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1 | INTRODUCTION
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Abstract

Silane chemistry has emerged as a powerful tool for surface modification, offering a
versatile means to enhance the properties of various substrates, such as dental
implant abutment materials. In this study, we investigated the stability of the
3-aminopropyldiisopropylethoxysilane (APDS) layer on yttria-partially stabilized zir-
conia (Y-TZP) surfaces after mechanical, acid, and thermal treatment in order to simu-
late fluctuations within the oral cavity. To accomplish that, the viability of human
gingival fibroblasts on APDS-modified surfaces after applied treatment strategies
was assessed by live/dead staining. Moreover, the hydrolysis stability and enzymatic
degradation resistance of crosslinked fibronectin to the APDS layer was examined by
immunostaining and western blot. The results revealed that the applied modifications
were not affected by the different treatment conditions and could withstand the
fluctuations in the oral cavity. Furthermore, crosslinked fibronectin on silanized
Y-TZP was stable against hydrolysis over 21 days and enzymatic degradation. We
thus can conclude that the proposed functionalization method has high potential to

tolerate harmful effects within the oral cavity and remains unchanged on the surface.
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constantly forming thin layer called acquired pellicle protects the sur-
faces in the oral cavity, especially the teeth, from various influences

The oral cavity with its natural teeth, as well as dental and implant
prosthetic restorations, is constantly exposed to different pH values,
temperatures, and mechanical stresses. Temperature and pH fluctua-
tions, oxygen, bacteria, and the decomposition of food constantly
attack its surfaces and interfaces.! The physiological pH range for
resting saliva is between 6.2 and 7.6.2 When the pH of saliva is
decreased up to <5.5 during eating or drinking, a critical pH is reached
that could result in dissolution of the mineral of the enamel® A

such as mechanical abrasion and direct contact with acids, thus pro-
viding a natural barrier.* The pellicle is an acellular protein film derived
from saliva, which has a strong adhesion to the enamel and is difficult
to remove by brushing. It has also been found on surfaces of dental
fillings and reaches a depth of 10-20 nm within 1 min.>~’ In detail,
the pellicle reveals a knotted, globular surface texture and consists of
absorbed protein aggregates and other macromolecules from the oral

environment such as salivary glycoproteins, phosphoproteins, lipids,
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and immunoglobulins.2? Only specific proteins within the saliva are
found in the initial enamel cuticle, including statherine, histatin, and
proline-rich proteins.’®! Because of the semipermeable character of
its membrane, the pellicle protects the tooth surface from excessive
losses of calcium and phosphate and thus from acid influences.”*?
Since all surfaces are covered by the pellicle in the oral cavity, abut-
ment surfaces are also affected.

High performance oxide ceramics, such as zirconia and especially
yttria-stabilized zirconia (Y-TZP), are frequently used as dental abut-
ment material.’® Its low Young's modulus, low thermal conductivity,
high biocompatibility, and white color have made Y-TZP an attractive
alternative to titanium, the gold standard, for dental abutments.2*-8
However, because of the bioinert character of Y-TZP, rapid bonding
with soft tissue is limited. For this reason, it is enormously important
to choose surface functionalization strategies that can facilitate cell
adhesion in order to overcome cell bonding limitations.

The application of self-assembled monolayers (SAMs) is a well-
established technique to chemically activate surfaces.!® SAMs are
nanometer-thick monolayers made of molecules that can covalently
bind to the substrate material and, due to the intermolecular interac-
tions, can form a closed layer with a locally highly ordered structure.
The molecules are characterized by three functional sections: (i) a head
group, which forms a covalent bond with the substrate material, (ii) an
organic backbone, and (jii) a terminal group, which determines the sur-
face properties and thus its interaction with the surface environ-
ment.2%?! Different functional groups such as —OH, —CH3, —COOH,
and —NH, can be used to control hydrophobicity or to induce
bioactivity.2"2% In this way, SAMs can be used to connect proteins from
the extracellular matrix (ECM) to the material's surface.?* Fibronectin
(FN) in particular is a ubiquitous ECM glycoprotein that plays an impor-
tant role in many biological processes such as cell adhesion, migration,
and differentiation.>> Moreover, FN contains various amino acid motifs
such as arginine-glycine-aspartic acid (RGD) that can be recognized and
bound by the cells' transmembrane integrins.2> Because of the predomi-
nantly aqueous and enzyme-rich environment in vivo, different crosslin-
kers were used for stable interconnection of the ECM protein to the
silanized surface.?® The application of additional coupling agents such as
bis(sulfosuccinimidyl)suberate (BS®) can enable a nucleophilic reaction
with the amines present on the organosilane molecule, thus ensuring
stable immobilization of the biomolecules.?”

In this study, the hypothesis tested was whether the modification
construct on Y-TZP surfaces would withstand mechanical, thermal, and
acid exposure. To accomplish this, the stability of the
3-aminopropyldiisopropylethoxysilane (APDS)-modified zirconia speci-
mens was assessed by scanning electron microscopy (SEM), atomic force
microscopy (AFM), and X-ray photoelectron spectroscopy (XPS) after
these applied different treatment strategies. The remaining APDS on the
samples before and after treatment was verified via ninhydrin assay.
Because it is known that the pellicle acts as a protective membrane
against external stimuli on the tooth surface, the specimens were addi-
tionally covered with saliva. Because of the formation of the APDS layer
on the specimen surface, the stable immobilization of fibronectin against

hydrolysis and proteolytic digestion was tested using immunostaining

and western blot. Finally, the cell viability on the surface after mechani-

cal, acid, and temperature treatment was evaluated by live/dead staining.

2 | MATERIALS AND METHODS

21 | Zirconia sample preparation

Yttria partially stabilized zirconia (TZ-3YSB-E powder, Tosoh, Japan)
specimens were manufactured by uniaxial dry pressing using a stain-
less steel cylindrical mold with a diameter of 9 mm and a thickness of
1.5 mm. Subsequently, Y-TZP discs were sintered at 1500°C for 2 hin
a ceramic furnace (Therm-Aix, Aachen, Germany). Afterwards, the
specimens were ground using 40 and 74 um discs and polished using
diamond pastes (15 and 9 um, ATM, Mammelzen, Germany). This pro-
cedure resulted in a roughness value of R, < 0.2 um. Then, ceramic
discs were heated to 450°C for 15 min in order to remove organic
residues. Finally, the discs were cleaned by sonication in 70% ethanol
(Schmittmann, Dusseldorf, Germany) and Milli-Q water (Sartorius,
Gottingen, Germany).

2.2 | Silanization of the samples

To generate a silane monolayer on the surface of the discs, the speci-
mens were hydroxylated in a solution of sulfuric acid (Sigma Aldrich,
USA) and 30% hydrogen peroxide (Merck, Darmstadt, Germany) for
1 min (dilution ratio 3:1) and rinsed thoroughly in Milli-Q water
(Sartorius, Gottingen, Germany). After drying at room temperature,
Y-TZP discs in a round bottom flask were dipped in a 5-vol % APDS
solution (Gelest, Morrisville, USA) mixed with anhydrous toluene
(Sigma Aldrich, St. Louis, USA) for 3 h at 120°C under reflux. After-
wards, samples were thoroughly cleaned by 3-min wash steps with
toluene (VWR, Radnor, USA) and Milli-Q water (Sartorius, Géttingen
Germany) in order to remove unbound molecules. The specimens

were dried overnight at room temperature.

23 |
samples

Crosslinking of ECM proteins to silanized

Coupling of the ECM protein fibronectin (Merck, Germany) to sila-
nized samples was realized by using the homo-bifunctional BS® cross-
linker (Thermo Fisher Scientific, Waltham, USA). For this purpose,
0.25 mM of this water-soluble crosslinker reagent was used to react
with the primary amines of the previously silanized specimens at 4°C
for 1 h in borate buffered saline (BBS, pH 8.5) under constant agita-
tion. Silanized samples harboring connected BS® were gently washed
with precooled BBS. Subsequently, the discs were immersed in the
appropriate protein solution (1 pg/mL in BBS) for 2 h at 4°C with fre-
quent shaking in order to enable covalently bonded proteins on the
individual surfaces. In order to remove unbound proteins, the samples

were washed three times with precooled BBS.
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24 | Testing of mechanical exposure, acid and
temperature resistance on modified surfaces

Natural teeth as well as dental implants are exposed to temperature
fluctuations, different pH values, and mechanical stress. All surfaces in
the oral cavity are surrounded by a protective layer, the pellicle, an
acellular protein film of saliva-like origin that strongly adheres to the
enamel of the tooth. Because of this fact, the modified test specimens
were additionally conditioned with three different surface pretreat-
ments in the following experiments: (1) untreated test specimens
(control), (2) test
specimens exposed to sterile filtered saliva, and (3) test specimens

without contact with natural saliva

with a pellicle layer formed in vitro, by exposing them for 1 min to the

saliva of a healthy donor.

241 | Mechanical stability testing using a
toothbrushing machine

The resistance of the modified surfaces to mechanical influences was
tested using a toothbrushing machine (Figure S1). This was intended
to simulate daily oral hygiene. The toothbrushing machine was manu-
factured in the scientific workshop of the University Hospital of
RWTH Aachen University, Germany. The machine consisted of two
reservoirs in which the specimens were fixed and clamped by means
of a rail. A motor drive enabled the toothbrush heads to exert a linear
movement. Weights of 100 g simulated the force exerted. A tooth-
brushing cycle lasting 30 min was performed with a toothpaste-slurry
mixture in a ratio of 3:1 according to ISO 11609:2010 [28]. After-
wards, the samples were cleaned three different ways to remove
remaining toothpaste-slurry: with ddH,O, with ddH,O in an ultrasonic
bath, or with 70% ethanol in an ultrasonic bath. Subsequently, the
samples were analyzed by AFM, SEM, and XPS to determine possible
abrasion of the modified surface.

2.4.2 | Acid resistance testing

To assess the acid resistance, the samples were alternately exposed to
an acidic environment of pH =5 and a neutral environment of
pH = 7 for 30 min each. For this purpose, a demineralization solution
was prepared according to Tschoppe et al. and a remineralization solu-
tion according to Buskes et al.?82? The composition of the deminerali-
zation and remineralization solutions used is listed in Table 1.
Subsequently, the modified surfaces were evaluated as described

above.

243 | Analysis of temperature stability
In order to simulate temperature extremes a thermocycler
(SD Mechatronik, Feldkirchen-Westerham, Germany) was used. For

this purpose, the samples were alternately transferred to reservoirs at
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TABLE 1 Composition of the demineralization and
remineralization solution.

Chemicals

Demineralization 2.2 mM CaCl, x H,0, 2.2 mM KH,PO,,
solution 0.0476 mM NaF, 50 mM CH;COOH, and
Tschoppe et al.?® 10 mM KOH, add ddH,0, adjust pH value to

5.0

1.5 mM CaCl, x H,0, 0.9 mM KH,PO4, 1 M
4-2-hydroxy-ethyl-1-piperazineethanesulfonic
acid(HEPES) buffer, add ddH,0, adjust pH
value to 7.0

Type of solution

Remineralization
solution
Buskes et al.??

5 and 55°C with a total of 1600 cycles. The samples were held in the
corresponding reservoirs for 5 s each. Subsequently, the samples were
analyzed via SEM, AFM, and XPS.

2.5 | Ninhydrin assay

In order to detect the density of the amines within the APDS before
and after mechanical, temperature, and acid exposure, a ninhydrin
assay was performed. To accomplish this, the individual specimens
were treated with ninhydrin reagent (Merck, #1.06705.0100, Darm-
stadt, Germany) and were incubated overnight protected from light.

2.6 | Surface characterization

2.6.1 | X-ray photoelectron spectroscopy

XPS measurements were carried out using an Ultra Axis spectrometer
(Kratos, Manchester, UK) equipped with monoenergetic AlKal,2
(1486.7 eV, 144 W) radiation in order to assess elemental surface

composition and to verify the presence of APDS on Y-TZP substrates.

2.6.2 | Atomic force microscopy

The NanoStation Il (SiS, Germany) was used in the tapping mode to
locate the APDS profile on sapphire (Y:ZrO2-YSZ; CrysTec, Berlin,
Germany) after treatment with the toothbrushing machine. The PPP-
NCLR cantilever (NANOSENSORS, Neuchatel, Switzerland) was
placed randomly on the individual samples, and three images with
magnifications of 20 x 20 um, 5 x 5um, and 3.5 x 3.5 um were
recorded. All AFM images were analyzed using NanoScope 9.1 soft-
ware (Bruker, Billercia, USA) to observe the respective surface

topographies.

2.6.3 | Scanning electron microscopy

The samples, previously dried at room temperature, were analyzed

in a SEM (Environmental scanning electron microscope FEl
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Quattro S, Thermo Fisher Scientific, FEI, Netherlands). Here, it is of
importance that the samples were not sputtered with a layer of
gold-palladium in order to avoid the appearance of artifacts on the

surface.

2.7 | Fluorescence labeling of the ECM protein

In order to confirm the presence of applied human fibronectin on
Y-TZP discs after 21 days at 37°C in phosphate-buffered saline (PBS),
immunofluorescence microscopy was performed. The remaining pro-
teins on the surface were fixed with 4% (w/v) paraformaldehyde(PFA)
for 10 min and blocked with bovine serum albumin (BSA, Sigma
Aldrich, St. Louis, USA) for 1 h at room temperature. Next, the speci-
mens were incubated overnight at 4°C with the primary antibody
anti-fibronectin (1:200 dilution, #MAB1918, mouse monoclonal, R&D
Systems, Minneapolis, USA). The remaining antibody solution was
removed by 5-min wash steps with PBS, and afterwards samples were
incubated with Alexa Fluor 488 (1:2000 dilution, #A21121, goat anti-
mouse, Invitrogen, Waltham, USA) for 1 h at room temperature.
Finally, bound antibodies were detected using fluorescence micros-

copy (Axio Imager 2, Carl Zeiss, Oberkochen, Germany).

2.8 | Isolation of human gingival fibroblasts

Human gingival tissue was obtained with written informed consent
(EK 266/19) as required by the ethics committee of the Faculty of
Medicine of RWTH Aachen University, Aachen, Germany from clini-
cally healthy donors undergoing routine surgical interventions. For the
collection of human gingival fibroblasts (HGFs), the gingiva tissue was
mechanically separated into epithelial and connective tissue during
surgical procedures. The obtained tissue was disinfected in 70% etha-
nol and washed in PBS solution (Gibco, Waltham, USA) containing 1%
(v/v) penicillin-streptomycin. The connective tissue was cut into small
pieces, and the explants were placed into 25 cm? culture flasks. After
the explants had 30 min to adhere to the bottom of the culture flask,
they were carefully covered with 3 mL of culture medium (Dulbecco's
modified Eagle's medium, DMEM, high glucose, Sigma Aldrich,
St. Louis, USA) supplemented with 10% (v/v) fetal calf serum (FCS,
PAN Biotech, Aidenbach, Germany), 2% (v/v) L-glutamine (Sigma
Aldrich, St. Louis, USA), and 1% (v/v) penicillin-streptomycin (Thermo
Fisher Scientific, Waltham, USA). The 25 cm? culture flasks were
placed in a moisturized incubator at a temperature of 37°C and an
atmosphere with 5% CO,. Cells were subcultured at 80% confluency
with 0.05% trypsin/0.02% ethylenediaminetetraacetic acid (EDTA,
PAN Biotech, Aidenbach, Germany) solution.

2.9 | Live/dead staining of HGFs

HGFs were seeded at a density of 1 x 10° cells/mL on the dif-
ferent surface conditions. After 1 and 3 days of cultivation at

37°C and 5% CO,, HGFs were stained with fluorescein diacetate
(FDA) and propidium iodide (Pl) in order to distinguish between
live and dead cells. To accomplish this, 10 uL of FDA and PI
were combined in 600 uL Ringer's solution. Immediately after-
wards, 20 uL of the staining solution was transferred on the
samples with the cells on top. Finally, the stained HGFs were
visualized using a fluorescence microscope (Axio Imager 2, Carl

Zeiss, Oberkochen, Germany).

2.10 | Detection of fibronectin using western blot
In order to identify proteolytic stability of the crosslinked fibronec-
tin, the samples were incubated with trypsin (PAN Biotech, Aiden-
bach, Germany), collagenase from Clostridium histolyticum
(Worthington Biochemical Corporation, Lakewood, USA) and saliva.
For this purpose, the enzymes and saliva were incubated for 30 min,
2 h, and 6 h on the samples. Afterwards, 15 uL of collected superna-
tant of each condition was mixed with 4x Laemmli sample buffer
(Bio-Rad Laboratories Inc., USA) containing the reducing agent
B-mercaptoethanol (Sigma Aldrich, St. Louis, USA). The samples
were then transferred into the pockets of the 4%-20% Criterion
TGX Stain-Free Protein Gel (18 well, 30 uL, Bio-Rad Laboratories
Inc., Hercules, USA), which was inserted in a gel electrophoresis
chamber filled with Running Buffer (Tris/Tricine/sodium dodecyl
sulfate(SDS)-Running Buffer, Bio-Rad Laboratories Inc., USA). Pro-
teins were separated by their size at 40 mA for 15 min increasing to
80 mA for additional 20 min.

For the blotting process, the anode stack was inserted on the bot-
tom of the Trans-Blot Turbo Transfer System device (Bio-Rad Labora-
tories Inc., Hercules, USA) and the SDS gel was placed bubble free on
the polyvinylidene fluoride(PVDF) membrane. The gel was additionally
covered with a water-soaked filter paper and finally with the cathode
stack. The blotting procedure took 7 min, according to the pro-
grammed parameters. After the protein transfer was complete, the
membrane was blocked for 10 min with EveryBlot Blocking Buffer
(Bio-Rad Laboratories Inc., Hercules, USA) on an orbital shaker (neo-
Lab, Heidelberg, Germany). The primary antibody solution (anti-fibro-
nectin, diluted 1:1000, #MAB1918, R&D Systems, Minneapolis, USA)
was then diluted in 3% BSA in PBS supplemented with 1% Tween and
was incubated overnight at 4°C under continuous agitation. The
remaining antibody solution was removed by three 15 min wash steps
using PBS containing 1% Tween (TPBS, Sigma Aldrich, St. Louis, USA),
and the membrane was then incubated for 1 h with the secondary
antibody conjugated with horseradish peroxidase (goat anti-mouse
IgG (H+L)-HRP conjugate, diluted 1:50000, #1706516, Bio-Rad Labo-
ratories Inc., Hercules, USA) also diluted in 3% BSA in TPBS. After-
wards, the membrane was washed three times as described above.
Finally, bound antibodies were detected by chemiluminescence after
adding luminol (Cytiva Amersham ECL Select Western Blotting Detec-
tion Reagent, Chicago, USA). After incubation for 3 min, the bands on
the PVDF membrane were visualized using the LAS-3000 Imager
(Fujifilm, Minato, Japan).
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SCHEME 1 Workflow of the individual modification steps of the
Y-TZP samples and the subsequent testing against mechanical,
thermal, and acidic influences. APDS,
3-aminopropyldiisopropylethoxysilane.

2.11 | Statistical and image analysis

For characterization of the surface conditions, AFM, XPS, and SEM
were performed at least three random spots on the specimens. The
cell culture experiments were repeated in three independent experi-
ments with at least three different HGF donors. Cells were visualized
with a fluorescence microscope (Axio Imager 2; Carl Zeiss, Oberko-
chen, Germany) using 10x objective. Images were recorded at room
temperature, and randomly selected areas of the samples were

captured.

3 | RESULTS

In this study, we investigated the influence of acid, temperature, and
mechanical stress on the APDS-modified surfaces. For this purpose,
the Y-TZP samples were prepared and treated with piranha solution
(mixture of sulfuric acid and hydrogen peroxide) to increase the
hydroxyl groups on the surface. The hydroxyl groups were then used
as attachment points for the APDS. The modified construct was then

tested against the above mentioned effects (Scheme 1).

3.1 | Surface characterization after mechanical
exposure

The topography of the APDS-functionalized surface of Y-TZP sap-
phires after treatment with the toothbrushing machine was investi-
gated using AFM (Figure 1). In Figure 1A larger particles on the
surface can be observed. Since the Sa value appeared to be quite high

at 6.77 + 0.06 nm, the surface was additionally examined at a higher
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magnification. Remarkably, the Sa value decreased to 0.70 £ 0.71 nm
at a higher magnification of 5 x 5 um (Figure 1B). In addition, an area
without the presence of particles was analyzed, marked with a black
frame in Figure 1B. Here, a Sa value of 0.09 + 0.01 nm was obtained
(Figure 1C).

The chemical composition analyzed via XPS after mechanical
exposure and different cleaning strategies is shown in Table 2. The
coupled silane was detected on all Y-TZP specimens after treatment
with the toothbrushing machine and subsequent cleaning. However,
from Table 2 it can be deduced that most of the silane remained on
Y-TZP specimens that were cleaned with ddH,O only. The element
zinc is a part of the toothpaste mixture and was also detected during
the measurement. The XPS spectra of the samples treated with the
toothbrushing machine with the respective cleaning strategies can be
seen in Figure S2A-D.

Furthermore, the surface was examined by SEM (Figure 2A-N).
The analysis revealed that no differences were detectable between
native and APDS-modified specimens with regard to surface texture
after mechanical treatment. The surfaces were additionally covered
with sterile filtered and pure saliva. No dissimilarities between these
conditions could be observed. It is worth mentioning that in the lower

row the stripes of the slurry were clearly visible.

3.2 | Surface characterization after acid and
temperature treatment

The AFM images of APDS-modified sapphires after acid and thermal
treatment are shown in Figure 3. The acid treated samples revealed
a Sa value of 0.48 + 0.16 nm and relatively smooth surface structure
(Figure 3A), whereas specimens exposed to different temperatures
revealed a much higher rougher Sa value (6.36+ 1.81 nm,
Figure 3B).

XPS analysis showed that silicon was detected on both thermal
and acid treated samples (Table 3). It is noticeable that there was more
silicon on the acid treated samples in contrast to the samples treated
with the thermocycler. In addition, a nitrogen content of 9.67% was
measured on the thermocycler treated samples. An increased carbon
proportion (63.07%) was also visible for thermal treated specimens.
XPS survey of the thermal and acid treated specimens is shown in
Figure S3A,B.

In Figure 4 it can be seen that there is no difference between the
Y-TZP-APDS-modified and native samples after acid treatments in
terms of surface quality. Furthermore, no difference was visualized
between the sterile saliva-coated and saliva-coated specimens.

This observation was also recorded in the thermal-treated sam-
ples (Figure 5). However, more impurities can be observed on the sur-
face of the APDS-coated samples.

Furthermore, a ninhydrin assay was performed after all treatment
and cleaning strategies in order to detect any remaining amino groups.
Figure 6 showed that on all APDS-coated samples, the —NH, groups
were still present. However, a reduced density of amino groups was

observed on thermal treated samples.

85UB01 7 SUOWILLIOD BAIIER.D 3[dedtdde au Aq pauenob ae il VO ‘85N JO 3N o} Akeiqi8UlUO A8 ]I LD (SUONIPUOD-PUE-SWLBIALID"AB | 1M Afed] 18Ul [Uo//:Sty) SUORIPUOD Pue SWLB | 8U) 89S *[Z02/80/20] Uo AiqiTauljuo AB]IM SRYIo!(dIqINYSYIOH Usydey Uimy Ad 0BESE T W (/Z00T OT/I0P/W0d A8 1M AeIq1jeuluo//Sdny WOl pepeojumod ‘2 ‘#20g ‘T86v2SST



PALKOWITZ ET AL.

918 | WL EY_Y AR
(B)

Hm nm
5

h |
0 (| 2 3 4 5pm

Sa: 0.70 £ 0.71 nm

nm
- 700
- 600
- 500
- 400

- 300

Sa: 6.77 * 0.06 nm

FIGURE 1

©)

nm

15

Sa: 0.09 £ 0.01 nm

3-Aminopropyldiisopropylethoxysilane-coated Y-TZP sapphires treated with a toothbrushing machine. The atomic force

microscopy image in (A) has a magnification of 20 x 20 um, in (B) 5 x 5 um, and in (C) approximately 3.5 x 3.5 um.

TABLE 2 Chemical composition (in

O1s C1is
Y-TZP (native) 58.03 15.53
Y-TZP + APDS (ultrasonic bath with 70% ethanol) 52.25 25.70
Y-TZP + APDS (ddH;0) 4748  33.70
Y-TZP + APDS (ultrasonic bath with ddH,0) 46.85 32.87

Note: The native specimen was used as a control.
Abbreviation: ADPS, 3-aminopropyldiisopropylethoxysilane.

33 |
surfaces

Gingival fibroblast activity on treated

The gingival fibroblasts in each group showed the typical spindle
morphology and similar growth trends (Figure 7). Interestingly,
specimens cleaned with ethanol after treatment with the tooth-
brushing machine (ToBrMa) revealed the lowest growth behavior
at day one. Furthermore, Y-TZP samples modified with APDS
exhibited slightly higher cell growth ability. After 3 days of culture,
the cells covered almost the entire surface of the Y-TZP specimens

(Figure 7).

Zr 3d Zn2p Si2p . N
atomic %) of silanized Y-TZP samples
24.90 ) ) after mechanical treatment and different
16.19 411 1.74 cleaning strategies.
15.20 1.45 2.18
15.20 2.19 1.98
3.4 | Stability of crosslinked fibronectin

The stability of fibronectin crosslinked to the silanized zirconia surface
was analyzed for enzymatic degradation. The fibronectin possibly
detached by the enzymes was then detected by western blot.
Figure 8 revealed that neither treatment with collagenase and trypsin
nor application of saliva resulted in visualization of detached fibronec-
tin at any time of analysis. A clear signal of fibronectin is detectable
only in the positive control (Figure 8).

In addition, the hydrolysis stability of the crosslinked fibronectin
stored for 21 days in PBS was investigated by immunofluorescence.
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Native Y-TZP Y-TZP + APDS

FIGURE 2 Scanning electron microscopy images of native and 3-aminopropyldiisopropylethoxysilane (APDS)-modified Y-TZP specimens
after treatment using a toothbrushing machine and individual cleaning mechanisms. (A) Native Y-TZP (control), (B) native Y-TZP coated with saliva
and cleaned with ddH,0O, (C) native Y-TZP coated with sterile filtered saliva and cleaned with ddH,O, (D) native Y-TZP coated with saliva and
cleaned with ddH,0 in ultrasonic bath, (E): native Y-TZP coated with sterile filtered saliva and cleaned with ddH,0 in ultrasonic bath, (F) native
Y-TZP coated with saliva and cleaned with ethanol in ultrasonic bath, (G) native Y-TZP coated with sterile filtered saliva and cleaned with ethanol
in ultrasonic bath, (H) APDS-modified Y-TZP (control), (I) APDS treated Y-TZP cleaned with ddH,O, (J) APDS treated Y-TZP coated with sterile
filtered saliva and cleaned with ddH,O, (K) APDS treated Y-TZP coated with saliva and cleaned with ddH,O in ultrasonic bath, (L) APDS treated
Y-TZP coated with sterile filtered saliva and cleaned with ddH,O in ultrasonic bath, (M) APDS treated Y-TZP coated with saliva and cleaned with
ethanol in ultrasonic bath, (N) APDS treated Y-TZP coated with sterile filtered saliva and cleaned with ethanol in ultrasonic bath. Scale bars in
micrograph overviews: 30 um; scale bars in magnifications (corners on top right of each micrograph overview): 10 um.

FIGURE 3 Topography of
3-aminopropyldiisopropylethoxysilane
(APDS)-functionalized Y-TZP
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O1s N 1s Cis
Y-TZP + APDS (acid treated) 53.86 - 27.38
Y-TZP + APDS (thermal treated) 24.25 9.67 63.07

Abbreviation: ADPS, 3-aminopropyldiisopropylethoxysilane.

Native Y-TZP

FIGURE 4

Zr 3d Y 3d Si 2p
14.78 0.99 2.89
0.82 = 2.20

TABLE 3 Chemical composition (in
atomic %) of APDS-modified Y-TZP
samples after temperature and acid
treatment.

Y-TZP + APDS
(H)

Scanning electron microscopy images of native and 3-aminopropyldiisopropylethoxysilane (APDS)-modified specimens after acid

treatment. (A) Native Y-TZP without acid treatment (control), (B) native Y-TZP with acid treatment, (C) native Y-TZP without acid treatment and
sterile filtered saliva, (D) native Y-TZP with acid treatment and sterile filtered saliva, (E) native Y-TZP without acid treatment and saliva, (F) native
Y-TZP with acid treatment and saliva, (G) APDS-modified Y-TZP without acid treatment (control), (H) APDS-modified Y-TZP with acid treatment,
(1) APDS-modified Y-TZP without acid treatment and sterile filtered saliva, (J) APDS-modified Y-TZP with acid treatment and sterile filtered saliva,
(K) APDS-modified Y-TZP without acid treatment and saliva, and (L) APDS-modified Y-TZP with acid treatment and saliva. Scale bars in
micrograph overviews: 30 um; scale bars in magnifications (corners on top right of each micrograph overview): 10 um.

The fluorescence image showed that a clear signal from the remaining
attached fibronectin could be confirmed even after 21 days of incuba-
tion in the aqueous environment (Figure 9).

4 | DISCUSSION

Because of the structural differences between the peri-implant soft
tissue and the soft tissue around natural teeth, external stimuli can
more easily penetrate the peri-implant barrier and influence the
implant abutment surface. Effective and, above all, durable functiona-
lization of dental implant abutments can optimize the attachment of
the soft tissue to the abutment surface. Such functionalization of the
abutment surface should be able to withstand temperature and pH
fluctuations, and mechanical influences in the oral cavity. In our previ-
ous study, we were able to show that the functionalization of abut-
ment materials using silane can facilitate the adhesion of HGFs.
Therefore, the aim of this study was to investigate the stability of

APDS-modified Y-TZP against these mentioned influences. Because
silane molecules can also interact with other biomolecules, fibronectin
was coupled via a crosslinker to the surface. Here the hydrolytic sta-
bility and degradation resistance were analyzed. Daily toothbrushing
is essential to the reduction or prevention of the development of pla-
que and peri-implant diseases. In particular, prevention of plaque (bio-
film) formation around the abutment is essential for the maintenance
of the soft-tissue barrier.2® One objective of this study was to test
how mechanically induced abrasion generated by a toothbrushing
machine affects our surface modification (abrasiveness). Various
methods for testing abrasiveness using a toothbrushing machine have
been described in the literature. 23133 De Almeida et al. tested the
abrasiveness on surfaces of various dental restorations, including
silane-treated ceramics, using a toothbrushing machine.*° Here, 150 g
of mass was mounted on the toothbrush head and a total of 10,000-
14,600 toothbrushing cycles were performed.*® In the study by De
Almeida et al., the samples were subsequently analyzed by SEM. Their
results showed that the surface roughness was higher after treatment
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FIGURE 5 Scanning electron microscopy images of native and 3-aminopropyldiisopropylethoxysilane (APDS)-modified specimens
after thermocycler treatment. (A) Native Y-TZP (control), (B) native Y-TZP with sterile filtered saliva, (C) native Y-TZP with saliva,

(D) Y-TZP functionalized with APDS (control), (E) APDS-modified Y-TZP with sterile filtered saliva, and (F) APDS-modified Y-TZP with
saliva. Scale bars in micrograph overviews: 30 um, scale bars in magnifications (corners on top right of each micrograph

overview): 10 um.

FIGURE 6 Ninhydrin assay of differently treated
3-aminopropyldiisopropylethoxysilane (APDS)-functionalized Y-TZP
specimens. (A) APDS-modified Y-TZP (control), (B) APDS-treated
Y-TZP coated with sterile filtered saliva and cleaned with ddH,O,

(C) APDS-treated Y-TZP coated with saliva and cleaned with ddH,0O,
(D) APDS-treated Y-TZP coated with sterile filtered saliva and cleaned
with ddH,0O in ultrasonic bath, (E) APDS-treated Y-TZP coated with
saliva and cleaned with ddH,O in ultrasonic bath, (F) APDS-treated
Y-TZP coated with sterile filtered saliva and cleaned with ethanol in
ultrasonic bath, (G) APDS-treated Y-TZP coated with saliva and
cleaned with ethanol in ultrasonic bath, (H) APDS-modified Y-TZP
with acid treatment, (I) APDS-modified Y-TZP with acid treatment and
sterile filtered saliva, (J) APDS-modified Y-TZP with acid treatment
and saliva, (K) APDS-modified Y-TZP with sterile filtered saliva treated
with thermocycler, and (L) APDS-modified Y-TZP with saliva treated
with thermocycler. Scale bar: 1 cm.

with the toothbrush simulator than before mechanical stress.*® An
increase in surface roughness was also detected by AFM in the pre-
sent study (Figure 1). It is reasonable to assume that toothpaste resi-
dues were on the surface despite cleaning, which led to an increased
roughness value. However, the AFM measurements at a high magnifi-
cation of 3.5 x 3.5 um showed areas on the specimens with a rough-
ness value corresponding to that of the native specimens without
mechanical stress.>* Nevertheless, XPS analysis demonstrated that
the silane layer was still present on the surface of Y-TZP specimens
even after treatment with the toothbrushing machine and different
cleaning strategies (Table 2).

In this study, the different surface conditions were also alter-
nately incubated in the solutions with pH =5 and pH =7. AFM
images (Figure 3A) revealed that the Sa value was near to that of
untreated APDS-modified Y-TZP specimens.®* Nevertheless, XPS
analysis confirmed the presence of the silane monolayer (Table 3). In
addition, the thermal stability of the different surface conditions was
analyzed. For this purpose, the samples were alternately soaked in
5 and 55°C water reservoirs. Figure 3B showed rough surface after
thermal treatment with a Sa value of 6.36 + 1.81 nm. The atomic
percentage of silicon measured via XPS showed a decrease com-
pared with acid treated samples (Table 3). This might be a result of
release of silane molecules from the surface due to the thermal pro-
cess. The high roughness may possibly be due to the fact that the
silane has come off in a few places and has partly taken on a differ-
ent structure. Chandekar et al. compared the thermal stability of dif-
ferent silanes with different head groups.3> The silanes deposited on
silicon oxide, the 4-aminobutyltriethoxysilane SAMs were found to
be indefinitely stable up to 250°C, while the 2H-
perfluorodecyltriethoxysilane SAMs were stable up to 350°C. The
thermal stabilities of silane SAMs compared with thiols were studied
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Y-TZP + APDS (control) Native Y-TZP H,0 US [ToBrMa] ~ Y-TZP + APDS H,0 US [ToBrMa]

Native Y-TZP EtOH US [ToBrMa]

T
-
Native Y-TZP [acid treated]
Native Y-TZP (control) Native Y-TZP H,O US [ToBrMa] Y-TZP + APDS H,0 US [ToBrMa]
Native Y-TZP EtOH US [ToBrMa]
T
™

Y-TZP+ APDS [acid treated] Y-TZP + APDS [Thermocycler]

Native Y-TZP [acid treated]

Native Y-TZP [Thermocycler

FIGURE 7 Live/dead staining of human gingival fibroblasts on differently treated Y-TZP specimens after 1 and 3 days. Living cells were
stained with fluorescein diacetate, while dead cells appear red (stained with propidium iodide) under fluorescence microscope. Scale bars:
100 pm.

by Sagiv et al.%¢ Because of their relatively weak S-metal bonds, thiol several strong covalent Si—O bonds. For each SAM type, the nature
SAMs are likely to be less thermally stable than silane SAMs, in of the end group and the length of the tail have a significant effect
which the molecules are linked to each other and to the substrate by on thermal stability. Furthermore, the type of tail group is expected
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FIGURE 8 Stability against proteolytic degradation of crosslinked
fibronectin assessed via western blot. Y-TZP samples crosslinked with
fibronectin were incubated with trypsin, collagenase, or saliva at 37°C
at different time points. The supernatant was analyzed by

western blot.
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FIGURE 9 Hydrolysis stability of crosslinked fibronectin. The
samples were stored for 21 days in phosphate-buffered saline at
37°C. Afterwards, the remaining fibronectin on the surface was
visualized with Alexa Fluor 488. An unmodified specimen was used as
a control (indicated through dashed line). Scale bar: 100 um.

to have a significant effect on the degree of order and stability of
the formed monolayers.

It has previously been described that fluorinated SAMs detach at
350°C from the surface but can withstand higher temperatures of up
to 550°C under vacuum.®” Bain et al. determined that alkanethiols
desorbed at about 70°C, with the rate of desorption dependent on
temperature, environment (air or type of contact liquid), and chain
length.*8%? In the tests performed, desorption was faster in a hydro-
carbon solvent, slower in ethanol, and even slower in air. Using ellip-
sometric data, the authors also found that the longer the chain length,
the more thermally stable the SAMs. Klein et al. examined the stability
of SAMs based on nonfluorinated or fluorinated linear hydrocarbons
by means of mechanical stress.*® Mechanical friction on the smooth
surfaces caused degradation of the molecules with amorphous and

poorly defined monolayer with CH, CC, and CF bonds.*®

Y seien o W LEyJ_“ of 13

For this reason, the function of NH,-terminating SAMs was
tested in this study in cell experiments after mechanical, thermal, and
acid exposure. The live/dead staining revealed that fibroblasts showed
similar growth trends on all surface conditions. After 3 days of incuba-
tion, the surface was almost covered by the cells (Figure 7). It can be
assumed that the APDS remained stable after the treatment strategies
applied within this study.

In contrast, Huser et al. used 3-(ethoxydimethylsilyl)propylamine
(APDES) in their study in which the formation of silanols was
observed regardless of the pH, which can be attributed to the cata-
lytic effect of the amine group on the hydrolysis of the ethoxy
groups.*! However, the molar amount of silanols formed was lower at
a basic pH than at an acidic pH. Furthermore, the grafting of APDES
onto stainless steel was analyzed by XPS. Here, a distinct covalent
bond between APDES and the stainless steel surface was detected,
resulting in a uniform layer of adsorbed molecules. Moreover, this
grafted layer is very stable as no removal of the alkoxysilane was
observed after immersion in hot water, a property that is highly critical
for these molecules.

It is worth mentioning that no SEM images of the different sur-
face conditions showed any differences between sterile filtered and
pure saliva coating (Figures 2, 4, and 5). The ninhydrin assay revealed
that even with the incubation of the samples in sterile filtered and
pure saliva, amino groups were still present after mechanical, thermal,
and acid treatment (Figure 6). The exact mechanism of whether and
how saliva protects the samples from external influences should be
further investigated.

While many organic monolayers hydrolyze rapidly or after pro-
longed immersion (30 days), alkyne-based (Si—C bonded) monolayers
on Si and, in particular, alkyne-based (C—O—C bonded) monolayers on
SiC show excellent hydrolytic stability, even under extreme pH condi-
tions and under physiological conditions (PBS buffer).*?

In this study, we were able to show that the silane with the immo-
bilized fibronectin remained stable over 21 days of hydrolysis even
without a silicate layer (Figure 9). Based on enzymatic attacks in vivo,
the entire modification construct on the Y-TZP samples was tested
against enzymatic degradation in vitro (Figure 8). Here, the immobi-
lized fibronectin on silanized samples appeared to be resistant to deg-
radation, at least over a period of 6 h. Enzymes contained in saliva

also showed no effect.

5 | CONCLUSION

It was confirmed that the formation of the APDS layer was stable
even after mechanical exposure, and thermal, and acid treatment. Dif-
ferences in saliva-coated and uncoated surfaces regarding protecting
of the underlying APDS layer could not be observed. The HGFs cov-
ered the differently treated surfaces within 3 days and almost no dead
cells could be detected. Furthermore, crosslinked fibronectin to sila-
nized surfaces was hydrolytically stable for up to 21 days and revealed
degradation resistance using different enzymes. Thus, we can con-

clude that the proposed functionalization method holds great
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potential to withstand harmful effects within the oral cavity and

remains unchanged on the surface.
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