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Abstract

Co-Cr and Ni-Cr alloys are widely used in dental
implants production. However, there is a risk con-
nected with application of this kind of materials like
allergy and methalosis caused by Cr, Ni ions, very
dangerous for patients’ health and life. Moreover
metal ions released into human body can affect
inflammation of the surrounding tissue. Biomaterials’
surface treatment by the deposition of diamond-like
carbon films can noticeably improve the corrosion
and mechanical features. Widely discussed in world’s
literature problems with adhesion of DLC layers can
be solved by the deposition of gradient a-C:H/Ti layer.
Due to that, it is possible to manufacture thick and well
adherent carbon layer on the implant’s surface which
will constitute a very good protection against wear and
corrosion. Our goal was to evaluate the mechanical
properties of a-C:H/Ti layers deposited on CoCr and
NiCr alloys in hybrid deposition system RF PACVD/MS
and to find the influence of layer thickness on the
selected properties. As the result of the investigation it
was noticed that deposition of a-C:H/Ti layer improves
the mechanical properties of CoCr and NiCr alloys.
High hardness and good adhesion of gradient carbon
layers makes them a very perspective material for this
kind of applications.

Keywords: carbon layer, corrosion, wear resistance,
dental implant, gradient, methalosis

[Engineering of Biomaterials, 85 (2009), 2-5]

Introduction

Metals and their alloys are commonly applied in dentistry.
They are used both in prosthodontics and in orthodontics.
All the elements of orthodontic braces, such as brackets,
archwires, bands, springs, are made of metals. Elements of
fixed and removable dentures (cast metal partial dentures,
acrylic partial and full denture clasps, splints, bridges,
crowns, endodontic posts, etc.) are made of these alloys.
Such a common application of metals and their alloys results
from the lack of any alternative material that would have
better or comparable properties (especially resistance and
durability). Metals possess appropriate stiffness, elasticity
and can be easily formed by means of different methods.

Corrosion is the main reason of deterioration of es-
sential properties in a metal or non-metal material. These
phenomena occur due to the presence of high amount of
chloride ions, proteins and enzymes, pellicule and acidic
bacteria metabolites. Moreover the final effect of the metal
corrosion processes are metal ions released during corro-
sion process that penetrate into the surrounding tissues,
as well as galvanic currents. All factors contribute to the
fact that no available basic metal alloy can resist biological
corrosion. Cobalt chromium alloys do not exhibit sufficient
corrosion resistance in the oral cavity [1]. However, they
are still applied in dentistry because of a reasonable price
alternative for expensive noble metal alloys. In order to
improve their corrosion resistance, they are subjected to
a variety of surface modifications that enhance biological
tolerance and corrosion resistance of these alloys. Among
many different modification methods including synthesis of
thin films on the surface, carbon layers deposition is one of
the most promising methods of medical implants protection
against corrosion [2,3]. Carbon, as an element, possesses
an outstanding corrosion resistance and good biocompat-
ibility. These properties depend mostly on the respective
amount for an allotropic form of carbon, diamond or graph-
ite structure. Modification of metal elements surfaces with
carbon layers should guarantee their enhanced corrosion
and mechanical properties [4,5].

Materials and methods

Co-Cr and Ni-Cr alloys cast cylindrical samples, 15 mm
in diameter and 10 mm in height, were used. Specimens
were subjected to grinding followed by polishing with use
of 3 um diamond suspension. The chemical composition of
the alloys is presented in TABLE 1 and 2.

TABLE 1. Chemical composition of NiCr alloy.

Contents of the elements — mass [%]

(of 4 Mo Fe
23.89 | 9.36 | 1.08

Mn w Nb Ni

0.89 | 0.62 | 0.09 rest

TABLE 2. Chemical composition of CoCr alloy.

Contents of the elements — mass [%]
Mn Ni w
0.89 | 0.05 | 043

(of 4 Mo Fe

2063 | 481 | 0.97 rest

For a-C:H/Ti layers synthesis in presented investigation
a new RF PACVD/MS deposition system was used. The
idea of this technology is the connection of radio frequency
plasma assisted chemical vapour deposition method with
magnetron sputtering system in one reaction chamber. In this
method 200 nm thick gradient Ti-C interlayer is employed to
improve the adhesion and to minimise the internal stress of
thick carbon layer deposited subsequently on the top. More
precise description of presented technology can be found in
works [6,7]. Very good corrosion properties obtained for REX
734 steel covered with a-C:H/Ti layers [8], seems to be a
very attractive solution for this kind of application. Before the
deposition process, samples were ultrasonically cleaned in
acetone. Reaction chamber was pumped away to a pressure
of 2x10-® Pa. Deposition process was preceded by 10 min
etching in Ar plasma with self bias -720 V. Flow of reaction
gases during the deposition process were in the range of
9-12% for argon and 0-30% for methane. Carbon layer on
the top was deposited with self bias -600 V. Thicknesses of
a-C:H/Ti gradient layers were 0.7 and 1.2 um.



The aim of this work was to investigate the mechanical
properties of a-C:H/Ti layers deposited onto Co-Cr and
Ni-Cr alloys and to find the influence of coating thickness
on these parameters.

Surface morphology examinations were conducted with
the use of HITACHI S-3000N scanning electron microscope.
Qualitative analysis was performed using X-Ray micro-
analysis with energy dispersion (EDS) spectrometer. Veeco
MultiMode V Scanning Probe atomic force microscope was
used to investigate the surface topography and roughness
parameters.

Hardness was determined using standard Berkovich dia-
mond tip with a semi angle of 65.35 degrees and rounding
radius <20 nm. The investigation was performed using MTS
NANO INSTRUMENTS G-200 nanoindenter. The measure-
ment was performed with the Continuous Stiffness Measure-
ment (CSM) option [9] which allows for continuous contact
stiffness measurement during the penetration process not
just at the point of unloading (maximum load) which notice-
ably improves the investigation procedure. CSM method is
ideal for measuring thin layers, where properties change
according to the thickness of the coating. The advantage
of this method is continuous information concerning hard-
ness and elastic modulus obtained as a continuous function
of depth for a single indentation experiment [9-11]. Nine
2000 nm deep measurements were taken for every sample
and the results were averaged. Adhesion examinations were
carried out by the scratch test method using a diamond
cone penetrator. Investigation of fracture and delamination
of the layer was based on friction coefficient changes during
the scratch process and optical microscopy observations
[9,11]. Rounding radius of the tip was 0.98 ym with an angle
of 87.7 degrees. The examinations were performed using
gradually increasing penetrator load of 0 to 160 mN, with a
speed of 10 um/s, on a distance up to 800 um. Five scratch
measurements were taken for every sample and the results
were averaged.

Results and Discussions

SEM investigations of the layers surface topography
(FIG. 1) shows that it is smooth without any delaminated
places. Moreover there are no cracks in the layer’s structure.
Itis especially important in the case of carbon layers where
the thickness is limited by the high internal stress of the coat-
ing. Cracking and delamination of the layer occurred when
the optimal thickness passes the limit are the main reason
of corrosion processes. Lack of fractures, scratches, pits,
etc. ensures adequate protective properties of the coatings
deposited on prosthodontic elements and thereby provides
anti-corrosion properties. On the basis of SEM investiga-
tions it can be stated that thick carbon layer will limit the
corrosion products release into the oral cavity as well as
the metal ions transfer.

Chemical composition of the layers investigated with
the use of EDS analysis with 25 kV acceleration voltage
(FIG. 2) proves that only carbon is present in investigated
films without any other impurities. Peaks from other elements
like Mo, Co, Cr and Ni come from the substrate. Ti peaks
which appear in the EDS spectra are from the gradient
Ti-C interlayer which improves the adhesion. Authors of the
work didn’t examine the phase composition of deposited
layers but on the basis of earlier works with the use of the
same carbon layers deposition technology [12], it can be
stated that investigated coatings are amorphous hydrogen-
ated carbon layers DLC.

100um

FIG. 1. SEM view of the surface topography of a) NiCr
alloy; b) CoCr alloy.

Cr
T
y V"L 1 - cr ta
i A

10,800

FIG. 2. Chemical composition of a-C:H/Ti layer de-
posited on (a) NiCr (b) CoCr alloy investigated by
EDS analysis.

Wear resistance of the protective coatings strongly de-
pends on the hardness. Generally with increasing hardness
the greater wear resistance is obtained. However, usually
high hardness is the main reason of fragility of the layer,
especially in the case of the carbon coatings. In presented
studies hardness of investigated a-C:H/Ti layers was in the
range of 20.2-21.9 GPa (FIG. 3).
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FIG. 3. Average hardness of a-C:H/Ti layers deposited
on NiCr and CoCr alloys.

FIG. 4. Hardness vs displacement into surface mea-
sured for investigated layers.
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FIG. 5. View of the layer’s surface with character-
istic cracks after the scratch test (arrow shows the
scratch direction).
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FIG. 7. Adhesion of a-C:H/Ti layers deposited onto
CoCr and NiCr alloys.

No significant differences between the hardness of the
layers on both substrates were observed. Lower hard-
ness values registered for 0.7 um thick gradient layers are
due to higher influence of the substrate which hardness
is much lower than one of the coating (3.2 GPa for NiCr
alloy, 4.5 GPa for CoCr alloy) (FIG. 4). Such high hardness
of the protective coating should ensure sufficient protec-
tion against wear occurred in the oral cavity. Gradient of
chemical composition reduces the internal stress of the
layer thus even thick and hard a-C:H/Ti coating should be
resistant against brittle cracking. But this problem needs
further investigations.
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FIG. 6. View of the total layer delamination.

Friction Coefficient vs Load Applied On The Sample

Friction Coefficient [-]
S
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FIG. 8. Friction coefficient as a function of applied
load during the adhesion measurement.

During the adhesion measurements authors decided
to determine the critical force on the basis of the optical
microscope observations of the layer’s surface after the
adhesion test. This is because during the measurement
process before the total break off of the continuity between
the layer and the substrate much earlier the characteristic
cracks appear on the surface (FIG. 5,6). Every single crack
or chip in the layer’s structure uncovers the substrate
material which causes the lost of anti-corrosion properties
with all the consequences. Critical forces determined for
investigated alloys are presented in FIG. 7. As it was men-
tioned above the critical force is much lower than it appears
from the friction coefficient vs load applied graph (FIG. 8).



However more important was kept the layer’s continuity
than total delamination. Besides of all controversial adhe-
sion investigation results, obtained critical forces seem to
be entirely sufficient for this kind of applications.

Conclusions

As the result of the investigation following conclusions
can be drawn:

1. RF PACVD/MS technology enabled manufacturing
thick carbon layers onto metallic substrates. Deposited coat-
ings are free from any surface defects like cracks and chips.

2. High hardness of a-C:H/Ti layers noticeably improved
the mechanical properties of CoCr and NiCr alloys. There-
fore it can be stated that gradient carbon layers provide a
good protection against wear.

3. The adhesion measurement results prove that these
layers are resistant to delamination. Moreover the adhesion
increases with the thickness of the layer.

4. \ery promising investigation results make these lay-
ers a perspective coating material possible to adapt as a
protection against wear and corrosion of alloys used in
prosthodontics. However for entire characteristics further
investigations of metal ions release are needed.
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Abstract

Quality and quantity of groups in cellulose fiber is
possible to change by chemical procedure (for ex-
ample by using strong oxidizing agent). One of other
possible methods to change the chemical groups in
cellulose fibers is plasma treatment. In this study for
plasma treatment a source of Diffuse Coplanar Sur-
face Barrier Discharge (DCSBD) was used. Air plasma
treatment of cotton at atmospheric pressure was made
in a wide time scale. The chemical changes of cotton
were observed and discussed.

Keywords: cotton, plasma treatment, DCSBD

[Engineering of Biomaterials, 85 (2009), 5-7]

Introduction

Cellulose fibers are known by their complicated chemi-
cal structure, that is not possible describe by one chemical
formula. In cellulose fibers not only hydroxyl groups, but
also other chemical groups in smaller concentration, e.g.
carbonyl or carboxyl group are present. Oxidated groups
increase the sorption of dyes and other chemicals into the
fibers. High degree of oxidation is typical for some special
cellulose derivates, for example oxycellulose, which has
many applications in technical and medical branches.

The oxidized cellulose (oxycellulose) is used in many
medical and related areas such as: absorptive material to
stop bleeding, bodying agent in pharmaceutical prepara-
tions, coating material in the formulation of encapsulated
hemostatic agents.

Plasma is a medium of energy transport. Molecules in
plasma are of high energy level and high degree of ionization
being able to modify chemistry of the polymers [1,2].

Theory of plasma interaction with cotton: All changes
are in connection with the theory, that the oxygen plasma
can attack polymers oxidatively. Original cotton contains
almost only hydroxyl groups. The content of carbonyl and
carboxylic groups is lower than 1% of hydroxyl groups quan-
tity. Probability of reaction with these non-hydroxyl groups
is smaller than 1:100. By the oxidation of hydroxyl groups
in first step carbonyl groups are created and in the second
step of oxidation carboxylic groups are produced.

Chemical changes in fibers were documented by the
use of instrumental analytical methods FTIR and XPS,
which are able to estimate chemical groups in a thin
layer of fiber surface. By the help of sorption (dyeing) test
quantity of carboxyl group in the fiber was determined.
Quantity of carbonyl groups was estimated with the use
of so-called “copper number”. Possible changes of fiber
surface morphology (roughness) were monitored with the
use of scanning electron microscopy.
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Experiments in this study were made with mono-
component cotton (cellulose) fabric which is recommended
for fastness testing of textiles in standards (plain weave,
pretreated).

Plasma treatment by DCSBD (Diffuse Coplanar Surface
Barrier Discharge) A4-LIN (FIG. 1)

In this study an alternating current high-voltage about
20 kV was applied with a power of 300 W. Al,O; ceramic
plate was used as a dielectric barrier. Samples were
attached to movable trolley by means of a vacuum sucker.
Movable trolley was linked to a linear displace. After inflam-
mation of discharge on the surface of ceramic electrode,
movable trolley with fixed sample went into a contact with
plasma. The plasma treatment of cotton was made in
“cycles”. In one cycle the cotton fabric was 10 seconds in
contact with plasma. Longer time of treatment was made
by repetition of treatments. For example 3 cycles is equal
to 30 (3x10) seconds of plasma treatment.

The used gas was air containing oxygen — this treatment
is oxygen plasma modification.

Plasma treatment was performed in atmospheric pres-
sure, at 20°C.

Copper number of cotton

Copper number is connected with the reduction capac-
ity of tested cotton sample, especially with the content of
carbonyl groups, which quantity is estimated absolutely
by this method. Copper number is used as a criterion of
cotton damage, because the original cotton contains only
hydroxyl groups and the quantity of other groups increases
by chemical attacks.

Chemical background is reduction of Cu?* to Cu'
induced by the reduction potential of carbonyl groups.
This reaction is stechiometric: one carbonyl group is de-
stroyed by reduction of one Cu?*. Cu'* leaves this liquid in the
form of water insoluble Cu,O. Color of Cu,O is brown — this
color is possible to observe visually. Quantity of produced
Cu,O was estimated vicariously trough the soluble Fe?* ions
by manganometric method. The result (used volume) from
titration was recalculated to Copper number.

Cationic dye sorption

In the cotton fibers carboxylic groups can be synthesized
—the limit organic degree of cotton oxidation. Itis possible to
estimate the quantity of these groups by sorption of cationic
dye. This method is based on stechiometric ratio (1:1) be-
tween carboxylic groups in cotton and quantity of absorbed
cationic dye in the fiber. Direct estimation of absorbed dye
quantity is difficult and as a standard test a measurement

Moving
sample

Plasma-chemical Ceramic

box electrode

Vacuum
air pump

HV HV
convertor generator

of color after dyeing test is typically
used. Cotton with higher content of
carboxylic groups will be colored by
cationic dyes to deeper color.

Dyeing test was made with cati-
onic dye Color Index Basic Blue 9
(Methylenblue). This dyestuff was
applied for 20 minutes at 20°C, the
initial dye concentration in dyeing
bath was 1g-I".

Oil pump

= Ventilator

Results and Discussions

The chemical changes in the
samples of untreated and plasma
treated cotton were estimated by
FTIR Spectroscopy. Especially the
changes in quantity of hydroxyl,
carbonyl and carboxylic groups were

Moving cart
power supply

observed (FIG. 2).

FIG. 1. DSCBD plasma reactor. DSCBD plasma-chemical box, ceramic electrode
AlLO, (active area 9%20 cm), HV power supply unit (500 watt, 10-20 kHz). The
ceramic electrode is cooled by oil. Part of device is oil pressure pump.

FTIR experimental results show
that in the spectra of plasma treated
and untreated cotton samples the

FTIR Spectroscopy

FT-IR Spectrometer One (Perkin EImer) —ATR Technique
on ZnSe crystals was used to obtain the infrared spectra.
Spectra were smoothed, normalized on 0.1-intensity and
corrected to baseline. Conditions of measurements: used IR
range 700-4000 cm, sng velocity 0.2 cm, step 1 cm™".

Scanning electron microscopy

The structure and the appearance of fibres surfaces
before and after plasma treatment were observed by using
of scanning electron microscope (SEM) on device VEGA.
All the samples were coated by Platinum for two minutes
before SEM testing.

differences were observed at 1710,

1641 and 1620 cm™'. These changes
are connected with increase of carbonyl groups (1710 cm-)
concentration and increase of double-bonds between
carbons (1641 and 1620 cm). Carbonyl groups are prob-
ably ketonic groups. Changes in hydroxyl groups were not
observed.

The similar changes of cotton were observed by XPS
method. XPS analyses thinner layer of surface (approxi-
mately 10 nm) in comparison with FTIR method (approxi-
mately 10 pm). XPS method shows more intensive changes
in a thin surface layers of cotton.

The samples were observed by scanning electron micro-
scopy, used magnification is evident from scales on each
picture (FIG. 3 and FIG. 4).

Copper number increases significantly with the intensity
of plasma treatment. By the plasma treatment increase
of the total quantity of carbonyl groups was measured.
The results of the experiment are gathered in TABLE 1.
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FIG. 2. FTIR results — dependence of IR light transi-
tion (T%) on wavelength in reciprocal centimeters,
untreated and plasma 10x treated cotton.

TABLE 1. Copper number of cotton and Relative
Color Intensity (RCI) after cationic dye sorption
before and after plasma treatment.

Copper

Cotton number RCI [%]
untreated 0.19 100
Plasma treated 1x 0.30 104
Plasma treated 3x 0.43 82
Plasma treated 10x 1.14 94

Color of cotton sample after cationic dye sorption was
measured by remission spectrometer (Datacolor, Switzer-
land). Remission values were recalculated to K/S values
according to a well-known Kubelka-Munk function. In the
last step of data treatment the values were recalculated to
Relative Color Intensity (RCI, %) values (TABLE 1).

The concentrations of carboxylic groups (RCI values)
are practically independent on the number of used plasma
treatment cycles. The quantity of carboxylic groups does
not increase by plasma treatments.

Conclusion

Plasma treatment increases the concentration of carbonyl
groups in cotton fibers - especially in thin surface layers. The
quantity of hydroxyl and carboxyl groups does not change
significantly.

Acknowledgements

This research has been supported by KAN 101630651.

References

[1] Shahidi, S., Wiener, J., Stépankova, M.: Influence of Dielectric
Barrier Discharge Treatment on Adhesion Properties of Platinum
Coated PP and PET Fabrics, Proceedingsof 23. Symposium on
Plasma Physics and Technology, June 16-19, 2008, Prague, Czech
Republic, p. 164-165, ISBN 978-80-01-04030-0.

[2] Gesse, A., Thomas, H., Hocker, H., Textile Research Journal,
65, 1995, pp. 355-371.

DET: BE Detector IS |
DATE: 04702707 20 um

Device: TS5130

Vega @Tescan
TU Liberec

FIG. 3. Untreated cotton.

Vega @Tescan
TU Liberec

FIG. 4. Plasma treated cotton (10x treated).

7

© 0 000 000000000000 0000000006000 0000000000000_ -~ mmm

Ll



8

BI® MATERIALS

BACTERICIDAL AND
HYDROPHILIC PLASMA
DEPOSITED THIN TiO, FILMS
ON GLASS SUBSTRATE

ANNA SoBczyk-Guzenpa'™, HIERONIM SzymaNowski',
Macies Gazicki-LipmaN', JAcCEK KowALski',
WitoLb JakuBowskl'!, Tomasz HALAMUS?

1 INSTITUTE OF MATERIALS SCIENCE AND ENGINEERING,
TecHNICAL UNIVERSITY OF LoDz,

1 STEFANOWSKIEGO STR., 90-924 t 6Dz, PoLAND

2 CHAIR OF MoLEcULAR PHysics,

TecHNICAL UNIVERSITY OF LoDz,

116 ZEROMSKIEGO STR., 90-924 ¥ 6Dz, PoLAND

* E-MAIL: ASOBCZYK(@P.LODZ.PL

Abstract

In recent years, titanium dioxide has attracted a
great deal of attention as a material for photocatalytic
applications. These applications include anti-bacterial
effect as well as photocatalytic air and water purifica-
tion. Another property of TiO,concerns a substantial
increase of its surface hydrophilicity upon irradiation.
The aim of this work is to investigate thin TiO, films
obtained by RF PECVD technique with respect to hy-
drophilic and long-term bactericidal activity. Structural
studies, carried out by Raman spectroscopy show that
all the investigated coatings are amorphous. The films
exhibit agglomerates, with their amount depending on
energetic conditions of deposition. Adhesion meas-
ured by a scratch test shows that films deposited at
higher RF power adhere better than those synthesized
at lower power values. UV irradiation causes death
of nearly 100% of Escherichia coli population on TiO,
films. The irradiated films are still active for about
30 min after the end of UV exposure. A substantial
decrease of water contact angle is also observed upon
the irradiation of the films with UV light.

Keywords: TiO, thin films, RF PECVD method,
bactericidal activity, hydrophilic effect

[Engineering of Biomaterials, 85 (2009), 8-12]

Introduction

Titanium dioxide (TiO,) is a chemically stable and
harmless material, and it is widely applied in various fields.
For example, it is used for optical and protective coatings,
photo-electrodes, high-k dielectrics, paints, cosmetics,
etc. [1,2,3]. It is also very attractive as a biocompatible
coating on medical implants, where a protective surface
layer of TiO, considerably increases the wear resistance
and hardness [4].

Titanium dioxide exhibits photoinduced phenomena.
All the photoinduced processes originate from the
semiconductor band gap. When a photon with energy
higher than this band gap strikes the material, it gets
absorbed and an electron is promoted to the conductive
band, leaving a hole in the valance band. This excited
electron can either be used directly to create electricity in
a photovoltaic cell or can drive a chemical reaction by the
virtue of photocatalysis [1,2,5,6]. Titanium dioxide has been

broadly investigated as a semiconducting photocatalyst for
its application in solar energy conversion and environmental
purification since Fujishima and Honda [7] discovered the
photocatalytic splitting of water on TiO, electrodes in 1972.
Another interesting phenomenon, termed ‘photoinduced
superhydrophilicity’ (PSH), was recently discovered by
Wang et al. [8]. This phenomenon is connected to the
fact that trapping holes at the TiO, surface causes a high
wettability and that surface. Highly hydrophilic surfaces have
many practical applications, for example in a manufacture of
self-cleaning and antifogging materials. All the photoinduced
phenomena involve surface bound redox reactions [1,8].
By far, the most active field of TiO, photocatalysis is the
photodegeneration of organic compounds [6,9,10]. TiO, has
become a photocatalyst in environmental decontamination
for a large variety of organics, viruses, bacteria, fungi,
algae, and cancer cells, which can be totally degraded and
mineralized to CO,, H,O, and harmless inorganic anions.
Many reports concerning bactericidal effects of TiO, appear
and they often refer to hydroxyl radicals OH: being the toxic
agent [1]. Dorfman and Adams (1973) [11] state that OH:
reacts with most biological molecules at diffusion controlled
rates. For that reason an inactivation of Escherichia coli by
hydroxyl radicals that are generated by photocataltic action
depends upon both mass transfer limitations through the
cell wall or cell membrane and the short half life of a radical
[12]. Matsunaga et al. (1988) [13] suggests that hole in the
valence band receives an electron from a coensyme-A
(CoA) as the donor formic dimeric CoA. Dimerisation of
CoA inhibits respiration and causes death of the cells. The
TiO, photocatalytic disinfection approach offers a number of
positive features: 1) the oxidant is the atmospheric oxygen,
2) the catalyst of TiO, is nonhazardous, inexpensive and
rugged, inert for human and environmental, 3) the oxidation
process is powerful and indiscriminate with the potential of
causing death in most types of microorganism. Photoinduced
bactericidal activity of titanium oxide can lead to different
applications, including disinfections in diverse environments.
In the ceramic and construction industry, the photoinduced
bactericidal effect of titanium oxide can be of special interest.
This is particularly true when a ceramic material is placed in
microbiologically sensitive environments, such as medical
facilities, production or experimental environments, where
biological contamination must be prevented [14].

Films of TiO, can be synthesized by a number of high
temperature deposition techniques including sol-gel [1,15],
metalorganic chemical vapour deposition (MOCVD) [16],
reactive magnetron sputtering [17], spray pyrolysis [18], and
hydrothermal method [19]. Plasma enhanced CVD (PECVD)
has many advantages such as low deposition temperature,
high purity, good step coverage, and easy control of reac-
tion parameters [20]. However, there are very few reports
in which the PECVD technique for the preparation of TiO,
films as a photocatalyst [21,22].

Titanium dioxide crystallizes in three modifications:
rutile (tetragonal), anatase (tetragonal) and brookite (or-
thorhombic). Rutile is the most stable phase yielded by
most crystal growth processes. Anatase is less dense and
less stable than rutile. Nevertheless, at comparatively low
temperatures (< 600-800°C) anatase can be stabilized in
the form of powder, thin films, ceramics, and synthetic or
natural crystals. Both crystal structures, anatase and rutile,
are commonly used as photocatalyst with anatase showing
greater photocatalytic activity in most reactions [1,2]. It is
usually reported that amorphous structure does not show
photocatalytic properties [1,2,9,10], but there are few reports
in the literature concerning super hydrophilic effect recorded
for amorphous TiO, surfaces [23,24].



In the present work, thin films of titanium oxide, designed
for photocatalytic applications, were deposited by means of
radio frequency (RF) PECVD technique. The purpose of the
work was to obtain homogenous amorphous films showing
good bactericidal activity and substantial water wettability.

Materials and methods

The titanium oxide films were deposited on glass
substrates in a RF PECVD reactor. The chamber of this
reactor consists of two parallel electrodes with a glass cyl-
inder separating them. The upper electrode is a grounded,
shower-type electrode, through which a stream of titanium
tetrachloride vapor, diluted in argon, is introduced to the
chamber. The second reactive gas (oxygen) is also intro-
duced to the chamber in the same way. The lower electrode
is supplied with RF power from the Plasma Products RF5S
power generator through a self-made matching circuit. MKS
1179AX mass flow controllers are used to control the flow
rates of gaseous media (argon and oxygen). The flow rate
of titanium tetrachloride was regulated by the temperature
of liquid precursor and by flow rate of argon. The optimum
value of liquid TiCl, temperature was found to be 0°C. The
deposition time was 45 min. The power of deposition was
100, 200 and 300 W.

The structure of the films was analyzed by means of Ra-
man Shift Spectroscopy (RSS). The Raman analysis was
performed using the dispersive spectrometer Jobin-Yvon
T64000 equipped with a confocal microscope. The spectra
were obtained at the temperature of 293 K using the argon
ion laser wavelength A = 514.5 nm. All the measurements
were conducted twice, first time for as-deposited samples
and second time after the samples had been annealed at
450°C for 1 h.

The morphology of titanium dioxide surfaces was ob-
served with the help of scanning electron microscope (SEM),
Hitachi, model S-3000N.

Adhesion was made by scratch test using a self- made
equipment. High loads were obtained in one scratch with
load increasing from 1 N to 10 N with 1 N steps.

For testing bactericidal activity of the coatings, an expo-
nential growth phase of Escherichia coli strain K12 was used
as a model microorganism. Cultures were grown aerobically
in Luria-Bertani (LB) medium, containing 1% of NaCl, 1%
of peptone G, and 0.5% of yeast extract. The growth was
continued at least until the number of cells reached a 108
cells/ml. Suspensions of E. coli cells were pipetted onto
TiO, coated glass plates and spread out to form a liquid
film. The illuminating UV light source (Polam ZWLE-ZPL
mercury lamp) was placed 200 mm above the sample sur-
face. Light intensity was 16 mW/cm? and an irradiation time
of up to 2 minutes was used. The results of the treatment
were observed with the help of an Olympus GX 71 optical
microscope, equipped with a digital camera, model DP70.

The numbers of killed and surviving bacteria cells were
determined for each coating at different power of deposi-
tion, and uncoated glass was used as reference. Long-term
bactericidal activity was measured for 60 min with 15 min
step. The results were evaluated using bactericidal activity,
defined as the percentage of bacterial inhibition BI.

Contact angle measurements were performed with the
help of camera and self-made software. The measurements
were carried out after the samples had been stored in dark
for at least 48h. Each sample was mounted on the table of
the measurement system and a 30 pl droplet of deionized
water was placed on its surface. Contact angle measure-
ment was taken immediately. After the first measurement,
the sample was irradiated for the time of 110 minutes at a
distance of 20 cm with a UV lamp, and contact angle meas-
urements were taken once again. The wettability of a surface
was characterized in terms of the surface free energy. For
that purpose, the Owens model [25] was applied, in which
surface energy is divided into a dispersion component y
and a polar component yP. The dispersion components is
mainly due to the hydrophobic moieties, e.g. methyl groups.
The polar component originates mainly from polar moie-
ties, e.g. hydroxyl and carbonyl groups. The surface free
energy was obtained by measuring contact angles of two
liquids of significantly different polarities, with the defined
dispersive and polar components, namely methylene iodide
and water.

Results and Discussions

The morphology of the films deposited with the help of
RF PECVD method at the power of 100 W, 200 W, and
300 W is shown in FIG. 1. The titanium dioxide films are
not nanoscopically smooth but appear to be formed of tiny
granules forming larger aggregates. All films were continu-
ous but for the power of glow discharge higher than 100 W
a number and size of globules were observed on the surface
and their quantity increased with the power of deposition.
This is a particularly advantageous phenomenon because
a development of the surface area substantially increases
the overall photocatalytic effect.

Two samples have been subjected to Raman spec-
troscopic analysis: one deposited at the power of 200 W
and the other produced at the power of 300 W. Since the
ultimate subject of analysis was a presence of crystalline
forms of titanium dioxide, the 100 Watt sample, presumably
containing very little of that oxide, was not analyzed. In the
spectrum of plain silicon the following wavebands have
been assigned as being characteristic for silicon: 129 cm-,
143 cm™, 173 cm™, 222 cm™, 268 cm™, 303 cm™ and
435 cm™'. In addition, the wavebands at 122.5 cm™ and at
160 cm™" have been identified as laser plasma lines.

@« sl e a
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FIG. 1. SEM micrographs of TiO, films deposited by RF PECVD technique at the power of: A—100 W, B-200 W, C—300 W.

9

MATERIALS

-

Bl



10

A 4500
Layer before calcination
4000 o
5 3500
5,
2 3000
w
c
[ .
E 2500
2000
1500

T T T T T T
150 200 250 300 350 400 450

Raman shift [cm™]

700

@)

Layer before calcination

160

600

500

Intensity [a.u.]

400

300 -

200 T T T T
150 200 250 300 350 400 450

Raman shift [cm™]

uy
== =
60004 — Layer after calcination
— 5000
3
T,
. 4000
=
z s
@ 3000 =
-— —
= . 2
- e P ~
20004 | = &/ >
- i o]
. ' I |
1000 sl
T T T T T
150 200 250 300 350 400 450
Raman shift [cm™]
D 12000
Wy
= Layer after calcination
. 10000
>
S,
. 80004
=
w
c
S 6000
£
4000 aa) i
= g v
T T T T
150 200 250 300 350 400 450
Raman shift [cm™]

FIG. 2. Raman spectra of thin titanium oxide films: deposited at 200 W without annealing (A), following thermal an-
nealing at 450°C for 1 hour (B), deposited at 300 W without annealing (C) and following thermal annealing at 450°C

for 1 hour (D).

As far as the crystalline forms of titanium dioxide are
concerned, according to the theory of groups, three kinds
of active Roman modes A;;+2B,,+3E ; should occur in
the spectrum of anatase. For a single crystal of this form,
Ohsaka [26] has distinguished the following wavebands:
144 cm™ (E,), 198 cm™ (E,), 400 cm™' (B,,), 515 cm™
(B1g*+Ay,), 640 cm! (E,). In the case of rutile, there exist four
active Raman modes: A, +B,+B,+E; and the following
wavebands have been assigned in the spectrum of rutile
single crystal: 143 cm™ (B,,), 447 cm™ (E,), 612 cm™ (A,,),
826 cm (By,) [271].

The spectra of the as-deposited layers produced at 200
W and 300 W of RF power are presented in FIG. 2A and
2C, respectively. As seen in the figures, none of the above
listed wavebands, distinctive for any of the crystalline forms
of TiO,, are present in these spectra. Their absence clearly
demonstrates an amorphous nature of the as-deposited
coatings. These spectra differ from each other only with
regard to the quantity and intensity of peaks originating
from the substrate.

In order to confirm the amorphous nature of the inves-
tigated films, their thermal annealing was performed for 1
hour at 450°C. As seen in FIG. 2B and 2D, following this
procedure the wavebands typical for the anatase appear in
both spectra at wavenumbers 145 cm'and 397 cm-'. In FIG.
2D, the peaks characteristic for crystalline phase of anatase
show their highest intensity, which reveals a presence of the
largest quantity of amorphous stoichiometric TiO, in the as-
deposited layer. In both cases, apart from the wavebands
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FIG. 3. Changes of critical adherence force for
samples deposited at different RF power.

distinctive for anatase, there are also peaks originating from
the silicon substrate appearing in the spectra. Using the
confinement model [28,29], from the position of the anatase
main Raman peak it is possible to obtain a rough estima-
tion of a crystal size. In the case of titanium dioxide films
deposited at the RF power of 200 W and 300 W the main
band for anatase is centered at 145 cm™', which corresponds
to a crystal size of approximately 15-20 nm.
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TABLE 1. The water contact angle and methylene iodide contact angle for

position.

titanium oxide films deposited at different power of de
Water
» Water contact cnntm?t Refluctinn
Deposition . angle after of water
angle before ey
power o P e UV contact
= UV irradiation | . S
[W] [deg] irradiation angle
: [deg] [deg]
100 [925+32 [ 66.8+2.7 25.7
200 91.8+06.1 548+2.6 37.0
300 [95.6+45 (41727 | 539

The percentage of bactericidal
inhibition Bl for a series of titanium
oxide coatings, deposited at

eiilone different magnitudes of the RF
Methylene ' iodide power input, is shown in FIG. 4A.
iodide contact When irradiated under the same
contact angle v conditions, titanium oxide coated
before UV afteruv | surfaces produced a much higher
irradiation | . ion | bacteria death rate, and this rate
_ [deg] [deg] was an increasing function of the
54.1 +0.8 48.7+2,1 RF power of the oxide deposition.
549109 320523 As a result, irradiation of the sample
| ’ T deposited at RF power of 300 Watt
57.5+0.8 14.6+09 kills about 98% of all the bacteria.

TABLE 2. Values of surface free energy before
and after UV illumination of the films deposited at
different power of deposition.

Deposition Free surf:lfce:uncrg_\'

e [mJ/m7]

PO before UV after UV
(W] A S

illumination illumination

100 18.4 41.7
200 17.9 54.6
300 15.6 68.1

Adhesion measured by means of scratch tests showed
that the higher was the power of deposition, the stronger
was the samples’ adhesion. As it is shown in FIG. 3, for the
layer deposited at 100 W delamination started under load of
about 3 N, while for 200 W sample the layer lost its adhesion
under the load of about 5 N. The best results were obtained
for the sample deposited at 300 W, where delamination
started at 8 N. The reason for this behavior may be a result
of an increasing bonding force between substrates and a
layer, due to the more intensive ion bombardment during
the deposition, and perhaps also a growing thickness of
the coatings.

Titanium oxide films synthesized in this work were
subjected to bactericidal testing. In the study condition of
experiment UV irradiation alone caused the death of 2%
of the population of bacteria on uncoated glass which was
the reference in this test. Titanium oxide coated surfaces
revealed much higher Bl in the same condition of irradiation.

The dynamic changes of bac-
tericidal effect from the moment of
switching off the UV illumination are presented in FIG. 4B.
During the first 15 min Bl coefficient was decreasing very
slowly in all the three cases, i.e. all three films were the most
active for about 15 min after the end of irradiation. Between
15 and 30 min there was the most sudden decrease of Bl
and the state before irradiation was reached after 60 min.
The best results were obtained for the layer deposited at
300 Watt.

The UV-light induced hydrophilicity of the films deposited
at 100, 200, and 300 W of RF power was investigated by
measurements of the water contact angle (TABLE 1).

The values of water contact angle on RF PECVD tita-
nium oxide films before UV irradiation were about 90°and
were rather independent of the power of glow discharge.
However, irradiation with UV light reduced this value by
53.9¢ for the film prepared at 300 W, and by 37° and 25.7°
for samples deposited at 100 and 200 W, respectively.
It should be noted, however, that the surface of the films is
not completely wetted even after an irradiation. After the UV
irradiated films were placed in the dark for 24 h, wettabil-
ity of the surface was measured again using a new water
droplet and the values of contact angle of approximately
90° were achieved again. The surface hydrophobicity of a
solid surface is determined by its free surface energy. Free
surface energy, calculated from the Owen’s model, before
and after the irradiation is presented in TABLE 2. The value
of surface energy for the layer (100-300 W) before irradia-
tion decreases from 18.4 to 15.6 mJ/m? and after irradiation
increases from 41.7 to 68.1 mJ/m>.
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Conclusions

MATERIALS
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It was found that RF PECVD films are amorphous in
the range of RF input power from 100 W to 300 W. The
bactericidal activity and wettability of amorphous TiO,
thin films were investigated. The best result of values of
bactericidal inhibition of our films for the RF PECVD material,
obtained in this work, amounted to 98%. Those films were
still active for about 15 min after the end of irradiation,
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Streszczenie

Mineral trioxide aggregate (MTA) jest materiatem,
ktérego zastosowanie wywotuje odpowiedz biolo-
giczng polegajgcg na regeneracji przyczepu tgczno-
tkankowego tkanek przyzebia oraz odbudowie kosci.
Jednakze hipoteza wptywu MTA na procesy gojenia
i odbudowy tkanek okotozgebowych oraz mechanizmu
tworzenia cementu korzeniowego pozostaje niejasna.
Celem pracy byto zbadanie wptywu ptynu tkankowego
SBF (Simulated Body Fluid) na materiat Pro Root MTA
Grey w obecno$ci twardych tkanek zeba. Z 10 zebow
bydlecych uzyskano 20 bloczkéw cementu korzenio-
wego. Po opracowaniu probek i natozeniu preparatu
MTA Grey podzielono je na trzy rowne grupy (1, Il i lll),
po 6 probek kazda. Bloczki zebiny z grupy | zanurzono
w 0,9% roztworze soli fizjologicznej (0,9% NaCl), bloczki
z grupy Ili lll inkubowano w syntetycznym ptynie tkan-
kowym (roztwor SBF) odpowiednio przez 2i 10 miesie-
cy. Wszystkie probki umieszczono w temp. 37°C oraz
100% wilgotnosci. Po okresie inkubacji probki poddano
badaniu w elektronowym mikroskopie skaningowym,
wykonano analize spektroskopowg EDS oraz badanie
metodg dyfrakcji rentgenowskiej. Na powierzchniach
probek inkubowanych w SBF stwierdzono obecnosc
zwigzkow fosforu i wapnia, jednak nie stwierdzono
obecnosci krysztatkdw hydroksyapatytu.

Stowa kluczowe: Mineral trioxide aggregate, elektro-
nowy mikroskop skaningowy, dyfrakcja rentgenowska,
SBF, cementogeneza

[Inzynieria Biomateriatow, 85, (2009), 13-18]

Wstep

Mineral trioxide aggregate (MTA) jest materiatem majg-
cym zastosowanie w endodoncji w zabiegach wstecznego
wypetniania kanatow [1], w naprawach perforacji oraz
w leczeniu ubytkéw resorpcyjnych [2]. Jest wykorzystywany
w roznych sytuacjach klinicznych takich jak zabiegi apek-
syfikacji [3], w bezposrednim i posrednim przykryciu miazgi
[4,5], w leczeniu perforacji w miejscach furkacji korzeni oraz
innych procedurach chirurgii okotowierzchotkowej [7].
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Abstract

Mineral trioxide aggregate (MTA) is a material
provoking a good biological reaction which may
facilitate the regeneration of the periodontal ligament
and formation of bone. However, the hypothesis of
the dental alveolar healing and cement formation
by the application of MTA has not been proven. The
purpose of this study was to investigate the probable
influence of the Simulated Body Fluid (SBF) on Grey
Pro Root Mineral Trioxide Aggregate (GMTA) in the
presence of the dental hard tissue. From 10 bovine
extracted teeth, 20 samples of hard dental tissue
were obtained. After the preparation and application
of the GMTA material all of the samples were divided
randomly into three groups (I, Il, Ill), of 6 samples
each. Dentine blocks in group | were incubated in
0.9% NaCl whilst those in groups Il and Il were
incubated in SBF for 2 and 10 months, respectively,
at 37°C, 100% humidity. SEM investigation, energy
dispersive spectroscopy elemental analysis (EDS)
and X-ray diffraction analysis of the samples were
performed. On the surfaces of SBF incubated samples
precipitation of phosphorus and calcium was indicated
but no hydroxyapatite crystals were found.

Keywords: mineral trioxide aggregate, SEM, X-ray
diffraction, SBF, cementogenesis

[Engineering of Biomaterials, 85, (2009), 13-18]

Introduction

Mineral trioxide aggregate (MTA) has been proposed as
one of the materials which can be used in endodontics as
a root-end filling [1], in perforations and resorptive defect
repairs [2]. It is clinically viable material for a wide variety
of indications including apexification [3], pulp capping [4,5],
furcal perforations [6] and other procedures of periapical
surgery [7].

Biocompatibility of periapical tissue with MTA affects
its ability to repair and regenerate itself. Many investiga-
tions confirmed faster cells growth, increased matrix gene
expression in osteoblasts [8] and stimulation of the hard
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regeneracji. Wiele doniesien potwierdza szybszy wzrost
komorek oraz zwigekszong ekspresje macierzystego
genu w osteoblastach [8] oraz stymulacje odktadania
tkanek twardych na poziomie wierzchotka korzenia po
wypetnieniu kanatu materiatem MTA [9]. Wedtug Gandolfi
i wsp. [10] MTA jest materiatem o niskiej toksycznosci
[11], pobudzajgcym biologicznie aktywny substrat dla
komorek kosci, oraz stymulujgcym produkcje interleukin.
Takze Pelliccioni i wsp. [12] w swoich badaniach in vitro
wskazujg na aktywnos¢ MTA w stosunku do komoérek indu-
kujacych odbudowe kosci oraz na fakt, ze oddziatywanie to
moze by¢ czesciowo odpowiedzialne za satysfakcjonujgcy
efekt kliniczny. Dwunastomiesieczne obserwacje kliniczne
Joffe’a [13] wykazaly apozycje nowo uformowanej kosci
oraz utworzenie periodontium po aplikacji MTA.

Mineral trioxide aggregate posiada dwie specyficzne
fazy zawierajgce tlenki i fosforany wapnia [14,15]. Z tlenku
wapnia w obecnosci ptynéw tkankowych tworzy sie wodo-
rotlenek wapnia [2,16], ktéry jest uwalniany przez MTA.
Ozdemir i wsp. spekulujg, ze dyfuzja jondw Ca?**z MTA moze
wplywac na pozgdany efekt leczenia [9].

Materiat MTA, bedgcy pochodng cementu portlanckiego,
jest biokompatybilny poprzez jego zdolnos$¢ tworzenia hy-
droksyapatytu w obecnosci ptynéw fizjologicznych [17,18].
Bozeman i wsp. [19] w podsumowaniu swoich badan podaja,
iz MTA uwalnia jony wapnia oraz, zanurzony w roztworze
buforu fosforanowego Phosphate Buffered Saline (PBS),
indukuje powstawanie krysztatkow chemicznie i strukturalnie
podobnych do hydroksyapatytu (HA).

Zatem, opierajac sie na cytowanych danych wykonano
badania dyfrakcji rentgenowskiej oraz analize EDS dla po-
twierdzenia powyzszej hipotezy tworzenia hydroksyapatytu
na powierzchni MTA w obecnosci ptynu tkankowego, ktory
to mechanizm moze mie¢ wptyw na lecznicze wiasciwosci
tego materiatu.

Cel

Celem pracy byto zbadanie wptywu ptynu tkankowego
SBF (Simulated Body Fluid) na materiat Pro Root Mineral
Trioxide Aggregate Grey w obecnosci twardych tkanek zeba
poprzez poréwnanie reakcji chemicznej zachodzacej na
powierzchni MTAw kontakcie z 0.9% NaCl i roztworem SBF.

Materiat i metody

10 zebow bydlecych pocieto na réwne 3 czesci. Z kazdego
zeba uzyskano 2 bloczki cementu korzeniowego o $rednicy
i wysokosci ok. 10 mm. Nastepnie przygotowano i natozono
Grey Pro Root Mineral Trioxide Aggregate (Dentsply Tulusa
Dental, USA) zgodnie z zaleceniami producenta. Prébki in-
kubowano przez 12 godzin w temp. 37°C i 100% wilgotnosci
dla stwardnienia materiatu. Wszystkie bloczki podzielono
losowo na trzy grupy (I, Il, lll), po 6 préb kazda. Bloczki
z grupy | zanurzono w 0,9% roztworze soli fizjologicznej
(0,9% NaCl), bloczki z grup Il'i lll w syntetycznym ptynie
tkankowym (Simulated Body Fluid SBF) odpowiednio na
okres 2 i 10 miesiecy. Sktad ptynu tkankowego zostat
przygotowany wedtug receptury Kim i wsp. [20]. Prébki
inkubowano w temp. 37°C i 100% wilgotnosci. Pozostate
dwa bloczki nie byly inkubowane i zostaty wykorzystane jako
probki kontrolne. Po okresie inkubacji wykonano obserwacje
w SEM oraz analize sktadu chemicznego badanych prébek.
Do badan wykorzystano elektronowy mikroskop skaningowy
HITACHI S — 3000N. Uzyto powiekszen od powyzej stu do
kilku tysiecy razy przy napieciu przyspieszajgcym 5 kV.

tissue deposition at the apical level after root canal filling in
the presence of MTA [9]. According to Gandolfi et al. [10]
MTA is a material of low toxicity, which offers a biologically
active substrate for bone cells and stimulates interleuk-
ines production [11]. Also Pelliccioni et al. [12] in their
in vitro study indicated that the ProRoot MTA showed a good
interaction with bone-forming cells and that this behavior
may partially account for its satisfactory clinical performance.
Joffe’s 12-month clinical recall revealed the apposition of
newly formed bone and creation of periodontal membrane
after MTA application [13].

Mineral trioxide aggregate has two specific phases,
comprising calcium oxide and calcium phosphate [14,15].
Calcium oxide in the presence of tissue fluids forms calcium
hydroxide [2,16], which is released by MTA. Ozdemir at al.
speculate that this diffusion of Ca?* ions from MTA could
yield a desirable clinical effect [9].

MTA material is derived from Portland cement parent
compound and has been demonstrated to be biocompat-
ible by its ability to form hydroxyapatite when exposed
to physiological solutions [17,18]. Bozeman et al. [19] in
their research concluded that MTA releases calcium ions
and, when immersed in Phosphate Buffered Saline (PBS)
solution, it induces the crystals formation, chemically and
structurally similar to hydroxyapatite HA.

Therefore, on the basis of cited data, the following EDS
and XRD microanalysis have been performed to confirm the
above hypothesis of hydroxyapatite formation on the MTA
in the presence of body fluids, what mechanism might be
responsible for healing properties of that material.

Aim

The aim of the present study was to investigate the
influence of Simulated Body Fluid (SBF) on Grey Pro Root
Mineral Trioxide Aggregate in the presence of the dental
hard tissues, and to compare the chemical reaction occurring
on MTA surfaces when placed in contact with 0.9% NaCl or
SBF in simulated clinical conditions.

Materials and method

Ten bovine extracted teeth were sectioned into three
parts. Two blocks of hard dental tissue with the diameter
and height of around 10 mm were obtained from each tooth.
The Grey Pro Root Mineral Trioxide Aggregate material
(Dentsply Tulusa Dental, USA) was prepared according
to producer guidelines and was dispensed on the dentine
blocks. Samples were incubated for 12 hours at 37°C and
100% humidity for material hardening. All of the blocks were
divided randomly into three groups (l, Il, 1ll), consisting of 6
samples each. Blocks in group | were placed in 0.9% sodium
chloride (0.9% NaCl), whilst samples in group Il and Ill were
placed in the Simulated Body Fluid (SBF) for a period of 2
and 10 months, respectively. Composition of the body fluid
was prepared according to Kim et al. [20]. The samples
were incubated in 37°C and 100% humidity. Remaining two
blocks were not incubated and then used as a control. After
the period of incubation, SEM investigation and elemental
analysis of the prepared samples were performed. A scan-
ning electron microscope HITACHI S — 3000N was used.
Magnifications from over a dozen times to several thousand
times with accelerating voltage of 5 kV were used. For the
better quality of the acquired images, all the blocks were
sputtered with a layer of gold. The chemical composition
analysis of the precipitates found on the surfaces of the
observed samples was conducted in SEM using the Energy
Dispersive Spectroscopy (EDS) method.



W celu poprawienia jakosci obserwowanych obrazow,
wszystkie bloczki napylono warstwg ztota. Analize sktadu
chemicznego precypitatéw wykrytych na powierzchni prébek
przeprowadzono w SEM przy uzyciu metody EDS.
Wczesniejsze wyniki badan [21] wykazaty miejsca
0 zwiekszonej koncentracji wapnia i fosforu w badanych
prébach. Poniewaz analiza sktadu chemicznego metodag
EDS nie pozwala jednoznacznie okresli¢ rodzaju wytrg-
conej substancji w pracy tej wykonano badanie dyfrakcji
rentgenowskiej (XRD) przy uzyciu dyfraktometru D-500
(SIEMENS), identyfikujgce obecne w prébce fazy [22].

Wyniki

Obrazy powierzchni probek we wszystkich badanych
grupach w wiekszosci nie roznity sie (RYS. 1,2,3). Jednakze,
na prébkach MTA inkubowanych w SBF w obu grupach
(I1'i 111) zaobserwowano miejsca ze zwiekszong zawartoscig
Ca i P (RYS. 4). Mimo, ze czasy inkubacji bloczkéw réz-
nity sie, za pomocg mikroanalizy sktadu chemicznego nie
wykazano réznic pomiedzy grupami inkubowanymi przez
2 i 10 miesiecy w roztworze SBF.

Otrzymane dyfraktogramy widoczne na RYS. 5 obrazujg
podobny sktad fazowy we wszystkich probkach. Jednakze,
we wszystkich bloczkach zebinowych pokrytych MTA wiel-
kosci reflekséw w kazdej probce sg rézne.
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The earliest EDS analysis [21] had shown the increase
of Ca and P concentration on the investigated samples,
but EDS analysis does not determine phase composition of
the samples. In this study an X-ray diffraction (XRD), using
diffractometer D-500 (SIMENS), was performed to identify
the phase composition of the precipitates [22].

Results

Appearance of samples surfaces in all the investigated
groups mostly have not differed from each other (FIG. 1,2,3.)
However, on the MTA samples in both groups (Il and III)
incubated in SBF some sites enriched in Ca and P were
observed (FIG. 4). Although the incubation times differed,
in the microanalysis of chemical composition between the
groups immersed in SBF for 2 and 10 months the differences
were not detected.

Obtained diffractograms in FIG. 5 show similar phase
composition of all the samples. However, in all the dentin
blocks coated with MTA the intensity of the peaks in each
sample were different.
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RYS. 1. Obrazy mikroskopowe oraz analiza EDS powierzchni materiatu MTA - prébki nieinkubowanej (kontrola);

a) obraz SEM, b) analiza EDS sktadu chemicznego.

FIG. 1. SEM micrographs and EDS spectrograms of the MTA not incubated sample (control sample); a) SEM image,

b) chemical EDS analysis.
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RYS. 2. Obrazy mikroskopowe oraz analiza EDS powierzchni materiatu MTA po inkubacji w roztworze 0,9% NaCl po
10 miesigcach; a) obraz SEM, b) analiza EDS sktadu chemicznego.
FIG. 2. SEM micrographs and EDS spectrograms of the MTA samples incubated in 0.9% NaCl solution for 10 months;

a) SEM image, b) chemical EDS analysis.
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RYS. 3. Obrazy mikroskopowe oraz analiza EDS powierzchni materiatu MTA po inkubacji w roztworze SBF po 10
miesigcach; a) obraz SEM, b) analiza EDS sktadu chemicznego.

FIG. 3. SEM micrographs and EDS spectrograms of the MTA samples incubated in SBF for 10 months; a) SEM image,
b) chemical EDS analysis.
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RYS. 4. Obrazy mikroskopowe oraz analiza EDS powierzchni materialu MTA po inkubacji w roztworze SBF po 10 mie-
sigcach; a) obraz SEM precypitatu, b) analiza EDS skfadu chemicznego precypitatu.

FIG. 4. SEM micrographs and EDS spectrograms of the MTA samples incubated in SBF for 10 months; a) SEM image
of precipitation, b) chemical EDS analysis of precipitation.
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o |_ RYS. 5. Dyfraktogramy rentgenowskie materiatu MTA po inkubacjach w réznych ptynach:
w < 1) préobka kontrolna, 2) po inkubacji w 0,9% NaCl, 3) po inkubacji w roztworze SBF.

TN FIG. 5. Diffractograms obtained from the MTA samples incubated in different solutions:
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Dyskusja

Obrazy powierzchni materialu MTA po inkubacjach w
obu ptynach ustrojowych w zasadzie nie wykazujg roznicy.
Nieco zroznicowana topografia powierzchni MTA wynika
tylko z naktadania materiatu na podtoze. Jedynie na prébkach
inkubowanych w roztworze SBF wystepujg miejsca bogatsze
w wapn i fosfor. Ich ilos¢ jednak jest bardzo niewielka
i mozna przypuszczad, iz praktycznie nie powinny one mie¢
znaczenia klinicznego. Wydaje sie, ze czas inkubaciji nie miat
wplywu na wielkos$¢ wytrgconego precypitatu.

Badanie metodg dyfrakcji rentgenowskiej nie wykazato
obecnosci hydroksyapatytu w drugiej i trzeciej grupie. Sktad
fazowy probek z grupy lll po inkubacji w SBF nie zmienit
sie w stosunku do tych nieinkubowanych i obu pozostatych
grup (I, ). Na podstawie otrzymanych dyfraktogramow
widag, ze sktad fazowy poszczegolnych prébek nie wykazuje
istotnych roznic jakosciowych i jest zbiezny z wynikami
uzyskanymi przez innych autorow [23]. Wykazujg oni,
ze w sktad MTA wchodzg gtéwnie wapn, krzem, bizmut
i tlen z niewielkim dodatkiem zelaza i glinu [24]. We
wszystkich prébkach stwierdzono obecnos¢ tych samych
faz. Jednak intensywnosci reflekséw w poszczegodinych
probkach wykazujg réznice, co wskazuje na réznice
w ilo$ci poszczegolinych faz. Takze stosunki intensywnosci
refleksow w prébkach wykazujg zréznicowanie, ktore
jest prawdopodobnie wynikiem réznej tekstury materiatu
uzyskanej podczas nakfadania.

Wedtug Tay i wsp. [15], wstepnie utworzona amorficzna
faza fosforanu wapnia przeksztatca sie w faze apatytu i jest
kluczowa dla przebiegu biologicznych proceséw formowania
apatytow w mineralizacji szkieletu. W przeciwienstwie do
innych badaczy [15,19,25] wynik przeprowadzonych badan
moze swiadczy¢ o tym, ze krysztatki hydroksyapatytu nie
powstajg, lub jest ich tak mata ilos¢, ze nie mozna go wykry¢
zastosowang metodg XRD. Jesli nawet hydroksyapatyt jest
wytrgcany w tak matej ilosci prawdopodobnie nie ma to
znaczenia biologicznego. Wzbogacenie pewnych obszaréw
probki w fosfor moze by¢ wynikiem jego adsorpcji z SBF.

Takze typ ptynu z zawartoscig fosforu uzytego do tego
rodzaju badan moze mie¢ wptyw na otrzymane wyniki.
W pracach Tay i wsp. oraz Bozeman’a i wsp. uzyto
Phosphate Buffered Saline (PBS) a nie roztwér Simulated
Body Fluid (SBF). By¢ moze potrzebne bytyby szersze
rozwazania na temat zastosowania obu ptynéw.

Duza liczba doniesieh wskazuje, ze MTA stymuluje
osadzanie sie nowoutworzonego cementu korzeniowego,
jednakze autorzy podkreslajg znaczenie mechanizmoéw
cementogenezy indukowanych odpowiedzig komdérkowa
ludzkiego organizmu. Tworzenie sie cementu korzeniowego
poprzez wytrgcanie krysztatkow hydroksyapatytow przez
materiat Pro Root Mineral Trioxide Aggregate w obecnosci
ptynow tkankowych pozostaje ciggle niejasne.

WhiosKki

1. Na powierzchni prébek z materiatem Mineral Trioxide
Aggregate umieszczonych w roztworze Simulated Body
Fluid zaobserwowano obecnos¢ Ca i P.

2. Nie ma znaczgcych réznic miedzy prébami inkubo-
wanymi w SBF w obu badanych grupach (Il i Ill). Wydaje
sie, ze przedtuzony czas inkubacji nie ma wptywu na ilosé
wydzielonego precypitatu.

3. Badania dyfrakcji rentgenowskiej nie potwierdzity
obecnosci hydroksyapatytu w badanych prébach.

Discussion

SEM investigation of the MTA samples after the
incubation in different fluids detected almost no differences.
Slightly diverse topography of their surfaces can be an
effect of material application into the substructure. Only in
the SBF incubated samples some sites enriched in calcium
and phosphorus are observed. Times of incubation have no
influence on the amount of precipitates. We speculate that
so small quantity of precipitates practically should not have
a clinical significance.

An X-ray diffraction investigation has not indicated
the presence of hydroxyapatite in the second and third
investigated group. Phase composition of the Ill group
samples after the incubation has not changed in comparison
with the control sample and both remaining (I, Il) groups.
On the basis of the obtained diffractograms phase
composition analysis of each sample has not revealed
significant qualitative differences and that converge with
the results of the other authors [23]. They showed the
MTA to be composed primarily of calcium, silicon, bismuth
and oxygen with the addition of iron and aluminium [24].
In all the samples the presence of the same phases has
been observed. However the intensity of the peaks of
the samples were different suggesting different phase
composition of the samples. Also the relations of the peaks
intensity diverse, what is probably due to the texture of an
applied material.

According to Tay et al. [15] an initially formed amorphous
calcium phosphate phase transforms to an apatite phase
and it plays a key role for biological apatite formation
in skeletal calcification. On the contrary to the other
researchers [15,19,25], findings of this study may indicate
that the hydroxyapatite crystals do not precipitate, or that
there is so small quantity of hydroxyapatite that the XRD
method cannot detect it. Even if so, that small quantity of
HA is not able to induce any biological effect. Phosphorus
enrichment in some of the investigated sites of the samples
can be the result of its adsorption from SBF. Also a type of
the phosphate-containing fluid used in this kind of study
may have some implications. Phosphate Buffered Saline
(PBS) not Simulated Body Fluid (SBF) has been used in
the research of Tay and Bozeman. The wider considerations
about the fluid type utility would be necessary.

A large number of studies have shown that MTA
stimulates the deposition of a newly formed cementum,
although the authors have emphasized the significance of
cementogenesis mechanisms induced by human cellular
response. Dental cement formation process by producing
hydroxyapatite crystals in the presence of tissue fluid by
Pro Root Mineral Trioxide Aggregate still remains unclear.

Conclusions

1. On the surface of Mineral Trioxide Aggregate samples
placed in the Simulated Body Fluid solution the precipitation
of Ca and P was detected.

2. There are no significant differences between samples
in both investigated groups immersed in SBF (Il and llI).
It seems that prolonged time of incubation has no influence
on the amount of precipitates.

3. X-Ray diffraction analysis has not confirmed the
presence of hydroxyapatites in the investigated samples.

17

BI® MATERIALS



18

e 000000 PiSmiennictwo

BI® MATERIALS

[1] Torabinejad M. Investigation of mineral trioxide aggregate for
root-end filling in dogs. J Endod 21 (1995) 603-608.

[2] Torabinejad M., Hong C.U., McDonald F., Ford T.R.: Physical
and chemical properties of a new root-end filling material. J Endod
21(1995) 349-353.

[3] Shah N, Logani A., Bhaskar U., Aggarwal V.: Efficacy of revascu-
larization to induce apexification/apexogenesis in infected, nonvital,
immature teeth: a pilot clinical study. J Endod 34 (2008) 919-25.
[4] Caicedo R., Abbott P.V., Alongi D.J., Alarcon M.Y.: Clinical, radio-
graphic and Histological analysis of the effects of mineral trioxide
aggregate used in direct pulp capping and pulpotomies of primary
teeth. Aust Dent J 51(2006) 297-305.

[5] Aeinehchi M., Eslami B., Ghanbariha M., Saffar A.S.: Mineral
trioxide aggregate (MTA) and calcium hydroxide as pulp-capping
agents in human teeth: a preliminary report. Int Endod J 36 (2003)
225-231.

[6] Yildirim T, Gengodlu N, Firat I, Perk C, Guzel O.: Histologic
study of furcation perforations treated with MTA or Super EBA in
dogs’ teeth. Oral Surg Oral Med Oral Pathol Oral Radiol Endod
100 (2005) 120-124.

[7] Schwartz R. S. Mineral trioxide aggregate: a new material for
endodontics. | Am Dent Assoc 130 (1999) 967-75.

[8] Tani-Ishii N., Hamada N., Watanabe K., Tujimoto Y., Teranaka
T., Umemoto T.: Expression of bone extracellular matrix proteins
on osteoblast cells in the presence of mineral trioxide. J Endod 33
(2007) 836-839.

[9] Ozdemir H.O., Ozcelik B., Karabucak B., Cehreli Z.C. Calium
ion diffusion from mineral trioxide aggregate through simulated toot
resorption defects. Dental Tramatol 24 (2008) 70-73.

[10] Gandolfi M.G., Pagani S., Perut F., Ciapetti G., Baldini N.,
Mongiorgi R., Prati C.: Innovative silicate-based cements for endo-
dontics: a study of osteoblasts-like cell response. J Biomed Mater
Res A 87 (2008) 477-486.

[11] Koh E.T., McDonald T.R., Ford M., Torabinejad M. Cellular
response to Mineral Trioxide Aggregate. J Endod 24 (1998)
543-547.

[12] Pellicioni G.A., Ciapetti G., Cenni E., Granchi D., Nanni M.,
Pagani S., Giunti A.: Evaluation of osteoblast-like cell response to
Proroot MTA (mineral trioxide aggregate) cement. J Mater Sci Mater
Med 15 (2004) 167-173.

References

[13] Joffe E.: Use of Mineral Trioxide Aggregate (MTA) in root
repairs. N Y State Dent J 68 (2002) 34-36.

[14] Fridland M., Rosado R. Mineral trioxide aggregate (MTA) so-
lubility and porosity with different water-to-powder ratios. J Endod
29 (2003) 814-817.

[15] Tay F.R., Pashley D.H., Rueggeberg F.A., Loushine R.J., Weller
R.N.: Calcium phosphate phase transformation produced by the
interaction of the Portland cement component of white mineral
trioxide aggregate with a phosphate-containing fluid. J Endod 33
(2007) 1347-1351.

[16] Holland R., De Souza V., Nerrym. J., Filho J.A.O., Bernabe
P.F.E., Dezane. Reaction of rat connective tissue to implanted dentin
tubes filled with mineral trioxide aggregate or calcium hydroxide.
J Endod 25 (1999) 161-166.

[17] Roberts H.W., Toth J.M., Berzins D.W., Charlton D.G.: Mineral
trioxide aggregate material use in endodontic treatment: A review
of the literature. Dent Mater 24 (2008) 149-64.

[18] Song J-S., Mante F.K., Romanow W., Kim S. Chemical analysis
of powder and set forms of Portland cement, gray proroot MTA,
white proroot MTA and gray MTA-Angelus. Oral Surg Oral Med
Oral Pathol Oral Radiol Endo 102 (2006) 809-815.

[19] Bozeman T.B. Elemental analysis of crystal precipitate from
gray and white MTA. J Endod. 32 (2006) 425-428.

[20] Kim H.M., Miyazaki T., Kokubo T., Nakamura T. Revised Simu-
lated Body Fluid. Key Engineering Mat 192-195 (2001) 47-50.
[21] Palatynska-Ulatowska A., Klimek L.: In vitro SEM study of the
tissue fluid influence on the mineral trioxide aggregate properties
— preliminary report. Pol J Environ Stud (2008) in press.

[22] Klimek L. Applications of modern materials engineering
methods in biomedical research (in polish). Praca habilitacyjna.
Lodz (2005).

[23] Camillieri J.: Characterization of hydration products of mineral
trioxide aggregate. Int Endo J 41 (2008) 408-417.

[24] Camilleri J., Montesin F.E., Brady K., Sweeney R., Curtis R.V.,
Ford T.R.: The constitution of mineral trioxide aggregate. Dent Mater
21 (2005) 297-303.

[25] Ding S.J., Kao C.T., Hung C. Jr., Huang T.H.: The physical
and cytological properties of white MTA mixed with Na,HPO, as
an accelerant. J Endod 34 (2008) 748 -751.



WPLYW PRZYGOTOWANIA THE INFLUENCE OF THE L9

POWIERZCHNI ZEBINY PREPARATION OF THE

KANALOWEJ NA JEJ ADHEZJE RADICULAR DENTINE SURFACE

DO MATERIALU HERCULITE ON ITS ADHESION TO HERCULITE
MATERIAL

AGNIESZKA SKORSKA-JASAK'*, GRZEGORZ SOKOLOWSKI?,
Leszek Kumek®#, HALINA PAwLICKA®

AGNIESZKA SKORSKA-JASAK'*, GRZEGORZ SOKOLOWSKI?,
Leszek KLimek®#, HALINA PAwLICKA®

"PoraADNIA OGOLNA | ENDODONCJI SPZOZ SzPiTALA
KLINICZNEGO NR 6 UNIWERSYTETU MEDYCZNEGO W t.0DZI,

uL. PomoRrska 251, 92-217 tobz

2ZAKtAD PROTETYKI STOMATOLOGICZNEJ KATEDRY PROTETYKI
STOMATOLOGICZNEJ | ZABURZEN CzYNNo$ciowycH NARzZADU
ZuciA UNIWERSYTETU MEDYCZNEGO W Loz,

uL. PomoRrska 251, 92-217 tobz

3INSTYTUT INZYNIERII MATERIALOWEJ POLITECHNIKI L.ODZKIEJ,
uL. STEFANOWSKIEGO 1/15, 90-924 t 6Dz

4 KATEDRA NAUK PODSTAWOWYCH | PRZEDKLINICZNYCH
UNIWERSYTETU MEDYCZNEGO W Y.0DzI,

PL. HALLERA 1, 90-647 6Dz

5ZakeAD ENDODONCJI KATEDRY STOMATOLOGI ZACHOWAWCZEJ,
ENboponcJl | PERIODONTOLOGIH UNIWERSYTETU MEDYCZNEGO
w tobzi, uL. Pomorska 251, 92-217 Lopz

* E-MAIL: AGUS_SJ@02.PL

" EMERGENCY AND ENDODONTIC DEPARTMENT

oF CLiNic HosPiTAL No. 6, MEepicaL UNIVERSITY IN LoDz,

uL. Pomorska 251, 92-217 Lobz, PoLAND

2 ProsTHODONTIC DEPARTMENT CHAIR OF MALOCCLUSION

ofF MasTicATORY SysTEM, MEDICAL UNIVERSITY IN LoDz,

uL. Pomorska 251, 92-217 Lobz, PoLAND

3 INsTITUTE OF MATERIALS SCIENCE AND TECHNOLOGY,
TecHNIcAL UNIVERSITY OF LoDz,

uL. STEFANOWSKIEGO 1/15, 90-924 Lobz, PoLAND

4 DEPARTMENT OF Basic AND PRE-CLINICAL SciENCE MEDICAL,
UNIVERSITY OF Lobz, PL. HALLERA 1, 90-647 Lobz, PoLAND
5 DEPARTMENT OF ENDODONTICS, CHAIR OF CONSERVATIVE
DENTISTRY, ENDODONTICS AND PERIODONTOLOGY,

MebicaL UNIVERSITY OF Lobz,

uL. Pomorska 251, 92-217 Lobz, PoLAND

. * E-MAIL: AGUS_SJ@02.PL
Streszczenie

Celem pracy jest poréwnane wptywu EDTA i kwasu Abstract
cytrynowego na adhezje pomiedzy zebing korzeniowg
a materiatem kompozytowym Herculite. Wtasciwa
adhezja pomiedzy materiatami wypetniajgcymi a struk-
turg zeba, stanowi odpowiednie zabezpieczenie przed
mikroprzeciekiem, niezbedne do uzyskania zadawala-
jacych efektéw w leczeniu stomatologicznym.

Do badan uzyto 40 korzeni ludzkich zebéw frzo-
nowych usunietych ze wzgleddéw stomatologicznych.
Dwadziescia losowo wybranych zebdw przecinano
prostopadle w stosunku do dtugiej osi korzenia zeba
(grupa l), kolejne 20 réwnolegle (grupa Il). Nastepnie
poprzeczne (grupa l) i podtuzne przekroje zeboéw (gru-
pa ll) podzielono losowo na dwie podgrupy: aib po 10
zebow kazda, aktywowano roztworami powszechnie
stosowanymi w leczeniu endodontycznym i wytra-
wiono 37% kwasem ortofosforowym. Probki zebow
wszystkich grup pokryto systemem wigzgcym Opti-
Bond Solo Plus i spolimeryzowano. Na przygotowane
w ten sposob powierzchnie, przy pomocy specjalnej
formy o $rednicy 3 mm, nanoszono materiat Herculite.
Badania wykazaty, ze nie wystepujg roznice istotne
statystycznie w wytrzymato$ci na $cinanie pomiedzy
potgczeniem materiatu Herculite z powierzchnig
zebiny. Roéwniez utozenie kanalikbw zebinowych
w stosunku do powierzchni potgczenia nie wptywa na
ich wytrzymato$¢ na Scinanie.

The aim of this study is to compare the influence of
EDTA and citric acid on adhesion between radicular
dentine and composite material Herculite. Appropriate
adhesion between filling material and tooth structure
constitutes proper protection against coronal leak-
age, indispensable to achieve a satisfactory effects in
dentistry treatment. Forty human teeth molars roots,
removed from dentistry indications were used in this
study. Twenty randomly selected teeth were sliced
perpendicularly to the long axis of dental radices
(I group), following 20 parallely (group Il). In the group
I dentinal tubules were parallel to the analysed sur-
face, whereas in group Il perpendicular. Transversal
and longitudinal teeth profiles were randomly divided
into two subgroups of ten teeth each and activated
by solutions which are commonly used in endodontic
treatment and 37% ortophosphoric acid. Slices of all
teeth were covered with a bonding system OptiBond
Solo Plus and light cured. On the surfaces prepared
in this way, Herculite composite material with using
special form of 3 mm in diameter, was applied. The
findings reveal that there are not statistical differences
in shear strength between the dentine and Herculite
material. Also the direction of the dentinal tubules
does not influence the shear strength of the analysed
samples.

Stowa kluczowe: adhezja, zebina korzeniowa, EDTA,

kwas cytrynowy, materiat kompozytowy Keywords: adhesion, radicular dentine, EDTA, citric

acid, composite material

[Inzynieria Biomaterialow, 85, (2009), 19-22] [Engineering of Biomaterials, 85, (2009), 19-22]

BI® MATERIALS



20

Wprowadzenie

BI® MATERIALS

Adhezja polega na potagczeniu powierzchniowych
warstw dwoch (statych lub ciektych) ciat doprowadzonych
do zetkniecia [1]. W stomatologii adhezja zachodzi miedzy
materiatem wypetniajgcym a zebing i szkliwem. Uzyskanie
dobrej adhezji z tkankami zeba uniemozliwiajg trudnosci w
prawidtowej reakcji materiatu z organiczng i nieorganiczng
fazg adherenta, obecnos$¢ wody w tkankach zeba, jak row-
niez brak stabilnosci materiatu adhezyjnego w wilgotnym
srodowisku jamy ustnej [2]. Wiasciwa adhezja, pomiedzy
materiatami wypetniajgcymi a strukturg zeba, stanowi odpo-
wiednie zabezpieczenie przed mikroprzeciekiem, niezbedne
do uzyskania zadawalajgcych efektow w leczeniu stomato-
logicznym. Eliminacja mikroprzecieku zapobiega prochnicy
wtérnej, nadwrazliwosci pozabiegowej, jak rowniez zapale-
niom miazgi i tkanek okotowierzchotkowych [3]. Wyjatkowo
niebezpieczny jest mikroprzeciek bakteryjny, ktéry powstaje
przy szerokosci szczeliny wynoszacej ponad 2 um [4].
Dlatego tez pojawito sie szereg badan dotyczacych tego
zjawiska, jak réwniez adhezji materiatéw stomatologicznych
do zebiny i szkliwa.

Adhezja materiatow do tkanek jest ztozona i zalezy
od wielu czynnikéw takich jak: skomplikowana budowa
tkankowa zeba, rodzaj zastosowanego materiatu, pacjent
i jego wiek oraz urazy zgryzowe [5]. W celu jej poprawie-
nia stosuje sie rézne metody przygotowania powierzchni
szkliwa i zebiny.

Z poczatkiem lat 70-tych XX wieku powszechnie zaak-
ceptowano i wprowadzono do praktyki klinicznej metode
trawienia szkliwa kwasem ortofosforowym, a metode te
nazwano metodg AET (Acid Etch Technique). W niecate 10
lat pézniej udato sie réwniez uzyskac potgczenie z zebina.
Celem trawienia jest rozwiniecie powierzchni szkliwa i
zebiny, ktére prowadzi miedzy innymi do rozwiniecia po-
wierzchni przylegania obydwu adherentow, a tym samym i
wzrostu wielkosci adhezji. Podstawowy mechanizm tgczenia
kompozytu ze szkliwem i zebing polega na wytworzeniu
mikromechanicznego potgczenia materiatu adhezyjnego,
jakim jest system wigzgcy oraz substratu, jakim sg tkanki
twarde zeba [6]. Obecnie w stomatologii wyrézniamy pieé¢
generacji systeméw wigzgcych opartych na metodzie
AET. Podstawg podziatu na generacje w tej klasyfikacji byt
sposob, w jaki traktowano warstwe mazistg, wytwarzajgca
sie podczas opracowywania ubytku (modyfikacja lub jej
usuniecie) oraz ilos¢ etapow zwigzanych z adhezyjnym
przygotowaniem powierzchni tkanek zeba

Od wielu lat prowadzi sie badania, ktére majg na celu
opracowanie takich metod adhezyjnego przygotowania
struktury zeba, ktére obok zaawansowanej profilaktyki,
pozwolg zminimalizowac¢ ryzyko wystgpienia prochnicy
wtérnej, przebarwien wypetnien oraz ztamania korony zeba
prowadzgc do poprawy jego klinicznej trwatosci.

Celem niniejszej pracy byta ocena sity adhezji materiatu
Herculite do scian zebiny kanatowej po réznych sposobach
modyfikaciji jej powierzchni.

Materialy i metody

Do badan uzyto 40 korzeni ludzkich zebow trzonowych,
usunietych ze wzgledéw stomatologicznych. Zeby do mo-
mentu badania byly przechowywane w 10% roztworze for-
maliny. Natomiast przed przystgpieniem do opracowywania
byty ptukane pod biezacg wodg. Korony zebow odcinano
na wysokos$ci potgczenia szkliwno-zebinowego. Ciecia
wykonano przy uzyciu separatora o obustronnym nasypie
diamentowym w ostonie chtodzacej z aerozolu wodnego.

Introduction

Adhesion consists on connection two liquid or solid su-
perficial layers, which were made to contact [1].

In dentistry adhesion proceeds between filling material,
dentine and enamel. Achievement of good adhesion with
teeth tissues, prevents difficulties in a correct reaction of
the material with organic and nonorganic phase of adher-
ent, presence of water in teeth tissues, and also the lack
of adhesion material stability in wet environment of the oral
cavity [2]. Appropriate adhesion between filling material
and tooth structure constitutes proper protection against
coronal leakage, indispensable to achieve satisfying effects
in dentistry treatment. Elimination of leakage prevents from
secondary caries, postoperative sensitivity, and also dental
pulpities, and periapical tissues [3]. Exceptionally danger-
ous is bacterial leakage, which emerges in front of spread
fissure above 2 pym [4]. Therefore, many examinations for
this case and also adhesion of dental materials to dentine
and enamel have occurred.

Material adhesion to tissues is complicated and depends
on many factors: tooth and its complicated tissues structure,
applied material, patient and his age and dental trauma [5].
In order to correct the adhesion, variable methods of prepar-
ing surface of enamel and dentine are being used.

Since the beginning of 70’ of XX century, the method
of etching enamel with ortophosphoric acid - Acid Etch
Technique (AET) has been commonly accepted and intro-
duced into clinical practice. About 10 years later also the
connection with dentine was achieved. The aim of etching
is development of enamel and dentine surface area, which
also provides to development of surface adhesion of both
adherents, and it results in increase of strength of adhesion.
Basic mechanism of connection of composite with enamel
and dentine consists of production micromechanical mate-
rial adhesion, which is dental resin, and substrate, which
are hard tissues [6]. Nowadays, in dentistry we can find
five generations of bonded systems, which are based on
AET method. The fundamental of division on generations in
this classification was a way, in which smear layer, which is
produced in cavity preparation, was treated (modification or
removing of smear layer) and amount of levels, connected
with adhesive preparation of dental tissues.

For many years the research are being held, which aim
is to elaborate such methods of adhesive preparation of the
structure of the teeth, which next to advanced prevention,
minimizes the risk of protrude secondary caries, staining of
fillings, and fractures of teeth crowns, and the same leads
to improvement its clinical durability.

The aim of this study was to evaluate the adhesion
strength of Herculite material to walls of radicular dentine,
after different methods of modification of its surface.

Material and methods

Forty human teeth molars roots, removed from dentistry
indications were used in the investigation. After remov-
ing, teeth were put into 10% solution of formalin, while
before preparation they all were rinsed with water. Teeth’s
crowns were cut on amelodentinal level joint. Incisions
were performed by bilateral strew diamond separator
in cooling cover, from water aerosol. After cleaning up
teeth roots surfaces by fissured drill and fixing in micro
engine handpiece with water cooling, twenty randomly
selected teeth were sliced perpendicular in ratio of long
axis dental radices (I group), following 20 parallel (group
II). This selection of intersection surface was due to ar-
rangement of dentinal tubules in ratio to particular profiles.



Po oczyszczeniu powierzchni korzeni zebdw wierttem szcze-
linowym (&12) umocowanym w katnicy na mikrosilnik z chto-
dzeniem wodnym, 20 losowo wybranych zebdw przecinano
prostopadle w stosunku do diugiej osi korzenia zeba (grupa
), kolejne 20 réwnolegle (grupa Il). Taki wybor ptaszczyzn
przeciecia podyktowany byt utozeniem kanalikow zebino-
wych w stosunku do poszczegdélnych przekrojow. Zauwaza
sie bowiem zaleznos$¢ wytrzymatosci potgczenia od utozenia
kanalikow w stosunku do powierzchni potgczenia. W grupie
| kanaliki utozone byty réwnolegle do powierzchni tgczenia,
natomiast w grupie Il prostopadle. Tak wybrane przekroje
pozwolity na zbadanie réznic wytrzymatosci potgczenia w
zaleznosci od utozenia kanalikow. Przygotowane w ten spo-
sOb prébki umieszczano w specjalnych formach z akrylem
(Villacryl IT), a powierzchnie ich szlifowano za pomocg szli-
fierki metalograficznej, uzywajgc wodoodpornych papieréw
Sciernych o gradacji 800, 1000 i 1500 (RYS. 1). Zabieg ten
wykonano w celu umozliwienia przeprowadzenia pozniej-
szych badan wytrzymatosciowych. Nastepnie poprzeczne
(grupa |) i podtuzne przekroje zebdw (grupa Il) podzielono
losowo na dwie podgrupy: a i b po 10 zebdéw kazda.

Powierzchnie probek w grupach | ai Il a aktywowano za
pomocg srodkow aplikowanych w podanej nizej kolejnosci:
- Chloran - 2% roztwoér podchlorynu sodu (NaOCI) — 5 ml
przez okres 5 min.

- Endosal - 15% roztwér EDTA z dodatkiem $srodka obnizaja-
cego napiecie powierzchniowe — 5 ml przez okres 5 min.

- Chloran - 2% roztwor podchlorynu sodu (NaOCI) — 5 ml
przez okres 5 min.

- Fizjologiczny roztwdr soli - 0,9% roztwor NaCl — 5 ml przez
okres 5 min.

- Kwas ortofosforowy 37% przez okres 5 min.

Prébki grupy | bi Il b poddano dziataniu:

- Chloran - 2% roztwor podchlorynu sodu (NaOCI) — 5 ml
przez okres 5 min.

- 40% roztwor kwasu cytrynowego — 5 ml przez okres 5 min.
- Chloran - 2% roztwor podchlorynu sodu (NaOCI) — 5 ml
przez okres 5 min.

- Fizjologiczny roztwdr soli - 0,9% roztwor NaCl— 5 ml przez
okres 5 min.

- Kwas ortofosforowy 37% przez okres 5 min.

Po 10 kolejnych zebdéw z grup | ci Il ¢ - kontrolne - pod-
dano dziataniu 37% kwasu ortofosforowgo.

Prébki zebow wszystkich grup pokryto systemem
wigzgcym OptiBond Solo Plus (firmy Kerr) i naswietlono
lampg polimeryzujgca przez 40 sekund. Na przygotowane
w ten sposéb powierzchnie, przy pomocy specjalnej formy
o $rednicy 3 mm, nanoszono materiat Herculite firmy Kerr
(RYS. 2).

Na tak przygotowanych prébkach wykonano na maszy-
nie Zwick—Roel 2005 pomiary wytrzymato$ci na Scinanie
potgczenia materiatu Herculite z zebing. Do badan wybrano
probe scinania, poniewaz z warunkoéw pracy wypetnienia
kanatu korzeniowego wynika, ze jest ono narazone gtéwnie
na sity Scinajgce.

Wyniki badan i dyskusja

Wyniki pomiaréw wytrzymatosci na scinanie potgczenia
materiatu Herculite z powierzchnig zebiny kanatowej po
réznych sposobach przygotowania powierzchni przedsta-
wiono w TABELI 1. Podano wartosci srednie i odchylenia
standardowe.

Uzyskane $rednie wyniki wytrzymatosciowe potgczenia
zebiny korzeniowej z materiatem Herculite wynosza od
1,31 do 1,69 MPa. Nalezy zwréci¢ uwage na dos$¢ duze
wartosci odchylen standardowych, co swiadczy o duzych
rozrzutach wynikow.

There is a relationship between the strength of adhesion
and the arrangement of dentinal tubules at the interface.
In group | dentinal tubules were parallel to the bonding
surface, whereas in group |l perpendicular. These two kinds
of profiles permit us to examine the differences in adhesion
strength, depending on the way of arrangement of the tu-
bules. The slices performed in this way, were put in special
forms with acrylate (Villacryl IT) and their surfaces were
polished up by metallographical grinder used in gradation
800, 1000, 1500 water resistant papers abrasive (FIG. 1).
This operation was performed due to facilitate making further
strength examinations. Next, transversal and longitudinal
teeth profiles were randomly divided into two subgroups of
ten teeth each.

RYS. 1. Przekroje korzeni zeba: a) poprzeczny (grupal),
b) podtuzny (grupa Il).
FIG. 1. The roots tooth profiles: transversal (group ),
longitudinal (group II).

The surfaces of the slices in group | a and Il a, were
activated by the following activators:

- Chloran - 2% solution of sodium hypochlorite (NaOCI) - 5 ml
for 5 min.

- Endosal - 15% solution of EDTA, with the supplement of the
compound, which reduces surface tension - 5 ml for 5 min.
- Chloran - 2% solution of sodium hypochlorite (NaOCI) - 5 ml
for 5 min.

- Physiological solution - 0.9% NaCl - 5 ml for 5 min.

- Ortophosphoric acid 37% for 5 min.

Slices of group | b and Il b were activated by:

- Chloran - 2% solution of sodium hypochlorite (NaOCI) - 5 ml
for 5 min.

- 40% citric acid solution - 5 ml for 5 min.

- Chloran - 2% solution of sodium hypochlorite (NaOCI) - 5 ml
for 5 min.

- Physiological solution - 0.9% NaCl - 5 ml for 5 min.

- Ortophosphoric acid 37% for 5 min.

Ten additional teeth from group | ¢ and Il ¢ — control group
— were activated with 37% ortophosphoric acid.

Slices of all teeth were covered by bonding system Opti-
Bond Solo Plus (Kerr Company) and they were light cured
for 40 seconds. On prepared in this way surfaces, with us-
ing special form of 3 mm in diameter, Herculite composite
material (Kerr Company) was applied (FIG. 2).

On prepared slices, measurements of shear strength of
Herculite material with dentine were made, by Zwick-Roel
2005 machine. For examinations shear test was chosen,
because the root canal fillings are mostly exposed on shear
forces.

RYS. 2. Prébka z na-
tozonym materiatem
Herculite.

FIG. 2. The slice with
Herculite material ap-
plied.

21

BI® MATERIALS



22

Analiza otrzymanych wynikow po réznych sposobach

® o o o o o o gkiywacji powierzchni zebiny wskazuje, ze pomimo tego, iz
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poszczegodlne wartosci Srednich réznig sie miedzy sobg, to
jednak brak jest roznic istotnych statystycznie. Wprawdzie
Goldman i wsp. [7], a takze Burns i wsp [8.] sugerujg, ze
zwigzek aktywujgcy EDTA, jako srodek chelatujacy, usuwa-
jac warstwe mazistg odstania kanaliki zebinowe powodujgc
lepsze wnikanie cementu i poprawe mikroretencji podobng
do trawienia szkliwa kwasem, to jednak uzyskane w niniej-
szej pracy wyniki nie potwierdzajg wzrostu wytrzymatosci
potaczenia. Tak wigec odstonigcie kanalikow zgbinowych,
ktore niewatpliwie ma miejsce podczas trawienia zwigzkiem
EDTA, nie wptywa istotnie na zwigkszenie wytrzymatosci
potgczenia. Nalezy z tego wnioskowacé, ze badane sposoby
aktywacji powierzchni zebiny kanatowej nie wptywajg na
wytrzymatosc¢ na $cinanie potgczenia zebina - materiat Her-
culite. Co wiecej, nie wykazano réznic pomiedzy probkami
aktywowanymi a kontrolnymi.

Analiza wynikow wytrzymatosciowych potgczenia probek
o réznym utozeniu kanalikow zebinowych w stosunku do
powierzchni potgczenia tez nie wykazata réznic istotnych
statystycznie. By¢é moze wnikanie kompozytu Herculite
w gitgb kanalikéw jest niewielkie. Moze on wnika¢ tylko na
gteboko$¢ 2-3 um, co przy srednicy kanalikow rzedu 5 pm
rzeczywiscie nie powinno mie¢ wptywu na wytrzymatos¢
potgczenia.

Z przedstawionych wynikéw mozna wyciggng¢ wstepne
whnioski, Zze o wytrzymato$ci potgczenia nie decyduje sita
adhezji, ale sity kohezji jednego ze sktadnikow (zebina lub
materiat Herculite). Jednak wyciggniecie ostatecznych wnio-
skow wymaga przeprowadzenia badan fraktograficznych
przetomow uzyskanych po badaniach wytrzymatosciowych
i sprawdzeniu, w ktérym miejscu nastepuje zniszczenie
w wyniku $cinania.

Whioski

1. Potagczenia materiatu Herculite z powierzchnig zebiny
aktywowanej EDTA i kwasem cytrynowym nie wykazujg
istotnych statystycznie roznic w wytrzymatosci na $cinanie.
2. Utozenie kanalikow zebinowych w stosunku do po-
wierzchni potgczenia nie wptywa na jego wytrzymato$¢ na
Scinanie.
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Results and discussion

The results of shear strength of the connection of Hercu-
lite material with dentinal radical surface, after different ways
of preparation of the surfaces, are presented in TABLE 1.
Average values and standard variation are presented.

TABELA 1. Wyniki wytrzymatosci na $cinanie pota-
czenia zebiny korzeniowej z materiatem Herculite
- przekroj poprzeczny zebow z grup la, Ib, Ic.

- przekroéj podiuzny zebow z grup lla, llb, lic.

TABLE 1. The results of shear strength of the connec-
tion: dentinal radical / Herculite material

- teeth transversal profile groups la, Ib, Ic.

- teeth longitudinal profile groups lla, lib, llc.

Wartos$¢ srednia /

Average value 1.51

1.31]1.36(1.48|1.69|1.68

Odch. stand. /

Stand. variation 0.9

1411130 0.7 | 0.8 | 0.5

Obtained results of shear strength connection between
radical dentine and Herculite material were in the range of
1.31to 1.69 MPa. Standard variation values were rather big,
which indicates big dispersion of the results.

The results after different methods of dentinal surface
activation indicate, that although the averages are different
from each other, statistical analysis revealed, that there
are not any statistical differences between them.Goldman
and collaborates [7], and also Burns and collaborates [8]
suggest that activation EDTA compound, as a chelating
compound, exposes dentinal tubules by removing smear
layer and causes better cement penetration and corrects
microretention (similar to acid enamel etching), however
findings achieved in this study, do not show increase of
shear strength. So dentinal tubules exposure, which un-
doubtedly happens during etching with EDTA solution, do
not essentially influence shear strength of the connection.
We can conclude, that examined activating methods of
radical dentinal surfaces do not influence shear strength
of the connection. What is more, there are any statistical
differences between activated and control groups.

The analysis of the shear strength of the samples ac-
cording to different dentinal tubules arrangement, also does
not reveal statistical differences. It is possible that Herculite
material penetration inside dentinal tubules is small. It can
infiltrate only 2-3 ym in depth, what by the dentinal tubules
about 5 ym in diameter, really does not influence shear
strength of the connection.

From presented results we can conclude, that not adhe-
sion forces but cohesion forces of one of the components
(dentine or Herculite material) influence shear strength of
the connection. To draw final conclusions fractographic
analysis of the fractures is required.

Conclusions

1. The connections of Herculite material with dentine, which
were activated by EDTA and citric acid do not indicate sta-
tistical differences in shear strength.

2. Arrangement of dentinal tubules in ratio to connection
surface does not influence shear strength.
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Streszczenie

W ostatnich latach zauwaza sie wzrost ilosci
implantacji wszczepow medycznych, ktérych gtdbwnym
celem jest zastgpienie uszkodzonych chorobowo
lub urazowo organéw (protezy stawu biodrowego,
kolanowego itp.). Zwigzane to jest z wprowadzeniem
do organizmu duzych ilosci metali i narazeniem
pacjentéow na ich oddziatywanie na organizm.
Na Swiecie w wielu laboratoriach prowadzone sg
badania nad ograniczeniem tego wptywu na zdrowie
pacjenta.

W pracy przedstawiono wstepne badania nad
wytwarzaniem nowego kompozytu weglowo-
hydroksyapatytowego na podtozach metalicznych
stosowanych w medycynie, ktérego gtéwnag rolg jest
ograniczenie przenikania jonéw metali do organizmu,
Jjak i poprawa wtasciwos$ci mechanicznych.

Stowa kluczowe: hydroksyapatyt, warstwa weglowa,
implant medyczny

[Inzynieria Biomateriatéw, 85, (2009), 23-28]

Wprowadzenie

Specyficzne warunki panujgce w ludzkim organizmie
stwarzajg bardzo rygorystyczne kryteria zaréwno dla
materiatéw metalicznych stosowanych na implanty, jak
i dla warstw wytwarzanych na ich powierzchniach. Dobra
biozgodnos¢, wysoka adhezja do podtoza, odpornosé na
korozje to tylko niektére wymagania pozwalajgce zastoso-
wacé dany materiat w implantologii. Ze wzgledu na swoje
dobre wtasciwosci mechaniczne stosowane sg implanty
metaliczne wykonane ze stali AISI 316L, czy ze stopu tyta-
nu Ti6AI4V. Wytwarza sie z nich igty srodszpikowe, ptytki
kostne, sruby i nakretki, druty kostne oraz endoprotezy.
Implanty takie czesto sg pokrywane bioceramika. Biocera-
miczne pokrycie powoduje bariere dla jonéw metali, przez
co produkty korozji implantu metalicznego nie przedostajg
sie do otaczajgcych je tkanek. W pracy Autorzy tgczg dobre
wiasciwosci mechaniczne podtoza, w tym przypadku - stali
AISI 316L, szeroko stosowanej na implanty, z zaletami
warstw weglowej i hydroksyapatytowej. Warstwy weglowe
stosowane w medycynie stanowig bardzo interesujgcy ma-
teriat ze wzgledu na swoje cechy biologiczne i mechaniczne.
Pokrycia takie charakteryzujg sie wysokim stopniem bioz-
godnosci i bioobojetnosci wynikajgcej z braku odpowiedzi
immunologicznej organizmu na implant z warstwg weglowa
[3]. Podnoszag réowniez odpornos¢ na korozje implantow
metalicznych [1].
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Abstract

In recent years one may observe a constant
increase in the number of implantations of medical
implants the main objective of which is the replace-
ment of damaged organs due to an illness or injury
(hip or knee joint prostheses, etc.). This is connected
with the introduction of a large number of metals to
the organisms of patients. Furthermore, the patients
are exposed to the activity of those metals in their
organisms. In the laboratories worldwide there are
carried out the investigations aimed at reducing this
detrimental influence on the health of the patients.

In the study the preliminary research into the pro-
duction of a new carbon-hydroxyapatite composite on
metal substrates in medicine is presented. The crucial
role of such a composite is to limit the phenomenon of
metalosis in the organism of the patient and to enhance
its mechanical properties.

Keywords: hydroxyapatite, carbon layer, medical
implants

[Engineering of Biomaterials, 85, (2009), 23-28]

Introduction

Specific conditions in a human organism create very rigid
criteria both for metallic materials applied as implants and
for coatings generated on their surface.

Good biocompatibility, high adhesion to the substrate,
resistance to corrosion are only selected requirements al-
lowing to apply a given biomaterial to implantology. Due to
their satisfactory mechanical properties metallic implants
produced from stainless steel AISI 316L or titanium alloy
Ti6Al4V are used. It must be underlined that those bio-
materials serve as a substrate to produce myelogenous
needles, bone plates, screws and nuts, bone wires and
endo-prostheses. Such prostheses are frequently coated
with bioceramics. Bioceramic coatings are a perfect barrier to
metal ions whereby the products of corrosion of the metallic
implant do not penetrate into the surrounding tissues. In the
study the Authors combine good mechanical properties of
the substrate, in this case — stainless steel AISI 316L, widely
applied to implants, with the advantages of carbon and
hydroxyapatite coatings. Carbon coatings used in medicine
constitute a very interesting material due to their biological
and mechanical properties. It must be highlighted that such
films are characterized by a high degree of biocompatibility
and bioinertness stemming from the lack of immunological
response of an organism to the implant with carbon coating
[3]. Furthermore, such films contribute to an increase of the
resistance to corrosion of metallic implants [1].
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Wiasciwosci warstw weglowych zalezg od sposobu ich

® o o o o @ o wytwarzania. Niesie to za sobg problemy z ujednoliceniem

opisu warstw o poszczegolnych cechach. Wykazano istotne
réznice we wlasciwosciach mechanicznych warstw, zalezne
od metody ich wytwarzania oraz réznorodnosci parame-
trow. Warunki nanoszenia tego typu warstw ksztattujg ich
strukture, a zatem maijg takze wptyw na wtasciwosci fizyko-
chemiczne powierzchni implantu [2].

Biozgodnos¢ implantéw metalicznych podwyzszyé moz-
na znaczgco, z uwagi na biokompatybilno$¢ i chemiczne po-
dobienstwo do naturalnej kosci ludzkiej, przez wytworzenie
na ich powierzchni cienkiej warstwy hydroksyapatytowej.
Istnieje jednak powazny problem z przyleganiem tych
warstw do powierzchni implantu. Rozwigzaniem problemu
zastosowanym przez autorow jest naniesienie warstwy we-
glowej jako przejsciowej pomiedzy metalicznym podtozem
a hydroksyapatytem. Zdaniem autoréw warstwa weglowa
poprawi zaréwno adhezje wytwarzanego kompozytu, jak
i ograniczy powstawanie filméw bakteryjnych [4].

Modyfikacja podtoza warstwa weglowa

Pierwszym etapem badan byta modyfikacja powierzchni
stali AISI 316L poprzez wytworzenie warstw weglowych na
jej powierzchni. Wtasciwosci warstw weglowych — warstw
NCD (z ang. nanocrystalline diamond) zostaty zoptymalizo-
wane w ten sposob, aby mogty one z jednej strony stanowi¢
bariere ochronng, zabezpieczajgca przed przedostawaniem
sie jondw metali na zewnatrz, a z drugiej strony stanowi¢
warstwe posrednig pomiedzy powierzchnig metalowg a
warstwg hydroksyapatytu, decydujgc w ten sposéb o adhezji
do podtoza i innych wtasciwosciach mechanicznych catego
kompozytu. Przed procesami plazmowymi powierzchnie
prébek z przedstawionego materiatu poddano szlifowaniu
na papierach $ciernych, polerowaniu z wykorzystaniem past
diamentowych oraz doktadnemu czyszczeniu w myjce ul-
tradzwiekowej. Do badan wykorzystano system RF PACVD
- radio frequency plasma assisted chemical vapour deposi-
tion (RYS. 1), umozliwiajgcy doktadne sterowanie ujemnym
potencjatem autopolaryzacji, mieszaning gazéw doprowa-
dzanych do procesu oraz ci$nieniem podczas wytadowan
czestotliwosci radiowej 13,56 MHz. Optymalizacja proceséw
plazmo-chemicznych obejmowata kazdy z trzech przepro-
wadzanych etapow wytwarzania warstw NCD (TABELA 1).

RYS. 1. Widok urzadzenia do wytwarzania warstw
weglowych metoda RF PACVD.

FIG. 1. The picture shows the apparatus for deposition
of carbon coatings by RF PACVD method.

The properties of carbon coatings heavily depend on
the way of their production. This is connected with the ob-
stacles encountered when one wishes to standardize the
description of films of selected features. The discernable
differences were displayed in the mechanical properties
of films, depending on the method of their production and
variety of parameters. The conditions of deposition of such
coatings shape their structure and, hence, have an influ-
ence on the physico-chemical properties of the surface of
the implant [2].

It must be added that biocompatibility of implants may be
substantially increased, due to the biological and chemical
similarity to natural human bone, on the way of deposition of
thin hydroxyapatite film on their surface. Nonetheless, one
encounters a serious drawback with the adhesion of those
films to the surface of the implant. One of the reasons for
this may be bad quality of the film and microbial growth at
the interface: the substrate — hydroxyapatite. The solution to
this problem applied by the Authors is deposition of carbon
coating as the intermediate film between a metallic substrate
and hydroxyapatite. From the authors’ point of view, carbon
coating will improve the adhesion of the generated compos-
ite and will limit the occurrence of bacterial films [4].

Modification of the substrate with
a carbon film

The first stage of investigations was the modification of
the AISI steel by formation of carbon films on its surface. The
properties of carbon coatings — Nanocrystalline Diamond
Coatings (NCD) were optimized in such a way that, on one
hand, they could constitute a protective barrier against metal
ion penetration to the external environment and, on the other
hand, they could constitute an interface between a metallic
surface and hydroxyapatite film. This allowed one to decide
about the adhesion to the substrate and other mechanical
properties of the composite. Prior to plasma processes, the
surfaces of the samples were grinded with abrasive paper,
polished using diamond paste and cleaned in an ultrasonic
washer. To carry out the investigations, the Radio Frequency
Plasma Assisted Chemical Vapour Deposition (FIG. 1) was
applied and it enabled to accurately monitor a negative au-
topolarization potential, a mixture of gases supplied to the
process and the pressure in the course of radio frequency
discharge of 13.56 MHz. The optimization of the plasma-
chemical processes encompassed each of three stages
of the formation of NCD coatings (TABLE 1). One of them
(etching) was aimed at cleaning of the sample located in a
working chamber and increasing of its temperature which
would enhance the adhesion of the layer. The second stage
(formation) was comprised of deposition of NCD coatings
on the substrate made of AISI 316L steel. The stage, called
the process of production, is based on the methane decom-
position in high frequency plasma under the pressure of
20-400 Pa, widely described in the subject literature [5-7].

TABELA 1. Parametry procesu wytwarzania warstw
NCD na stali medycznej AISI 316L.

TABLE 1. Parameters of the process of generation of
NCD coatings on medical steel AISI 316L.

Potencjat Czas

Potential Time

vl [min]

Trawienie / Etching Ar
I|Nanoszenie I Deposition 900 10 CH, ||
0, lub H, ||

||Terminacja | Termination - 714

Z ommm® 0 00000 0000000000000 0000000000000000000000

L



Pierwszy z nich (trawienie) miat za
zadanie oczysci¢ ostatecznie probke
umieszczong w komorze roboczej oraz
podniesc¢ jej temperature, co wplynie na
poprawe adhezji warstwy. Drugi etap
(wytwarzanie) obejmowat nanoszenie
warstw NCD na podloze ze stali AISI
316L. Etap ten, nazwany procesem
wytwarzania, opiera sie na rozktadzie
metanu w plazmie wysokiej czestotli-
wosci przy cisnieniu rzedu 20-400 Pa,
szeroko opisywanym w literaturze [5-7].
Ostatni etap — terminacji zmodyfikowa-
nych powierzchni zostat wykorzystany
w przeprowadzanych badaniach w celu
otrzymywania struktur o wymaganym
kacie zwilzania. Umozliwi¢ miat on
opracowanie technologii do wytwa-
rzania warstw NCD o sterowanych
od hydrofilowych do hydrofobowych
wiasciwosciach powierzchni.
Przyktadowg topografie powierzchni
stali AISI 316L po procesie modyfikacji
warstwg NCD pokazano na RYS. 2.
Pokrycia charakteryzowaty sie zwartg
strukturg o wielkosciach ziaren od kil-
kunastu do kilkudziesieciu nanometréw,

20.0 nm

200.0 nm

$rednia chropowatos$¢ (Ra) powierzchni
wytworzonych warstw wynosita 5 nm.
Wytworzone warstwy posiadaty grubosci
do 150 nm i charakteryzowaty sie przy-
czepnoscig do podtoza, sita delaminacji wynosita okoto 80 mN
(co odpowiada adhezji 38 GPa) oraz katem zwilzalnosci w
zakresie od 40 do 110° (w zaleznosci od zastosowanego
do terminacji gazu).

Wytwarzanie warstw
hydroksyapatytowych na
zmodyfikowanym podiozu

Warstwy hydroksyapatytowe wytwarzane byty trzema
metodami:

* Zol-zel

* CVD/PVD

* PLD

Wytwarzanie warstw hydroksyapatytowych metoda
zol-zel

Pierwszg z zastosowanych technologii byta metoda zol-
zel. Ogolny schemat otrzymywania powtok hydroksyapaty-
towych metoda zol-zel przedstawiono na RYS. 3.

Powtoki HAp byty wytwarzane z rozpuszczonych w
alkoholu etylowym dwdch prekursoréw - Ca(NO,),"4H,0
i (C,H;5),PO, jak opisano w [8]. Po naniesieniu war-
stwy na podtoze stali AISI 316L + NCD, wygrzewano jg
w temp. 500°C przez 5 min. Nastepnie kompozyt spieka-
no w temperaturze 500°C albo 700°C w czasie 15 min.
Proces naktadania i wygrzewania powtarzano od 1 do 3
razy w celu otrzymania odpowiedniej grubosci warstwy
hydroksyapatytu. Jednowarstwowa powioka zol-zelowa
miata grubos¢ okoto 300-350 nm. Na RYS. 4 przedstawiono
przyktadowg topografie powierzchni kompozytu warstwa
weglowa/HAp wytworzonego metoda zol-zel. Uzyskany
w ten sposdb kompozyt posiada budowe z klasterami o
$rednicy od kilkunastu do kilkudziesieciu nm. Uzyskana
powierzchnia posiadata chropowatos¢ okoto dwéch razy
wiekszg (ok. 10 nm) od chropowatosci warstw NCD.

RYS. 2. Obraz AFM wytworzonych warstw NCD.
FIG. 2. The AFM picture of the deposited NCD coatings.

The last stage — the termination of the modified surfaces
— was used in the investigations with the aim to obtain the
structures of the required wettability angle. This was to en-
able the development of the technology of NCD coatings
generation of the controlled from hydrophilic to hydrophobic
properties of the surface.

The example steel AlSI 316 L surface topography after
the process of modification with NCD coating is shown in
FIG. 2. The depositions were characterized by a compact
structure of grains of a dozen to tens of nanometers, the
mean roughness of the surface of the coatings under scru-
tiny attaining the value of 5 nm. The deposited and optimized
films were of thickness to 150 nm and characterized by
the adhesion to the substrate, the strength of delamination
was equal to 80 mN (which is equivalent to the adhesion
of 38 GPa) and the wettability angle attained the values
in the range of 40 to 110° (depending on the applied gas
termination).

Hydroxyapatite coatings deposition on
the modified substrate

The HAp films were deposited using three methods:
* Sol-gel
« CVD/PVD
* PLD

Hydroxyapatite coatings deposition by a sol-gel method
The first applied technology was a sol-gel method.
The general scheme of obtaining of hydroxyapatite films by
a sol-gel method is presented in FIG. 3.

The HAp films were formed from two precur-
sors dissolved in ethyl alcohol - Ca(NO,),"4H,0 and
(C,H;);PO, as evidenced in [8]. After the deposition of
the coating on the AISI 316L substrate + NCD, it was
annealed at the temperature of 500°C for 5 minutes.
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Przeprowadzone badania przeto-
mow warstw CAp/NCD pozwolity
na oszacowanie stosunku molo-

hydroli
wego Ca/P, ktéry w tym przypadku prekursory h;drr;)lr:?s
ksztattowat sie okoto 2. Sita dela- Precursors | kondensacja

minacji wytworzonego kompozytu
na stalowym podtozu mierzona za
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RYS. 4. Topografia powierzchni warstwy kompozyto-
wej HAp naniesionej na podtoze stal AISI 316L +NCD
metoda zol-zel.

FIG. 4. Topography of the surface of HAp composite
film deposited on the surface of AlSI 316 L steel + NCD
by a sol-gel method.

Wytwarzanie warstw hydroksyapatytowych metoda
PACVD/PVD

Nastepnie podjeto wstepng probe opracowania tech-
nologii wytwarzania warstw hydroksyapatytowych metoda
taczacy technologie plazmochemiczng inicjowang czesto-
tliwoscig radiowg 13.56 MHz (PACVD) oraz technologie
termicznego rozparowywania (PVD). Taka fgczona metoda
wynikta z braku lotnych prekursoréw wapnia. Aby wytworzy¢
powtoke fosforanu wapnia na drodze proceséw chemicz-
nych wspomaganych plazmg niskotemperaturowg (PA
CVD) potrzebne sg prekursory zawierajgce fosfor i wapn.
Jako prekursor zawierajgcy fosfor zostat wybrany fosforan
trojmetylowy. Jego preznos¢ pary jest na tyle niska, ze
wprowadzenie go do reaktora w postaci par nie sprawia
ktopotéw technicznych. Odpowiednie stezenie par wap-
nia uzyskano poprzez termiczne rozpylanie tego metalu.

RYS. 3. Schemat otrzymywania powtok metoda zol-zel.
FIG. 3. Scheme of obtaining of HAp coatings by a sol-gel method.

Subsequently, the composite was annealed at the tem-
perature of 500°C or 700°C for 15 minutes. The process
of deposition and annealing was repeated once to three
times so as to obtain an appropriate thickness of HAp film.
One — film sol-gel coating was of thickness of 300-350 nm.
In FIG. 4 one may observe the representative surface to-
pography of the composite carbon film/HAp created using
a sol-gel method. The composite under scrutiny exhibits a
porous structure with clusters of diameter of dozen to tens
of nanometers. The obtained film displays roughness be-
ing two times greater (circa 10 nm) than the roughness of
NCD coatings. The research into the fractures of CaP/NCD
films allowed one to estimate a molar ratio Ca/P which, in
this case, attained the value of about 2. The composite
was of adhesion to the steel substrate of about 70 mN,
not displaying any tendency to delaminate. The strength
of delamination of the generated composite on the steel
substrate measured using the nanoindenter was equal to
70 mN and it did not display any tendency to delaminate.

Formation of hydroxyapatite films by CVD/PVD method

Next, a preliminary attempt was made to develop the
technology of generation of the HAP coatings using the
method combining the PACVD method at the frequency
of 13.56 MHz and the PVD method. Such a combination
stemmed from the lack of volatile calcium precursors.
In order to generate the coating of calcium phosphate on
the way of plasma assisted chemical vapour deposition
(PA CVD) it is necessary to apply the precursors consist-
ing of calcium and phosphorus. As a precursor containing
phosphorus tri-methyl-phosphate was chosen. Its vapour
pressure is so low that supplying it to the reactor does
not cause any technical problems. The appropriate con-
centration of calcium vapours was obtained on the way of
thermal sputtering of this metal. The control of the current
flowing through the heating element allows one to change
the quantities of calcium vapours in the reaction mixture. In
such a mixture of calcium vapours and of precursor vapours
containing phosphorus one may observe the chemical reac-
tions triggered by low temperature plasma. In consequence,
there is generated a thin hydroxyapatite film. The change
of molar ratio of calcium vapour to the phosphate precursor
enables one to control the ratio of Ca/P in a coating.

Using the aforementioned method it was possible to
obtain the coatings of the molar Ca/P ratio in the range of
1.6-4.3. Nonetheless, the method requires further optimiz-
ing investigations due to the fact that the obtained coatings
were frequently inhomogenous and displayed low adhesion
to the substrate.

Hydroxyapatite coatings generation by a PLD method

To carry out the third attempt of the generation of hy-
droxyapatite — carbon composite - a PLD method was ap-
plied (Pulse Laser Deposition). The experimental stand for
the production of the films using the aforementioned method
is shown in FIG. 5. With the application of that method the
attempts were made to generate the HAp of thickness 500
nm on the substrate made of AlSI 316L steel + NCD.
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RYS. 5. Widok stanowiska do nanoszenia warstw HAp
metoda PLD.

FIG. 5. The picture shows the research stand for HAp
deposition using a PLD method.

Kontrola pradu ptyngcego przez element grzejny umozliwia
zmiany ilosci par wapnia w mieszaninie reakcyjnej. W tak
otrzymanej mieszaninie par wapnia oraz par prekursora za-
wierajgcego fosfor zachodzg reakcje chemiczne inicjowane
plazmg niskotemperaturowg. W ich wyniku powstaje cienka
powtoka hydroksyapatytu. Zmiana stosunku par wapnia do
par prekursora fosforowego umozliwiata sterowanie stosun-
kiem Ca/P w powtoce.

Opisang metodg udato otrzymac sie powtoki o stosunku
Ca/P w zakresie 1.6-4.3. Metoda ta wymaga jednak dal-
szych badan optymalizacyjnych gdyz czesto otrzymane
powtoki byty niejednorodne oraz wykazywaty niskg adhezje
do podtoza.

Wytwarzanie warstw hydroksyapatytowych metoda PLD

Do trzeciej proby wytworzenia kompozytu weglowo-hy-
droksyapatytowego uzyto metody PLD (Pulse Laser De-
position). Stanowisko do wytwarzania warstw wspomniang
metodg przedstawiono na RYS. 5. Z wykorzystaniem tej
metody podjeto proby wytworzenia HAp o grubosciach okoto
500 nm na podtozu stali AlISI 316L z warstwg NCD.

Uzyskane za pomocg techniki PLD warstwy hydroksy-
apatytowe na podtozu stali AISI 316L modyfikowanej NCD
posiadaty krystaliczng strukture o wielko$ciach krystalitow
rzedu kilkudziesigciu nm, grubos¢ okoto 500 nm, a uzyskana
powierzchnia posiadata chropowatos¢, podobnie jak przy
metodzie zol-zel okoto dwdch razy wigkszg (Ra okoto 13 nm)
od chropowatosci warstw NCD. Przyktadowg topografie
pokazano na RYS. 6.

Podobnie jak przy kompozytach wytworzonych wczesniej
opisanymi metodami, okreslono stosunek molowy Ca/P w
hydroksyapatycie i zmienia sie on od warto$ci 1,63 blisko
powierzchni do okoto 1,73 wewnatrz warstwy HAp, jest
on wiec bardzo zblizony do stechiometrycznego (1,67).
Jedynie blisko powierzchni rozdziatu HAp/NCD, wyznaczony
stosunek Ca/P osiggat wartosci bliskie 2, ale moze by¢ to
zwigzane z reakcjami miedzyfazowymi np.: wegla i hydrok-
syapatytu. Badania przyczepno$ci wykazaty, ze adhezja
kompozytéw jest na poziomie 60-80 mN.

RYS. 6. Topografia powierzchni warstwy kompozyto-
wej HAp naniesionej na podtoze stal AlSI 316L +NCD
metoda PLD.
FIG. 6. Topography of the composite HAp surface
deposited on the substrate AISI 316L + NCD using a
PLD method.

The obtained HAp films by a PLD method on the AISI
316L steel substrate modified by NCD possessed a crystal-
line structure of the size of crystallites of tens of nanometers,
the thickness of 500 nm and the obtained surface was of
roughness being, analogously to a sol-gel method, two
times greater (Ra equal to 13 nm) than the roughness of
NCD films. The representative topography of the surface is
presented in FIG. 6.

Similarly to the former composites, a molar ratio of Ca/P
was determined in hydroxyapatite and it changes from
1.63 near the surface to 1.73 inside the HAp film. Hence,
one may conclude that it attains the values very close to
a stoichiometric ratio (1.67). Nevertheless, it is near to
the separation area of the surface of HAp/NCD where the
determined ratio of Ca/P attained the values close to 2.
This phenomenon may be connected with the interface
reactions, for example, carbon and hydroxyapatite.
The investigations of adhesion indicated that the adhesion
of the composites is at the level of 60-80 mN.
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Podsumowanie

BI® MATERIALS

Przeprowadzone badania nad potgczeniem réznych
technologii wytwarzania nowych warstw kompozytowych
weglowo-hydroksyapatytowych wykazaty, ze stuszna
okazata sie koncepcja ich zastosowania do poprawy wtas-
ciwosci fizykochemicznych. Sterowanie wiasciwosciami
powierzchniowymi warstwy NCD pozwala na optymalne
przygotowanie podtoza pod kgtem dalszego stosowania pod
warstwy hydroksyapatytowe. Wytworzone kompozyty przy
pomocy wszystkich metod wykazaty wzrost przyczepnosci
hydroksyapatytu do podtoza stalowego (z zakresu 10-20 mN
do nawet 80 mN), mozliwos¢ sterowania ich grubosciami
i sktadem stechiometrycznym. Przeprowadzone badania
majg charakter rozwojowy i duze znaczenie poznawcze i
naukowe, mogg one stanowi¢ odpowiedz na coraz wyzsze
wymagania stawiane powtokom stosowanym w medycynie.
Obecnie prace te bedg realizowane w ramach projektu
miedzynarodowego, a ich celem bedzie opracowanie i wdro-
zenie szczegotow technologii nowej kompozytowej warstwy
ceramicznej do produkcji implantéw medycznych.

Podziekowania

Praca naukowa finansowana ze $rodkéw budzetowych
na nauke w latach 2005-2008 jako projekt badawczy
nr PBZ-MIN-012/T08/03.
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Conclusions

The investigations carried out to combine different
technologies of the generation of new composite carbon-
HAp coatings demonstrated that the conception of their
application to the enhancement of their physico-chemical
properties is valid. The control of the surface properties
of NCD film allows one to optimally prepare the substrate
for further application under HAp coatings. The generated
composites with the help of all the methods demonstrated
that there occurred an increase in adhesion of HAps to the
steel substrate (in the range of 10-20 mN to 80 mN) and
the possibility of control of their thicknesses and stoichio-
metric composition. Analogously, the preliminary biological
investigations prove that the direction of the research,
methods are aimed at displaying a developmental character.
The investigations under scrutiny are of developmental
character and great cognitive and scientific value. They
may constitute an answer to the increasing requirements
concerning the coatings in medicine. At present, the ex-
aminations under scrutiny will be carried out in the frames
of an international project and their aim will be to develop
and implement the details of a new technology of a ceramic
composite film to produce medical implants.
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