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Abstract

Background: The aim of the present in vitro study was to reproduce and evaluate
the response of bone and bacteria to traditional and innovative implant surfaces

with difference wettability.

Materials & methods: Two hundred fifty-two samples made of grade 4 titanium with
different coating (machined, MAC; double etched, Ti-treated; Zirconium Nitride, Ti-
ZrN) were used for this in vitro study. Disks were divided in test (bio-activated using

Plasma of Argon) and control group (untreated).

To assess the surface morphology of the specimens, representative images were
acquired recurring to a SEM. To characterize the biological response in vitro, the
widely diffused pre-osteoblastic murine cell line MC3T3-E1 was used. To quantify the
amount of protein adsorbed, the titanium disks were incubated in presence of Fetal
Bovine Serum (FBS) in Phosphate Buffered Saline (PBS) at 2% concentration. The
sterilized titanium disks were then colonized by bacterial species from a single
sputum sample obtained from a healthy volunteer. For every analysis, 24 disks were

used (12 for each group).

Results: Compared to control groups, plasma treatment significantly increase the
protein adsorption level on all different titanium surfaces (5.88+0.21 vs 7.85+0.21,
7.13+0.14 vs 9.74+0.65, 4.41+0.62 vs 6.13+0.52 respectively for MAC, Ti- treated and
Ti-ZrN). Similar behavior was descripted for cell adhesion (27.67+2.03 vs 58.00+20.13,
116.67+12.02 vs 159.33+8.09, 52.00+4.73 vs 78.33+4.67 respectively for MAC, TR and
Ti-ZrN).

Plasma treatment significantly augmented the number of CFU only in MAC and ZrN

samples.

Conclusions: With the limitations of the present in vitro study, the following
conclusions could be drawn: a) rough implant surfaces present a higher adhesion and
proliferation of preosteoblastic cells and bacterial biofilm; b) rough implant surfaces

benefited the most by the Plasma of Argon treatment

Keywords: plasma of Argon, implant surfaces, cell adhesion, protein adsorption,

microbiological growth, zirconium Nitride



Introduction

Peri-implantitis has been recently characterized as an emerging disease '. Although the
etiology seems so far to be controversial, the most accepted hypothesis is represented by
a bacterial contamination of the peri-implant sulcus 2. Absence of transgingival fibers,
with real sealing ability, accelerates bacterial progression to bone 3:4. This microbiological
event was described to trigger cytokines expression and osteoclasts activation with

consequent clinically relevant bone destruction °.

Different studies, however, highlighted the importance of the surface roughness in the
onset and progression of microbiological adhesion, although some controversies still
remain ®’. For this reason, to limit microbiologic adhesion to implant surface, use of
smoother surfaces was suggested. However, long term studies highlighted that this micro-

topography resulted in high failure rate in case of low density bone 8.

From a clinical perspective, mostly the collar portion was descripted to be the key factor
in peri-implant bone resorption. For a long period, immediately after smooth surface
Implants by Branemark System, hybrid implants with smooth collar and neck have been

available on the market with good clinical outcomes °.

In the last decade, increasing of peri-implant disease rate around fully treated surfaces
motivated researcher to analyze new surface configuration, with the aim to minimize
bacterial adhesion to the implant components '°. In fact, physical surface treatments and

the consequent surface roughness play a more relevant role than only chemical

modifications 11713,

To prevent bacterial adhesion to implant collar, hydrophobic coatings or low hydrophilic
materials were suggested 4. The use of zirconia in implant dentistry has rapidly expanded
over the past decade, driven by its advantageous physical, biological and corrosion
properties 1. In fact, despite its lower osteoblast adhesion, it was demonstrated that this
material may represent a material surface less attractive for early plaque retention

compared to titanium 1617,

At the same time, in vivo and in vitro, zirconium nitride coating was demonstrated to
alter the microbial composition in the short- and in the long-term exposure '8. Moreover,
in a different in vitro study, zirconium nitride was shown to favor cellular attachment of

human gingival fibroblast '°. In addition, in vitro, zirconium nitride thin films were shown



to make the surface of the titanium more bioactive for preosteoblast cell than uncoated
titanium surfaces 2°. Enhancement of physical surface properties (increasing surface
energy and therefore hydrophilicity) was shown to positively affect early bone responses.
In the last few years, application of plasma technology on titanium surfaces highlighted
that this technology allows to reach a higher wettability and, therefore, a stronger cell

adhesion 2122,

In fact, plasma of Argon treatment at appropriate parameters was demonstrated to
moderately enhance hydrophilicity positively charging surfaces: this may promote good
adhesion levels.

The aim of the present in vitro study was to reproduce and evaluate the response of bone
and bacteria to traditional and innovative implant surfaces with difference wettability.
For this reason, the response of different surfaces [smooth and rough titanium (control)
and zirconium nitride coated titanium (test)] to cells (pre-osteoblasts) and bacteria pre-

and after plasma of Argon treatment was measured.



Materials and methods

Sample preparation

Two hundred fifty-two samples made of grade 4 titanium (Resista, Omegna (VB),
Italy) were machined to obtain 8 mm x 3 mm cylinders. Three different surfaces were
attained. Machined titanium was used in the following to refer to the uncoated
samples (Ti MAC). Rough surfaces were prepared starting from pristine titanium by
dual acid etching (Ti-AE). Zirconium nitride thin film coating (henceforth named Ti-
ZrN) was grown on pristine Titanium by radio frequency - plasma enhanced chemical
vapor deposition (RF-PECVD).

Sample size

A priori power analysis was prepared, referring to similar in vitro trials. If the true
difference in the experimental and control means is 1.548, the study sample size will
be represented by 12 experimental subjects and 12 control subjects to be able to
reject the null hypothesis that the population means of the experimental and control
groups are equal with probability (power) 0.95. The Type | error probability

associated with this test of this null hypothesis was set at 0.05.

Twelve disks for each surface modifications (sub-groups) were randomly allocated into
one of the 2 treatment groups (Argon plasma versus no treatment) according to a
computer-generated randomization list prepared in advance by an external investigator,
not involved in the study, who was aware of the sequence and could have access to the
file. (Fig. 1).

Scanning Electron Microscopy

To assess the surface morphology of the specimens, representative images were
acquired recurring to a Scanning Electron Microscope (Zeiss EVO 50, Carl Zeiss AG,
Oberkochen, Germany). Implants were cleaned in an acetone ultrasonic bath for 10
min, immersed in isopropanol for 10 min, then rinsed in deionized water and finally

dried prior to be analyzed. Sterile forceps were used to avoid contamination.



Roughness analysis

Area surface roughness parameters 23 at different sites of the implant were obtained
by scanning electron microscope, using an EVO MA 10 SEM (Zeiss).

In particular, the Stereo-SEM (SSEM) technique was used. This approach exploits the
basic principle of stereo vision to turn conventional SEM images into three-dimensional
surface topography reconstructions. Basically, two images of the same field of view are
acquired after eucentric rotation by a given angle. This is obtained by changing the angle
between the sample and the electrons source, by tilting the table bearing the sample.
The tilting angle is set and controlled by the instrument control software. The couple of
images obtained (stereopair), the size of the field of view and the tilting angle are the
incoming data, that are processed by a specific software (Mex 6.0, Alicona Imaging).

Three-dimensional images obtained by this process allows to measure height profiles
or areas, and to calculate the different roughness parameters defined by relevant
literature and standards.

In the present analysis, SEM images used to build-up stereo-pairs were obtained at 2000
X. Roughness parameters according to 1ISO25178 were obtained from reconstructed images

of 80 x 110 micrometers area

Cell adhesion

Among the different osteoblast and pre-osteoblast cell model available 2426, the widely

diffused pre-osteoblastic murine cell line MC3T3-E1 (ECACC, Salisbury, UK) was used to
characterize the biological response in vitro 2*. Cells were maintained in Alpha MEM
supplemented with 10% fetal bovine serum (Life Technologies, Milan, Italy), 100 U/ml
penicillin, 100 mg/ml streptomycin, were passaged at subconfluency to prevent contact

inhibition and were kept under a humidified atmosphere of 5% CO; in air, at 37°C.

Cell adhesion was evaluated on titanium samples using a 48-well plate (BD, Milan Italy).
Cells were detached using trypsin for 3 minutes, carefully counted and seeded at 3 x 103
cells/well in 100 pl of growth medium on the different samples. The 48-well plates
were kept at 37 °C, 0.5 % CO; for 20 min. Before and after fixation in 4%
paraformaldehyde in PBS for 15 min at room temperature, cells were washed two times
with PBS and then stained with 1uM DAPI (Molecular Probes, Eugene, California, USA) for
15’ at 37°C to stain cell nuclei. Images were acquired using a Nikon Eclipse T-E

microscope 2728, Cell nuclei were counted using the 'Analyze particles' tool of ImageJ



software (ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA,
http://imagej.nih.gov/ij/) 2939,

Protein adsorption

As reported elsewhere 3', to quantify the amount of protein adsorbed, the titanium
disks were incubated in presence of Fetal Bovine Serum (FBS) in Phosphate Buffered
Saline (PBS) at 2% concentration, at 37°C for 30 minutes. Subsequently, the samples
were washed twice with PBS and the adsorbed protein was eluted from the disks using
RIPA buffer for 10 minutes 32. Total protein amount was quantified using SERVA BCA
Protein Assay Micro Kit (SERVA Electrophoresis GmbH, Heidelberg, Germany) following

the manufacturer’s instructions.

Bacterial biofilm evaluation

The sterilized titanium disks have been colonized by bacterial species from a single
sputum sample obtained from one healthy volunteer. Bacteria were grown over night
in 10mL of Mueller Hinton (MH) broth (Sigma Aldrich) at 37°C. The day after, bacteria
were subcultured until a spectrophotometric density of 0.6 at 600nm was reached,
corresponding to 1 x 108 colony forming units/mL (CFU/mL), approximately. Each disc
was incubated with 1mL of MH broth (for negative control) or 1mL of bacterial
suspension in a 24-well plate by using a shaking rotator (80rpm) at 37°C for 24h. Non-
adherent bacteria were removed by rinsing each disk in sterile saline, followed by 10
seconds of vortex for 6 times. Discs were then transferred into a sterile plastic
container with 1mL saline solution and immersed in ultrasonic bath at 80 kHz with a
power output of 250W 33. After sonication, 10-fold dilutions of each supernatant were

incubated in MH plate for colonies counting.

Statistical analysis

Data were analyzed by GraphPad Prismé (GraphPad Software, Inc., La Jolla, CA,
USA). Each experiment was repeated at least three times. Statistical analysis was

performed by using ANOVA. A p value of <0.05 was considered significant.


http://imagej.nih.gov/ij/)

Results
Topography

The three surfaces tested are depicted in figure 2. Machined (Ti MAC) samples
display the typical marks of the milling process (Fig. 2A, B), which are still
recognizable in the ZrN thin film coated samples (Fig. 2E, F). On the other hand,
Ti-AE (Fig. 2C, D) disks appeared as a typical roughened surface, as it could be

anticipated for the product of dual acid etching treatment.

Surface roughness

Representative images of the different sites of the implant are shown in fig. a
(machined), and b (roughened). Fig. ¢ and d show three dimensional pseudo-colour
depth images of the same areas. Area roughness parameters obtained from the

images are reported in Table 1.

Protein adsorption

As shown in figure 3 and resumed in Tab 2, plasma treatment significantly increased
the protein adsorption level on all titanium surfaces. Moreover, Ti-AE samples
significantly increased the level of protein adsorption (7.13 vs 9.74) compared to
Ti MAC (5.88 vs 7.85) and Ti-ZrN (4.41 vs 6.13) (p-value: 0,0286).

On the other hand, Ti-ZrN surface did not show significant difference compared to
Ti MAC (p-value: 0,0571).

Early response of osteoblasts

As depicted in figure 4 and resumed in Tab 3, on all different titanium surfaces,
plasma treatment significantly enhanced the cell adhesion level. Interestingly, both
Ti-AE (116.67 vs 159.33) and Ti-ZrN (52.00 vs 78.33) samples significantly increased
the MC3T3-E1 adhesion compared to Ti MAC (27.67 vs 58.00) (pvalue:0.010).
Moreover, Ti treated samples strongly improved cell adhesion also compared to Ti-
ZrN (0.0142).



Bacterial growth

In order to understand how plasma treatment of different Ti surfaces may affect
bacterial growth, biofilm formation was evaluated at 24 h recurring to CFU count.
As reported in figure 5 and resumed in Tab. 4, plasma treatment significantly
augmented the number of CFU only in Ti MAC (1.111° vs 2.139°) and Ti ZrN (1.339°
vs 2.017°) samples, but not in TI-AE (2.767° vs 2.278°). On the other hand, in the
control group, Ti-AE samples presented significantly higher bacterial growth

compared to Ti MAC and Ti-ZrN samples (pvalue:0,0167).

Absence of differences in the EI-AE group after plasma treatment might be due to

a saturation effect.



Discussion

The present in-vitro study investigated the effect of bio-activation through plasma
of Argon on different implant surfaces. All activated surfaces demonstrated an
increased affinity to cells and proteins involved in osseointegration (protein

adsorption and osteoblast-like cells adhesion), but also to bacteria.

Although implant supported rehabilitations were described to have a minimal
failure rate, in critical anatomical (elderly people, patients with altered
osseointegration processes) or surgical (immediate loading, implants inserted in

grafted sites, short implants, low quality or quantity of bone) conditions, implants

might present an increased failure rate 343¢,

In these conditions, a more reactive surface would be helpful, increasing BIC and
ensuring a faster and stronger osseointegration. Research was highly focused on this

field, developing the so called “osseoconductive” surfaces ¥’.

However, reports of increasing peri-implant disease incidence around fully etched-
, HA-, or TPS-treated implants might suggest that a osseoconductive surface near
the implant-abutment connection could might be more prone to biologic

complications following bacterial biofilm growth, if compared to smooth surfaced.

To prevent any possible microbiologic disadvantages and exploit osseoconductive
properties, hybrid surfaced implants were brought on the market. This generation
of implants were designed, in fact, with a rough surface in the apical portion of the
fixture and a smooth collar. The positive experience reported by machined and
microtextured surfaces influenced the development of alternative surfaces, ideally

capable to minimize bacterial adhesion, including Zirconium Nitride 383%,

Although surfaces repellent for bacteria were supposed to decrease affinity also for
bone regenerative cells, Zirconium Nitride coating was demonstrated to be
bioactive compared to smooth titanium 2°. In the present study, protein adsorption
tests demonstrated that smooth surface behaved slightly better compared to Zr-Ni
coating. On the other hand, this material showed a slightly higher cell adhesion if
compared to smooth titanium disks. Obviously, the dual acid etched surface

presented significantly better outcomes in terms of cell adhesion and protein



adsorption. This behavior seems to be correlated to the higher contact area

available to cells and proteins.

Analyzing microbiological outcomes, focusing on the control conditions (Ti MAC),
data reported an increase of biofilm on rough surface which is significantly higher
compared to smooth surface and zirconium nitride. This is in accordance with the
already published literature, which reports how these surfaces demonstrated less

microbiological affinity compared to rougher micro-geographies 1819,

While a bio-activation treatment might increase the titanium reactivity to bone
environment, on the other hand, it seems to increase also the affinity to bacterial
biofilm. In the present study, in fact, plasma treatment increased more than 2
times the bacterial growth on machined disks and almost 1.5 on Zirconium Nitride.
Surprisingly, bio-activation, decreased the bacterial growth on the studied rough
surface. However, this might be due to a saturation effect. Additionally, large
standard deviation values might suggest that microbiological contamination values

should be interpreted with caution.

In fact, while intergroup comparison demonstrated significant differences in the
control condition with slightly better performance of machined and Zirconium
Nitride surfaces, this difference disappeared when analyzing the intergroup
comparison at the test conditions, although Zirconium Nitride presented a slightly

better outcome.

However, the phenomenon might be clinically irrelevant. In fact, these surfaces
were ideally created to be in contact at the time of the implant insertion with bone
or connective tissues. Only an incorrect implant positioning might expose surfaces
to the contaminated oral environment. Additionally, it must be highlighted that
bio-activation through plasma of Argon has a time-dependent effect. As
demonstrated by Canullo et al. “°, the favorable influence of this treatment
dramatically decreases in 48h. While it represents a control factor, this seems to
be clinically relevant during the soft- and hard-tissue healing processes and the

physiological protein cascade which are maximum in the first 48 hours #'.

However, data described in the present study might recommend the clinical
advantage of a hybrid surfaced implant (apical portion with a titanium rough

surface to increase osseointegration and coronal portion with smooth surface or



Zirconium Nitride coating). At the same time, positive outcomes reported in the
test group might suggest that plasma of Argon treatment could exploit this hybrid

surface configuration.

To better simulate clinical conditions and better generalize the clinical relevance,
low concentrations of factors involved in the osseointegration process (proteins in
Bovine Fetal Serum and murine pre-osteoblasts) were used in the present in vitro
study. In fact, based on previous experiments 2':30:42.43 - higher numbers of cells or
protein amounts were found to conceal the effect of plasma of Argon, due to a

saturation effect 40,

To explain results with statistically significant increase of protein, cells and
bacteria after test conditions, biophysical effect of plasma treatment on Titanium
surfaces should be clearly declared. Bio-activation though plasma of Argon, in fact,
activates the electronic mantle of the external surface. This phenomenon produces
an increasing surface energy and therefore hydrophilicity 3°. Obviously, this
activated status reflects on cell or protein interaction with Titanium. Being similar
biologic adhesion cascade, similar influence was proven to be active also on

bacteria.

Although this study is only in vitro and it represents just a preliminary overview on
the topic, the data obtained encourage the design and execution of clinical trials,
in absence of which the relevance of the reported outcomes should be interpreted

with caution.

Conclusions

With the limitations of the present in vitro study, the following conclusions could

be drawn:

1. Rough implant surfaces present a higher adhesion and proliferation of

preosteoblastic cells and bacterial biofilm.

2. Rough implant surfaces benefited the most by the Plasma of Argon treatment.
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Tables

Table 1 Area roughness parameters at different sites of the implant. All data are

expressed as micrometers (um) except for Sdr, wich is a % value. The different

nature of surface roughness between the two sites is best shown by average
vertical roughness values (Sa and Sq), which is nearly twofold on the roughened
portion of the implant. Most important, the lateral roughness parameter Sdr, that
is the ratio between the actual surface area and the geometrical area (in the
present case, 110 x 80 micrometers) is 51.24% in the roughened portion and 28.12%
in the machined one. Obviously, the microrough topography obtained on acid

etching provides a very significant increase of the implant surface area.

Parameter | Machined Roughened Description

Sa 0.34 0.62 Average height of selected area

Sq 0.43 0.77 Root-Mean-Square height of selected area
Sp 3.37 3.49 Maximum peak height of selected area

Sv 3.98 2.84 Maximum valley depth of selected area

Sz 7.35 6.32 Maximum height of selected area

Sdr 28.12 51.24 Developed interfacial area ratio

Table 2 Numerical data pertaining to ug of protein per sample is reported as Mean

and Standard Error

Table 2: protein adsorption
Ti MAC Ti MAC Ti-AE Ti-AE Ti- ZrN Ti ZrN
CTRL PLASMA CTRL PLASMA CTRL PLASMA
Mean 5.88 7.85 7.13 9.74 4.41 6.13
SE 0.21 0.21 0.14 0.65 0.62 0.52




Table 3 Numerical data pertaining to the number of cells adherent at 20 minutes

is reported as Mean and Standard Error

Table 3: cell adhesion

Ti MAC Ti MAC Ti-AE Ti-AE Ti- ZrN Ti ZrN
CTRL PLASMA CTRL PLASMA CTRL PLASMA
Mean 27.67 58.00 116.67 159.33 52.00 78.33
SE 2.03 20.13 12.02 8.09 4.73 4.67
Table 4 Numerical data pertaining to CFU count is reported as Mean and Standard
Error
Table 4: microbiological contamination (CFU)
Ti MAC Ti MAC Ti-AE Ti-AE Ti-ZrN Ti-ZrN
CTRL PLASMA CTRL PLASMA CTRL PLASMA
Mean 1.111E+05 | 2.139E+05 | 2.767E+05 | 2.278E+05 | 1.339E+05 | 2.017E+05
SE 1.198E+04 | 3.530E+04 | 4.554E+04 | 2.333E+04 | 2.878E+04 | 2.151E+04
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Figure 1: flow chart of the experiment
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Figure 2: tested surfaces at SEM at 500x (a, c, e) and 10000x (b, d, f). a,b:
Machined (Ti MAC) samples display the typical marks of the milling process. c, d: typical
roughened dual etched surface. e, f: marks recognisable on ZrN thin film coated samples
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Figure 3. Protein adsorption assay performed incubating samples with 2% FBS in
PBS for 30 minutes at 37C°. Values represents mean + Standard Error; the symbol

(*) indicates a statistically significant difference, considering a p-value < 0.05.
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Figure 4. Cell adhesion. MC3T3-E1 adhesion was evaluated on all samples at 20
min. The level of cell adhesion was measured counting the number of adherent
cells for each field. Values represents mean + Standard Error; the symbol (*)

indicates a statistically significant difference, considering a p-value < 0.05.
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Figure 5. Evaluation of CFU of bacterial biofilm growth on Ti disks incubated in
1mL of bacterial suspension for 24h at 37C° in shaking. Values represents mean +
Standard Error; the symbol (*) indicates a statistically significant difference,

considering a p-value < 0.05.
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