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Abstract

Polylactic acid (PLA) offers unique features of
biodegradability and thermal processability, that
offer potential applications in medicine. PLA can be
transformed into fibers by spinning enabling then
subsequent fabrication of desirable three dimensional
fabrics which may be used as scaffolds for tissue
engineering applications. Incorporation of synthetic
nano-hydroxyapatite into the fibrous polymer matrix
can enhance bioactive properties of the prospective
scaffold.

In the present work, the method of production of
composite fibers based on polylactic acid (PLA) and
nano-hydroxyapatite (n-HAp) is proposed. Obtained
fibers have shown excellent apatite-forming ability
when immersed in simulated body fluid.

Keywords: composites fibers, simulated body fluid,
polylactic acid, hydroxyapatite, bone tissue regeneration

[Engineering of Biomaterials, 88, (2009), 2-4]

Introduction

Linear aliphatic polyesters such as poly(lactic acid),
have been broadly used as biomaterials supporting tissue
regeneration [1]. PLA is biodegradable and biocompatible
polymer, which makes it highly attractive for medical ap-
plication. PLA degradation product (lactic acid) obtained by
hydrolysis is normally present in the metabolic pathways
of the human body [2]. The transformation of PLA into
textile structures is complicated and depends on structural
changes in the polymer during processing. Extrusion of
the polymer into fibers may be achieved by melt spinning,
dry spinning, wet spinning, and by dry-jet-wet spinning [3].
Owing to the thermoplastic nature of PLA, it is possible to
melt the polymer. Melt spinning process is a solvent-free
process and provides an economical and ecofriendly route.
However, bulk degradation of PLA (when implanted in
living tissues) leads to the build-up of acidic degradation
products lowering the pH within the polymeric matrix [2].
This might result in local inflammation in tissues if purity
of degradation products is insufficient [4]. Incorporation
of synthetic nano-hydroxyapatite into the fibrous PLA
matrix could help to buffer degradation products [5].

Due to the chemical similarity between HAp and mineralized
bone of human tissue, synthetic HAp exhibits strong affinity
to host hard tissues [6]. When osteoconducting materials,
which have the ability to directly form a chemical bond
with living bone are implanted in living tissue, new bone
forms around the materials via cell attachment, prolifera-
tion, differentiation and extracellular matrix production and
organization [7].

In this study HAp was incorporated into the PLA melt spun
fibers during the technological process. Fibrous PLA/n-HAp
composites should have better osteoconductivity compared
with fibrous polymers alone. In this work the effect of simu-
lated body fluid on microstructure of composite PLA/n-HAp
fibers was investigated.

Materials and methods

Preparation of PLA/n-HAp fibers

The hydroxyapatite was produced in Department of Tech-
nology of Ceramics and Refractories, AGH-UST, Krakow,
Poland. Wet method was used to prepare hydroxyapatite
powder (patent PL nr 154957). The specific surface area
of the n-HAp was 79.9 m?/g. Extracted and powdered PLA
(NatureWorks Ingeo 3051D) was used as a polymer matrix.
Fibers were obtained by melt spinning process, using the
prototype laboratory extruder. Three weight percent of
hydroxyapatite was added to the polymer powder before
melting. Polymer melt (temp. 215°C) was extruded through
the monofilament die (¢=0.2 mm) using the compressed
nitrogen pressure (0.4 MPa). The spinning speed was 460
m/min. Two types of fibers were obtained using this method:
PLA/n-HAp and PLA fibers (as reference).

Morphology of fibers were estimated using scanning elec-
tron microscopy (SEM, Jeol JSM 5400 — equipped with EDX
Link I1SIS 300 X-ray micro analyzer and Jeol JSM 5500).
Polymer fibers were sputtered with gold prior to observation
(Jeol JFC 1200 spultter).

The presence of the n-HAp in the polymer matrix, and
its influence on the properties of the PLA/n-HAp fibers was
verified using Fourier Transformed Infrared Spectroscopy
FTIR (spectrophotometer Nicolet 6700) and Wide Angle
X-Ray Scattering WAXS. All IR spectra were recorded using
fotoacustic reflectance device (MTEC Photoacoustics 300
THERMO NICOLET) at the range of 4000-400 cm using at
least 64 scans and 4 cm-' resolution. X-ray diffraction experi-
ments were carried out in the reflection mode at room tem-
perature with Seifert URD-6 diffractometer, equipped with
a scintillation counter. Ni-filtered CuKa radiation was used.
Diffraction patterns were registered with the step of 0.1°in
the 26 range 5-60° in the case of fibres and 10-70° in the
case of HAp powder. Samples of fibres were powdered using
microtome in order to avoid effects of orientation. By means
of Origin 7.5 software, a linear background was subtracted.

Study of bone-like apatite growth in simulated body
fluid (SBF)

Simulated body fluid (SBF) was prepared according to
Kokubo et al. [8]. The bioactivity tests were performed us-
ing SBF of pH 7.4, at the temperature of 37°C. PLA fibers
modified with nanoparticles as well as nonmodified fibers
were incubated during 14 days in 1.5 x SBF fluid, in closed
polyethylene containers. SBF solution was replaced every
2.5 days. After 1, 3, 7, 14 days of soaking, samples were
removed from the SBF, gently washed with deionized
water, and dried at room temperature. SEM, FTIR and
WAXS methods were used to monitor the microstructure
and composition of the apatite formed on the surface of the
PLA/n-HAp samples.
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FIG. 2. Microstructure of PLA/n-HAp and PLA fibers after 3 and 7 days of immersion in SBF.

Results

FIG. 1 shows the SEM images of PLA/n-HAp and PLA
fibers. The unmodified PLA fibers (FIG. 1b) have a smooth
surface whereas the flat surface of PLA/n-HAp composite
fibers (FIG. 1a) was interrupted by some protuberances
due to the HAp particles. EDX analysis confirmed apatite
presence on the surface of PLA/n-HAp fibers — demonstrat-
ing that the HAp particles were successfully incorporated
into melt spun fibers.

SEM analysis showed remarkable changes in the mor-
phology of composite fibers surface during the incubation
period in SBF as shown in FIG. 2. Some deposits were
evident on the surface of the samples. Observations done
at higher magnifications, confirmed that those deposits were
composed of crystals with typical morphology of apatite.
The surface of unmodified PLA fibers after immersion in
SBF solution remained without any changes.

BI® MATERIALS
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FIG. 5. FTIR spectra of HAp powder (1) as well as
PLA/n-HAp fibers before (2) and after (3) immersion
in SBF solution.

The XRD pattern of HAp powder (FIG. 3) exhibit diffrac-
tion maxima characteristic of the hydroxyapatite. The diffrac-
tion maxima of HAp clearly seen in HAp powder were not
evident in the WAXS patterns of PLA/n-HAp sample before
immersion in SBF solution (FIG. 4) so that the presence of
HAp in the structure at this stage could not be unequivocally
confirmed using this method, as the quantity of additive was
probably too low.

The content of apatite in the PLA/n-HAp samples increas-
es markedly during incubation time (FIG. 4). In particular, the
intensive diffraction maximum at 31.8° corresponding to the
hydroxyapatite (211) lattice plane appears clearly, which is
a strong evidence of apatite growth on the surface of PLA/
n-HAp samples after 7 and 14 days of immersion in SBF.

The FTIR spectra of PLA/n-HAp fibers before and
after immersion in SBF solution are shown in FIG. 5.

The characteristic bands of PLA located at 1745 cm™ are
corresponding to the C=0 stretching vibrations. The bands
at 1050-1250 cm were related to the C-O, C-O-C stretch-
ing vibrations. Three bands in the range of 1300-1500 cm™'
were attributed to symmetric and asymmetric deformational
vibrations of C-H in CH, groups. Bands characteristic for
HAp powder corresponding to the stretching vibrations of
PO,* (956; 1047; 1099 cm') and deformation vibrations of
PO,* (5663; 605 cm') are presented in FIG. 5 (1). Comparing
the PLA/n-HAp spectra before and after immersion in SBF,
some differences related to the presence of PO,* groups in
the spectra of composite fibers after 14 days of immersion
in SBF could be observed.

Discussions

In this work the morphological evolution of surfaces of
composite fibers consisting of a PLA matrix filled with HAp
subjected to the in vitro simulated physiological conditions
was studied. In general, the results obtained in this study
indicated that incorporation of the HAp particles in the poly-
mer induced interesting changes in the surface morphology
of the material. SEM observations revealed the formation
of calcium phosphate (CaP) precipitates on the composite
fibers surface. Already after 3 days the fibers surface was
partially covered by the CaP formation. XRD and FTIR
analysis confirmed presence of the apatite on the fibers
surface after immersion in simulated body fluid.

Conclusions

Tests performed in SBF proved bioactivity of PLA/n-HAp
fibers. The proposed method of production of PLA fibres
described above allowed to obtain new composite fibers
with desired bioactive properties. These fibers can then be
easily transformed - by mechanical needle punching - into
three dimensional porous structure, which may be potentially
useful in tissue engineering applications, particularly as
three-dimensional substrates for bone growth.
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Abstract

Interaction of host cells with a biomaterial surface
is important for biocompatibility and thus is essential
for biomedical applications. Therefore investigations
are undertaken to scrutinize for an appropriate sur-
face coating with physical and chemical properties
minimizing undesirable activation of immunological
response. For this the current study was aimed at
examining the effects of different surface modifica-
tions of titanium by its coating with ceramic materials
- hydroxyapatite, bioglass and CaO-SiO, on osteoblast
morphology and secretory activity. Titanium is known
for its excellent mechanical properties but its surface
has low bioactivity. We report that CaO-SiO, coating
decreased a number of attached osteoblasts and
altered their morphology. Moreover, the ceramic coat-
ings temporarily upregulated release of pro-inflamma-
tory cytokines IL-6 (all of them) and TNF-a (CaO-SiO,).
However, overall the levels of the cytokines were low.
In contrast, levels of neutrophil-attracting chemokine
IL-8 were the highest. IL-8 was produced mostly by
cells incubated with hydroxyapatite titanium coating
in contrary to those incubated with either bioglass or
CaO0-SiO, titanium modifications. In conclusion, the
titanium coated with ceramics such as hydroxyapa-
tite or bioglass had the best effect on cell adhesion;
however, hydroxyapatite might potentially stimulate
destructive neutrophils while CaO-SiO,-coating has
a negative effect on cell adhesion.
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Introduction

Allimplanted materials communicate with the surrounding
living environment through their surface and the type and the
strength of such communications are determined by chemi-
cal and physical properties of the biomaterial surface [1].
Titanium materials have been widely used in orthopaedics
for their mechanical properties (e.g. [2-4]). Porous structure
of titanium implant preserves its strength and additionally re-
duces the stiffness mismatch between implant and bone and
promotes the bone tissue ingrowth and osseointegration [5].

However, the quest for improved biomaterials directs further
studies towards engineering of surface modified titanium
materials. In the current study three surface ceramic coat-
ings of titanium were tested: hydroxyapatite, bioglass and
CaO0-SiO,. The ceramic materials were chosen in relation
to their known bio-related characteristics.

Hydroxyapatite contains an interconnected network of
channels appropriate for bone cell ingrowth. Furthermore,
small particles of hydroxyapatite might be biodegradable and
stimulate bone ingrowth as they dissolve [6]. Hydroxyapatite
layer is compatible with the mineral phase of the bone as an
ion-exchange reaction between the biomaterial and fluids
present in the host environment results in the formation of
a biologically active carbonate-containing hydroxyapatite
layer on the implant [7]. Moreover, hydroxyapatite has a very
slow resorption rate in vivo as for example in dogs neither
volume nor width of this ceramic material was changed after
4 years confirming its low/absent biodegradability [8]. Other
bioactive ceramics include bioglass and glass ceramics that
are based on Ca0O-SiO, [7]. This was shown that wollastonite
(CaSi0,), dicalcium silicate (Ca,SiO,) and diopside coatings
(Ca,SiO,) have excellent bone bioactivity and high bond-
ing strength to titanium alloys [7]. Moreover, the bioglass
designed and produced for the fist time 40 years ago was
found to bind to living bone [7].

Variation of the surface properties might affect cellular
response to the biomaterial. For example Chou et al. re-
ported that MG-63 osteoblasts adhere better to titanium
characterized by rougher surface [9]. This is due to the
fact that rough surfaces produce better bone fixation than
the smooth ones [10]. The surface also determines the cell
behaviour on contact. As previously shown, cells in contact
with a biomaterial surface might sequentially attach, adhere
and spread and the quality of the adhesion will determine
their capacity for proliferation and further differentiation [1].
For example, it was demonstrated that structure of hydroxya-
patite, either porous, dense or spinel-like affected differen-
tially osteoblasts morphology and proliferation [11].

The titanium implants are commonly used for bone replace-
ment and for this its safe and biocompatible interaction with
bone forming cells is critical. Bone is a highly vascularised tissue
in which the close spatial and temporal connection between
blood vessels and bone cells is crucial for maintaining skeletal
integrity [12]. Osteoblasts are bone-forming cells producing
large amounts of collagen type | and thus responsible for
matrix formation within the bone tissue [13]. However, when
the trauma to the bone occurs the inflammatory response
takes place and subsequently osteoclasts are engaged that
facilitate bone resorption by removal of necrotic tissue [12].
Thus one of the obstacles in biomaterial engineering is avoid-
ance of induction of inflammation. The inflammatory reaction
is characterized by a release of pro-inflammatory cytokines
(e.g. TNF-q, IL-1B3, IL-12), and among them chemokines
(e.g. IL-8), while its resolution depends on release of immu-
nosuppressive cytokines such as IL-10 and TGF-3 [14-16].
There are also cytokines with dual pro- and anti-inflammatory
properties such as IL-6 [17]. Interestingly, the same cytokines
control remodelling of the bone by osteoclasts and osteob-
lasts [18,19]. The in vitro studies on bone forming cells are
commonly undertaken on immortalized human osteoblast-like
cells such as MG-63 cells as the expression of a variety of
cytokines, growth factors and their receptors was shown to be
similar to those in primary human osteoblast cultures [13,20].

Therefore the aim of the study was to evaluate biocom-
patibility of porous titanium covered with different ceramic
coatings (hydroxyapatite, bioglass and CaO-SiO,) by evalu-
ation of morphology of MG-63 osteoblasts and biomaterial
impact on inflammatory cytokine production by the cells
co-cultured with the materials.
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Titanium surface modification

Porous titanium disks were prepared by powder
metallurgy. Titanium (Atlantic Equipment Engineers, USA)
and porogen NH,HCO, (Chempur, Poland) powders were
mixed with weight ratio 70:30. Blowing agent was removed
under argon atmosphere at 200°C and than sintered under
vacuum at 1200°C, 5h [36]. In order to improve bioactivity
titanium surface was modified with hydroxyapatite (HAp) by
electrophoresis, with bioglass CaO-P,0;-SiO, (80-4-16%)
(BG), or calcium-silica sol with CaO/SiO, ratio of 1.2 (CS)
by sol-gel method [37].

Cell studies
Cell culturing

The human osteoblast cell line MG-63 was used in the
studies. The cells were cultured in 75-ml plastic bottles
(Nunc, Denmark) in DMEM culture medium enriched with
glucose, L-Glutamine (PAA, Austria), 10% fetal bovine
serum (PAA, Austria) and 5% antibiotic solution containing
penicillin (10 Ul/ml) and streptomycin (10 mg/ml) (Sigma-
Aldrich, Germany). The cells were cultured at 37°C and 5%
of CO, in the appropriate incubator (Nuaire, USA). Every
2-3 days, when the cells were forming high confluence
monolayers, the cells were passaged by trypsinization
(0.25% solution of trypsin; Sigma-Aldrich, Germany) and
transferred to new bottles.

In vitro studies

Before the cell culture studies the titanium samples were
washed in 70 % ethanol, sterilized with UV irradiation (45 min
for each side) and placed at the bottom of 48-well dishes
(Nunc, Dania). For titanium disk testing the cells were har-
vested after 7 to 10 passages. Subsequently the harvested
cells were counted in Burker’s hemocytometer and diluted to
1.5x10* cell/ml, and thereafter they were placed in the wells
of 48-well culture dishes (Nunc, Denmark) on the top of the
titanium disks. In such conditions the cells were cultured for
either 3 or 7 days. Subsequently, supernatants from cell
cultures were collected and frozen at -20°C prior to cytokine
evaluation by flow cytometry. The cells were used for either
cell adherence studies or they were collected for morphology
evaluation by scanning electron microscopy. The two latter
analyses were performed on different occasions.

Cell adherence

The ability of cells to adhere to titanium surfaces was
tested using the crystal violet test (CV) as reported previ-
ously [21]. The cells adhering to the disks were fixed with
2% paraformaldehyde for 1 hour, and then stained with
crystal violet (CV; 0.5% in 20% methanol, 5 min). After that
time the disks were washed with water and transferred to
a new 48-well culture plate. After drying, the absorbed dye
was extracted by addition of 1 ml of 100% methanol (POCh,
Poland) to every well. After that the optical density (O.D.)
was measured at 570 nm with the Expert Plus spectropho-
tometer (Asys Hitach, Austria). Since the materials absorb
some crystal violet, additional controls were run. These were
containing biomaterials and cell-free medium only.

Scanning electron microscopy

In order to evaluate cell morphology scanning electron
microscopy (SEM) studies were carried out as described
previously [22]. Briefly, the cells attached to the disks were
fixed in 2.5% glutaraldehyde (Sigma, Germany) in PBS
(30-60 min). After washing with PBS, dehydratation was
performed by slow water replacement using series of ethanol
solutions (50%, 70%, 96%, 100%) for 5 min. Then cells were

dried at carbon dioxide critical point (Critical Point Research
Industries LADD, USA), sputter coated with a thin gold layer
(JEOL JFC — 1100E, Japan) and examined with JEOL JSM
5410 scanning electron microscope (Japan).

Flow cytometry: cytokine measurement

Cytometric Bead Array (Human Inflammation kit, CBA;
BD Biosciences, USA) was used to study cytokines and
chemokines in supernatants refrozen directly prior to
analysis [23]. A human inflammation kit was used accord-
ing to the manufacturer’s instructions to simultaneously
detect human TNF-a, IL-1, IL-6, IL-8, IL-10 and IL-12p70.
Briefly, a mixture of 6 capture bead populations (50 pl) with
distinct fluorescence intensities (detected in FL3) coated
with antibodies specific for the above cytokines/chemokines
was mixed with each sample/standard (50 pl). Additionally,
PE-conjugated detection antibodies (detected in FL-2; 50 pl)
were added to form sandwich complexes. After the 3-hour
incubation (in dark) the samples were washed once (200 g,
5 min) and resuspended in 300 pl of wash buffer before
acquisition on a FACScan cytometer (FACSCalibur™ flow
cytometer, BD Biosciences). Following acquisition of data
by two-colour cyotometric analysis, the sample results were
analysed using CBA software (BD Biosciences). Stand-
ard curves were generated for each cytokine using the
mixed cytokine/chemokine standard provided with the kit.
The concentration for each cytokine in cell supernatants
was determined by interpolation from the corresponding
standard curve. The sensitivities of the CBA for TNF-a, IL-1,
IL-6, IL-8, IL-10 and IL-12p70 were 3.7, 7.2, 2.5, 3.6, 3.3,
1.9 pg/ml, respectively.

Statistical analyses

All values are reported as means = SD. The differences
between the unmodified titanium and the modified titanium
samples were analyzed by one-way analysis of variance
(ANOVA) followed by post hoc Tukey’s test. Differences
were considered statistically significant at p < 0.05.

Results and Discussion

Among the most important features of any potential im-
plant are chemical and physical characteristics of its surface.
This is due to the fact that interaction between host tissue(s)
and the implanted biomaterial takes place on its surface [24].
The importance of such interactions is confirmed by studies
showing that cell adherence to the implant depends even
on a method used for its sterilization as shown in the case
of commercially pure titanium [25,26]. These data show that
sterilization-induced chemical modifications of the surface
may be responsible for cell-implant contact.

The surface-related obstacles are important for two main
reasons. Firstly, the surface composition might facilitate
(or impede) required host cell adhesion providing local
stabilization of the implanted material [1]. Secondly, as after
implantation, biomaterials spontaneously acquire a layer
of host proteins [27], the composition of attracted proteins
might favour (or inhibit) phagocyte migration thus initiating
(or preventing) an undesired inflammatory response.

Titanium is one of the most commonly applied materials
in engineered bioimplants (e.g. [3,4]). This is mostly due to
its good mechanical properties such as high fatigue stress
and corrosion resistance as well as its good biocompatibility
and low toxicity [28]. The two latter features are directly con-
nected to the titanium effect on biological tissues and their
cellular components. Multiple studies were undertaken to
study the effects of titanium surface topography (roughness
and texture), chemistry, surface charge and hydrophilicity on
cell proliferation, differentiation and adherence (e.g. [29,30]).
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FIG. 1. Adherence of osteoblasts to modified titanium surfaces. The cells were ;5 4hasion together with the altered
cultured on unmodified titanium or on titanium disks coated with hydroxyapa- morphology indicates that CaO-

tite, bioglass or CaO-SiO, for either 3 (left) or 7 days (right). The cell adherence
to the tested materials was verified by a crystal violet test (CV). All results are
shown as means * SD from at least 3 independent experiments. Mean values
not sharing letters (a, b) are statistically significantly different according to

ANOVA (p < 0.05).

SiO,—coated titanium might have
a cytotoxic effect. This, however,
must be confirmed by cell death
(apoptosis/necrosis) evaluation
and the appropriate studies are in

progress.
The current study focused on titanium surfaces modified Titanium and some components of the ceramic biomateri-
by their coating with hydroxyapatite, bioglass and silicate als are not naturally present in living organisms and for this
(Ca0-Si0,) ceramics. The ceramic-coated materials were they might be considered as foreign material once implanted
shown previously to bind directly to the living bone tissue into the body. Implantation of a foreign material triggers an
and thus ensure a secure mechanical anchoring in the bone, automatic immunological response called inflammation [14].
in contrast to titanium itself that
shows poor surface bioactivity
[7.311 B: Ti HAp

Osteoblast represent a cell
type which requires cell adhe-
sion for normal functioning and
moreover the cell adherence to
the implant surfaces confirms
its biocompatibility [12,13]. The
data presented herein show
that osteoblast adherence to the
tested materials was improved
by titanium coating with bioglass
(Ti BG) on day 3 of the experi-
ment (FIG. 1 left) while the long-
term 7-day incubation with the
titanium disks had similarly good
effect on the cell attachment as
of that of the unmodified tita-
nium or the ones coated with hy-
droxyapatite and bioglass (FIG. 1
right). In contrast, coating of the
titanium with CaO-SiO, (Ti CS)
significantly reduced osteoblast
adherence (FIG. 1 right) thus
not only that it did not improve
cell attachment in comparison
to uncoated titanium but even
worsen the process. The latter
effect was further confirmed by
morphological evaluation as the
scanning microscopy studies re-
vealed much less numerous cells
spread on the silicate coating in
comparison to any other tested
titanium (FIG. 2, representative
scanning electron micrographs).
Moreover, the shape of the cells
was changed, they were rounded
and not spread as well as on
control titanium (FIG. 2D vs. A).

D: TiCS

FIG. 2. Morphology of MG-63 osteoblasts co-cultured on titanium coated with
ceramic materials analyzed by SEM. The cells were cultured on unmodified
titanium (A) or on titanium disks coated with hydroxyapatite (B), bioglass (C), or
Ca0-SiO, (D) for 7 days. The cell morphology was evaluated by means of scanning
microscopy. Representative microphotographs are presented.
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The reaction is meant to destroy
the intruder if dangerous and then
to heal the wounds [15]. If however
the new implant does not strongly
stimulate leukocytes, the cells of
the immune system, the inflamma-
tory response is only moderate and
transient thus the implant shows
good biocompatibility with the organ-
ism. In the present study we verified
impact of unmodified titanium and
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sised and released by numerous cell
types, including osteoblasts [14,18].
Synthesis of some of them (e.g.
TNF-a and IL-1, IL-12) stimulates
inflammation while others limit the
immunological reaction (e.g. IL-10)
[14,16]. We detected that firstly (on
day 3) titanium surface covered with
Ca0-SiO, (CS), in contrast to any
other material, significantly aug-
mented TNF-a synthesis by osteoblast, however this effect
was temporary and was not detected on day 7 (FIG. 3).
Moreover, the levels of TNF-a were not very high (lower than
8 pg/ml) similarly as in the case of another pro-inflamma-
tory cytokines IL-18 and IL-12p70 (data not shown) which
production was unchanged by the presence of any titanium
preparation. The levels of the three cytokines were very low
and thus potentially biologically irrelevant as for example
during an acute inflammatory response induced by cell wall
of yeast Saccharomyces cerevisiae the levels of TNF-a and
IL-1B can reach values of 3500 and 100 pg/ml, respectively
[32]. In contrast, in the present study we observed strong
synthesis of IL-8 which is an effective chemokine attract-
ing neutrophils to the site of inflammation. The function of
neutrophils is to engulf and eliminate the foreign material
thus their recruitment suggests rather strong stimulation of
the immune system [33]. All tested titanium preparations
were promoting IL-8 synthesis, with hydroxyapatite-cov-
ered disks being the stronger stimulants while titanium
covered with bioglass and CaO-SiO, were the weakest
IL-8 inducers in comparison to control titanium (FIG. 4).

FIG. 3. Production/release of pro-inflammatory cytokine TNF-a by MG-63
osteoblasts incubated on titanium disks with different surface modifications.
The cells were cultured on unmodified titanium or on titanium disks coated
with ceramic hydroxyapatite, bioglass or CaO-SiO, for either 3 (left) or 7 days
(right). The contents of TNF-a were tested in supernatants collected from the
co-cultures by flow cytometry. All results are shown as means * SD from at
least 3 independent experiments. Mean values not sharing letters (a, b) are
statistically significantly different according to ANOVA (p < 0.05).

Moreover, this should be underlined that the levels of IL-8
generated in the presence of bioglass and silicate coating
on day 7 were similar to those of unmodified titanium on
day 3 and at least twice lower to those on day 7 for the
control titanium (FIG. 4). Therefore the above data suggest
that bioglass significantly attenuates chemoattraction of
neutrophils to the site of titanium implantation. Fritz et al.
reported that titanium particles induce immediate release of
IL-8 and MCP-1 (monocyte/macrophage chemoattractant)
from cultured human osteoblasts [34] and therefore the bi-
oglass coating tested herein seem to prevent this unwanted
phenomenon. The data interpretation in the case of titanium
covered with CaO-SiO, should be more careful as the de-
creased IL-8 release might be directly connected with low

numbers of cells present in cultures with this material.
Exaggerated inflammatory response might lead to self-
tissue destruction thus it is controlled by numerous mecha-
nisms such as autoantibodies (neutralizing inflammatory
mediators, e.g. anty-IL-1 antibodies), soluble receptors
(e.g. soluble receptors that bind TNF-a thus sequestrat-
ing the cytokine) and anti-inflammatory cytokines [16,35].
The latter group inhibits action
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of pro-inflammatory cytokines
mostly by its negative impact on
nuclear factor NF-kappaB which
induces pro-inflammatory gene
expression [15]. The production
of IL-10 that represents one of
such anti-inflammatory cytokines
was significantly enhanced in
the presence of hydroxyapatite
and CaO-SiO,(CS)-modified
titanium on day 3, in comparison

day 7
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to unmodified titanium (FIG. 5 B),
suggesting that although CS
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upregulated synthesis of pro-in-

flammatory TNF-a it also simulta-

FIG. 4. Production release of neutrophil-attracting chemokine IL-8 by MG-63
osteoblasts incubated on titanium coated with ceramic materials. The cells were
cultured on unmodified titanium or on titanium disks coated with ceramic hydro-
xyapatite, bioglass or CaO-SiO, for either 3 (left) or 7 days (right). The contents of
IL-8 were tested in supernatants collected from the co-cultures by flow cytometry.
All results are shown as means * SD from at least 3 independent experiments.
Mean values not sharing letters (a, b) are statistically significantly different
according to ANOVA (p < 0.05).

neously triggered the anti-inflam-
matory reaction. These data are
not contradictory as production of
anti-inflammatory cytokines pre-
cedes the time of their resolving
effects that take hours.
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FIG. 5. Production release of anti-inflammatory cytokines by MG-63 osteoblasts
co-cultured on titanium coated with ceramic materials. The cells were cultured
on unmodified titanium or on titanium disks coated with ceramic hydroxyapatite,
bioglass or CaO-SiO, for either 3 (left) or 7 days (right). The contents of (A) IL-6 and
(B) IL-10 were tested in supernatants collected from the co-cultures by flow cytometry.
All results are shown as means * SD from at least 3 independent experiments. Mean
values not sharing letters (a, b) are statistically significantly different according to

ANOVA (p < 0.05).

IL-6 is a unique cytokine that processes characteristics of
both pro-inflammatory and anti-inflammatory cytokine [17].
Its pro-inflammatory action is observed in a context of acute
phase response generating the acute phase proteins while
its anti-inflammatory action is a consequence of downregula-
tion of chemokine expression leading to suppression of neu-
trophil infiltration and control of the apoptotic process [17].
Moreover, IL-6 along with TNF-a, IL-1 and prostaglandins
play a very important role in another undesirable process
i.e. bone resorption. The cytokines and eicosanoids activate
osteoclasts and reduce osteoblastic bone formation [18].
In our studies the levels of IL-6 were increased by all titanium
modifications only on day 3 while at the later time point there
was a tendency to decreased IL-6 released by osteoblasts
cultured on hydroxyapatite and bioglass-modified titanium
(FIG. 5 A). This suggests that neither of the coatings would
significantly initiate the bone resorption. Borsari et al. studied
the effect of roughness and density of titanium on IL-6 syn-
thesis and observed that medium roughness titanium prepa-
rations generated higher levels of the cytokine in contrast
to high and ultrahigh titanium surfaces [31]. Therefore the
study showed that titanium is a strong inducer of the bone
remodelling and thus coating of its surface with ceramics
might prevent the process.

Conclusions

The study allowed for estimation of morphological and ba-
sicimmunological parameters of human osteoblast-like cells
cultured in the presence of three ceramic coatings applied
on titanium samples. In particular the study revealed that:

1. There was a poor osteoblast adherence to the CaO-
SiO,-modified titanium and the morphology of the cells was
changed in the presence of this coating.

2. The increased synthesis/release of inflammation and/
or bone resorption-inducing cytokines TNF-a (CaO-SiO,-
coating) and IL-6 (all modifications) was only transient and
thus should not initiate the above processes.

3. Coating of titanium with hydroxyapatite significantly
upregulated production of IL-8 that has a very strong capac-
ity of chemoattracting phagocytic neutrophils. However, at
the same time the coating significantly increased synthesis
of anti-inflammatory IL-10 suppressing chemokines.
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Streszczenie

Powszechnie znana wada hydroksyapatowego
materiatu implantacyjnego w postaci granul dotyczy
braku porecznosci chirurgicznej. Problem ten moze by¢
rozwigzany poprzez przygotowanie odpowiedniego
materiatu kompozytowego. Wytworzono nowy
matoplastyczny organiczno/nieorganiczny kompozyt
posiadajgcy korzystne wtasciwo$ci mechaniczne,
ktory okazat sie byc¢ zdolnym do czesciowego
dopasowywania do ksztaftu i wymiaréw miejsca
implantacyjnego. Kompozyt moze byc¢ suszony
i ponownie nasgczany, daje sie przechowywac
przez co najmniej 2 lata i sterylizowac bez utraty
swoich wtasciwosci. Jego parametry mechaniczne
przypominajq te, ktére wykazuje koS¢ ggbczasta.
Po implantacji do przetok ustno-nosowych w
modelu psim, okazat sie by¢ dobrym materiatem
w procesie ich leczenia, zapobiegajqc zapaleniom
nosa i zachtystowemu zapaleniu ptuc. Te wtasciwos$ci
czynig opisany kompozyt obiecujgcym materiatem dla
wypetnien ubytkow koSci.

[Inzynieria Biomateriatéw, 88, (2009), 11-15]

Wstep

Hydroxyapatyt (HAp), szczegdlnie w formie porowate;j,
jest dobrze znanym materiatem dla wypetnien ubytkéw
kosci. Jest on ceniony dzieki swej biokompatybilnosci,
bioaktywnosci, minimalnemu ryzyku wystapienia reakcji
alergicznych, brakowi wtasciwosci rakotworczych oraz
brakowi wrazliwo$ci na procesy sterylizacyjne [1,2,3].
Pomimo tych pozytywnych cech, ceramika ta ma ograni-
czone zastosowanie ze wzgledu na staba resorpcje, wysoki
modut Younga oraz niskg odporno$¢ na kruche pekanie [4].
Znane sg liczne handlowe preparaty HAp dostepne na
rynku, wtgczajac w to polski HA-Biocer (Rzeszéw, Polska).
HAp, poza funkcjg wypetniacza ubytkéw kostnych, moze stu-
zy¢ rowniez jako nosnik substancji aktywnych: antybiotykdéw,
chemioterapeutykdw, czynnikdw wzrostu itp. Bioceramika
HAp moze by¢ réwniez stosowana jako sktadnik kompo-
zytow, jako czynnik zwiekszajgcy cytokompatybilnosc,
bioaktywno$¢, osteokonduktywno$¢, przyleganie powtok
oraz modut Sciskania.
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Abstract

Commonly known disadvantage of granular hy-
droxyapatite implantation material concerns the lack
of its surgical handiness. This problem can be solved
by preparing the suitable composite material. A new
low ductile organic/inorganic composite possessing
profitable mechanical properties has been created
and it was found to be able to adapt to some ex-
tent to shape and dimensions of implantation site.
The composite can be dried and soaked again, may
be stored for at least 2 years and sterilized without loss
of its properties. Its mechanical parameters resemble
those of spongy bone. After implantation into oronasal
fistulae dog model, it served as a good material for
fistula’s repair, preventing appearance of nasal rhinitis
and aspiration pneumonia. These properties make
the composite a promising biomaterial for filling of
bone defects.

[Engineering of Biomaterials, 88, (2009), 11-15]

Introduction

Hydroxyapatite (HAp), specially in a porous form, is a well
known material for filling of bone defects. It is appreciated
due to its biocompatibility, bioactivity, osteoconductivity,
minimal risk of allergic reactions appearance, lack of car-
cinogenous properties and lack of sensitivity to sterilization
processes [1,2,3]. Nevertheless, despite these advantages,
it is a ceramics with limited application due to its poor re-
sorption, substantially high Young modulus and low fracture
toughness [4]. There are numerous commercial preparations
of HAp available on the market, including Polish HA-Biocer
(Rzeszow, Poland). Aside of a bone filler, HAp may serve
also as a carrier of active substances: antibiotics, chemio-
therapeutics, growth factors etc. HAp bioceramics can be
also applied as a component of composites, as a factor
increasing their cytocompatibility, bioactivity, osteoconduc-
tivity, adhesion of coatings and compression modulus.

On the other hand, HAp is a problematic biomaterial be-
cause of the lack of surgical handiness. The granules made of
this material are not easy to handle; the porous scaffolds are
tough and non-adaptable to the implantation site. As a solu-
tion of this problem may be a combination of hard and stiff HAp
(in the form of powder or granules) with the ductile fibrin glue.
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Z drugiej strony, HAp jest materiatem problematycznym
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wykonane z tego materiatu sg nieporeczne; zas porowate
rusztowania sg kruche i nie dopasowujg sie do miejsc
implantacji. Rozwigzaniem tego problemu moze by¢ po-
taczenie twardego hydroksyapatytu (w formie proszku lub
granul) z plastycznym zelem fibrynowym. Potgczenie takie
moze prowadzi¢ do otrzymania dajacego sie ksztattowac
i twardniejgcego biomateriatu kompozytowego [5]. Jednak
przygotowanie zelu fibrynowego jest kosztowne; zalecane
jest ponadto pozyskiwanie jego sktadnika — fibrynogenu —z
autologicznej krwi.

Aby rozwigzaé problem wynikajacy z niskiej plastyczno-
Sci hydroksyapatytu, w prezentowanej pracy wytworzono
nowy materiat kompozytowy sktadajacy sie z porowatych
granul hydroksyapatytowych oraz polimeru organicznego.
Otrzymany materiat pozwala na fatwg obrébke oraz wyka-
zuje dobrg adaptacje do ksztattu oraz wymiaréw ubytku
kostnego. Ponadto, ze wzgledu na mozliwos¢ nasgczania,
kompozyt ten moze stuzy¢ jako nosnik lekéw. Potencjalne
zastosowanie tego materiatu dotyczy gtéwnie wypetnienia
przetok ustno-nosowych, ale moze on tez by¢ wykorzysty-
wany jako wypetniacz ubytkéw kostnych, ubytkéw szcze-
kowo-twarzowych oraz wypetnieh kieszonek zebowych itp.
Niebezpieczenstwo wystgpienia przetok ustno-nosowych
wynika z pojawienia sie ciggto$ci pomiedzy jamami ustng i
nosowa. W takich przypadkach pozywienie pojawiajace sie
w przetoce prowadzi do wystagpienia chronicznych zapalen
nosa i innych powiktan [6].

Materialy i Metody

Wykonanie kompozytow

Prébki kompozytow HAp-polimer przygotowano wedtug
procedur opisanych w zgtoszeniach patentowych [7,8].
Skiadaly sie one z porowatych granul hydroksyapatytowych
(frakcja: 0,1-1 mm; 68% porowatos¢) i polimeru polisacha-
rydowego w stezeniach w zakresie 8-25% (w/w).

Okreslenie parametrow

Sita $ciskania zostata okreslona przy uzyciu aparatu
Instron 3345. Modut Younga zmierzono metodg ultradzwie-
kow (aparat ultradzwiekowy MT-541, f = 0,5 MHz).

Nasigkliwo$¢ ustalono dla prébek wysuszonych w tempe-
raturze 37°C przez 48 godzin, nastepnie nasgczanych woda,
w 37°C przez 20 godzin. llo$ci wody zaabsorbowanej przez
kompozyt obliczano z réznicy pomiedzy masami catkowicie
wysuszonych i nasgczonych probek. llos¢ wody przeliczono
na 1 g suchej masy kompozytu.

Procedura implantacyjna

Probki kompozytu zaimplantowano do przetok ustno-
nosowych u psow. Procedura implantacyjna zostata za-
aprobowana przez miejscowg Lokalng Komisje Etyczng do
Spraw Doswiadczen na Zwierzetach (Zgoda nr. 15/2009).
Skiad biomateriatu zastosowanego w przeprowadzonych
eksperymentach byt nastepujacy: 12,5% polimer organiczny,
maksymalny stopienn upakowania granulami HAp (frakcja
granul: 0,2-0,3:0,5-0,6 mm w proporcji 3:1) oraz 10 mg gen-
tamycyny na 1 g suchej masy kompozytu. Probki suszono
i sterylizowano tlenkiem etylenu (55°C, 5 godzin); przecho-
wywano je przez 2-10 miesiecy w temperaturze pokojowe;j.
W naszych prébach in vivo uczestniczyto 6 psow (4 pici
meskiej i 2 zenskiej, wiek 4-11 lat), pacjentéw Wydziatu
Medycyny Weterynaryjnej Uniwersytetu Przyrodniczego
w Lublinie, przyjetych ze zwichnigtymi ktami. Procedury
chirurgiczne przeprowadzano pod catkowitym znie-
czuleniem. Domitor (4 mg/kg masy ciata) i Ketamina
(2 mg/kg masy ciata) zostaty wstrzykniete dozylnie.

Combining the bioceramic powders or granules with fibrin
glue provides a mouldable and self-hardening composite
biomaterial [5]. Since, preparation of fibrin glue is expensive;
it is also advised to possess its component - fibrinogen —
from autologous blood.

To solve the problem originating from low ductility of HAp
we have developed a new composite material consisting
of porous hydroxyapatite granules and organic polymer.
The obtained material allows easy manipulation and good
adaptation to the shape and dimension of bone defects.
Besides, as it may be soaked with liquids, the composite
may serve as a carrier for drugs. The potential use of such
biomaterial includes mainly filling of oronasal fistulae, but
also it could be applied as a material for closure of bone,
maxillofacial and palatine defects and filling for gingival pock-
ets etc. Danger of oronasal fistulae appearance comes from
the continuity between nasal and oral cavities. In such case
food in the nasal passage leads to chronic nasal discharge
and chronic rhinitis [6].

Materials and Methods

Preparation of composites

HAp-polymer composite samples were prepared accord-
ing to procedure described in Patent pendings [7,8]. They
consisted of porous hydroxyapatite granules (fraction: 0.1-1
mm; 68% porosity) and polysaccharide polymer at concen-
trations in the range of: 8-25% (w/w).

Estimation of parameters

Compressive strength was estimated using Instron 3345.
Young modulus was measured by ultrasonic method (MT-
541 ultrasonic apparatus, f = 0.5 MHz)

Soaking capacity was established on samples dried at
37°C during 48h, subsequently soaked with excessive vol-
ume of water at 37°C for 20 h. Amount of water absorbed
by composite was calculated from the difference between
the weights of totally dried and soaked samples. The water
amounts were calculated per 1 g of dried composite.

Implantation procedure

The composite samples were implanted into oronasal fis-
tulae of dogs. The protocol was approved by the Local Ethic
Committee for Animal Studies (Agreement no. 15/2009).
The composition of the biomaterial used in our experiments
was as follows: 12.5% organic polymer, maximum HAp
granules loading (granules fraction: 0.2-0.3:0.5-0.6 mm
in proportion 3:1) with 10 mg/g of dry weight gentamicin.
The samples were dried and sterilized by ethylene oxide
(55°C, 5 h); stored for 2-10 months at room temperature.
In our in vivo trial 6 dogs (4 male and 2 female, age: 4-11
years) with luxated canine teeth which were the patients of
Faculty of Veterinary Medicine, University of Life Sciences
in Lublin, Poland were used. The surgical procedures were
performed under general anesthesia. Domitor (4 mg/kg of
body weight) and Ketamine (2 mg/kg of body weight) were
injected intravenously. Fragments of investigated composite
were soaked in sterile water few seconds before implantation
and fitted with scissors to dimensions approximate to those
of extracted canine tooth. Composite implantable material
was placed within fistulae. The excessive fragments were
cut off and the wounds were closed with surgical sutures
(Dexon 2-0, Tyco Healthcare, UK). After the implantation,
the animals were recovered from anesthesia by application
of Antisedane (2 mg/kg of body weight).

Post-operative treatment included Metronidazole ap-
plied locally and Enrobioflox 5% (0.1 ml/kg of body weight)
intramuscularly for 7 days. Healing results were clinically
estimated.



Fragmenty badanego kompozytu byty nasaczane sterylng
wodg kilka sekund przez implantacjg i dopasowywane przy
uzyciu jatowych nozyczek do wymiardw i wielko$ci zblizonej
do ekstrahowanego kta psa. Kompozytowy materiatimplan-
tacyjny umieszczano wewnatrz przetok. Nadmiar prébek od-
cinano, a rany zaszywano przy pomocy nici chirurgicznych
(Dexon 2-0, Tyco Healthcare, UK). Po zabiegu zwierzeta
wyprowadzano ze znieczulenia poprzez zaaplikowanie
Antisedanu (2 mg/kg masy ciata).

Pooperacyjne leczenie rany obejmowato miejscowq
aplikacje Metronidazolu oraz domigsniowe dawki Enrobio-
floxu 5% (0,1 ml/kg masy ciata) przez 7 dni. Wyniki leczenia
okreslano klinicznie.

Wyniki i Dyskusja

Podczas ostatnich 30 lat ceramika wapniowo-fosforano-
wa, réwniez hydroksyapatytowa, stata sie powszechnie sto-
sowana w leczeniu ubytkow kostnych. Pomimo swe;j stabej
zdolnosci do resorpcji jest ceniona za Swietng bioaktywnos¢
i osteokonduktywnos¢. Porowate granule sg preferowang
forma preparatow hydroksyapatytowych. Jednakze, w
przeciwienstwie do bloczkéw bioceramicznych, ktére mogg
by¢ ksztaltowane do potencjalnych miejsc wszczepienia,
granule sg wysoce nieporeczne. Majg one tendencje do
rozsypywania sie w miejscu implantacji, pozostawiajac wiele
pustych przestrzeni pomiedzy sobg a otaczajaca je tkankg
kostng, w ten sposéb powodujac mechaniczng niestabilnos¢
implantowanego biomateriatu. Zatem zasadne jest poszu-
kiwanie metod uplastyczniania granul ceramicznych tak,
aby nie pozostawia¢ pomiedzy nimi pustych przestrzeni.
W naszych badaniach, aby potaczy¢ granule w zwartg mase,
zastosowano naturalny polimer organiczny.

Nowe kompozyty, zawierajace rézne ilosci granul HAp
(2-78% w/w) i polimeru organicznego (8-25% w/w) wy-
kazywatly odpowiednig plastycznos¢. Kompozyty daty sie
formowac w rozne ksztatty (RYS. 1), jak réowniez, w stanie
wilgotnym, mogty by¢ tatwo ciete skalpelem lub nozyczkami
przed implantacjg. Dzigki szerokiemu zakresowi proporcji
sktadnikow bazowych, parametry mechaniczne kompozytéw
mogty by¢ modyfikowane. Okreslenie wytrzymatosci na $ci-
skanie i modutu Younga pozwolito stwierdzi¢, ze kompozyt
zawierajacy 12,5% (w/w) polimeru organicznego i 60% (w/w)
granul HAp (0,2-0,3:0,5-0,6 w proporcji 3:1) wykazywat po-
dobne parametry mechaniczne (wytrzymatosc¢ na Sciskanie:
3,2-5,9 MPa i wspotczynnik Younga: 0,4-0,8 GPa) jak kos¢
gabczasta (TABELA 1). Wytrzymatos$¢ na $ciskanie kompo-
zytu byta réwniez w wysokim stopniu zgodna z wartoscig
tego parametru charakterystyczna dla normalnej chrzastki
ludzkiej, ktorg okreslono na 1,9 to 14,4 MPa [9,10].

TABELA 1. Parametry mechaniczne kompozytu
(12,5% polimer organiczny, max. upakowanie granu-
lami HAp, frakcja granul: 0,2-0,3:0,5-0,6 w proporcji
3:1) w stosunku do ludzkiej kosci.

TABLE 1. Mechanical parameters of composite
(12.5% organic polymer, max. HAp granules loading,
granules fraction: 0.2-0.3:0.5-0.6 in proportion 3:1)
versus human bone.

Results and Discussion

During the last 30 years calcium phosphate ceramics,
including hydroxyapatite one, have been commonly used
for treatment of bone defects. Despite its poor resorbability
and low toughness, it is appreciated for its great bioactivity
and osteoconductivity. Porous granules are preferable to
others form of hydroxyapatite preparations. However, in
contrast to bioceramic blocks which could be shaped to
potential surgical sites, the granules are difficult to handle.
They tend to spread all around the implantation site, creat-
ing a lot of empty spaces between them and surrounding
bone tissue, thus resulting in mechanical instability of the
implanted material. Therefore, it is reasonable to search for
the methods of plasticization of ceramic granules, leaving
no empty spaces between. In our experiment, to combine
HAp granules into compact mass, we have applied nature-
derived organic polymer.

RYS. 1. Kompozyt — r6zne zawartosci sktadnikéw
i ksztalty.
FIG. 1. Composite - different contents and shapes.

New composites, containing different amount of HAp
granules (2-78%) and organic polymer (8-25%), were found
to possess good ductility. Composites are able to be formed
into different shapes (FIG. 1), as well as they can be cut
easily with lancet or scissors before implantation, while
wet. Due to a broad range of main components proportions
their mechanical parameters can be modified. Estimation of
compressive strength and Young modulus allowed to state
that composite containing 12.5% (w/w) organic polymer
and 60% (w/w) HAp granules (0.2-0.3:0.5-0.6 in proportion
3:1) revealed similar mechanical properties (compressive
strength: 3.2-5.9 MPa and Young modulus: 0.4-0.8 GPa) to
those of spongy bone (TABLE 1). The values of compressive
strength are also in good agreement with those of normal
human cartilage which was established to be ranging from
1.9 to 14.4 MPa [9,10].

Kompozyt / Composite

Kosé gabczasta / Spongy bone!

Kosé zbita / Compact bone?

Wytrzymatos$¢ na Sciskanie 392.509

Compression strength (MPa)

19-7.0 170 - 193

Modut Younga

0.4-0.8

Young’s modulus (GPa)

0.18-0.33 17 -19

" Aoki H. Medical applications of hydroxyapatite. Ishiyaki EuroAmerica, Inc., Tokyo, St. Louis 1994.
2 Suchanek W, Yoshimura M. Processing and properties of hydroxyapatite-based biomaterials for use as hard tissue replacement. J.
Mater. Res. 13, (1998), 94-117.
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Okreslono, ze nasigkliwo$¢ materiatu zalezy od stezenia

® @ o o o o o polimeru organicznego i stopnia upakowania granulami HAp

(TABELA 2). Generalnie, w wersjach z wysokim upakowa-
niem granulami HAp, pojemnos¢ wodna jest tym wigksza,
im wyzsze jest stezenie polimeru organicznego. Jednakze
w przypadkach kompozytu o niskim stopniu upakowania
granulami, ta tendencja jest odwrotna. Wazng cechg bada-
nego materiatu jest to, ze moze on by¢ wielokrotnie suszony
(24 godziny w 37°C) i nawilzany bez zmian jego wtasciwosci
mechanicznych. Poniewaz wysuszony kompozyt moze by¢
tatwo w krétkim czasie nasgczony, moze on potencjalnie
stuzy¢ jako nosnik substancji aktywnych (lekéw, czynnikow
wzrostu itp.). Zdolno$¢ do pobierania i zatrzymywania wody
wewnatrz struktury jest cenng zaletg biomateriatéw, ponie-
waz wysoka zawarto$¢ wody (zawierajgcej rozpuszczony
tlen i sktadniki odzywcze) jest niezbedna dla regeneracji
ubytkéw kostno-chrzestnych i chrzastki.

Inng zaletg otrzymanych kompozytow jest ich podatnosc
na sterylizacje tlenkiem etylenu w postaci wysuszonej badz
metodg autoklawowania w stanie wilgotnym. Nastepnie
jatowe prébki moga by¢ przechowywane przez okres co
najmniej 2 lat bez zmiany swej struktury oraz wtasciwosci
mechanicznych. Uzyskane pozytywne parametry otrzyma-
nego kompozytu sugerujg, ze nasz nowy materiat moze
znalez¢ potencjalne zastosowanie w wypetnieniach ubytkow
kosci gabczastej.

Otrzymane prébki kompozytu zostaty uzyte do lecze-
nia przetok ustno-nosowych w modeli psim. Przetoka
pojawia sie jako rezultat wywichniecia ktéw, wskutek
urazu lub infekcji. Tak powstata pusta przestrzen po-
miedzy jamg nosowgq i ustng stanowi brame, przez
ktorg bakterie moga przedostaé sie do ptuc. Infekcje
bakteryjne, czesto pojawiajgce sie w takich przypad-
kach, moga rozwing¢ sie w zachtystowe zapalenie ptuc.

e
s

TABELA 2. Pojemnos¢ wodna kompozytu jako
funkcja stezenia polimeru organicznego i stopnia
upakowania granulami HAp.
TABLE 2. Soaking capacity of composite as a fun-
ction of organic polymer concentration and degree

of HAp granules loading.

Maksymalne upakowanie
granulami Hap

Maximum HAp granules

Minimalne upakowanie
granulami Hap
Minimum HAp granules

loading loading
tezenie faz Pojemnosé tezenie faz Pojemnosé
So?g:niéez:ejy wodpa So?g:nisz:ejy wodpa
Organic pha- S°ak".‘9 Organic phase Soak|r_19
se concentra- caRaCly concentration epacly
tion (%) (ml/g dw of (%) (ml/g dw of
composite) composite)
8.1 1.0237 8.1 5.3695
10 1.0115 10 4.8026
12.5 1.2118 12.5 4.2002
15 1.4243 15 3.6778
17.5 1.6217 17.5 3.292
20 1.8245 20 3.066
25 1.9577 25 2.505

It was estimated that soaking capacity of the material
depends on concentration of organic polymer and degree
of HAp granules loading (TABLE 2). Generally, in versions
with high granules loading, the soaking capacity is higher,
the higher is also concentration of organic polymer. However,
in the case of composites with low degree of HAp granules
loading, this tendency is opposite. An important feature of
investigated material is that
it can be dried (24h at 37°C)
and soaked several times
without changing its me-
chanical properties. As dried
composite may be soaked
easily within short time, it can
be also potentially used as a
carrier for active substances
(drugs, growth factors etc.).
The capability to uptake and
preserve liquids within its
structure is an important
feature because high water
content (with oxygen and
nutrients dissolved within) are
requisites for osteochondral
and cartilage defects regen-
eration.

Another advantage of the
obtained composite is its
susceptibility to sterilization
(with ethylene oxide while
dried and by autoclaving in
wet state). Then the sterile
samples can be stored for

RYS. 2. Implantacja kompozytu (12,5% polimeru organicznego, max. upakowanie
granulami HAp, frakcja granul: 0,2-0,3:0,5-0,6 w proporcji 1:3). A - zwichniety kiel;
B - wyekstrahowany zab i fragment kompozytu; C - implantacja fragmentu kompozytu
wewnatrz przetoki; D - miejsce operacyjne po 9 dniach leczenia.

FIG. 2. Implantation of composite (12.5% organic polymer, max. HAp granules loa-
ding, granules fraction: 0.2-0.3:0.5-0.6 in proportion 1:3). A - luxated canine tooth;
B -extracted tooth and piece of composite; C -implantation of composite piece intofistula;

D - operation site after 9 days of healing.

at least 2 years without loss
of its structure and during
this period they retain their
mechanical properties. The
positive features of the com-
posite suggest that our new
material may be potentially
applied for filling of spongy
bone defects.
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Techniki uzywane standardowo do zamykania przetok ustno-
nosowych [11] sg czesto nieefektywne, poniewaz zamkniete
przetoki mogg sie fatwo otworzy¢ wskutek gryzienia lub
lizania miejsca operacyjnego przez psa. Zatem wypetnianie
przetoki kompozytem, ktéry adaptuje sie do jej ksztattu moze
zablokowacé penetracje bakterii do ptuc, zapobiegajac w ten
sposob powaznym komplikacjom, jak ciezkie stany zapal-
ne czy zachtystowe zapalenie ptuc. W tym celu fragmenty
badanego kompozytu (12,5% (w/w) polimeru organicznego
i 60% (w/w) granul HAp frakgcji 0,2-0,3:0,5-0,6 w proporc;ji
3:1) zostaly zaimplantowane do przetok ustno-nosowych
u 6 psow. Przetoki te byty wynikiem zwichnigcia ktow,
w wiekszosci przypadkéw wskutek urazu mechanicznego
(RYS. 2A). Podczas procedury operacyjnej materiat wykazy-
wat wysoka porecznosc¢ chirurgiczng i czesciowo adaptowat
sie do miejsca implantacji. Wymiary fragmentow kompozytu
uzytego do wypetnien przetok nie musiaty Scisle odpowiadac
wymiarom przetoki (RYS. 2B). Po umieszczeniu wewnatrz
przetoki, kompozyty ulegaty natychmiastowemu nasgczeniu
krwig pacjenta (RYS. 2C), w ten sposoéb stajac sie bardziej
kompatybilne dla sagsiednich tkanek. Juz po 7-9 dniach po
operacji rana ulegata zupetnemu zaleczeniu (RYS. 2D) i w
4-miesiecznym okresie pooperacyjnym nie obserwowano
zadnych sladéw standw zapalnych.

Whnioski

Opracowano innowacyjny, tatwy w uzyciu i tani materiat
kompozytowy organiczno-nieorganiczny. Nowy kompozyt
wykazuje zdolnos¢ adaptacji do ksztattu wypetnianego
ubytku kostnego i zadowalajgce parametry mechaniczne
w trakcie procedury implantacyjnej. Moze on by¢ suszony
i ponownie nawilzany, przechowywany przez co najmniej
2 lata i sterylizowany bez utraty swych wtasciwosci. Jego
parametry mechaniczne sg zblizone do wykazywanych
przez kos¢ gabczasta. Badany materiat moze by¢ uzyty w
leczeniu przetok ustno-nosowych in vivo w modelu psim.
Cechy kompozytu czynig go obiecujgcym materiatem dla
wypetnien ubytkdw kostnych.
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The obtained samples of our composite has been used
for oronasal fistula repair in dog model. The fistula appears
as a result of luxation of canine teeth, caused by mechani-
cal trauma or infections. Such an empty space connecting
oral and nasal cavity creates a gate for bacteria which pen-
etrate into lungs. Bacterial infection, frequently resulting in
such cases, may often develop into aspiration pneumonia.
The techniques commonly used for oronasal fistulae repair
[11] are often ineffective at healing because the fistulae may
reopen easily as the result of licking or biting. Therefore, fill-
ing the fistula with the composite which can adapt to fistula’s
shape may block the bacteria penetration into lungs thus
preventing the serious complications, as severe aspiration
and purulent rhinitis and aspiration pneumonia. For this
purpose, the pieces of investigated biomaterial (12.5% (w/w)
organic polymer and 60% (w/w) HAp granules of fractions
0.2-0.3:0.5-0.6 in proportion 3:1) were implanted into orona-
sal fistulae in 6 dogs. The fistulae resulted from luxation of
canine teeth, in most cases caused by mechanical trauma
(FIG. 2A). During the operation procedures, the material
revealed high operational handiness and partial adaptive-
ness to the site of implantation The dimensions of composite
pieces used for fistulae filling did not have fit perfectly the
fistulae (FIG. 2B). After placing within fistula, the composites
were soaked immediately with blood (FIG. 2C), thus they
became more compatible with surrounding tissues. Just
7-9 days after the operation, the wounds were found to be
completely healed (FIG. 2D) and no signs of inflammation
were observed within 4 months of post-operative period.

Conclusions

We have obtained an innovative, easy to use and cost
effective organic — inorganic composite material. The new
composite allows for good adaptation to the shape and di-
mensions of bone defects and reveals sufficient mechanical
strength during implantation procedures. The composite can
be dried and soaked again, may be stored for at least 2 years
and sterilized without loss of its properties. Its mechanical
properties resemble those of spongy bone. The investigated
material can be used for treatment of oronasal fistulae in
dog in vivo model. These properties make the composite a
promising material for filling of bone defects.
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WPLYW BIODEGRADOWALNEJ
OSNOWY POLIMEROWEJ NA
BAZIE TERMOPLASTYCZNEJ
SKROBI | PLA NA WLASCIWOSCI
MECHANICZNE | DEGRADACJE
KOMPOZYTOW Z WLOKNEM
WEGLOWYM

Stanistaw KucieL, ANETA LiBER-KNEG

PoLITECHNIKA KRAKOWSKA,
KATEDRA MECHANIKI DOSWIADCZALNEJ | BIOMECHANIKI

Streszczenie

W pracy zbadano wptyw stopnia plastyfikacji poli-
merowej osnowy na zmiany podstawowych wtasciwo-
$ci mechanicznych kompozytéw polimerowych napet-
nianych wtéknem weglowym. Osnowe biokompozytéw
stanowity dwa rodzaje termoplastycznej skrobi mody-
fikowanej polilaktydem lub kopoliestrami. Dodatkowo
oceniono wptyw stopnia plastyfikacji polimerowej
osnowy na szybko$c¢ biodegradacji w roztworze soli
fizjologicznej oraz w pryzmie kompostowej.

Stowa kluczowe: kompozyty, termoplastyczna skro-
bia, polilaktyd, wtdkna weglowe, degradacja, wtasci-
wosci mechaniczne

[Inzynieria Biomateriatéw, 88, (2009), 16-19]

Wprowadzenie

Wykorzystanie w stuzbie zdrowia produkowanych z roslin
polimeréw biodegradowalnych (ktérych $wiatowa produkcja
ciggle wzrasta, a ceny zmniejszajg sie i osiggnety poziom
2-3 € za kilogram) pozwoli na otrzymywanie biodegradowal-
nych artykutéw medycznych bezpiecznych toksykologicznie
i ulegajacych naturalnemu rozktadowi w okresie do 6 mie-
siecy, co jest istotne z punktu widzenia ochrony naturalnego
srodowiska cztowieka [1]. Dodatkowym argumentem jest
ich wysoka barierowosc¢, uniemozliwiajgca szybkie przeni-
kanie tlenu przez opakowanie i znacznie nizsza sktonnosc¢
do wywotywania alergii kontaktowych [2,3]. Nienapetniane
biopolimery, wykorzystywane dotychczas gtéwnie na opako-
wania posiadajg stosunkowo dobre wtasciwosci mechanicz-
ne, jednak dla zwiekszenia ich wytrzymatosci i sztywnosci
korzystne jest wytworzenie odpowiednich kompozytéw.
Rozwigzaniem tego problemu moga sta¢ sie biokompozyty
na polimerowej osnowie modyfikowane fazg ceramiczng
w postaci czastek lub widkien [4,5]. Dobdr odpowiednich
modyfikatoréw pozwala na projektowanie materiatéw o
okreslonych wtasciwosciach mechanicznych i o okreslonym
zachowaniu biologicznym [6].

Materialy i metody

Badania wykonano dla dwdéch naturalnych polimeréw:
mieszaniny polilaktydu ze skrobig ziemniaczang oraz kopo-
liestru ze skrobig ziemniaczang (o okresie degradaciji ok. 6
miesiecy) produkcji niemieckiej firmy BIOTEC Biologische
Naturverpackungen GmbH & Co. [7] oraz ich kompozytéw
z witdknem weglowym:

- Bioplast GS2189 (PLA + skrobia ziemniaczana), BGS,

INFLUENCE OF BIODEGRADABLE
POLYMER MATRIX ON THE

BASE OF THERMOPLASTIC
STARCH AND PLA ON
MECHANICAL PROPERTIES

AND DEGRADABILITY OF
COMPOSITES WITH CARBON
FIBER

StaNistAW KucieL, ANETA LiBER-KNEG

Krakow UNIVERSITY OF TECHNOLOGY,
DivisioN oF ExPERIMENTAL MECHANICS AND BIOMECHANICS

Summary

In the work, the influence of polymer matrix plasti-
cization degree on changes of basic mechanical pro-
perties of the composites filled with carbon fiber, was
tested. As a matrix two types of thermoplastic starch
modified with polylactide and copolyesters were used.
Additionally the influence of plasticization grade of
polymer matrix on biodegradation rate in physiological
saline and compost were estimated.

Keywords: composites, thermoplastic starch,
polylactide, carbon fiber, degradation, mechanical
properties

[Engineering of Biomaterials, 88, (2009), 16-19]

Introduction

Application in medicine of biodegradable polymers
produced from plants (world production of which is still
growing and prices are decreasing being on the level of 2-3
€ per kilogram) will allow to produce non-toxic biodegradable
medical articles, undergoing degradation time of six months;
it is important from the point of view of the protection of the
natural environment [1]. Additional argument is their high
barrier properties, preventing quick penetration of oxygen
trough the packaging and considerably low possibility of
causing contact allergies [2,3]. Not-filled biopolymers, used
mainly for packaging, have good mechanical properties,
however, for increasing their strength and stiffness it is
beneficial to use fillers and make composites on their base.
The solution for this problem may be biocomposites on
the base of polymer matrix modified with ceramic phase
in the form of particles or fibers [4,5]. The selection of
suitable modifiers enables to design materials with defined
mechanical properties and defined biological behavior [6].

Materials and methods

The research has been done for two natural polymers:
polylactide with potato starch and copolyester with potato
starch (period of degradation about 6 months) produced by
German company BIOTEC Biologische Naturverpackungen
GmbH & Co. [7] and their composites with carbon fibers:

- Bioplast GS2189 (PLA + potato starch), BGS,

- Bioplast GS2189 + 25% carbon fiber (PLA + potato starch
+ 25% carbon fiber), BGS 25C,

- Bioplast GF106/02 (copolyesters + potato starch), BGF,



- Bioplast GS2189 + 25% wiékna weglowego (PLA + skrobia
ziemniaczana + 25% witékna weglowego), BGS 25C,
-Bioplast GF106/02 (kopoliestry + skrobia ziemniaczana), BGF,
- Bioplast GF106/02 + 25% witdkna weglowego (kopoliestry +
skrobia ziemniaczana + 25% wiékna weglowego), BGF 25C.
Standardowe probki do badan w ksztatcie wiosetek

zostaty wytworzone metodg wtrysku w Zaktadach Azoto-
wych S.A w Tarnowie na maszynie Engel ES 200/40 HSL.
W przypadku kompozytéw granulat otrzymano przez zmie-
szanie biopolimeru z wibknem weglowym na laboratoryjne;j
linii do compoundingu TM 30 VI o L/D=40 z odgazowaniem
prozniowym i wydajnoscig od 5-35 kg/h i obrotach slimakow
50-500 RPM. Parametry procesu wtrysku dla biopolimeru
Bioplast GF 106/02 wyniosty: temperatura wtrysku 150°C,
temperatura formy 50°C, ci$nienie wtrysku 80 MPa, czas
cyklu 25 s, czas chtodzenia 15 s. Dla biopolimeru Bioplast
GS 2189 parametry procesu byly takie same jak dla Bioplast
z wyjatkiem temperatury wirysku, ktéra wyniosta 155°C.

W celu oceny wptywu procesu biodegradacji na wiasci-
wosci badanych materiatow, probki umieszczono na okres
50 dni w roztworze soli fizjologicznej o temperaturze 40°C
oraz w komposcie ogrodowym (od marca do maja przez
50 dni). Nastepnie przeprowadzono proby rozciggania
przy uzyciu maszyny wytrzymatosciowej firmy Instron wg
PN-EN ISO 527-1 dla probek przed i po inkubacji w roztwo-
rze soli fizjologicznej i komposcie. Oznaczono wytrzymatos¢
na rozcigganie, modut sprezystosci i odksztatcenie przy
zerwaniu. Badanie chtonnoéci wody wykonano zgodnie z
PN-81/C-89032 na podstawie pomiaru masy, stosujac probki
w postaci wtryskiwanych wiosetek o wymiarach 4x10x130
mm. Analizowano po 5 probek z kazdego przypadku, obli-
czano wartosc¢ $rednig i odchylenie standardowe, ktore nie
przekraczato 5% wartosci Srednie;j.

Wyniki i dyskusja

Polimery na bazie skrobi i kopoliestrow (BGF) charakte-
ryzuja sie znacznie wiekszg chtonnoscig wody niz polimery
modyfikowane polilaktydem (BGS) — RYS. 1 i 2. Wyrazny
wzrost chtonnosci wody obserwowany jest juz po 1 dniu
przebywania w roztworze soli fizjologicznej o temperaturze
40°C. W warunkach kompostowania w glebie chtonnosé
wody polimeru i jego kompozytu jest poréwnywalna - RYS. 2.

Na warto$¢ modutu Younga badanych biokompozytéw,
wiekszy wptyw wywarto srodowisko naturalne niz ptyn
fizjologiczny. Najmniej odporny na dziatanie $rodowiska
naturalnego okazat sie biopolimer wzmocniony widknem
weglowym BGF25C. Warto$¢ modutu Younga tego kom-
pozytu ulegta obnizeniu o okoto 75% (RYS. 3).

- Bioplast GF106/02 + 25% carbon fiber (copolyesters +
potato starch + 25% carbon fiber), BGF 25C.

Standard samples in the form of paddles were produced
by injection molding in Zaklady Azotowe in Tarnow using En-
gel ES 200/40 HSL. Granulate in the case of composites was
obtained by mixing biopolymer and carbon fiber in laboratory
compounding line TM 30 VI with L/D=40, vacuum circula-
tion degassing, capacity from 5 — 35 kg/h and screw rota-
tion 50-500 RPM. The parameters of the injection process
for biopolymer Bioplast GF 106/02 were the following: the
temperature of injection 150°C, temperature of form 50°C,
the pressure of injection 80 MPa, time of cycle 40 s (time of
cooling 15 s). For biopolymer Bioplast GS 2189 parameters
of the process were the same as for Bioplast GF106/02 with
except of temperature of injection which was 155°C.

To estimate the influence of biodegradation process on
the properties of tested materials, the samples were placed
in physiological saline for 50 days at 40°C as well as in the
garden compost - (since March till May, for 50 days). Then
tensile tests with the use of the Instron tensile machine
according to PN - EN ISO 527-1 for the samples before and
after incubation in physiological saline and compost were
made. Tensile strength, modulus of elasticity and strain at
break were calculated. The absorption of water was tested
according to PN-81/C-89032 by measuring the weight using
samples in the form of paddles with dimension 4x10x130 mm.
Five samples for each composite were analyzed; mean value
and standard deviation (lower than 5 %) were calculated.

Results and discussion

Polymers on the base of starch and copolyesters (BGS)
have higher water absorption than polymers modified with
polylactide (BGS) — FIG. 1 and 2. Significant increase of
absorption can be observed even after one day of incubation
in physiological saline at 40°C. In conditions of composting,
the absorption of water for this polymer and their composite
is comparable — FIG. 2.

Natural environment influenced more the value of Young’s
modulus than physiological saline. The least resistant was
the polymer reinforced with carbon fibers BGF25C. Young’s
modulus of this composite decreased of about 75% (FIG. 3).

Similarly like in the case of Young’s modulus, the larger
influence on tensile strength of both biopolymers, had the
process of degradation during composting in soil. The
smallest changes of tensile strength (decrease up to 8%)
of the biocomposite BGS25C were observed. The largest
decrease of tensile strength (about 45%) we can observe
for biopolymers BGF and BGF25C (FIG. 4).

The noticeable decrease of elongation at

3 2 break for all tested materials submitted to
£ 16 0 BGS roztwor soli degradation can be observed. Particularly
L - _ 1 fizjologicznej/physiological high fall is visible in the case of pure biopoly-
=] - b saline mers. The addition of carbon fibers causes
212 . e increase of elongation at break of the
© BGS25C roztwar soli . .
5 fiziologicznej/physiclogical samples submitted to_degrao_iatlon (FIG. 5).
+ 0,8 ologicznel/physiolog The thermoplastic matrix on the base
E ] saline of potato starch and copolyesters BGF
80,4 . U BGS gleba/compost shows better ability to be reinforced with
g " — carbon fibers. Young’s modulus for the com-
S o . gleba/compost posite with 25% of carbon fiber BGF25C
S Poldniu/after 1 Po7dniach/after 7 Po 50 dniach/after increases more than 800%, about two times
day days 50 days more than for the matrix on the base of

RYS. 1. Chtonnos$¢ wody dla skrobi ziemniaczanej z polilaktydem (BGS)
i ich kompozytow przed i po inkubacji w soli fizjologicznej i komposcie.
FIG. 1. Water absorption of starch and polylactide (BGS) and their compo-
sites before and after incubation in physiological saline and compost.

starch and PLABGS25C (more than 400%)
(FIG. 7). Lower influence of the type of
applied matrix on tensile strength of material
is observed, for both types of biopolymers
it is similar - about 40% (FIG. 6).
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Na wartos¢ wytrzymatosci na rozcigganie

® e @ @ @ o ® obu biopolimeréw, podobnie jak w przypadku

modutu Younga, wiekszy wptyw wywart proces
degradacji podczas kompostowania w glebie w
poréwnaniu z inkubacjg w ptynie fizjologicznym.
Najmniejsze zmiany wytrzymatosci obserwuje sie
dla biopolimeru BGS25C, ktérego wytrzymatos¢
na rozcigganie zmniejszyta sie o 8%. Najwigkszy
okoto 45% spadek wytrzymatosci na rozcigganie
obserwuije sie dla biopolimeréw na osnowie skrobi
i poliestrow BGF i BGF25C (RYS. 4).

Wszystkie badane biokompozyty charaktery-
zuja sie wyraznym spadkiem odksztatcenia przy
zerwaniu w obu analizowanych srodowiskach bio-
degradacji. Szczegolnie wysoki spadek widoczny
jest dla samych biopolimeréw. Dodatek witdkna
weglowego powoduje wzrost odksztatcen przy
zerwaniu w wyniku procesu degradaciji (RYS. 5).

Termoplastyczna osnowa na bazie skrobi
ziemniaczanej i kopoliestréw, czyli biopolimer BGF
wykazuje duzo wiekszg zdoIno$¢ do wzmocnienia
widknem weglowym. Wzrost warto$ci modutu Yo-
unga dla kompozytu z 25% wzmocnieniem wtok-
nem weglowym BGF25C wynidst ponad 800%, o
dwa razy wiecej niz dla osnowy na bazie skrobi i
PLA BGS25C - ponad 400% (RYS. 7). Mniejszy
wptyw rodzaju zastosowanej osnowy obserwuje
sie w przypadku wytrzymatosci na rozcigganie,
ktéra dla obu rodzajéw biopolimeréw jest podobna
i wynosi okoto 40% (RYS. 6).

Whioski

Plastyfikowane biopolimery na osnowie ter-
moplastycznej skrobi i kopoliestrow (BGF) dajg
wiekszg mozliwo$¢é wzmacniania widknami przy
zachowaniu znacznej zdolnosci do odksztatcen.
Moga by¢ one wykorzystane np. jako materiaty na
plytki zespalajace, sruby, wkrety wykorzystywane
w miejscach gdzie wprowadzony implant spetnia
role kosmetyczna lub jako podtoza regenerujacej
sie tkanki.

Wieksze bezwzgledne wartosci zaréwno
wytrzymatosci na rozcigganie jak i modutu
sprezystosci (pomimo mniejszej efektywnosci
wzmocnienia), ale przy mniejszej zdolnosci do
odksztatcen - wykazujg kompozyty na osnowie ter-
moplastycznej skrobi i PLA. Mogg one by¢ wyko-
rzystane, jako materiaty na mate stabilizatory lub
elementy sprzetu medycznego. Dla zastosowania
badanych biokompozytéw jako bioresorbowalnych
implantéw i innych elementéw wspomagajacych
funkcje organizmu ludzkiego, konieczne jest
przeprowadzenie dodatkowych specjalistycznych
badan, majacych na celu sprawdzenie odpowie-
dzi srodowiska biologicznie czynnego na reakcje
wywotywane przez zaaplikowany implant.

[ BGF roztwor soli

= 10
= fizjologicznej/physi
g ological saline
E. 8
= BGF25C roztwor
8 6 g | oo
= fizjologicznej/physi
Q ological saline
g 4 | BGF
gleba/compost
ey
3 2 W BGF25C
E gleba/compost
2
< po 1 dniu/ po 7 dniach/ po 50 dniach/
after 1 day after 7 days after 50 days

RYS. 2. Chtonnos¢ wody dla badanych skrobi ziemniaczanej z
kopoliestrem (BGF) i ich kompozytéw przed i po inkubacji w soli
fizjologicznej i komposcie.

FIG. 2. Water absorption of starch and copolyester (BGF) and their
composites before and after incubation in physiological saline
and compost.
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RYS. 3. Modut sprezystosci badanych materiatéw dla probek wyj-
sciowych i po inkubacji w soli fizjologicznej i komposcie.

FIG. 3. Young’s modulus of investigated materials before and after
incubation in physiological saline and compost.
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FIG. 4. Tensile strength of investigated materials before and after
incubation in physiological saline and compost.
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The plasticized biopolymers on the
base of thermoplastic starch and copoly-
esters (BGF) provide better possibility
to be reinforced with carbon fibers, still
maintaining considerable ability to defor-
mations. They can be used for example
as materials for plates and screws,
screws used in the places where implant
fulfils cosmetic role or acts as scaffold for
regenerating tissue.

Higher absolute values of both the
tensile strength and the modulus of
elasticity (in spite of smaller efficiency
of the reinforcement), but lower ability to
deformations — show composites on the

W BGF25C

days in compost

RYS. 5. Odksztatcenie przy zerwaniu badanych materiatéw dla prébek
wyjsciowych i po inkubacji w soli fizjologicznej i komposcie.
FIG. 5. Elongation at break of investigated materials before and after in-

cubation in physiological saline and compost.

base of thermoplastic starch and PLA.
They can be used as materials for small
stabilizers or elements of medical equip-
ment. For applying tested composites as
bioresorbable implants and other ele-
ments supporting the functions of human
organism, it is necessary to carry on additional specialized
investigations, aiming at evaluation of biological environment
on the reactions caused by applied implant.
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RYS. 6. Procentowy wzrost wytrzymatosci na roz-
cigganie dla kompozytéw na bazie biopolimeréw w
stosunku do czystych biopolimerow.

FIG. 6. Percentage increase of tensile strength of
biopolymers/carbon fibers composites related to
raw biopolymers.
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RESORBOWALNE PLYTKI
POLIMEROWE W CHIRURGII
TWARZOWO-SZCZEKOWEJ

BARBARA SzaRrRANIEC, MicHAL DwoRAK, JAN CHLOPEK

AKADEMIA GORNICZO-HUTNICZA,

WyDziAt. INZYNIERI MATERIALOWEJ | CERAMIKI,
KATEDRA BIOMATERIALOW,

AL. Mickiewicza 30, 30-059 Krakow

Streszczenie

Praca przedstawia wstepne wyniki dotyczgce
otrzymywania i badan wtasciwosci mechanicznych
resorbowalnych ptytek dla chirurgii twarzowo-
szczekowej wykonanych z polilaktydu oraz kompozytu
polilaktyd/TCP. Plytki otrzymano metodq wtrysku z
biodegradowalnego, termoplastycznego poli-L-laktydu
(PLLA, Biomer) oraz proszku fosforanu triwapnia
(TCP, Fluka). Na maszynie wytrzymato$ciowej
Zwick 1435 przeprowadzono badania mechaniczne.
W prébie rozciggania okreslono wytrzymato$c¢, modut
sprezystosci, odksztatcenie przy sile maksymailnej oraz
na podstawie testow petzania wyznaczono zalezno$c
pomiedzy naprezeniem a czasem zniszczenia.

Stowa kluczowe: polilaktyd, petzanie, kompozyty
polimerowe

[Inzynieria Biomateriatoéw, 88, (2009), 20-23]

Wstep

Zainteresowanie wspotczesnej chirurgii implantami z
polimeréw resorbowalnych i ich kompozytow stale wzrasta.
Mozliwos¢ sterowania parametrami mechanicznymi i
czasem resorpcji pozwala na uzyskanie szerokiej gamy
degradowalnych w srodowisku biologicznym materiatéw
implantacyjnych. Niewatpliwym atutem tego typu mate-
riatdw jest fakt, iz nie wymagajgq usuniecia z organizmu,
a tym samym przeprowadzenia powtérnej operacji chirur-
gicznej [1,2]. Jedng z istotnych przyczyn ograniczajacych
mozliwosci zastosowania polimeréw resorbowalnych na
implanty petnigce funkcje biomechaniczng (na przyktad
jako elementy zespalajace) jest ich niska wytrzymatosé
oraz wystepujace powszechnie zjawisko petzania [3].
Nawet jesli wszczep poddawany jest niewielkim obcia-
zeniom mogg one w stosunkowo niedtugim czasie spo-
wodowaé obluzowanie zespolenia lub doprowadzi¢ do
zniszczenia implantu. Dlatego w przypadku polimeréw oraz
kompozytéw polimerowych istotne jest okreslenie dopusz-
czalnych obcigzen pozwalajacych na bezpieczna realizacje
przez nie funkcji biomechanicznych [4].

Materialy i metody

Badaniom poddano trojramienne mini-ptytki (Y) z poli-
laktydu (PLLA) oraz polilaktydu modyfikowanego czastkami
fosforanu triwapnia (PLLA/TCP) (RYS. 1). Plytki otrzymywa-
no metodg wtrysku na wtryskarce slimakowej Multiplas przy
temperaturze z zakresu 170-180°C oraz cisnieniu 45 MPa.
Do otrzymania prébek uzyto polilaktydu BIOMER®9000
(Biomer, Niemcy) oraz fosforanu triwapnia (Fluka, Niemcy).

RESORBABLE POLYMER PLATES
IN MAXILLOFACIAL SURGERY

BARBARA SzARANIEC, MicHAL DWORAK, JAN CHLOPEK

AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY,
FacuLTy oF MATERIALS SciENCE AND CERAMICS,
DEPARTMENT OF BIOMATERIALS,

30 Mickiewicz Ave., 30-059 Krakow, PoLAND

Abstract

The presented work demonstrates preliminary
results on manufacturing and mechanical properties
assessment of pure PLLA and PLLA/TCP compo-
site plates, as potential candidates for maxillofacial
surgery application. Biodegradable, thermoplastic
polymer poly-L-lactide (PLLA, Biomer) and tricalcium
phosphate (TCP, Fluka) particles were applied for the
samples manufacturing in injection moulding process.
The plates were investigated using universal testing
machine Zwick 1435 — in static tensile and creep tests.
The mechanical properties (tensile strength, Young
modulus, elongation) of the polymer and its composite
were determined and the lifetime, performed with the
scope of their potential application in osteosynthesis,
were predicted.

Keywords: polylactide, creep, polymer composites

[Engineering of Biomaterials, 88, (2009), 20-23]

Introduction

Resorbable polymers and their composites are the mate-
rials of raising interest and hopes due to their high potential
for the use in surgical applications. Their design allows to
develop materials with time-controllable properties fully bio-
compatible with body tissues [1,2]. Application of such ma-
terials would not require additional surgery for the removal
of the implant, because they will biodegrade into the sub-
stances removable from the body on the basis of natural cell
metabolism processes. The use of bioresorbable polymer
matrices is limited to implants working under low loads be-
cause of inherent low strength and prevalence of creep proc-
ess among such a polymers [3]. That is why determination of
permissible loads for such a polymers and their composites
is essential in order to ensure secure realization of their bio-
mechanical functions. Additionally, the biomechanical func-
tion of these materials will be fulfilled for a limited time only,
which will be adjusted to tissue regeneration process [4].

Materials and methods

Two types of Y-shaped mini plates made of pure polylac-
tide (PLLA) and polylactide modified with 7%wt. tricalcium
phosphate particles (PLLA/TCP) were investigated (FIG. 1).
Plates were manufactured by injection moulding — vertical
injection machine Multiplas V-4S at temperature 170-180°C
and injection pressure of 45 MPa. Polylactide BIOMER®9000
(Biomer, Germany) and tricalcium phosphate (Fluka, Ger-
many) were used.

Mechanical properties of the plates were investigated in
uniaxial tension test. For pure PLLA and PLLA/TCP com-
posite tensile strength, Young’'s modulus and elongation at
maximum force were determined. Plates were attached to
wooden blocks with metal screws as shown in FIG. 1b.



Wiasciwosci mechaniczne ptytek zbadano w proébie jed-
noosiowego rozciggania na maszynie wytrzymatosciowej
Zwick 1435. Dla ptytek z czystego PLLA oraz kompozytu
PLLA/TCP wyznaczono wartosci wytrzymatosci, modutu
Younga oraz wydtuzenia przy maksymailnej sile. Ptytki mo-
cowano do drewnianych klockéw za pomocg metalowych
wkretow w sposob pokazany na RYS. 1b.

Dla wybranych obcigzen od 30 do 90% naprezenia mak-
symalnego przeprowadzono testy petzania ptytek okreslajac
tym samym wptyw dziatania statego obcigzenia na ich
trwatos¢. Analiza uzyskanych krzywych petzania pozwolita
na okreslenie czasu do zniszczenia oraz dopuszczalnych
naprezen dla badanych materiatow.

Dyskusja

Przyktadowe charakterystyki mechaniczne dla obu
rodzajow otrzymanych ptytek (PLLA oraz PLLA/TCP)
przedstawiono na RYS. 2, natomiast $rednie wartosci
wytrzymatosci, modutu Younga oraz wydtuzenia przy sile
maksymalnej zestawiono w TABELI 1. Analiza otrzymanych
wynikow pozwala stwierdzi¢, ze dodatek TCP do osnowy
polilaktydowej nieznacznie ostabia polimer, wptywa na
podwyzszenie modutu sprezystosci oraz ponad dwukrotnie
obniza wielko$¢ odksztatcenia zniszczenia w poréwnaniu
z czystym PLLA.

T—pua
2—ruaser

£ [mm]

RYS. 2. Zaleznosci naprezenie - wydtuzenie podczas
rozciagania mini ptytek PLLA oraz PLLA/TCP.
FIG. 2. Stress - elongation curves from the tension
tests for the PLLA and PLLA/TCP mini plates.

Podczas przeprowadzonych testéw petzania dla kazdego
przyjetego naprezenia wykreslona zostata krzywa petzania.
Zakres stosowanych naprezen dla probek PLLA wynosit
od 30 do 40 MPa, co odpowiada 69 do 92% wytrzymatosci
wyjsciowej. W przypadku kompozytu PLLA/TCP stosowane
naprezenia zawieraty sie w granicach od 12 do 17 MPa, co
odpowiada 33 do 46% wytrzymatosci wyjsciowej. Uzyskane
rodziny krzywych pefzania dla badanych materiatéw przed-
stawiono na RYS. 3i 4.

Na podstawie krzywych petzania wyznaczono wartosci
natychmiastowych odksztatcen oraz czaséw zniszczenia
(TABELA 2 i 3). Uzyskane dane pozwolity na wykreslenie
zaleznosci miedzy obcigzeniami a odpowiadajgcymi im
czasami do zniszczenia dla ptytek z polilaktydu i kompo-
zytu PLLA/TCP (RYS. 5i 6). Zaleznosci te opisa¢ mozna
nastepujacymi réownaniami:

=-2,6521In(t,) + 42,369 dla PLLA
=-1,3161In(t,) + 17,629 dla PLLA/TCP

RYS. 1. a) mini plytka Y, b) spos6b mocowania ptytki
podczas rozciggania.
FIG. 1. a) Y mini plate, b) sample fixation mode
during tension tests.

For loads ranging from 30% to 90% of tensile strength
creep test was performed. On the creep tests basis the im-
plants lifetime and load permissible levels were predicted.

Results

Selected stress — elongation curves from the tension tests
for pure PLLAand PLLA/TCP composite mini plates are shown
in FIG. 2. Mean values of tensile strength, Young’s modulus
and elongation at maximum force are summarized in TABLE
1. The results reveal that TCP addition slightly weaken the
polylactide matrix. On the other hand, the presence of such
a modifier causes Young’s modulus increase and reduces
strain at break over twice as compared with pure PLLA.

TABELA 1. Wyznaczone wytrzymatosci, moduty
Younga oraz wydtuzenia przy sile maksymalnej dla
mini plytek z PLLA oraz PLLA/TCP.

TABLE 1. Determined tensile strength, Young’s
modulus and elongation at maximum force for the
PLLA and PLLA/TCP mini plates.

9,20 + 1,17
36,61 +7,19(10,97 + 3,95

3,77 £2,98
1,45 0,45 |

[ PLaTce

Creep tests were performed for stresses ranged from 30
to 40 MPa (69 to 92% of tensile strength) for pure PLLA sam-
ples and from 12 to 17 MPa (33 to 46% of tensile strength)
for PLLA/TCP composite samples. For each stress applied
creep curve was plotted. Obtained in such a way families
of creep curves are shown in FIG. 3 and 4.

On the creep tests basis implants immediate strain and
lifetime were determined (TABLE 2 and 3). It allowed to plot
load — lifetime dependence for pure PLLA and PLLA/TCP
composite as depicted in FIG. 5 and 6. The resulted regres-
sion lines can be described as follows:

0 =-2,6521In(t,) + 42,369 for PLLA

o =-1,3161In(t,) + 17,629 for PLLA/TCP

To assume six weeks as a time essential to bone growth
(related to implant work time) safe load values for both ma-
terials were determined (TABLE 4). Biomechanical function
of the materials can be fulfilled only for loads below 30% of
the initial tensile strength for pure PLLA and below 9% of
the initial tensile strength for PLLA/TCP composite.

Making an assumption that 10 N force corresponds to a
bite of lower jaw bone during eating liquid and semi-liquid
food, plates from polylactide can be considered as implants
in maxillofacial surgery. TCP powder introduction into the
polymer allows also to limit materials deformability. Addition-
ally, presence of bioactive phase facilitates bone-implant
bonding what leads to reinforcement of the union.
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RYS. 3. Rodzina krzywych pelzania dla czystego
PLLA.
FIG. 3. A family of creep curves for pure PLLA.

TABELA 2. Wartosci natychmiastowych odksztat-
cen g, oraz czasOw zniszczenia t, wyznaczone dla
rodziny krzywych petzania probek PLLA.

TABLE 2. Immediate strain g, and lifetime t, for a
family of pure PLLA creep curves.

RYS. 4. Rodzina krzywych petzania dla kompozytu
PLLA/TCP.
FIG. 4. A family of creep curves for PLLA/TCP
composite.

TABELA 3. Wartosci natychmiastowych odksztatcen
€, oraz czasow zniszczenia t, wyznaczone dla rodzi-
ny krzywych petzania probek PLLA/TCP.

TABLE 3. Immediate strain g, and lifetime t, for a
family of PLLA/TCP composite creep curves.

F [N] o [MPa] £, [mm] t, [min] F [N] 0 [MPa] € [mm] t, [min]

140 16,99 1,54 1,95
330 40,06 3,21 1,76

130 15,78 1,33 3,72
310 37,63 2,69 10,22

120 14,57 1,19 7,93
280 33,99 2,18 38,67

110 13,35 0,95 37,83
260 31,56 1,89 45,89 105 12,74 0,67 3912
250 30,34 1,61 57,95 100 12,14 0,27 54,41
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RYS. 5. Zalezno$¢ pomiedzy naprezeniem a czasem
zniszczenia dla PLLA.

FIG. 5. The load - lifetime dependence for pure
PLLA.

Zakfadajac czas niezbedny do uzyskania zrostu kost-
nego (odpowiadajacy czasowi pracy implantu) wynoszacy
okoto 6 tygodni wyznaczono bezpieczne wartosci obcigzen
dla obu badanych materiatéw (TABELA 4). Widoczne jest,
iz wartosci dopuszczalnych obcigzen pozwalajacych na
bezpieczng realizacje funkcji biomechanicznych przez te
materiaty w stosunku do wytrzymatosci wyjsciowej wynoszg
odpowiednio ok. 30% dla czystego PLLA oraz ok. 9% dla
kompozytu PLLA/TCP.

RYS. 6. Zaleznos¢ pomiedzy naprezeniem a czasem
zniszczenia dla kompozytu PLLA/TCP.

FIG. 6. The load - lifetime dependence for PLLA/TCP
composite.

TABELA 4. Wielkosci dopuszczalnych obcigzen ba-
danych materiatéw dla czasu leczenia 6 tygodni.
TABLE 4. Materials load permissible levels for 6
weeks bone treatment.

Materiat O max IMP2]
Material (czas gojenia 6 tygodni/6 weeks treatment)
PLLA 13,17
|lPLLA/TCP 3,14 I
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Przyjmujac, ze zwarciu zuchwy pacjenta przy odzywianiu
pokarmami ptynnymi i potptynnymi odpowiada sita 10 N
wydaje sie, ze ptytki z czystego polilaktydu mogq by¢ sto-
sowane jako implanty w chirurgii twarzowo-szczekowe;.
Wprowadzenie do polimeru proszku TCP pozwala dodatko-
wo ograniczy¢ odksztatcalnos¢ materiatu i dzieki obecnosci
bioaktywnej fazy utworzy¢ wigzanie z koscia, tym samym
uzyskujac wzmocnienie zespolenia. Pewnym ograniczeniem
w tym przypadku moze byc¢ jednak zbyt szybki spadek wy-
trzymatosci kompozytu w czasie.

Whioski

Testy petzania pozwolity wyznaczy¢ zalezno$¢ pomiedzy
naprezeniem a czasem zniszczenia dla ptytek polilaktydo-
wych oraz z kompozytu polilaktyd/TCP. 7-proc. dodatek
proszku TCP powoduje wzrost modutu Younga, niewielki
spadek wytrzymatosci na rozciaganie oraz spadek odksztat-
calnosci w odniesieniu do czystego polimeru. Réwnoczesnie
wielkos¢ dopuszczalnych obcigzen w przypadku kompozy-
tow z dodatkiem TCP ulega obnizeniu.
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Conclusion

Creep tests allowed to determine the stress - lifetime
dependence for polylactide and polylactide/TCP composite
plates. Preliminary examinations indicate that addition of
7 wt% amount of the modifier to the polymer causes negligi-
ble increase of Young’s modulus, slight decrease of tensile
strength and decrease of deformability in comparison with
pure polylactide. Additionally, materials permissible load
levels are lower for composites with TCP. Application of
these materials in maxillofacial surgery is permissible only
for loading about 13 MPa for PLLA and 3 MPa for PLLA/
TCP plates.
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Streszczenie

W pracy zajeto sie badaniami probek monolitycznych
oraz powtok z uktadu Al,O,-TiO,-SiO,, wykorzystujgc
do syntezy metode zol-zel. Zele byty wygrzewane w
réznych temperaturach (600°C, 850°C oraz 1100°C)
odpowiadajgcych temperaturom wygrzewania cienkich
filméw na réznego typu podtozach. Powfoki byty
nanoszone poprzez zanurzanie probek, a nastepnie
ich wynurzanie ze statg predko$ciq z odpowiedniego
zolu. Powtoki glinowo-tytanowo-krzemionkowe
nanoszono w ten sposob na podfoza weglowe, ze stali
oraz na stop tytanowy. Wszystkie otrzymane probki
badano, wykorzystujgc spektroskopie FTIR, dyfrakcje
rentgenowskg XRD oraz mikroskopie elektronowg
SEM wraz z mikroanalizg rentgenowskg EDS.

We wszystkich widmach IR mozna byto wyrdznic
pasma pochodzgce od drgan rozciggajgcych grupy OH
(przy okoto 3432-3672 cm') oraz pasma przypisane
drganiom zginajagcym w czgsteczkach H,O (przy
1630 cm), co moze by¢ wynikiem zastosowania
metody zol-zel do syntezy. IntensywnoSc wymienionych
pasm maleje w miare wygrzewania probek. W widmach
IR prébek z uktadu Al,04-TiO,-SiO, zaobserwowano
dodatkowo obecno$¢ pasm pochodzgcych od drgan
potgczen Si-O oraz Al-O.

[Inzynieria Biomateriatow, 88, (2009), 24-27]

Wprowadzenie

Pokrywanie réznorodnych materiatow powtokami
pozwala nada¢ im korzystniejsze wtasciwosci. Natozenie
ceramicznych powtok o ré6znym sktadzie na podtoza
metaliczne, weglowe czy rowniez ceramiczne pozwala
w kontrolowany sposob zmienia¢ wiasciwosci optyczne,
mechaniczne czy elektryczne tych materiatow. Takie
spolepszone” tworzywa moga znalez¢ zastosowanie w wielu
dziedzinach, dlatego tez powtoki z uktadu Al,O,-TiO,-SiO,
naleza do grupy powtok czesto obecnie wykorzystywanych
[1]. Kolejnym problemem jest wybér wtasciwej metody
nanoszenia cienkiego filmu, adekwatnie do rodzaju
materiatu (powtoki i podtoza), ksztattu podtoza czy wreszcie
uwzgledniajac aspekt ekonomiczny. Szeroko znane metody
syntezowania powlok mozna podzieli¢ na dwie grupy ze
wzgledu na sposdb ich otrzymywania: poprzez suche oraz
mokre procesy. Do pierwszej grupy zaliczamy metody
CVD czy PVD, wymagajace z reguty specjalistycznego
wyposazenia oraz generujgce wysokie koszty, podczas gdy
druga grupa wydaje sie by¢ bardziej korzystna, choéby ze
wzgledu na brak ograniczeh (w wiekszosci przypadkéw)
ksztattu oraz wielkosci probek [2]. Dlatego tez w niniejszej
pracy wybrano metode zol-zel.
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Abstract

In this work, samples of Al,O,-TiO,-SiO, system,
in the form of bulk ones and thin films were obtained
using the sol-gel method. The bulk samples were
heated at different temperatures (500°C, 850°C and
1100°C) corresponding to the annealing process
of coatings, deposited on different substrates by
dipping and pulling out samples from the proper sol
with the stable speed. Thin films of Al,O;-TiO,-SiO,
system were deposited on carbon, steel and titanium
alloy substrates. All bulk samples were studied by
the FTIR spectroscopy and the X-ray diffractometry
while thin films were also investigated by the electron
microscopy together with the EDS method.

In all IR spectra measured, the bands assigned to
the stretching vibrations of OH groups (at about 3432-
3672 cm') together with the bending vibrations in H,O
molecules (at about 1630 cm’) are observed, what
is connected with the sol-gel synthesis. The intensity
of all those bands decreases during an annealing
process. In the IR spectra of samples of Al,O5-TiO,-
SiO, system the presence of bands assigned to the
Si-O bond vibrations and bands due to Al-O bond
vibrations are observed.

[Engineering of Biomaterials, 88, (2009), 24-27]

Introduction

The synthesis of thin films allows to improve some
properties of materials. Ceramic coatings of different
composition deposited on metals, carbon and also ceramics
change in a control way their optical, mechanical or
electrical properties. Such “improved” materials can be then
applied in many fields. Thin films of Al,O,-TiO,-SiO, system
become one of recently very widely used ceramic coatings
[1]. The other problem is to choose a proper deposition
method, adequate to material type, shape of sample and
also economy point of view. There are many methods of
thin films deposition, which can be divided in two groups
generally: dry processes (CVD, PVD) and wet ones. The
first group requires special equipment and generates rather
high costs whereas the wet processes group seems to be
more advantageous and mostly does not limit the shape and
area of substrate [2].Thus the sol-gel method was applied
for synthesis and deposition of coatings in this work.

Materials and methods

Three components (Al,O,: TiO, : SiO,=1) sol and one-
componentAl,O, and TiO, or SiO, sols were prepared using
the following precursors: for Al,O; - aluminium secondary
butooxide ATSB: Al(C,H,0)s, for TiO, - titanium tetraisopro-
panolane Ti(C;H,0),, whereas for SiO,: tetraethoxysilane



Materialy i metody

Do przygotowania zolu tréjsktadnikowego (AlLO,-TiO,-
SiO,=1) oraz zoli jednosktadnikowych wykorzystane zostaty
nastepujace prekursory: tributanolan glinu AI(OC,H,),
cz.d.a, tetraizopropanolan tytanu Ti(C;H,;0), cz.d.a oraz
tetraetoksysilan TEOS - Si(OC,H;), cz.d.a. [3,4,5]. Do
syntezy wybrano metode zol-zel opartg na reakcjach
hydrolizy i polikondensacji, zachodzacych pomiedzy alko-
holanami i alkoksysilanami rozpuszczonymi w niewodnych
rozpuszczalnikach. W celu zwiekszenia homogenizacji
zolu tytanowego oraz glinowego zastosowano dodatkowo
sonokatalize.

Wszystkie probki lite otrzymano poprzez wygrzewanie w
powietrzu trojsktadnikowego zolu, w trzech réznych temper-
aturach: 500°C, 850°C oraz 1100°C. Powtoki na podiozach
weglowych, ze stali oraz ze stopu tytanowego syntezowano
metoda zol-zel w dwojaki sposob: jako pojedyncze warstwy
nanoszone z jednosktadnikowych zoli Al,O,, TiO, oraz SiO,
lub jako powtoki nanoszone z zolu tréjsktadnikowego Al,O,-
TiO,-SiO,. Probki wygrzewano w kontrolowanej atmosferze.
| tak, w argonie byly wygrzewane warstwy na podtozach
weglowych oraz ze stopu tytanu, podczas gdy powtoki na
stali — w powietrzu.

Widma IR prébek otrzymano, wykorzystujac Digilab
Division FTS -60V spektrometr firmy BIO-RAD. Widma
zmierzono zaréwno technikg absorpcyjng jak i refleksyjna,
w zakresie 400-4000 cm™, z rezolucjg 4 cm™'. Obrazy SEM
otrzymano w mikroskopie elektronowym NOVA SEM 200
FEI. Dla wszystkich prébek przeprowadzono pomiary z
wykorzystaniem dyfraktometrii rentgenowskiej, w dyfrak-
tometrze X’Pert Panalytical, stosujac promieniowanie rent-
genowskie CuKa, w standardowej konfiguracji, a takze w
konfiguracji GID (w = 1-3°).

Wyniki i dyskusja

Spektroskopia FTIR zeli i powtok z uktadu Al,0,-TiO,-
Sio,

We wszystkich zmierzonych widmach FTIR (RYS. 1,2,3
oraz 4) mozna byto wyrdzni¢ pasma pochodzace od drgan
rozciggajacych grupy OH (przy okoto 3432-3672 cm™) ra-
zem z drganiami zginajgcymi czasteczke H,O, przy okoto
1630 cm'. Pasma te moga wynikaé¢ z zastosowania metody
zol-zel do syntezowania powtok, czego potwierdzeniem
jest ich zanikanie wraz z podnoszeniem temperatury w
procesie wygrzewania powtok czy zeli. Przypisanie pasm
pochodzacych od drgan potgczen Ti-O dokonano poprzez
poréwnanie zmierzonych widm z wczesniej otrzymanymi
widmami czystego rutylu i anatazu. Na widmach wyraznie
zaznaczyta sie takze obecnos$¢ pasm przypisanych drga-
niom potaczen Si-O(Si) czy Si-O(Al). Pasma przy 450 cm™’
mozna przypisac drganiom zginajacym potaczenie O-Si-O,
podczas gdy pasmo przy 790 cm™' moze pochodzi¢ od sy-
metrycznych drgan rozciggajacych mostki Si-O-Si. Z kolei w
zakresie 1034-1051 cm-' znajdujg sie pasma pochodzace od
asymetrycznych drgan rozciggajacych potaczenia Si-O(Si)
oraz Si-O(Al) dla glinu w koordynac;ji tetraedrycznej [6].
W widmach mozna zaobserwowac jeszcze jedno pasmo,
przy okoto 1205 cm™, ktére moze by¢ przypisane drganiom
podwadjnego wigzania Si=0.

Badania XRD zeli i powtok z ukfadu Al,O,-TiO,-SiO,
Dla wszystkich probek przeprowadzono pomiary w stan-
dardowej konfiguracji oraz w konfiguracji GID, wykorzystujac
promieniowanie CuKa.. Praktycznie prawie wszystkie probki
(cienkie filmy i probki lite) byly w duzej czesci amorficzne
i jednoczesnie homogeniczne do temperatury 850°C.

TEOS: Si(C,H;0),.0CH,), [3,4,5]. The method based on
the hydrolysis and the polycondensation reactions among
the alkoxides and alkoxysilanes dissolved in non-aqueous
solvents was applied in those studies. The sonocatalysis
was also used to improve the homogenization of alumina
and titania sols.

All bulk samples were prepared by annealing (in air) of
three component gel at different temperatures: from 500°C,
through 850°C and up to 1100°C. Coatings on carbon, steel
and titanium alloy samples were deposited by sol-gel method
as separate Al,O,, TiO, and SiO, layers or from the mixture
of those three sols (1:1:1), annealed then in air (steel) and
in argon (carbon and titanium alloy) at 700°C and 500°C.

The FTIR spectra were obtained with Digilab Division
FTS-60V spectrometer by BIO-RAD produced. They were
measured as absorption spectra and also as reflection ones.
All spectra were obtained in the range of 400-4000 cm,
with 4 cm™ resolution. The SEM images were observed
with NOVA SEM 200 FEI microscope. All samples were also
studied with the XRD diffractometry, using X’Pert Panalyti-
cal Diffractometer and CuKa radiation, in standard or GID
(Grazing Incidence Diffraction) configuration (w=1-2°).

Results and discussion

The FTIR studies of gels and thin films of Al,O,-TiO,-
SiO, system

In all spectra measured (FIG. 1,2,3,4), the bands as-
signed to the stretching vibrations of OH groups (at about
3432-3672 cm™) together with the bending vibrations in
H,O molecules (at about 1630 cm™) are observed, what
is connected with the sol-gel synthesis. The intensity of all
those bands decreases during an annealing process. In all
spectra of bulk samples and coatings, the positions of Ti-O
bond vibrations were ascribed basing on the IR spectra of
the pure anatase and rutile. One can observed the strongly
marked presence of bands assigned to the Si-O and also
Si-O-Al bonds vibrations. In the case of bulk samples and
coatings, bands at 450 cm' are connected with the bending
vibrations of O-Si-O linkage whereas the bands at 790 cm™'
one can be assigned to the symmetric stretching vibrations
of Si-O-Si bridges. In the range of 1034-1051 cm-', bands
due to the asymmetric stretching vibrations of Si-O(Si) and
Si-O(Al) connections are observed (Al is present in tetra-
hedral coordination in this case) [6]. One additional band
appears in spectra described, at about 1205 cm' which can
be assigned to the double Si=O bond.

- o
= £
s oAl

S0

93
B11
3460

“ards

454

1082
Jraas

-~ [3744

RYS. 1. Zestawienie widm IR otrzymanych dla zelu
z uktadu Al,0,-TiO,-SiO,, wygrzewanego w tempe-
raturach: 500°C (a), 850°C (b) and 1100°C (c).

FIG. 1. The comparison of the FTIR spectra of gel
of Al,O,;-TiO,-SiO, system annealed at: 500°C (a),
850°C (b) and 1100°C (c).
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RYS. 2. Widmo IR cienkiego filmu z uktadu Al,O,-TiO,-
SiO,, naniesionego na podtoze weglowe w postaci
pojedynczych warstw (a) oraz z mieszaniny zoli (b).
FIG. 2. The FTIR spectrum of Al,0,-TiO,-SiO, thin
film deposited on carbon substrate as separate
layers (a) and from sols mixture (b).
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RYS. 3. Widmo IR cienkiego filmu z uktadu Al,O,-
TiO,-SiO,, naniesionego na podioze ze stopu tyta-
nowego w postaci pojedynczych warstw (a) oraz z
mieszaniny zoli (b).

FIG. 3. The FTIR spectrum of Al,0,-TiO,-SiO, thin
film deposited on titanium alloy substrate as sepa-
rate layers (a) and from sols mixture (b).

W prébkach litych, wygrzewanych powyzej 850°C, mozna
byto zaobserwowacé pojawiajaca sie w niewielkich ilosciach
faze krystaliczng, podobnie jak w niektdrych powtokach,
nawet ponizej 850°C.

RYS. 4. Widmo IR cienkiego filmu z uktadu Al,O,-
TiO,-SiO,, naniesionego na podtoze ze stali w postaci
pojedynczych warstw (a) oraz z mieszaniny zoli (b).
FIG. 4. The FTIR spectrum of Al,0,-TiO,-SiO, thin
film deposited on steel substrate as separate layers
(a) and from sols mixture (b).

The X-ray diffraction studies

All samples were measured in standard and GID con-
figuration, using CuKa radiation. Almost all samples (thin
films and bulk ones) were mostly amorphous at different
temperatures and thus homogeneous up to 850°C. However,
crystalline phases were observed in bulk samples annealed
at temperatures higher than 850°C and their small amounts
were also found in particular thin films.

The SEM studies of samples of Al,O,-TiO,-SiO, system

The SEM pictures of three component coatings (FIG.
5,6), as well those deposited as three separate layers as
these synthesized from mixture of three sols distinctly point
out on two thin films obtained on Ti alloy and steel as three
separate Al,O;, TiO, and SiO, layers, each twice deposited.
These thin films play the role of the best anticorrosive layers
with probably good adhesion and density, what results from
optical observations. Such properties of thin films should
be confirmed by additional proper investigations. Also the
thin film deposited on the titanium alloy from three compo-
nent sol seems to be a perspective one. The SEM studies
allow to estimate the average thickness of the coatings at
about 1 pm for all samples.

RYS. 5. Zdjecia SEM powtoki naniesionej z mieszaniny zoli na podioze ze stali (a), ze stopu tytanu (b) oraz we-
glowe (c).
FIG. 5. The SEM images of Al,0,-TiO,-SiO, thin film deposited on steel (a), titanium alloy (b) and carbon (c) sub-
strate from the mixture of sols.



RYS. 6. Zdjecia SEM powloki naniesionej z pojedynczych zoli na podioze ze stali (a), ze stopu tytanu (b) oraz
weglowe (c).
FIG. 6. The SEM images of Al,O,-TiO,-SiO, thin film deposited on steel (a), titanium alloy (b) and carbon (c) sub-
strate as separate sols.

Badania SEM i EDS prébek z uktadu Al,0,-TiO,-SiO,
Obrazy SEM syntezowanych tréjsktadnikowych powtok
(RYS. 5,6), zarbwno naktadanych sekwencyjnie, jak i z
zolu tréjsktadnikowego wyraznie wskazujg na dwie po-
wioki naktadane sekwencyjnie na podfoza ze stopu tytanu
oraz ze stali, ktre mogq w najlepszy sposéb petni¢ role
powiok antykorozyjnych z uwagi na ich przypuszczalnie
dobrg szczelnos¢ i przyczepno$¢ do podtoza, co mozna
wywnioskowac¢ z obserwacji optycznych. Precyzyjne okre-
Slenie tych wiasciwosci powtok wymagatoby dodatkowych,
odpowiednich badan. Podobnie warstwa otrzymana z zolu
tréjsktadnikowego na podtozu ze stopu tytanowego wyda-
je sie by¢ perspektywicznym tworzywem ochronnym. Na
podstawie badan SEM i EDS mozna oszacowaé grubos$é
wszystkich otrzymywanych powtok na okoto 1 pm.

Whioski

1. Jednoczesne przeprowadzenie syntezy probek litych
oraz probek otrzymywanych jako powtoki pozwolito na
poréwnanie struktury tego samego tworzywa ale w réznej
postaci, rbwniez w temperaturach wyzszych niz wygrzewane
byty powtoki.

2. Badania XRD wykazaty, ze wszystkie probki byty w
duzej czesci amorficzne do temperatury 850°C. Od tempe-
ratury 850°C zaczety pojawiac sie rézne fazy krystaliczne,
przede wszystkim w probkach litych. Mozna zatem stwier-
dzié, ze do temperatury 850°C badane materiaty byty w
przewazajacej wiekszosci homogeniczne.

3. Przecietng grubosé powtok oszacowano na podstawie
badarn SEM i EDS na okoto 1 pm.

4. W uktadzie Al,0,-TiO,-SiO,, Al wystepuje przede
wszystkim w koordynacji tetraedrycznej, prawdopodobnie
podstawiajgc atomy Si w jednostkach SiO,.

5. Jako najlepsze powtoki antykorozyjne, ze wzgledu
na ich strukture i morfologie wybrano warstwy otrzymane
sekwencyjnie z zoli jednosktadnikowych Al,O;, TiO, oraz
SiO, na podfozach ze stopu tytanowego i na stali. Réwniez
w przypadku powtok otrzymywanych z zolu tréjsktadnikowe-
go Al,O;-TiO,-SiO, mozna wybra¢ warstwe na podtozu ze
stali jako perspektywiczne tworzywo petnigce role powtoki
antykorozyjne;j.
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Conclusions

1. The synthesis of samples in form of bulk and thin
films enabled to compare the structure of the same type of
material but obtained in different forms, also in temperatures
higher than those of thin films deposition.

2. All samples (thin films and bulk ones) were mostly
amorphous and thus homogeneous up to 850°C, above
that temperature, different crystalline phases were obtained
according to the XRD studies.

3. The average thickness of thin films deposited on
carbon, steel and titanium alloy can be estimated at about
1 ym according to the SEM and EDS studies.

4. In the Al,O;-TiO,-SiO, system, Al can be mostly ob-
served in tetrahedral coordination, probably substituting Si
atoms in SiO, units.

5. The best thin films, because of their structure and
morphology, that can play the role of anticorrosive coatings,
were obtained as separate Al,O,, TiO, and SiO, layers on
titanium alloy and steel. Also the thin film deposited from
three component sol on the titanium alloy seems to be a
perspective anticorrosive coating.
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