the high hardness of the material
and to date, only limited information is available on the
influence of zirconia surface design on bone cell fate deci-
sions. Few reports have shown that increasing the surface
roughness of zirconia implants has a positive effect on
osseointegration, which is similar to what has been observed
for titanium surfaces [20,23,26]. Also, rendering hydrophobic
zirconia discs hydrophilic via UV light treatment was shown to
increase attachment, spreading, proliferation, and bone pro-
tein expression of rat bone marrow-derived osteoblasts [27].
Furthermore, Caravaca et al. could demonstrate that oxygen
plasma treatment followed by silanization could increase the
hydrophilicty of zirconia surfaces and improve cell attach-
ment as well as proliferation of osteoblast-like cells (MG-63)
[28].

In vitro studies on osseointegration mostly focus on the
cellular response toward the bare implant material, which
however fails to recapitulate the in vivo situation during
surgery in which the material is exposed to blood before com-
ing in contact with cells. Immediately upon implantation,
proteins of the blood (e.g. albumin, immunoglobulins, or fib-
rinogen) are adsorbed in material dependent concentrations
and composition on the implant surfaces [29]. This is fol-
lowed by a multitude of biological processes including blood
coagulation, which is responsible for thrombus formation on
top of the material, as well as the immune response [30,31].
The formed thrombus, a mixture of fibrin, blood cells and
a mixture of cytokines, on the implant surface provides the
first, temporary matrix at the site of injury and has a pivotal
role in inflammation, tissue regeneration and integration of
the implant [32]. Previous studies demonstrated not only the
important role of the implant materials on protein adsorption
and thrombus formation [33,34], but also the impact of the
blood clot on differentiation of primary human bone and pro-
genitor cells (HBC) [7]. Notably, applying an in vitro approach
including a blood incubation step prior to HBC culture Kopf
et al. obtained an osseointegration potential for the titanium
surfaces SLA and SLActive, that correlates very well to the
observed osseointegration of the surfaces in an in vivo study
[6,7]. Therefore, this in vitro setup could provide the means to
obtain predictive data when evaluating the osseointegration
potential of novel implant materials and material surfaces
prior in vivo studies. The aim of the present study was to
investigate how the interaction of a microstructured zirco-
nia surface (ZLA) with blood influences its osseointegration
potential compared to microstructured titanium with (SLAc-
tive), or without additional nanostructures (SLA). For this, the
previously established in vitro approach, including the incuba-
tion of material surfaces with human whole blood prior cell
culture [7] (Fig. 2A), was applied to study fibrinogen adsorp-
tion, blood coagulation as well as cell fate decisions of HBC
on blood pre-incubated surfaces. Given the expected predic-
tive value of the herein presented results, this study provides
important insights how physico-chemical properties govern
the blood-material interaction and subsequent cellular events
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that are highly relevant for the development of newly designed
zirconia surfaces prior to in vivo studies.

2. Materials and methods
2.1.  Materials and surface modifications

Samples and surface modifications were prepared by Strau-
mann (Institut Straumann AG). The titanium disc samples
were 5mm in diameter and were prepared from a c.p. tita-
nium sheet grade 2. The ceramic disc samples were 5mm in
diameter and they were made from yttria-stabilized tetragonal
zirconia polycrystalline material (3Y-TZP), which is identi-
cal to the material of Straumann PURE ceramic implants.
The surfaces SLA, SLActive, and ZLA correspond to the SLA®,
SLActive®, and ZLA™ implant surfaces and were created
according to proprietary processes by Straumann. In brief, the
titanium substrates were sandblasted with corundum (par-
ticle size 250-500 pm) followed by acid-etching in a boiling
mixture of HCl and H,SO4. The SLA discs were then cleaned in
HNO3 and rinsed in deionised water. Finally, the SLA surfaces
were air dried, wrapped in aluminum foil and packed in peel
bags. After acid etching, the further treatment of the SLActive
surfaces took place under nitrogen to prevent exposure to air
and the samples were finally rinsed in 0.9% NaCl and stored
in 0.9% NacCl solution at about pH 5. SLActive surfaces were
only used after the spontaneous formation of nanostructures
had occurred [35]. Titanium discs were vy-sterilized (2542 kGy).
To produce ZLA surfaces, the zirconia samples were blasted
with corundum, then acid-etched in HF, followed by rinsing
in deionised water. Finally, the discs were air dried, packed in
peel bags and sterilized employing H,0, plasma sterilization.

2.2 Contact angle measurement

The wettability of all sample surfaces was evaluated by
contact-angle measurements using a sessile-drop test with
ultrapure water (EasyDrop DSA20E, Kriiss GmbH) and a droplet
size of 0.3 pL. The SLActive samples stored in saline solu-
tion were blown dry in a stream of argon prior to the contact
angle measurements. The samples stored dry were measured
as received. For each type of material, three samples were
measured. Contact angles of SLA were determined by fitting
a general conic-section equation to the contour of the droplet
placed on the surface (tangent method), whereas smaller con-
tact angles of ZLA and SLActive were fitted with a circular
function.

2.3. Surface roughness

The surface roughness was analyzed with a confocal micro-
scope (usurf explorer, NanoFocus AG) equipped with a 20x
lens to obtain 3D images with a measurement area of
798 x 798 um? and a lateral resolution of 1.56 um. Three sam-
ples per material type were examined at three random
positions each. Roughness parameters were calculated using
the software psoft Analysis XT (NanoFocus AG) by applying a
Gaussian filter with a cut-off wavelength of 50 x 50 pm?. Five
different parameters were selected to characterize the sur-

face topography: S, (average height deviation from the mean
plane), S; (maximum height), Sq (skewness of the height dis-
tribution), Sy, (developed surface area), and Spq (density of
peaks).

2.4.  X-ray photoelectron spectroscopy (XPS)

The chemical composition of the surface (outermost 5-10 nm)
was investigated by XPS. The measurements were performed
by SuSoS AG, Diibendorf, Switzerland. Spectra were acquired
on a PhIS000 VersaProbe spectrometer (ULVAC-PHI, INC.)
equipped with a focused scanning monochromatic Al-Ka
source (1486.6eV). The photoelectrons were detected at an
angle of 45° to the surface normal by means of a hemi-
spherical analyzer with a multi-channel detection system
with 16 channels. Three samples were analyzed for each type
of surface modification. Each sample was analyzed on one spot
with a spot size of 200 pm scanning an area of 200 x 1000 pm
in case of the titanium samples and a spot size of 200 pm in
case of the zirconia samples. A survey scan and detailed spec-
tra of the elements observed in the survey were acquired. The
SLActive samples stored in saline solution were rinsed with
ultrapure water and blown dry in a stream of nitrogen prior to
the measurements. The samples stored dry were measured as
received without any pretreatment.

2.5.  Scanning electron microcopy (SEM)

The surface morphology of the SLA, SLActive, and ZLA sam-
ples was investigated by Scanning Electron Microscopy (SEM).
Measurements were performed on three different discs for
each type of surface modification. Analysis was performed
with a Zeiss Supra 55 SEM (Carl Zeiss AG) equipped with
a field-emission electron source. The overview SEM images
were acquired with an acceleration voltage of 15kV using an
Everhart-Thornley detector and the high-resolution images
with an acceleration voltage of 5kV using an in-lens detec-
tor. The ZLA samples were coated with a conducting layer of
~2nm Pt/Pd to improve the image quality on the insulating
zirconia sample.

Besides material characterization, SEM imaging was
applied to analyze the blood interaction with the materi-
als surfaces. After the period of incubation in human whole
blood, the samples were fixed in Karnovsky’s fixing solu-
tion for 1h at RT and washed twice in PBS. Subsequently,
the samples were dehydrated by a gradient series of ethanol
(30, 50, 70, 80, 90 and 100%) followed by incubation in hex-
amethyldisilazane (HMDS) (Sigma-Aldrich) for 30 min. After
drying overnight at room temperature (RT), surfaces were
gold-platinum sputtered (10 nm-thick coating, Leica EM ACE
600). Finally, SEM images were taken using a Hitachi S-4800
(Hitachi High-Technologies, Canada) at an accelerating voltage
of 5kV and 10 pA current flow. Representative images of dif-
ferent magnifications were taken from 2 surfaces per sample
and experiment.

2.6. Serum protein adsorption

For quantification of fibrinogen adsorption and the assess-
ment of y-chain accessibility of adsorbed fibrinogen, per
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experiement 3 samples of each titanium and zirconia surfaces
were incubated in 100 pL of fibrinogen-Alexa Fluor 633 con-
jugate (10 ugmL~? in PBS; Thermofisher) for 20 min at RT. To
estimate unspecific binding of the following antibodies, refer-
ence samples were incubated for the same period of time in
PBS w/o fibrinogen. After incubation surfaces were blocked by
incubation with 5% goat serum and 1% FCS in PBS for 1h. The
samples were then washed in PBS and incubated in 100 pL of
mouse anti-human monoclonal fibrinogen gamma antibody
(1:200; IgG2a, [4H9], GeneTex). Subsequently surfaces were
incubated in 100 pL of the corresponding secondary antibody,
Alexa Fluor A488 conjugate (goat anti-mouse IgG2a, 1:300;
ThermoFisher) for 1h. All antibodies were dissolved in 1%
FCS/PBS and stainings were performed at RT. After antibody
or fibrinogen incubations surfaces were always washed 3x in
PBS.

For fluorescence intensity (FI) quantification samples were
analyzed employing a fluorescence microarray scanner (LS
ReloadedTM, Tecan Trading AG, Switzerland) using identical
settings, i.e. voltage, pinhole, and focal plane, for all samples
per condition. FI values were determined from the obtained
images via ImageJ, using the inner 80% surface area of the
samples. Obtained FI resulting from unspecific binding of the
antibodies were subtracted from measured sample FI values.

2.7.  Blood incubation with partially heparinized
human whole blood

Human whole blood was obtained from healthy volunteers
(ethical approval BASEC Nr. PB.2016-00816 from the local
ethics committee) by standard venipuncture technique. The
blood was partially heparinized directly upon withdrawal into
a9 mL S-Monovette tube (neutral S-Monovette”, Sarstedt) with
3IUmL~? sodium heparin (1801U mL~?, Carl Roth) to yield a
final concentration of 0.5IU heparin mL~? blood and used for
the experiments within 1h after withdrawal.

Per material 6 samples were placed into a custom device
made out of polytetrafluoroethylene (PTFE, Teflon), designed
as a round chamber with an inner diameter of 30 mm and
4mm height, containing 6 cavities with an inner diameter of
5mm and a height of 1 mm. The different sample types were
always incubated in separate chambers. For the HBC cell cul-
ture studies, each chamber was filled with 2.8 mL of freshly
taken human whole blood, closed with a PTFE lid, sealed with
parafilm and placed on an orbital shaker (Polymax, Heidolph)
at 10rpm and 12 min (RT).

For the quantitative analysis of the blood coagulation on
the surfaces, i.e. fibrin network formation and platelet activa-
tion, 2.8 mL of platelet-rich plasma (PRP), isolated from freshly
taken human whole blood by centrifugation for 30 min at 300 g
(14°C), was filled into the PTFE chambers and samples were
incubated (usually 90min) on an orbital shaker as described
above.

The incubation time was always estimated for each donor
and experiment individually with a reference sample, i.e.
SLActive, and whole blood or PRP spiked with Alexa Fluor
488-conjugated fibrinogen (final concentration 18 ugmL~1) via
epi-fluorescence microscopy (Axio Imager.M1, Carl Zeiss AG).

After the incubation, the blood was carefully removed
and stabilized with Ethylenediaminetetraacetic acid (EDTA)

(Sigma-Aldrich) to a final concentration of 5mM for further
analysis. Finally, the samples were rinsed gently 3x times in
pre-warmed phosphate-buffered saline (PBS) (Sigma-Aldrich)
before use for further experiments or analysis.

2.8.  Analysis of selected molecular markers of blood
coagulation

EDTA stabilized blood, taken after incubation with the mate-
rial samples (6 samples of each material), was centrifuged
for 10min at 2000 x g to isolate plasma. Obtained plasma
was frozen and stored at —80°C until analysis. Commercially
available enzyme-linked immunosorbent assays (ELISAs) were
used to characterize blood reactions including platelet acti-
vation (platelet factor 4 (PF4), Thermofisher), coagulation
activation (Prothrombin Fragment 1+2 (F1+2), USBio), and
complement activation (C5a, Abcam).

2.9. Cell culture of primary human bone cells

Primary human bone cells (HBC) were isolated and cultivated
as previously described [7]. In brief, femur-derived human
bone marrow samples were received from healthy patients
undergoing surgical hip replacement after informed consent
(ethical approval was obtained ethics committee of the canton
St.Gallen, CH; EKSG 08/14). Six experiments were performed
with HBC of passage 2 with cells isolated from 3 different
patients. Blood incubated and washed (PBS) samples were
transferred into 96 well plates and 200 uL of HBC cell sus-
pension (34,000 cells mL~1) in proliferation medium («-MEM
(D-5796, Sigma-Aldrich), 10% Fetal calf serum (FCS; Lonza),
1% PSN (penicillin (5mgmL~1), streptomycin (5mgmL~1),
neomycin (10 mgmL~1) all from Gibco), 1 mgmL~! basic fibro-
blast growth factor (FGF-2, F0291, Sigma-Aldrich) added to
all surfaces. Cells seeded on tissue culture polystyrene (TCP)
served as controls. After 24h all samples were transferred
into a new well (96 well plate) containing 200 uL of either
proliferation or osteoblastic differentiation medium («-MEM,
10% FCS, 1% PSN, 10nM 1.25 dihydroxyvitamine D3 (D-1530,
Sigma-Aldrich, freshly added when medium is changed),
50 uM ascorbic acid phosphate (A-8960, Sigma-Aldrich), 2mM
B-glycerophosphate (G-9891, Sigma-Aldrich), 10nM dexam-
ethasone (D-4902, Sigma-Aldrich, stock solution 1mgmL~! in
96% ethanol, freshly prepared and added when medium is
changed) and incubated at 37 °C in a humidified 5% CO, atmo-
sphere. Per experiment and material 3-4 surfaces were used
for cell culture studies of HBCs.

2.10. Microscopy analysis of blood coagulation and HBC
adhesion

For confocal laser scanning microscopy and quantification
of fluorescence intensities, blood incubated samples either
with or without adherent HBC were washed 3 times in PBS,
fixed for 20min in an aqueous solution of 4% PFA, 65mM
PIPES, 25 mM HEPES, 10mM EGTA and 3mM MgCl,. To avoid
unspecific binding, samples were blocked before further anti-
body incubation with 5% goat serum and 1% FCS in PBS
for 1 h. Subsequently, activated platelets were stained via
CD62P-selectin antibody, Alexa Fluor 645 (1:100, BioLegend)
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for 1h at RT. Next, cells were permeabilized for 10min in
PBS containing 0.1% Triton X 100. Fibrinogen was stained
either by supplementation of the blood with fibrinogen-
Alexa Fluor 488 conjugate (final concentration 18 pgmL~1)
during incubation of the samples or incubation with a mono-
clonal anti-human fibrinogen antibody (1:100, Sigma-Aldrich)
for 1h followed by incubation (1h) with the corresponding
anti-mouse Alexa Fluor 555 antibody (1:300, Thermofisher
Scientific). Finally, actin and nuclei were stained with Alexa
Fluor 488-conjugated phalloidin (1:40, Thermofisher) and
0.01mgmL~! 4',6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich) for 1h. All antibodies were dissolved in 1% FCS/PBS,
stainings were performed at RT and all antibody incubation
steps were followed by 3 washes with PBS.

Representative CLSM images (LSM780, Carl Zeiss AG,
Switzerland) were taken at different magnifications (10x and
40x) from 2 surfaces per sample and experiment.

For quantification of fibrinogen and platelet activation
(CD62P) on the surfaces, samples were analyzed with a flu-
orescence scanner as described above for protein adsorption.

2.11. Calcium quantification assay

HBC were cultivated on the different blood pre-incubated
surfaces for a period of 28 d. In order to quantify mineral-
ization, the HBC derived Ca?* concentrations were correlated
to their cell numbers as previously described by Kopf et al.
[7]. In brief, the number of metabolic active HBC was deter-
mined by alamar blue (AB) assay (alamarBlue® Cell Viability
Reagent; DAL1025, Invitrogen). A volume of 20 pL AB solution
was added to culture medium and fluorescence intensities
were measured (Mithras2 Plate reader, Berthold Technolo-
gies) after 2h of incubation. Cell numbers were calculated
by interpolating fluorescence readings from a 6-point stan-
dard curve (measured from known HBC numbers after 1day
in culture). Following the AB measurements, samples were
washed twice with pre-warmed PBS and lysed in 100 pL 1M
HCI for 3h at 37°C under constant agitation. Afterwards, 5 uL
of each lysate were transferred to a 96-well plate and 195 pL of
working reagent (Quanti Chrom™ Calcium Assay DICA-500,
Gentaur) were added to analyze the levels of Ca?*. After 3min,
absorbance of the solution was measured at 595nm (Biotek
Instruments Elx 800, Witec AG). Samples were analyzed in trip-
licates and calcium concentrations were calculated by means
of a standard curve.

2.12. Statistics

All data were analyzed using GraphPad Prism 6 (GraphPad
Software Inc., USA) and analysis of the statistical significance
between the samples was performed by two-way ANOVA
(results obtained from at least three different donors) and
Tukey-Kramer’s post hoc test. Asterisks denote statistical sig-
nificance as follows: * p<0.05, ** p<0.01, ** p<0.001. All data
are presented as mean values + standard deviation (SD).

3. Results
3.1.  Surface analyses

ZLA, SLA and SLActive samples were fabricated and the sur-
faces thoroughly characterized. SEM analysis showed that all
surfaces exhibit microstructures with comparable dimensions
of lateral features (Fig. 1). Notably however, features were
shallower on zirconia as compared to titanium surfaces. Also
the structures appeared different, as on titanium structures
sharp and rugged peaks were obtained but on the zirconia
surface more round and granular structures were formed.
Randomly oriented, but homogenously distributed sponta-
neously formed [35] nanostructures with dimensions of about
10-30nm were found only on SLActive surfaces, whereas on
top of ZLA, granular nanostructures ranging from a few ten to
several hundred nanometers could be observed.

Roughness (i.e. Sz and S;) was highest for SLA and lowest
for ZLA. Sgx measurements showed that SLA and SLActive sur-
faces are characterized by predominant peaks whereas ZLA is
characterized by predominant depressions. (Table 1a)

Contact angle (C.A.) measurements demonstrated a
hydrophobic surface for SLA and hydrophilic surfaces for ZLA
and SLActive; latter surface demonstrating complete wetting
with a contact angle of 0° (Table 1b).

The measurements of the surface chemistry by means of
X-ray photoelectron spectroscopy (XPS) revealed the elements
characteristic for the surface of the respective materials and
an additional carbon contamination layer. Oxygen is observed
on the titanium samples as a result of the oxidation of the
surface under the formation of TiO,. The carbon contamina-
tion (e.g. hydrocarbons) as well as the low level of nitrogen
are a result of the exposure of the samples to air during the
manufacturing process and also during sample handling for
the XPS measurements. The low amounts of F on the zirco-
nia surface are attributed to the surface treatment with HF.
Overall, only expected elements from the base material and
the carbon contamination layer were detected. No unexpected
foreign elements were detected (Table 1c).

3.2 Surface interaction with plasma proteins

To investigate the early biological events upon implantation of
materials, fibrinogen adsorption from a solution of fibrinogen
in PBS buffer onto the different surfaces was evaluated and
found to be lowest for SLA and highest for ZLA. On top of SLAc-
tive fibrinogen adsorption was about 2-fold higher compared
to SLA but significantly lower than ZLA. However, not only
the quantity of the adsorbed fibrinogen but also its confor-
mation, which is critically affected by the surface chemistry,
is important for adhesion of platelets [36]. To determine dif-
ferences in the conformation of the adsorbed fibrinogen and
to evaluate the possibility of platelet-fibrinogen interactions,
binding of a site-specific antibody sensitive for the C-terminal
region of fibrinogen y-chain encompassing the main platelet
aypPs integrin binding site was assessed [36,37]. As shown
in Fig. 2B antibody binding was lowest for SLA and highest
for ZLA. Calculating the ratio of antibody binding and total
adsorbed fibrinogen (Fig. 2C), SLActive was found to support
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Fig. 1 - Surface characterization of the different implant materials. Scanning electron microscopy (SEM) images of SLA,
SLActive, and ZLA at 2 different magnifications. Nanostructures were only present on SLActive and ZLA surfaces.

Table 1 - Physicochemical analysis of the different surfaces. All results are presented as mean (+SD) of n=3. (a) Analysis
of surface micro-roughness via confocal microscopy. (b) Analysis of the water contact angle on top of the different

surfaces. (c) Analysis of the surface’s elemental composition via XPS. Apparent normalized atomic concentration [%] (sum
equals 100%) of the elements detected by XPS. The mean values are presented (three samples, one measurement each).

a) Surface micro-roughness

Sample Sa [pm] Sz [wm] Ssk Sar [%] Spa [mm~2]
SLA 1.46 (0.08) 20.77 (2.63) 0.16 (0.07) 16.86 (1.37) 1592 (240)
SLActive 1.29 (0.02) 18.15 (2.55) 0.11 (0.03) 13.36 (0.44) 1590 (170)
ZLA 0.71 (0.03) 9.59 (1.85) ~0.29 (0.05) 4.18 (0.35) 1798 (165)

b) Contact angle

Sample C.A. [°]
SLA 113.6 (25.6)
SLActive 0(0)

ZLA 6.4 (0.4)

c) Elemental composition

Sample C [%] F [%] N [%] 0 [%] Ti [%] Y [%] Zr [%]
SLA 457 (2.8) = 2.9(0.3) 38.2 (2.0) 13.2 (1.2) = =
SLActive 10.6 (0.2) = 1.5 (0.1) 62.2 (0.1) 25.7 (0.2) = =

ZLA 24.5 (2.3) 1.1(0.2) = 47.3(2.3) = 1.2 (0.1) 25.9 (0.7)
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Fig. 2 - (A) Schematic illustration of the advanced in vitro model including a blood incubation step prior HBC culture on top
of the material’s surface. (B) Fibrinogen (FG) adsorption as a function of the dental implant material and surface
modification. Fibrinogen adsorption and antibody-accessibility of the fibrinogen C-terminal region of the y-chain were
analyzed via immunohistochemistry and obtained fluorescence intensities (FI) measured with a microarray scanner. (C)
Based on measured FI values, the ratio of y-chain antibody staining and fibrinogen was calculated. Data are presented as
mean + SD of n=4. Asterisks denote statistical significance: ** p<0.01 and *** p <0.001.

the protein conformation that allows antibody-accessibility of
the y-chain best. Even though highest fibrinogen concentra-
tions were observed on top of ZLA, the percentage of molecules
with accessible y-chain was lowest.

3.3.  Surface interaction with whole blood

To analyze the impact of material and surface modifications
on blood coagulation, titanium and zirconia surfaces were
incubated in human whole blood and evaluated for throm-
bus formation (Fig. 3A). On top of hydrophobic SLA surfaces,
platelet adhesion and partial aggregation were visible, but
largely without formation of fibrin. On the contrary pro-
nounced blood coagulation, as seen by significant levels of
fibrin network and platelet aggregates, was obtained on top
of the hydrophilic SLActive and ZLA surfaces. In particular,
on top of the zirconia surface a dense layer of fibrin was
obtained whereas on top of the SLActive surface a more loosely
arranged thrombus was observed. Analysis of the fibrin con-
centrations on top of the different surfaces after incubation
in platelet-rich plasma (PRP) via immunohistochemistry and
a microarray scanner could confirm the trend seen in the SEM
images (Fig. 3B,C). Lowest fluorescence intensities (FI) were
measured for SLA and highest for ZLA. In addition, platelet
activation as a function of the material was analyzed by mea-
suring the levels of CD62P, a prominent marker for platelet
activation, via antibody staining. As shown in Fig. 3C lowest FI
were measured for SLA and highest for ZLA.

In addition to microscopy and immunohistochemical anal-
ysis of the surfaces, selected molecular markers of the
coagulation cascade were analyzed in the supernatants after
incubation of the surfaces in whole blood via ELISA. Platelet
activation, determined by released levels of platelet factor 4
(PF4), was highest for ZLA and lowest for SLA. Results for
coagulation activation, determined by concentration of pro-
thrombin fragments 1+ 2 (F1/F2), were comparable to those for
PF4. Contrasting the results obtained from fibrin quantifica-
tion, only slight differences between the two titanium surfaces
were obtained for the thrombin activation F1/F2. Analysis of
the complement cascade activation, i.e. C5a, showed no mea-
surable differences between the different surfaces.

3.4.  Adhesion and osteogenic differentiation of HBC
cultured on surfaces pre-incubated with human whole
blood

To assess the initial cell attachment of primary human HBC
on whole blood incubated surfaces, the samples were ana-
lyzed via confocal laser scanning microscopy (CLSM) after 24 h
(Fig. 4A). Homogenous cell attachment, well spread cytoskele-
ton, and exhibition of long filopodia were observed on all
samples. After 28 d of culture the number of metaboli-
cally active cells and produced Ca?* per surface levels were
determined. Mineralization of the HBC was assessed by deter-
mining the ratio of measured calcium levels and cell numbers.
As seen in Fig. 4B (top) highest levels of calcium were obtained
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Fig. 3 - Blood coagulation on the implant surface samples after incubation in partially heparinized whole blood or PRP.
Fibrin network formation on the different implant surfaces after whole blood incubation was evaluated by (A) SEM imaging
(scale bar 20 pm) and after incubation in PRP by (B) a microarray scanner (scale bar 1 mm) after staining of fibrinogen (green).
(C) Fibrin and platelet activation (CD62P) were quantified with a microarray scanner. (D) Selected molecular markers of the
coagulation cascade, i.e. PF4, F1/F2, and C5a, were analyzed in the supernatants of the whole blood incubated surfaces via
ELISA. Data are presented as mean + SD. Asterisks denote statistical significance: * p <0.05, ** p <0.01. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.).

with HBC on top of SLActive surfaces and lowest on top
of SLA. Notably calcium levels on top of ZLA were higher
compared to SLA but lower in comparison to SLActive. Esti-
mation of metabolically active cells at day 28 showed only
slight differences between the surfaces being 1.2-1.4 fold
higher on zirconia compared to the titanium surfaces. Anal-
ysis of calcium levels per 1000 cells revealed the same trend
(Fig. 4B).

4, Discussion

The aim of this work was to study how the interaction of
a microstructured zirconia surface with blood influences its
osseointegration potential when compared to state of the
art titanium surfaces with similar surface topographies. For

that purpose, a set of well-defined surfaces was fabricated
and an advanced in vitro model for osseointegration that
encompasses a blood incubation step prior to cell seeding and
cultivation was applied.

Zirconia surface characteristics were assessed using SEM,
XPS, contact angle studies and surface roughness mea-
surements. According to the definition by Wennerberg and
Albrektsson, both titanium surfaces are moderately rough
(Sa 1-2 pm) whereas the zirconia surface is minimally rough
(Sa 0.5-1 pm) [21]. Wennerberg and Albrektsson observed that
moderately rough surfaces are preferred for titanium based
dental implants, as this leads to higher osseointegration
potential compared to implants with lower or higher rough-
ness [21]. Furthermore, the material properties and fabrication
techniques led to surface microstructures being characterized
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Fig. 4 - HBC cultured on top of implant surfaces pre-incubated in whole blood and the osseointegration potential of the
surfaces analyzed. (A) Cell adhesion after 24 h of culture was investigated with confocal microscopy after staining of the
fibrin network (red), the actin cytoskeleton (green) and nuclei (blue) (scale bar 20 pm). (B) After a culture period of 28d
numbers of metabolically active cells were measured, the calcium levels were quantified (both top) and calcium levels per
1000 cells were calculated (bottom). Data are presented as mean + SD of n=6. Asterisks denote statistical significance as
follows: ** p<0.01 and *** p <0.001. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.).

by sharp and rugged peaks on titanium but more round, granu-
lar shaped microstructures on ZLA. In agreement to previous
reports, no nanostructures were observed on SLA, and ran-
domly oriented “spike” shaped nanostructures on SLActive
that are homogenously distributed [35]. These nanostructures
are composed of titanium dioxide and are a result of the stor-
age in aqueous solution [35]. In contrast, polydisperse and
granular shaped nanostructures were found on top of ZLA
because of the acid attack exposing individual grains of the
base material on the surface. SLA surfaces were hydropho-
bic and SLActive surfaces displayed a hydrophilic character,
matching previous reports [6,33]. While the zirconia surface
used within this study had hydrophilic properties similar to
previously reported oxygen plasma treated zirconia surfaces,
these surfaces shift toward hydrophobic within a period of
several months due to contamination by carbon species as
summarized in Caravaca et al. [28]. This change of wettability
was prevented within this study using freshly prepared and
H,0,-plasma sterilized surfaces.

In vivo, the adsorption of plasma proteins from blood on
the implant surface is the first event to occur and it is through
this layer that blood coagulation is initiated and cells respond
toward the biomaterial. In this study, adsorption of fibrinogen,
a predominant plasma protein, was evaluated. However, not
only adsorption but more importantly the conformation of fib-
rinogen is key in the biomaterial induced thrombosis, as this
determines binding of platelet integrin receptors leading to
adhesion, activation, and aggregation of the platelets [36-38].
Furthermore, being the precursor to fibrin, fibrinogen is the
central building block of the blood clot. Surface hydrophilicity
and material chemistry were found to have a strong impact on
the interactions between fibrinogen and the different dental
implants. Fibrinogen adsorption was increased on hydrophilic

surfaces, which is in agreement with a previous report [33]
and was drastically increased on the zirconia surface in com-
parison to both titanium surfaces. Recently, Rezwan et al.
reported that on top of titanium nanoparticle surfaces elec-
trostatic forces dominate the protein adsorption of lysozyme
and BSA from an aqueous suspension, whereas on zirco-
nia nanoparticle surfaces also hydrophobic interactions are
added to the surface’s electrostatic forces, leading to increased
amounts of protein adsorption [39]. While this observation
might also explain the increased protein adsorption on the
here presented zirconia surface, it is well accepted that the
conformation of fibrinogen, which is critically affected by
the surface chemistry, too, is more important for adhesion
of the platelets than the total amount of surface adsorbed
protein [36]. Especially the 12-amino acid sequence encom-
passing residues 400-411 of the C-terminal region of the
fibrinogen vy-chain has been identified to interact with platelet
aqpB3 integrin [37,40,41]. Furthermore, the C-terminal region
of the y-chain is sufficient for fibrin stabilization as Factor
XIlla enzymatically crosslinks opposing C-terminal segments
of the vy-chain [40]. Therefore, the biological accessibility of
the fibrinogen +y-chain was analyzed via specific antibody
staining. The material’s influence on the fibrinogen confor-
mation was similar to the trend of measured total fibrinogen
with higher levels of antibody-accessible fibrinogen y-chain
on ZLA compared to SLActive, and SLA respectively, which
had lowest measurable levels. High levels of exposed fibrino-
gen vy-chain on top of the zirconia samples could be either
the result of the high levels of adsorbed proteins or due
to increased hydrophobic interactions between surface and
protein. Recently, studies applying self-assembled monolayer
(SAM) surfaces could demonstrate that fibrinogen adsorption
to hydrophobic surfaces resulted in highest conformational
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changes, i.e. loss of a-helix, of the proteins along with greatest
numbers of adherent platelets [36]. Determining the relative
concentration of the y-chain revealed highest levels for SLAc-
tive and lowest for ZLA. Low relative levels of exposed y-chain
on top of the zirconia surface may be the result of the high
levels of protein that either prevent the access of the anti-
body to the y-chain due to fibrinogen multilayers, also known
to reduce cell adhesion [38], or due to the dense packing of
fibrinogen that could influence conformational changes of
the proteins toward less exposed levels of fibrinogen y-chain.
Contrasting this, adsorption of fibrinogen at low density, was
shown to promote platelet adhesion [38], which is reflected in
the current study by highest relative levels of y-chain domains
on SLActive. Since blood coagulation and thrombus formation
on biomaterial surfaces is triggered immediately after cover-
age with a layer of plasma proteins, it appears that the high
levels of total accessible fibrinogen y-chain for ZLA surfaces
yield increased platelet adhesion and activation, thus causing
higher thrombogenicity of zirconia compared to titanium sur-
faces. This was further investigated with in vitro whole blood
incubation studies.

During the chosen incubation time, only rare spots of
platelet aggregates and fibrin were obtained on top of SLA,
while a dense network of fibrin was detected on SLActive.
Notably, the thickest thrombus layer was observed on top
of ZLA. This was also reflected in levels of platelet activa-
tion (CD62P, PF4) and activation of thrombin (F1/F2). Increased
coagulation and fibrin deposition on top of sandblasted, acid
etched titanium has been previously reported for super-
hydrophilic surfaces, if compared to hydrophobic titanium
surfaces [7,33,34,42,43]. Interestingly, thrombus formation is
even more pronounced on the hydrophilic zirconia surface
(Fig. 3A). Similar observations of enhanced blood coagulation
on a titanium-zirconium alloy in comparison to titanium was
reported previously [33]. Taking into account that the total
accessibility of adsorbed fibrinogen was highest for ZLA, and
so were the levels of platelet activation, it appears that the
increased levels of blood coagulation on top of the zirconia
sample are the result of increased platelet adhesion, which
leads to their activation and thus triggers the coagulation
cascade. This is supported by more fibrin being present and
higher concentrations of CD62P and PF4 along with higher lev-
els of total accessible fibrinogen y-chain that were observed on
SLActive compared to SLA.

Besides protein conformation, the pure physicochemical
properties of the different materials could also account to the
strong activation of coagulation on zirconia, e.g. via contact
activation. Several studies have demonstrated that platelet
adhesion and activation of coagulation on biomaterials is gov-
erned by synergistic levels of hydrophobic and hydrophilic
functional moieties on the surface [44,45|. As reported above,
in addition to electrostatic forces, hydrophobic ones are also
important for the protein interactions at zirconia surfaces.
Therefore, the results suggest that the level of the interplay of
hydrophobic and hydrophilic forces on ZLA activates coagula-
tion more compared to SLActive, i.e. via increased activation of
the intrinsic pathway of coagulation [46]. Complement activa-
tion (C5a) was similar for all surfaces within the analyzed time
period and has thus not been further studied in this work.

Obtained blood clots on top of the surfaces provide the first
provisional extracellular matrix (ECM) and the spatiotempo-
ral organization of soluble, e.g. platelet derived cytokines, and
adhesive cues affects the subsequent steps of wound healing
and implant integration [32]. Analyzing the osseointegration
potential of the different surfaces, homogenous HBC attach-
ment was obtained on all whole blood pre-incubated surfaces
after 24 h of culture. Besides the platelet binding sequence in
the y-chain, human fibrinogen contains two further putative
B3 integrin binding sites within the a-chain, i.e. RGDF (Aa95-97)
and RGDS (Aa572-574)[37,47]. Due to the incubation in whole
blood, at least plasma fibrinogen, in case no fibrin was formed,
adsorbed to all surfaces, which can explain why HBC attach-
ment was obtained on all surfaces. In addition, other adhesive
ECM proteins such as vitronectin or fibronectin are likely to
be found on the surface and within the provisional ECM and
could increase cell attachment. Notably, analysis with CLSM
showed highest numbers of adherent cells on the zirconia
surface (data not shown). This correlates to the observation
that the fibrin network appeared most dense on ZLA surfaces,
which provides a high local density of adhesion motifs that
allow cellular attachment and spreading.

However, even though ZLA surfaces were homogenously
covered by fibrin and adherent HBC, the observed calcium
level after 28 d of culture was lower compared to SLActive,
but still increased when compared to SLA. The differences
obtained between the two titanium surfaces are in agree-
ment to previous in vitro and in vivo observations and reported
mechanisms involved in the response of HBC toward the
materials surface include for instance Wnt signaling path-
way and integrin signaling [6,7,48,49]. The observed difference
between HBC differentiation on zirconia and titanium sur-
faces have not been reported so far and are probably due to
variations in surface topography and surface physicochemical
properties. In several reports, it was demonstrated how vari-
ations in micro- and nanostructure and their degree of order
affect the osteogenic differentiation of HBC [50-52]. Thereby,
apP1 integrin expression and signaling has been identified
as an important mechanism driving cell fate decisions of
the HBC [49]. As seen in the SEM images, (Fig. 1) the micro-
and nanostructures of the zirconia surface have a different
size and morphology in comparison to the titanium surfaces.
In addition, the different implant surface chemistries and
topographies were shown to influence protein adsorption and
conformation of fibrinogen on top of the surfaces within this
study. A similar surface influence on protein quantity and fold-
ing could also be expected for other key proteins of the ECM,
e.g. fibronectin, whose secondary structure was also demon-
strated to depend on the surface properties [53]. As the HBC
respond toward the materials by sensing the adsorbed pro-
tein layer at the microstructured surfaces, it can be expected
that the altered interactions between proteins and the sur-
face in combination with the different topography in case of
the zirconia surface result in a different cell fate decision via
altered integrin clustering compared to surfaces of titanium
[54]. Thrombus formation on the surfaces also has an impor-
tant influence on HBC fate decisions [7], providing not only
adhesion ligands but also a plethora of soluble cues which
are released during platelet activation and temporarily asso-
ciated to the fibrin network [55]. Several of the platelet derived
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cytokines, e.g. isoforms of TGF-B or PDGEF, are involved in HBC
migration and differentiation [56-58] and are released over the
course of tissue regeneration and matrix remodeling [59]. The
detailed composition of the blood clot is unique for each mate-
rial and determined by the dynamics of coagulation depending
on the interactions of material surface and blood. However,
the fibrin matrix is only temporary and is degraded within a
few days by the cells and replaced by their own ECM. Thereby,
the bound fraction of cytokines is released into the culture
medium resulting in a rather short-lived stimulus serving
only as an initial trigger of HBC fate decisions. In view of the
material dependent fibrin — cytokine composition, it could
be considered that the cytokine cocktail bound to the fibrin
matrix on the ZLA surface has a less well balanced composi-
tion to stimulate the early HBC differentiation when compared
to the SLActive surface. However, the detailed composition of
the obtained fibrin matrices and/or adsorbed cytokines has to
be investigated in more detail to answer this question.

5. Conclusions

In this study, a microstructured zirconia surface was fabri-
cated and compared to well established titanium implants.
While fibrinogen adsorption was significantly increased on
the zirconia surface, along with the highest thrombogenicity
in comparison to both titanium surfaces, the osseointegration
potential of ZLA after 28 d was lower compared to SLActive but
was significantly increased in comparison to SLA. The results
suggest that the influence of the ZLA surface chemistry on
protein folding in combination with the topographical fea-
tures is responsible for the lower osteogenic differentiation
of the HBC, most likely via altered integrin signaling. Further-
more, it appears that surfaces with increased thrombogenicity
offer an enhanced osseointegration potential. The total quan-
tity of obtained thrombus is however not 1:1 correlated to HBC
mineralization and warrants a detailed investigation into the
biomolecular composition of the thrombus and underlying
mechanisms how the molecular cues balance HBC fate deci-
sions. However, previously reported in vivo data [6,22,60,61] are
in agreement with the herein demonstrated in vitro results.
Therefore, the employed in vitro approach is highly relevant
for implant development, as it allows to predict the in vivo
osseointegration potential of different bulk materials and sur-
face modifications.
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