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Abstract

Development of abdominal aortic aneurysm (AAA)
is a dynamic process proceeding as a result of the
multi-factor pathological remodelling of elastin and
collagen fibres, results an aneurysm expansion.
In clinical practice, development of AAA is identified
with aneurysm growth. Hence, the aim of this paper is
to propose a taxonomy of load-bearing structural com-
ponents alterations for AAA with relatively constant
maximum diameter (average diameter 6.9+0.8 cm).
Structural investigations of normal (n=47) and aneu-
rismal (n=46) vessels were carried out on the basis
of histological and ultrastructural examinations. The
histological preparations were subjected to histometric
evaluation; the number of collagen and elastin fibres
and additionally the thickness of the particular vascular
wall layers. A qualitative analysis of the abdominal
aortic wall, mainly estimation of fibres arrangement,
based on histological and ultrastructural (SEM) exami-
nations were additionally performed. Using a cluster
analysis, three stages of load-bearing fibres alterations
for AAA population were distinguished. The clusters
were systematized according to NAA results. For AAA
population with relatively constant maximum diameter
in the first stage of load-bearing fibres remodeling
was observed a substantial loss of elastin fibres.
The second stage is characterized by an increase in
the number of collagen fibres. In the final stage the
number of collagen is dramatically reduced. Presented
results provide evidence to risk of AAA rupture is not
connected with AAA size but a remodelling of extra-
cellular matrix proteins. The remodelling is accom-
panied by changes in the AAA wall thickness, which
should be taken into consideration when evaluating
the degree of advancement of this disease.

Keywords: abdominal aorta, aneurysm, elastin fibres,
collagen fibres, maximum diameter size, cluster
analysis

[Engineering of Biomaterials, 102, (2011), 2-6]

Introduction

An abdominal aortic aneurysm (AAA) is a perma-
nent and progressive dilatation of the abdominal aorta.
The AAA occurs mainly in the infrarenal part of the ab-
dominal aorta [1,2]. In the second half of the 20" century
a dramatic increase (over sevenfold) in abdominal aortic
aneurysm incidence occurred [3] and in the last 30 years
just in the Eastern hemisphere the incidence has tripled [4].
The current number of persons with the AAA is not precisely
known. The prevalence of the AAA in the different parts of
the world largely depends on the age structure and the cri-
teria used for classifying pathological changes. Hence AAA
incidence may range from 1.2% to 27% [5]. Abdominal aortic
aneurysm is a serious and potentially lethal condition. Aneu-
rysm-associated mortality is the 13" most common cause of
death in the western world [6,7]. Ruptured abdominal aortic
aneurysm is associated with 50% to 90% mortality and most
patients die before reaching hospital [8]. The frequency of
AAA rupture has not decreased over time [9,10].

An abdominal aortic aneurysm arises as a result of the
multifactorial pathologic remodelling of the aorta’s con-
nective tissue [11]. Many researches done in recent years
indicate that the initiation, development and rupture of the
aneurysm are caused by the degradation of the load-bear-
ing structural components of an aortic wall, i.e. elastin and
collagen fibres [12-16], induced by proteolytic enzymes from
the endopeptidase family, represented mainly by matrix
metalloproteinases (MMPs) [1,17]. It has been found a vari-
able degree of reduction in the content of elastic fibres in the
walls of abdominal aortic aneurysms [18-22]. The amount of
collagen fibres in the AAAwall may increase [20,23], remain
unchanged [24] or decrease [1,25]. The variety of the con-
nective tissues fibres content may be justified by different
levels of aneurysm development. Thompson and Baxter
[17,26] were the first to describe the structural alterations tak-
ing place in the abdominal aortic wall in the course of growth
of the aneurysm, because the AAA maximum diameter size
is used in clinical practice as an indication for aneurysm sur-
gery [9] since it is thought that the probability of rupture of an
AAAincreases with its diameter [1,27]. However, as research
shows, AAA may rupture regardless of the vessel’s diameter.
The aneurysm may rupture even in the case of vessels with
a diameter less than 40 mm in which hypothetically the risk
is the lowest [8], while there are cases when aneurysms
expand, reaching sizes larger than 80 mm without any signs
of rupturing [28]. Hence, the aim of this paper is to propose
a classification (taxonomy) of elastin and collagen fibres
alterations for abdominal aortic aneurysms with relatively
constant maximum diameter due to eliminate grow factor in
analysis. We advance a hypothesis that for AAAs with com-
parable maximum diameter, degree of load-bearing struc-
tural components alterations may be significantly different.

Material and methods

Experimental material

The experimental material was obtained at surgical infra-
renal abdominal aorta aneurysm walls (AAA) resection and
normal abdominal aortas (NAA) autopsy. The AAAs walls
were intraoperatively harvested from 46 patients (34 male,
12 female, average age: 6819 years). Average diameter of
AAA were relatively constant and amounted to 6.9+0.8 cm.
Due to restrictions of surgical AAA resection and to avoid
the differences between parts of the aneurysm, vascular
walls samples were taken from the anterior region of the
AAAs only. The NAA walls were taken during autopsies from
47 age-matched donors (39 male, 8 female, average age:
66111 years, average diameter: 2.4+0.5 cm).



Histological and ultrastructural examinations

For the purpose of histological analysis, vascular wall
segments 10 mm? in area were fixed in a 4% buffered for-
malin solution for 48 hours, washed under running water,
dehydrated through ascending grades of alcohol, cleared
in methyl benzoate and xylene, consecutively, and then
embedded in paraffin wax, according to routine techniques.
The paraffin-embedded tissues were sectioned into 5 ym
thickness. The slides were stained routinely with hematoxylin
and eosin according to Delafield, Verhoff’'s and van Gieson
method. The sections stained with Verhoff's and Van Gie-
son’s method were subjected to histometric analysis. The
collagen and elastin fibres were counted. A single slide was
divided into 10 sections along which all the fibres that the
drawn lines intersected were counted. Measurements of
the overall wall thickness of the investigated vessels and
the thickness of the layers (the intima, the media and the
adventitia) were performed. The results of the histometric
calculations were averaged for each investigated prepara-
tion. The stained preparations were viewed with a light
microscope (Axiolmager M1m, Zeiss).

Aortic wall fragments 10 mm? in area constituted the
material for ultrastructural examinations. The experimental
material was fixed in a 2.5% phosphate-buffered glutaralde-
hyde, dehydrated in an acetone series, then dried and stuck
onto microscope stages, using carbon glue. For the purpose
of ultrastructural analysis the previously dried material had to
be sprayed with gold. The preparations were viewed under
a scanning electron microscope (Leo 435 VP, Zeiss) and
the image was recorded in high vacuum.

Statistical analysis

The histometric results were subjected to statistical analy-
sis (Statistica 8.0, StatSoft). The results were presented in
the form of averages with standard deviations (X + SD).

TABLE 1. Average number of elastin and collagen
fibres in walls of normal abdominal aortas (NAA)
and abdominal aortic aneurysms (AAA).

Average

Elastin fibres (E) 54.2 9.8
NAA :

Collagen fibres (K) 83.8 10.9 ||

Elastin fibres (E) 9.1 6.2 |
AAA :

Collagen fibres (K) 45.8 384 |

The collagen fibres (K) observed in both the aortic media
and the adventitia were morphologically normal (wavy). Their
number varied between the preparations, but the differences
were not considerable (TABLE 1).

In the histological images of the abdominal aortic aneu-
rysm walls numerous pathological changes were discovered
(FIG. 1). All the abdominal aortic aneurysm walls were
characterized by a considerable reduction in the number of
elastin fibres (E) in the media (TABLE 1). Extremely variable
amount of elastin fibres (E) randomly occurred in the full
histological picture of the aneurysm walls (FIG. 1c). In a few
cases, elastin fibres fragmentation was observed (FIG. 1d).
The measurements of elastin fibres number were not
performed for these cases. The number of collagen fibres
(K) in the adnominal aortic aneurysm walls was found to
be reduced, but the size of the reduction varied between
individual cases. The arrangement of collagen fibres in the
media of the AAA walls was disordered.

On average, the reduction in the number of elastin and
collagen fibres in the AAA walls, in comparison with the
results obtained for the normal abdominal aortas, was
statistically significant with significance levels p=0.000001
and p=0.0059, respectively.

The statistical analysis of the data was based on Student’s
t-test for independent samples. - — —
The statistical tests were car- a)_\ L R W

ried out to a significance level | * Lo

(p) of 0.05.

Cluster analysis
The cluster analysis (Statis- .
tica 8.0, StatSoft) was used to |i
group into sets the histometric
measurements for taxonomic
purposes. This method enables
to group the results into sets
(clusters) comprising data with
the highest degree of similarity
and maximally different from one
to another. Number of sets for
the AAA population were adopt-
ed as 3 likewise like Thompson
and Baxter findings [17,26].

Results

Histological examinations
No significant pathological
changes were found in the his-

tological images of the healthy
abdominal aortic walls. No atro-
phy or significant structural dis-
orders were observed in them.
Numerous elastin fibres (E) were
present within the aortic media
of the NAA walls (FIG. 1a,b).

FIG. 1. Histological images of normal abdominal aortic walls (NAA) and abdominal
aortic aneurysm walls (AAA): a) NAA wall (A — adventitia, M — media) according
Verhoff’s stain, b) elastin (E) and collagen (K) fibres in histological image of NAA
wall media (Verhoff’s stain), c) single elastin fibre (E) in AAA wall (Van Gieson’s
stain), d) fragmentation of elastin fibres (E) in AAA wall media (Van Gieson’s stain).
Reprinted with permission from [29].
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TABLE 2. Wall thickness of normal abdominal aor-
tas (NAA) and abdominal aortic aneurysms (AAA)
and that of their individual constitutive layers.

Average SD
[um] [um]
Intima (1) 272 81
NAA Medig _(M) 722 202
Adventitia (A) 202 52
Overall wall thickness 1196 335
Intima (1) 63 23
Media (M) 674 347
AAA Adventitia (A) 194 105
Overall wall thickness 931 475

All the layers of the abdominal aortic aneurysm walls were
normally formed. The boundaries between the layers were
distinct whereby the thickness of the latter could be precisely
determined (TABLE 2). In most cases, the boundaries be-
tween the AAA wall layers had become blurred. Disorders
in the laminar structure were observed. The thickness of the
particular layers in the abdominal aortic aneurysm walls was
difficult to measure. It could be measured only in the cases
when their boundaries were discernible in the histological
images (TABLE 2).

SRS S

00 KX Detector = SE1

The statistical analysis showed that the wall thickness
of the aneurysms becomes reduced relative to that of the
normal abdominal aortas (p=0.02). The largest reduction
(about 80% as regards average values) occurs in the case
of the tunica intima (p=0.0015).

Ultrastructural examinations

The characteristic morphologically normal arrangement
of fibres (forming a three-dimensional network) was ob-
served in SEM images of the normal abdominal aortic walls
(FIG. 2a). SEM images of the abdominal aortic aneurysm
walls showed that the shape of collagen fibres in the ad-
ventitia was disordered and in most of the examined cases
it was almost straight-linear (FIG. 2b).

Load-bearing fibres alterations for AAAs with relatively
constant diameter

AAAs population with relatively constant diameter had
to be grouped into sets on the basis of the histometric
measurements by used the cluster analysis. The sets were
systematized and normalized to NAA results. Three main
stages of load-bearing fibres remodeling for abdominal aortic
aneurysm population with relatively constant diameter were
distinguished by different structural parameters (FIG. 3).
No differences were observed between AAA diameter in
particular sets.

FIG. 2. SEM images of walls of normal abdominal aortas (NAA) and abdominal aortic aneurysms (AAA): a) elastin
(E) and collagen (K) fibres in NAA wall media; b) straight-linear shape of collagen fibres in adventitia of AAA.

Reprinted with permission from [29].
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The walls of the abdominal aortic aneurysms in the first
stage are characterized by a considerable reduction in the
number of elastin fibres relative to their number in the walls
of the normal aortas. No significant reduction in the number
of collagen fibres was observed. No distinct anomalies were
found in the walls of the aneurysms. The thickness of all
the aneurysm wall layers underwent insignificant reduction
(the intima was still discernible). The second stage is char-
acterized by inflammatory infiltrations and numerous newly
formed vasa vasorum (neovascularization) were commonly
observed in the histological and SEM images of the walls of
the aneurysms. An increase in the number of collagen fibres
relative to their number in the preceding stage was observed.
As the activity of the collagen fibres and their production
intensify, the thickness of the AAA wall increases (mainly in
adventitia and media part). However, no intima was found
in the histological images of the aneurysm walls. In the
final stage the number of collagen is dramatically reduced.
In most of the analyzed cases, the spaces between collagen
fibres were filled with thrombuses. The wall thickness was
much reduced in comparison with the preceding stage.

Discussion

The development of the abdominal aortic aneurysm
leading to the rupture of its wall can be considered as a
classical case of material failure due to excessive loading,
the insufficient strength of the material or the two factors
combined [30]. The underlying process is the remodelling
of the structural elements which bear mechanical loads, i.e.
elastin and collagen fibres [14-16]. It has been found that
the concentration of elastic fibres in the walls of abdominal
aortic aneurysms undergoes considerable reduction [18-22].
Roughly about 63-92% of the elastin fibres are lost [31].
The amounts of collagen fibres in the AAA wall may in-
crease [20,23], remain unchanged [24] or decrease [1,25].
The discrepancies between the results obtained by the cited
authors are justified since remodelling which takes place
in the abdominal aortic aneurysm wall is considered as a
dynamic process. According to the best of our knowledge
the unique AAA development identification model were
proposed by Thompson and Baxter [17,26]. They proposed
three-stage taxonomy of characteristic structural changes in
relation to the aneurysm’s maximum diameter. We propose
a new classification of load-bearing elements alteration
based on histometric measurements carried out for a large
group of asymptomatic abdominal aneurysm with a constant
maximum diameter (average diameter 6.9+0.8 cm). We no
longer take into account the maximum aneurysm diameter
as the main aneurysm development parameter, but degree
of elastin and collagen remodeling. First elastin fibres un-
dergo fragmentation and their concentration in the aortic
wall media decreases. As a result of the degradation of the
elastin fibres in the media the vessel’s capacity to carry ten-
sile stresses decreases and collagen production is triggered.
In the second stage, for the sake of progressive elastin fibres
degradations collagen fibres behave compensatory and the
taking over of the elastin fibres’ load bearing function by
them. The third stage is characterized by decreases of the
collagen fibres content in the vascular wall so does the lat-
ter’s tensile strength, which is the main cause of rupture of
the aneurysm. This corroborates the thesis proposed earlier
that the loss of elastin fibres in the AAA wall is connected
mainly with the development of the aneurysm while the
breaking of AAA wall continuity is linked with the degrada-
tion of collagen fibres [25,32,33]. Presented results provide
evidence to risk of AAA rupture is not connected with AAA
size but a remodelling of extracellular matrix proteins.

The presented results indicate that the thickness of the
aneurysm wall and that of its individual layers change with
the changes taking place in the wall structure. Measure-
ments of intima — media thickness is existing in clinical
practise as predictor of arteriosclerosis diagnosis and
development [34]. In clinical conditions vascular wall thick-
ness can be measured (similarly as the AAA diameter) using
non-invasive diagnostic techniques (e.g. ultrasonography or
computer tomography). The use of the new parameter (AAA
wall thickness) for evaluating the degree of advancement
of an aneurysm requires further research, although, as in-
dicated by using cluster analysis, it is theoretically possible
to correlate AAA wall thickness with the number of fibres
and the condition of the vessel’s tissue.

This study has some limitations. Firstly, due to restrictions
associated with open surgical procedures, the current results
were derived from AAA wall samples from the anterior region
of the AAA only. Hence, samples should be obtained from
the anterior, posterior, and both lateral regions of AAA due
to most AAAs are asymmetric as a result of the local support
provided by lumbar vertebrates. Furthermore, abdominal
aortic aneurysm rupture is observed to occur at a greater
rate at the posterior wall than the anteriorly [35]. Recent
reports on the variability in AAA wall strength as a function
of location [36] suggest this may be one of a few factors
to consider whenever using in presented classification.
Secondly, number of elastin and collagen fibers only were
considered. Evaluation of fibers arrangement influences
on AAA development were not discussed. One can expect
that the arrangement is significant as the fibers number
[37]. Three-dimensional fibers arrangement was analyzed
only in scanning electron microscopy, although we did not
obtain quantitative results by this method. Some limita-
tion of our study is fact that semi-quantifications of elastin
and collagen were done through histology, which permits
only histometric measurements of elastin and collagen
content in 2D imaging. Biochemical assay could improve
the knowledge about total quantity of elastin and collagen
fibres in tissue volume. However, the results of biochemical
assays are in general agreement with our results [25,31-33].
Additionally, histological examinations provide more infor-
mation about associate phenomenon, like inflammatory or
neovascularization processes, which could be connected
with the degradation of elastin and collagen fibres [38-40].
Our histological examinations of the walls of aneurysms
revealed extensive inflammatory infiltrations in most of the
cases (presented in [29]). The inflammatory infiltrations are
composed mainly of B lymphocytes, T cells and macro-
phages [6,41]. The inflammatory cells in the media and in
the adventitia come directly from the blood which is supplied
to the wall by the newly forming (as a result of intensified
neovascularization characteristic of this pathology) vessels
of the vessels (vasa vasorum) [1]. In the histological images
of the abdominal aortic aneurysm walls all of them were
discovered (presented in [29]).
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Abstract

Poly-L-lactide (PLLA) is acknowledged biocom-
patible polyester. However, it possesses high crys-
tallinity/brittleness/stiffness and requires long time
for complete degradation. In the current study we
present data on PLTMC, a copolymer of L-lactide
and trimethylene carbonate (TMC). Poly(trimethylene
carbonate) (PTMC) is characterised by good mechani-
cal properties and rapid degradation rate and for this
it might possess new desired features for medical
applications. During the experiments, adhesion and
activity of fibroblasts cultured on PLLA and PLTMC
were studied and compared during two time points
of 3 and 5 days. On day 3, the number of adherent
fibroblasts was compromised when fibroblasts were
cultured in the presence of PLTMC but the proper
adherence was recovered by day 5. The same pat-
tern was observed when we evaluated some activity
parameters of fibroblasts. In particular, the release of
proteins and nitric oxide was studied as the increased
levels of the mediators might indicate unwanted inflam-
matory-like condition. Overall, the results suggest
that the synthesized PLTMC initially shows unwanted
effects on fibroblasts but with the time these effects
are abolished. Therefore PLTMC seems to represent
a new material that is non-cytotoxic and compatible
with the living cells.

[Engineering of Biomaterials, 102, (2011), 7-10]

Introduction

Poly-L-lactide (PLLA) is one of the most promising
biodegradable and absorbable aliphatic polyesters [1,2].
PLLA has been extensively used in biomedical applications,
particularly those that demand good mechanical properties,
biocompatibility, low toxicity and non-immunogenicity [3-7].
However, high crystallinity of PLLA, its brittleness, stiffness,
long-time degradation and induction of local inflammatory
reactions in vivo, consist the main obstacles to limit the ap-
plications of PLLA in tissue engineering [8-13]. The above
properties of the biomaterial can be improved by copolym-
erization of L-lactide with other monomers, e.g. glycolide,
g-caprolactone, trimethylene carbonate (TMC) [14-16].
Among the bioresorbable polymers, poly(trimethylene
carbonate) (PTMC) is of great interest, due to its elasticity
combined with a slow degradation rate in aqueous solutions.
Moreover, PTMC is characterized by rapid degradation
in vivo via enzymatic decomposition without leading to the
formation of acidic products, as in the case of PLLA[17,18].

Furthermore, the high molecular weight PTMCs yield rela-
tively good mechanical properties [19]. Thus, PTMC is a
preferable biodegradable polymer with good mechanical
performance that possesses higher flexibility and evokes
lower acidification of biological fluids than poly-L-lactide.

Therefore in this paper, biocompatibility of poly(L-lactide-
co-trimethylene carbonate) and poly(L-lactide) was tested
with the use of fibroblasts — one of the most numerous
cell types in the body and good candidates for cytoxicity/
biocompatibility testing of different materials [20]. As model
cells murine fibroblasts originating from the cell line L-929
were used.

Materials and Methods

Materials production and characterization

A copolymer of L-lactide and trimethylene carbonate
(PLTMC, molar ratio of co-monomers 50:50; Mn = 68 kDa,
d = 1.8) was kindly provided by Prof. P. Dobrzynski (Center of
Polymer and Carbon Materials, Polish Academy of Sciences,
Zabrze). Synthesis of PLTMC was performed with a low-toxic
zirconium (IV) acetylacetonate as an initiator according to
a method previously described in detail [21]. Poly-L-lactide
(PLLA) with a viscosity-average molecular weight M, of
410 kDa was bought from Purac (the Netherlands).

The PLLA and PLTMC foils were cast from 10% (w/v)
polymer solution in methylene chloride (POCh, Gliwice,
Poland) on glass Petri dishes, followed by air drying for 24 h
and vacuum drying for the next 72 h. Then, the foils were
rinsed with ultra high purity water (UHQ-water of the resistiv-
ity of 18.2 MQcm, produced by Purelab UHQ, Elga, UK) for
12 h. UHQ-water was exchanged 6 times. Afterwards, the
foils were air and vacuum dried for 24 h and 72 h, respec-
tively. The resulting foils had a thickness of 0.18 mm. For all
experiments the bottom surface of the foils, e.g. contacting
glass during preparation process was used.

The water contact angle was measured by sessile drop
method by an automatic drop shape analysis system DSA
10 Mk2 (Kruss, Germany) with the use of UHQ-water. The
surface topography and root-mean square roughness (R...s)
were evaluated by atomic force microscopy in contact mode
(AFM Explorer, ThermoMicroscopes, Veeco, USA) in the
scan areas of 100 um x 100 um. The results were presented
as means + SD of ten (contact angle) and four (R, rough-
ness) individual measurements for each sample.

Cell cultures

For cell culture studies the polymeric foils and control
glass cover slips were washed in 70% ethanol, sterilized
with UV irradiation (45 min for each side) and placed at the
bottom of 24-well dishes (Nunc, Denmark).

The fibroblast cell line L-929 of mouse origin was used in
the studies. The cells were cultured in 75-ml plastic bottles
(Nun, Denmark) in DMEM culture medium enriched with glu-
cose, L-Glutamine (PAA, Austria), 10% foetal bovine serum
(PAA, Austria) and 5% antibiotic solution (Sigma-Aldrich,
Germany) containing penicillin (10 Ul/ml) and streptomycin
(10 mg/ml). The cells were cultured in the incubator (Nuaire,
USA) at 37°C and 5% of CO,.

Every 2-3 days, when the cells were forming high con-
fluence monolayers, the cell cultures were passaged by
trypsinization (0.25% solution of trypsin; Sigma-Aldrich,
Germany). The cells that were harvested after 7 to 10
passages were used in the studies. They were counted in
Burker’s haemocytometer and diluted to 3x10* cell/ml, and
thereafter placed in the wells of 24-well culture dishes (Nunc,
Denmark) containing discs of tested biomaterials or rounded
cover glasses (controls). In such conditions the cells were
cultured for 3 or 5 days.
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Cell adherence studies

The ability of the cells to adhere to glass or polymeric
surfaces was tested using the crystal violet test (CV).
The cells adhering to the foils or glass were fixed with 2%
paraformaldehyde for 1 h, and then stained with crystal
violet (CV; 0.5% in 20% methanol, 5 min). After that time
the foils and glass coverslips were washed with water and
transferred to a new 24-well culture plate. After drying, the
absorbed dye was extracted by addition of 1 ml of 100%
methanol (POCh, Gliwice) to every well. After that the opti-
cal density (O.D.) was measured at 570 nm with the Expert
Plus spectrophotometer (Asys Hitach, Austria). Since the
polymers absorb some crystal violet, additional controls
were run. These were containing biomaterials and cell-free
medium only.

Nitric oxide (NO) studies

Fibroblast activity was evaluated by the Griess method
that allows for measurement of nitric oxide (NO) concen-
tration in supernatants collected from cell cultures. First
100 pl of the supernatant was added to the wells of a 96-well
plate and then 100 ul of a mixture of Griess reagent A and
B (1:1) was added (A: 1% sulfamilamide in 5% H;PO,,
B: 0.1% naftylenediamine in H,O; Sigma-Aldrich, Germany).
After 5-min incubation the optical density was measured
at 570 nm with spectrofotometr Expert Plus (Asys Hitach,
Austria).

Protein production

Protein concentration in the supernatants collected from
cell cultures was measured by the colorimetric BCA method.
A mixture of copper (Il) sulfate solution (CS, Sigma, Germa-
ny) and bicinchoninic acid solution (BCA; Sigma, Germany)
in ratio 1:50 was firstly prepared. Subsequently, 10 ul of
each tested sample was transferred to the wells of a 96-well
plate and then 200 pl of the CS/BCA mixture was added.
The plates were incubated for 30 min in the dark. After that
time the optical density was measured at 570 nm with Expert
Plus spectrophotometer (Asys Hitach, Austria).

Statistical analysis

ANOVA followed by a post-hoc T-Tukey test was used for
statistical analysis; p<0.05 was considered as statistically
significant. All values are reported as means + SE.

Results and discussion

Properties of polymer foils

It is widely accepted that surface chemistry and surface
topography are regarded as important parameters which
influence biological properties (e.g. cell adhesion, prolif-
eration, activation and secretion) of artificial materials and
as results have the impact on their biocompatibility. To this
end hydrophobic/hydrophilic properties and topography/
roughness of polymer materials used in this study were
characterised. Water contact angle and R, roughness
values of the studied materials are gathered in TABLE 1.
PLLA and PLTMC are relatively hydrophobic and exhibit
similar, high water contact angles values of about 80 de-
grees, and any statistical differences were found between
them. PLLA surface was more rough and textured with
well developed crystalline spherullites consisting on lamel-
lae (FIG. 1A). On the contrary, the surface of PLTMC was
smooth, flat and less textured (FIG. 1B). R, values of PLLA
were significantly higher than those of PLTMC.

TABLE 1. Water contact angle and RRMS roughness
of polymeric materials; means * SD.

Material Water contact angle
(degree)
PLLA 78.3+2.6 160 £ 24
|LPLTMC 80.5+1.3 48 + 18 I
A
1.50 pm

0.00 pm

O pm 50 pm 100 pm

100 pm

50 pum

FIG. 1. AFM Surface topography of PLLA (A) and
PLTMC (B).

Cell cultures

L-929 fibroblast cell line is frequently used to test
cytotoxicity and it is one of the recommended cell lines for
biocompatibility testing due to its optimal sensitivity and
easiness of culture [20]. For the determination of biocompat-
ibility of the PLTMC, in comparison to PLLA and glass, the
mouse fibroblasts L-929 were tested for their adhesion to
the materials as well as their activation state.

The cell adhesion is an important step in a wide variety
of biological processes. It depends on the biocompatibility
of synthetic implant materials and it plays a key-role in
tissue and organ formation and in generation of traction
for migration of cells [22]. In our studies we tested fibrob-
lasts cultured on PLLA, PLTMC and control glass for 3
and 5 days (FIG. 2). On day 3, the number of adherent
fibroblasts was comparable to the control in the case of
the PLLA, but the presence of PLTMC decreased the cell
adherence (FIG. 2A). On day 5, the number of adherent
fibroblasts on the PLLA was even higher than that on the
control and, importantly, it was not altered on the PLTMC
(FIG. 2B). This shows that although at first PLTMC had
an unfavourable effect on fibroblast adherence this has
changed with time suggesting its proper biocompatibility.
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FIG. 2. Ability of murine fibroblasts L-929 to adhere
to control/polymeric surfaces after 3 (A) and 5 (B)
days of culture on either control glass or polymers
PLLA and PLTMC. O.D. - optical density measured at
570 nm. The results are presented as means * SE.
Different letters (e.g. a vs. b) indicate statistically
significant differences between the groups accord-
ing to ANOVA.
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FIG. 3. Nitric oxide (NO) levels in supernatants
collected from murine fibroblast L-929 cultures after
3 (A) and 5 (B) days on either control glasses or
polymers PLLA and PLTMC. O.D. - optical density
measured at 570 nm. The results are presented as
means * SE. Different letters (e.g. a vs. b) indicate
statistically significant differences between the
groups according to ANOVA.

The attachment of mouse fibroblast NIH/3T3 to the PLLA
and PLTMC was also studied by Ji and co-workers [15].
Their results showed that after 24 h incubation the fibrob-
lasts spread much better and had better size/morphology
on PLTM than PLLA. Moreover, the prolonged (4-5 days)
culture of the cells significantly increased cell proliferation
when cultured on PLTMC, but not on PLLA, in comparison to
the control glass [15]. Therefore their results revealed similar
pattern as observed in our studies, however, this should be
pointed out that Ji and co-workers [15] used another ratio of
L-lactide and TMC (85:15) than was used in our analyses
(50:50) and they tested another fibroblast cell line (NIH/3T3
vs. L-929, respectively).

FIG. 4. Total protein content in supernatants colle-
cted from murine fibroblast L929 cultures after 3 (A)
and 5 (B) days on either control glasses or polymers
PLLA and PLTMC. O.D. - optical density measured
at 570 nm. The results are presented as means *
SE. Different letters (e.g. a vs. b) indicate statisti-
cally significant differences between the groups
according to ANOVA.

On the other hand, Yang et al. [14] tested adherence of
multiple homo- and heteropolymers on platelet adhesion.
Low degree of activation with few adhered platelets indi-
cates good anticoagulant properties of the polymer and the
haemolytic ratio (HR) below 5% is acceptable for medical
application. In the case of PLTMC (50:50) the HR value was
1.6% and it was the lowest among the other tested heter-
opolymers [14]. In general, whenever PLLA was modified
by synthesis of heteropolymers with various, sometimes
very different, polymers the resulting heteropolymer had
improved cell adherence and/or cell proliferation properties.
For example, Casarano and co-workers [23] documented
enhanced cell adhesion and proliferation rate when 3T3-L1
fibroblasts were cultured in presence of heteropolymer of
PLLA and poly(isosorbide succinate-b-L-lactide).

Interactions between materials and cells may influence
the secretory activity. Nitric oxide (NO), a short-lived radi-
cal is an important immune mediator with profound cytotoxic
reaction towards surrounding cells and tissues [24]. Con-
sequently, nitric oxide serves as a good indicator of inflam-
mation and should be monitored e.g. during the wound
healing process [25]. Our results demonstrated that on day
3 production of nitric oxide by fibroblasts cultured on PLTMC
was significantly increased in comparison to the control
glass and PLLA (FIG. 3A). However, after 5-day incubation
fibroblasts cultured on either PLLA or PLTMC polymers
produced significantly less NO than the control fibroblasts
(FIG. 3B). Therefore once again we observed that the initially
undesired reaction was normalized with time.

The increased synthesis of NO might indicate that also
other inflammatory mediators are being generated. For this
we evaluated total levels of released proteins in the culture
supernatants. As expected, we detected that on day 5 secre-
tion of proteins in the presence of both PLLA and PLTMC
was decreased in comparison to the control glass (FIG. 4B)
while at first, on day 3, it was increased in the presence of
PLTMC (FIG. 4A).
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In the current preliminary study we measured the basic
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ability to adhere to the tested polymers (also indirectly in-
dicative of cell viability) and their activity estimated by ratio
of released proteins, and potentially cytotoxic/inflammatory
NO. Overall, the results suggest that the PLTMC (50:50)
initially shows unwanted effects on fibroblasts but with time
(within only two days) these effects are abolished. Therefore
PLTMC seems to be non-cytotoxic and compatible with the
living cells.

Our further work will concentrate on detailed studies of
PLTMC effects on fibroblasts and other cell types as well as
analyses of production of particular biological mediators.
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Abstract

PCL (poly-e-caprolactone) is a biocompatible and
biodegradable polymer of aliphatic polyester group.
However, PCL does not effectively bind to the bone
in contrast to bioactive inorganic compounds such
as wollastonite. For this wollastonite (WS) is regar-
ded as a potential bioactive material for bone tissue
engeenering although its main drawback is brittlennes.
Therefore we synthesized polymer nanocomposite
materials composed of poly-e-caprolactone and wolla-
stonite (PCL/wollastonite) containing either 0.5% or
5% of the latter modifying filler. And we aimed to verify
biological properties of the nanocomposite PCL/WS
materials, in comparison to the pure PCL, on cultures
of osteoblast-like cells MG-63. The study revealed that
the adherence of the osteoblast-like cells to the tested
materials was enhanced by the PCL modification
(PCL/5WS > PCL/0.5WS > PCL) while cell viability/
proliferation was not altered. Furthermore, the activity
of alkaline phosphatase indicative of osteoblast diffe-
rentiation (maturation) was enhanced when the cells
were cultured with either PCL/5WS or PCL/0.5WS.
Overall, our results indicate that PCL-modified wolla-
stonite improves biological properties of the basic
biomaterial suggesting its potential usefulness/appli-
cation for the bone tissue regeneration.

Keywords: polycaprolactone, wollastonite, osteoblast-
like MG-63 cells, cell adhesion, viability, proliferation,
alkaline phosphatase

[Engineering of Biomaterials, 102, (2011), 11-14]

Introduction

Biodegradable polymers are widely used in bone regen-
eration. PCL (poly-e-caprolactone) is a biodegradable poly-
mer of aliphatic polyester group. Due to its semi-crystalline
nature and hydrophobicity, degradation of PCL is remarkably
slow (years) since the close packed macromolecular arrays
retard fluid ingress in the bulk [1]. PCL is highly compatible
with osteoblasts and, hence, it may be suitable for long-term
implant applications [2]. PCL has attracted much interest

because of its cost-efficiency, high toughness, and process-
ability resulting from its relatively low melting temperature.
Poly-e-caprolactone is a non-toxic product, having good
ability to mix and good mechanical compatibility with bioac-
tive materials [3].

Tissue engineering offers a promising new approach for
bone repair. Significant characteristics of bioactive materi-
als are connected with their ability to bind with living bone
through formation of an apatite interface layer. Moreover,
various types of biomaterials containing CaSiO,, such as
bioactive glasses, glass-ceramics, and wollastonite are
regarded as potential bioactive materials for bone tissue
regeneration due to their osseointegration properties [4-6].
Some studies have shown that wollastonite has excellent
bioactivity and is a potential candidate of new biomaterials
for tissue repair [7]. However, the extensive use of wolla-
stonite is limited by its dissolution and high degradation rate
leading to a high pH value in the surrounding environment
[8,9] which can disadvantage cell growth thereby affecting
their osseointegration ability [10].

Yet, there exist no pure polymers that can effectively bind
to the bone in vivo, thus the composites of biodegradable
polymers with bioactive inorganic phases are still a promis-
ing approach. Accordingly, combination of PCL with bioactive
inorganic materials could bring out the advantages of both
materials. Therefore, the aim of this study was to investigate
effects of polymer nanocomposite material composed of
poly-e-caprolactone/wollastonite (PCL/WS) on biological
properties of osteoblasts-like cells MG-63.

Materials and methods

Surface modification

Poly-e-caprolactone (PCL) was purchased from Sigma—
Aldrich and it was used as a matrix raw-material for nano-
composites. PCL characteristic were as follows: molecular
mass, M, 80,000; melting temp. 60°C; polydispersion, M,/M,
< 2; the degree of crystallinity determined by DSC, 42.2%.
Wollastonite nanopowder was used as a modifier of PCL.
It was synthesised at the Department of Biomaterials, AGH
University of Science and Technology (Krakéw, Poland),
based on poly-methyloxosilane resin Lukosil 901 (Lucebni
Zavody, Kolin, Czech Republic) as a precursor. Silica (SiO,)
and calcium hydroxide Ca(OH), were applied as inorganic
additives. The resin was thermally cross-linked, milled
and then mixed with inorganic additives using the weight
ratio 65:35 (10SiO,, 25Ca(0OH),). The pellets were formed
from powder mixture by uniaxial pressing and the prepared
material was subjected to pyrolysis in neutral atmosphere
at the temperature of 1000°C during 24 h, with heating
rate of 0.7°C/min. Wollastonite (WS) ceramic made in this
way contained silica oxycarbide (about 10 wt %), being
formed during the pyrolysis of the resin. Thus obtained ce-
ramic product was then milled in an attritor grinder for 12 h.
In order to define the average grain size and the grain size
distribution, the Nanosizer-ZS Malvern Instruments were
used, having the ability to measure the size of particles in
the range from 0.6 nm to 6 mm.

The polymer matrix nanocomposite samples were pre-
pared in the form of foils of 0.2 mm thick. Dichloromethane
was applied as a solvent of PCL matrix material to which
wollastonite powder was added and then the suspensions
were homogenized with use of an ultrasonic homogenizer,
making the suspension uniform and breaking down powder
soft agglomerates [11-13]. Nanocomposite samples were
prepared, containing the following amounts of modifying filler
(by volume): PCL/0.5% and PCL/5%. Samples without wolla-
stonite content were prepared as reference materials.
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Cell culture

For cell culture studies the resorbable polymers (PCL/
WS) were washed in 70% ethanol and sterilized with UV
irradiation (45 min for each side). The osteoblasts-like cells
MG-63 were routinely grown in 75 ml flasks in Dulbecco’s
Modified Eagle Medium with glucose and L-Glutamine (PAA,
Austria), 10% foetal bovine serum (PAA, Austria), 100 U/mL
penicillin, and 100 ug/mL streptomycin (Sigma, Germany)
in a 5% CO, and 95% air atmosphere at 37°C. A flask of
cells was brought into suspension after incubating for 5
min with 0.5% trypsin plus EDTA (PAA, Austria). Following
trypsinization, the cells were washed by centrifugation at
400 g for 5 min to form a pellet that was resuspended in
fresh supplemented medium to a concentration of 3 x 10*
cells/ml. Next, 1 ml of cell suspension was added to each
well of 24-well plates (Nunclon, Denmark) containing sterile
nanocomposite samples. Samples without wollastonite (pure
PCL) served as a control. Cultures were performed for 3 or
7 days at 37°C in a 5% CO, and 95% air atmosphere.

Biological properties

At the selected time points (3 or 7 days), supernatants
from the above cells cultured on biomaterials were collected
and frozen for osteoblast activity evaluation.

Afterwards, the cells were stained for 2 min. with 0.01%
acridine orange in PBS, washed with PBS, and the cell
cultures were observed and photographed under the fluo-
rescence microscope for evaluation of their morphology and
attachment to the studied biomaterials.

Estimation of adherent cell mass was achieved by crystal
violet staining/extraction (CV test). Cells cultured on studied
materials were washed twice with PBS (phosphate buffered
saline), fixed in 2% paraformaldehyde for 1 h at 21°C and
stained with 0.5% crystal violet in 20% methanol for 5 min.
Then the cells were washed with tap water, and dried in
air. The adsorbed stain was extracted by addition of 1 ml of
100% methanol (POCh, Gliwice, Poland) and optical density
was measured with an Expert Plus spectrophotometer (Asys
Hitech, Eugendorf, Austria) at 570 nm.

The viability of cells was estimated by the MTT assay.
Briefly, a 100 ul of 5 mg/ml MTT (3-[4,5-dimethyl-thiazol-2-ylI]-
2,5-diphenyltetrazolium bromide, Sigma-Aldrich, Germany)
water solution was added to each well. After 1 h incubation in
the dark at 37°C the reaction was stopped by pouring 1 ml of
isopropanol containing 3% of HCI (POCh, Gliwice, Poland)
and the optical density of formazan was determined at 570 nm
with the Expert Plus spectrophotometer.

Protein concentration in the supernatants was meas-
ured by the colorimetric BCA method. A mixture of copper
(II) sulphate solution (CS, Sigma-Aldrich, Germany) and
bicinchoninic acid solution (BCA; Sigma, Germany) in ra-
tio 1:50 was firstly prepared. Subsequently, 10 ul of each
tested sample was transferred to wells of a 96-well plate
and then 200 pl/well of the CS/BCA mixture was added.
The plates were incubated for 30 minutes in the dark.
The optical density was measured at 570 nm with the Expert
Plus spectrophotometer.

For assessment of alkaline phosphatase (ALP), the
production of p-nitrophenol in the presence of ALP was
measured by a bone-specific immunoassay (Metra BAP
EIA kit; Quidel, San Diego, USA) according to the manu-
facturer’s instructions.

Statistical analysis

The results were reported as mean values +/- the stand-
ard error (SEM). Statistical analyses were performed using
the T-Tukey’s test. The statistical significance of differences
was set at p < 0.05.

Results and discussion

In this study, we evaluated biological properties of pure
PCL and its modifications i.e. nanocomposites with wolla-
stonite (PCL/WS) using the osteoblast-like MG-6 cell culture
system, which has been frequently used for elucidating
the responses of bone cells to biomaterials [14]. A proper
cell attachment belongs to the first phase of cell/material
interactions and the quality of this first phase will influence
the cell capacity to grow and proliferate as well as the cell
morphology, proliferation and viability upon contact with the
implant material. In the present study the relative number
of cells adhering to different materials was assessed using
crystal violet (CV) assay because cell absorbance of CV
serves as an indicator of the relative number of cells on the
materials. The results of the cell attachment studies revealed
that osteoblast adherence to the materials was improved by
one of the PCL modifications (PCL/5%WS) already on day
3 of the experiment. However, the long term (7-day) incuba-
tion with either wollastonite modification of PCL significantly
improved osteoblast ability to adhere in comparison to the
unmodified PCL (FIG. 1). Fluorescent microscopy showed
the morphological features of osteoblast-like cells cultured
on the PCL, PCL/0.5WS and PCL/5WS (as showed for 7
days on the FIG. 2). Apparently significantly more cells were
present when the cells were cultured on the wollastone
nanocomposites of PCL (PCL/5WS > PCL/0.5WS) then on
the pure PCL (FIG. 2). This is in line with our data from the
CV studies and with reports of other groups. In particular,
Ni and co-workers [15,5] investigated bioactive porous
CaSiO, scaffolds and examined their effects on adherence
and proliferation of the osteoblast-like cells. On day 7 of in-
cubation the two parameters were improved as compared to
the control [5]. A similar phenomenon was observed by Wei
and co-workers [16]. The osteoblast-like cells adhered better
to the mesoporous wollastonite/PCL composite scaffolds
(m-WSP/PCL) than to that of PCL or tissue culture plate.
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FIG. 1. The adherence of osteoblast-like MG-63
cells to PCL (poly e-caprolactone), and modified
PCL [poly e-caprolactone/0.5% wollastonite (PCL/
0.5WS) and poly €- caprolactone/5% wollastonite
(PCL/5WS)] at 3 and 7 days of culture. O.D. - the
optical density measured at 570 nm. The results are
presented as means * SE. Different letters (e.g. a vs.
b or A vs. B) indicate values significantly different
when tested against PCL by means of the T-Tukey’s
test (p<0.05).



FIG. 2. Morphology of osteoblasts-like cells (MG-63)
grown on a control material PCL and on modified
PCL nanocomposites [poly e-caprolactone/0.5%
wollastonite (PCL/0.5WS) and poly &-caprolac-
tone/5% wollastonite (PCL/5WS)] analyzed by
fluorescence microscopy after 7-day incubation.
(A) PCL, (B) PCL/0.5WS, and (C) PCL/5WS.

Itis known that the cellular responses to a given material,
such as adhesion, proliferation and differentiation depend
not only on its physical status but also on its chemical
composition which is relevant to the level of ions released
from the material and consequent cell-material interactions.
Consequently, it was shown that solution containing high Si
concentrations is mitogenic for bone cells [17]. Moreover,
Xynos [18] reported that ionic products (Si and Ca) of bioac-
tive glass dissolution could stimulate osteoblast prolifera-
tion. In the current studies we evaluated viability/prolifera-
tion of the osteoblast-like cells by the MTT test (FIG. 3).
The viability/proliferation of MG-63 cells was not altered
between the polymer nanocomposite samples and the
PCL control. Therefore the obtained results indicate that
the developed PCL/wollastonite nanocomposites are not
cytotoxic.
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FIG. 3. The viability/prolifferation of osteoblast-
like MG-63 cells on PCL (poly e-caprolactone), and
modified PCL [poly e-caprolactone/0.5% wolla-
stonite (PCL/0.5WS) and poly &-caprolactone/5%
wollastonite (PCL/5WS)] at 3 and 7 days of culture.
0O.D. - the optical density measured at 570 nm.
The results are presented as means * SE.
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FIG. 4. Alkaline phosphate (ALP) activity of os-
teoblast-like MG-63 cultured with the PCL (poly
g-caprolactone) and modified PCL [poly e-capro-
lactone/0.5% wollastonite (PCL/0.5WS) and poly
g-caprolactone/5% wollastonite (PCL/5WS)]. ALP
content was measured in supernatants collected
from osteoblasts cultured in the presence of the
polymers for either 3 or 7 days. The results are
presented as means * SE. Different letters (e.g. a vs.
b or A vs. B) indicate values significantly different
when tested against the control by means of the
T-Tukey’s test (p<0.05).

Additionally, the lack of differences in proliferation rate
might indicate that the cells have been translated to differ-
entiation rather than division [19]. This was further confirmed
by detection of higher levels of active alkaline phosphatase
in supernatants of the cells cultured with PCL/0.5WS and
PCL/5WS than PCL. This implies upregulated osteoblastic
differentiation in the presence of wollastonite. Moreover,
alkaline phosphatase ALP activity is recognized as an early
marker for the functionality and activity of osteoblasts in
in vitro experiments [20]. In particular, we detected that on
day 3, the ALP activity observed in the supernatants of the
cells cultured on both polymer composites (PCL/0.5WS and
PCL/5WS) was comparable to the control PCL, but on day 7
the ALP activity was higher in the case of the nanocompos-
ites than in the PCL cultures (FIG. 4). Similar effects have
reported by Ni and co-workers when they studied effects of
porous CaSiO,on osteoblast-like cells [15,5].
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FIG. 5. Production/release of proteins by osteob-
last-like MG-63 cells in the presence of the tested
polymer samples. The cells were incubated with the
PCL (poly e-caprolactone) and modified PCL [poly
g-caprolactone/0.5% wollastonite (PCL/0.5WS) and
poly e-caprolactone/5% wollastonite (PCL/5WS)].
The total protein content was measured in super-
natants collected from osteoblast cultured in the
presence of the polymers for either 3 or 7 days.
The results are presented as means * SE. Different
letters (e.g. a vs. b or A vs. B) indicate values sig-
nificantly different when tested against the control
by means of the T-Tukey’s test (p<0.05).
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Streszczenie

Oryginalna sztuczna komora wspomagania serca
POLVAD opracowana w Polsce, zostata zastosowana
dotychczas w leczeniu ponad 210 pacjentow. Najdtuz-
Sze wspomaganie serca za pomocq komory POLVAD
trwato ponad rok. Dla protezy tej opracowywana jest
innowacyjna zastawka dyskowa, z nisko profilowym
pierscieniem wykonanym ze stopu tytanu. Dla zmi-
nimalizowania trombogennosci pierscienia zastawki
opracowano dyfuzyjne warstwy powierzchniowe: azo-
towang typu TiN+Ti,N+aTi(N) i tlenoazotowang typu
TiO,+TiN+Ti,N+aTi(N), wytwarzane obrobkg jarze-
niowq na potencjale plazmy. Trombogenno$c réznych
kompozycji warstw zostata porbwnana w aspekcie
aktywacji i adhezji ptytek krwi do powierzchni bioma-
teriatu. Oceniono réwniez wptyw metody sterylizacji
biomateriatu na intensywnos$¢ adhezji trombocytow
do jego powierzchni. Warstwy TiN oraz TiO, wykazaty
najnizszg trombogennosc¢, przy czym dla warstwy TiN
korzystniejsza jest sterylizacja gazowa, podczas gdy
dla warstwy TiO, - sterylizacja plazmowa.

[Inzynieria Biomateriatow, 102, (2011), 15-22]

Wprowadzenie

Mechaniczne protezy zastawek serca sg wszczepiane
jako implanty w miejsce uszkodzonej natywnej zastawki
serca, ale stosowane sg takze w sztucznych sercach i ko-
morach wspomagania serca na catym $wiecie. W Polsce
od 1999 r. stosowany jest system wspomagania serca
POLCAS, w sktad ktérego wchodzi pozaustrojowa komora
wspomagania serca POLVAD i jednostka sterujgca pracg
komory. Do dnia dzisiejszego system POLCAS zostat za-
stosowany w leczeniu ponad 210 pacjentéw w przypadkach
ostrej niewydolnosci serca - jako pomost do regeneracji
lub transplantacji serca. Najdtuzsze wspomaganie serca
za pomocg komoér POLVAD trwato 403 dni. Komora POL-
VAD (RYS. 1a) poczatkowo wyposazona byta w zastawki
dyskowe firmy Sorin (RYS. 1b), dzisiaj wyposazona jest w
zastawki dyskowe firmy Medtronic Hall (RYS. 1c¢). Cechg
charakterystyczng tych zastawek jest wysoki profil elementu
prowadzgcego dysk zastawki - zlokalizowanego w centrum
strumienia krwi przeptywajacej przez zastawke. Element ten
powoduje regionalne turbulencje przeptywu krwi, zwieksza-
jac ryzyko powstawania skrzeplin w obszarze pierscienia
zastawki. W ramach programu ,Polskie Sztuczne Serce”
prowadzone sg badania nad opracowaniem konstrukcji ory-
ginalnej polskiej zastawki dyskowej dla protez serca, bazuja-
cej na projekcie zastawki prof. J. Molla [Moll J.J. patent USA
4.661.106, 1987; Moll J.J. patent USA 4.725.275, 1987].
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Abstract

The original ventricular assist device POLVAD
developed in Poland was used in over 210 patients
so far. The longest POLVAD heart assistance exci-
ded one year. The innovative tilting disk valve with
low profile ring made of titanium is developed for
POLVAD. To minimize the valve ring thromboge-
nicity the diffusive surface layers were manufac-
tured: nitriding TiN+Ti,N+aTi(N) and oxynitriding
TiO,*+TiN+Ti,N+aTi(N), in the glow discharge process
on the plasma potential level. The thrombogenicity of
different layers composition was compared regarding
platelets activation and platelets adhesion to the
material surface. The influence of material sterilization
method on the platelets adhesion intensity was evalu-
ated in addition. The nitriding TiN and oxynitriding TiO,
layers have demonstrated the lowest thrombogenicity
while the gas sterilization was the most profitable for
nitriding layers — TiN and the plasma sterilization for
oxynitriding layers — TiO,.

[Engineering of Biomaterials, 102, (2011), 15-22]

Introduction

The mechanical heart prostheses are used as the im-
plants in the place of damaged native heart valve, but they
are also used in the ventricular assist devices and artificial
hearts all over the world. The original mechanical circulatory
system POLCAS is clinically used since 1999. It consists of
the ventricular assist device POLVAD and the driving unit
POLPDU. Until now it was used in more than 210 cases of
the end stage heart failure support — as the bridge to the
heart regeneration or heart transplantation. The longest ef-
fective heart assistant with ventricular assist device POLVAD
lasted 403 days. The ventricular assist device POLVAD
(FIG. 1a) firstly was provided with Sorin tilting disc valves
(FIG. 1b), currently the tilting disk Medtronic Hall valves
(FIG. 1c) are used. The feature of these valves is high pro-
file of the elements holding the valve disc — located in the
centre of the blood flow. The holding disc element causes
local blood flow turbulences increasing the risk of thrombus
formation in the valve ring area. Within the national research
program “Polish Artificial Heart” the new construction tilting
disk valve is performed pursuant originally proof. J. Moll
construction [Moll J.J. patent USA 4.661.106, 1987; Moll
J.J. patent USA4.725.275, 1987]. The ring elements holding
the valve disc are small and they are located very close to
the valve ring releasing the blood flow area from disturbing
blood flow profiles (FIG. 1d).
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RYS. 1. a) sztuczna komora POLVAD; b) zastawka dyskowa Sorin; c) zastawka dyskowa Medtronic Hall;
d) nowa zastawka dyskowa.
FIG. 1. a) ventricular assist device POLVAD; b) tilting disc Sorin valve; c) tilting disc Medtronic Hall valve;
d) new tilting disc valve.

Pierscien tej zastawki prowadzi dysk za pomocag matych ele-
mentéw (RYS. 1d), zlokalizowanych przy Scianie pierscienia,
uwalniajac przestrzen przeptywu krwi przez zastawke od
profili wywotujacych zaburzenia przeptywu.

Ze wzgledu na wysokg biozgodnos¢ oraz wysoka od-
pornos¢ na biodegradacje tytanu i jego stopow [1-3] w
opracowywanej zastawce przewidywane jest wykorzysta-
nie tych materiatéw na pierscienie zastawki. Opisywana
w literaturze wysoka trombogennos¢ tytanu i jego stopow
[4,5] stanowi podstawe badan nad opracowaniem warstw
modyfikujacych powierzchnie pierscienia zastawki w
aspekcie zapewnienia niskiej trombogennosci powierzchni
biomateriatu przy jednoczesnym zachowaniu dobrych
wiasciwosci mechanicznych tytanu i jego stopu. W pracy
przeprowadzono badania poréwnawcze trombogennosci
trzech warstw azotowanych, tlenoazotowanych i tlenowe-
gloazotowanych z przypowierzchniowg strefg faz: TiN, TiO,,
Ti(OCN) wytworzonych na podtozu stopu tytanu Ti6AI4V
metoda niskotemperaturowych obrébek jarzeniowych.
Trombogennos$¢ oceniano poprzez poréwnanie stopnia,
w jakim powierzchnia biomateriatu aktywuje trombocyty.
Oceny aktywacji trombocytow dokonano w warunkach
statycznej i dynamicznej ekspozycji powierzchni biomate-
riatu do krwi. W pracy wykonano réwniez analize wptywu
metody sterylizacji na wkasnosci trombogenne powierzchni
wytworzonych warstw.

Materiat i metody

Dyfuzyjne warstwy powierzchniowe zostaty wytwo-
rzone na Wydziale Inzynierii Materiatowej Politechniki
Warszawskiej w procesach azotowania, tlenoazotowania
i tlenowegloazotowania. Trzy warstwy dyfuzyjne o struk-
turze nanokrystalicznej i grubosci rzedu kilku ym typu
(sktad fazowy warstw od powierzchni): TiN+Ti,N+aTi(N),
TiO,+TiN+Ti,N+aTi(N) oraz Ti(OCN)+TiN+Ti,N+aTi(N)
zostaty wytworzone w niskotemperaturowych procesach
obrébek jarzeniowych w temperaturze ponizej 700°C na
wypolerowanych dyskach ze stopu Ti6Al4V (o $rednicy
14,5 mm i grubosci 3 mm).

Badanie topografii i struktury powierzchni

Mikrostrukture warstwy oceniono w badaniach na
mikroskopie skaningowym (HITACHI S-3500). Pomiary
chropowatosci powierzchni wykonano profilometrem (Wyko
NT9300) oraz na mikroskopie sit atomowych (Veeco model
Multimode Nanoscope V).

Badania trombogennosci powierzchni

Badania trombogennosci powierzchni wykonano w dwoch
réznych modelach warunkéw kontaktu krwi z powierzchnig,
biomateriatu: statycznych i dynamicznych.

Due to high biocompatibility and high biodegradation
resistance of titanium and its alloys [1-3], using these materi-
als to the valve ring construction is taken into account. High
thrombogenicity of titanium and its alloys [4,5] reported in
the literature, is a basis for development of modified layers
on the valve ring surface, in order to provide low biomate-
rial surface thrombogenicity and protect the good titanium
mechanical properties at the same time. The comparative
thrombogenicity tests of the nitriding, oxynitriding and car-
booxynitriding layers with the surface phase areas: TiN,
TiO, and Ti(OCN) produced on the titanium alloy in the
low temperature glow discharge process were done. The
thrombogenicity was evaluated by the comparison of the
platelets activation due to the biomaterial surface contact.
The platelets activation in the conditions of static and
dynamic biomaterials surface exposure to the blood was
evaluated. The influence of sterilization method influence
on the layers surface thrombogenicity was also evaluated.

Materials and methods

The diffusive layers were produced by the Material
Engineering Department of Warsaw Technological Uni-
versity in the nitriding, oxynitriding and carbooxynitriding
processes. The three diffusive nano-crystalline layers with
micrometric thickness type (the layers phase composition
from the surface): TiN+Ti,N+aTi(N), TiO,+TiN+Ti,N+aTi(N)
and Ti(OCN)+TiN+Ti,N+aTi(N) were produced in the low
temperature glow discharge process in the temperature
below 700°C, on the polished disk surface made of titanium
alloy Ti6AI4V (14.5 mm diameter; 3 mm thickness).

Surface topography and structure tests

The layer microstructure was evaluated by the scan-
ning microscope examination (HITACHI S-3500). The
surface roughness was evaluated using the profilometry
(WykoNT9300) and the atomic force microscope (Veeco
Multimode Nanoscope V).

The surface thrombogenicity tests

The surface thrombogenicity tests were done in the dif-
ferent conditions: static and dynamic biomaterials surface
exposure to the blood.

In the static thrombogenicity tests the biomaterial
samples were incubated for 20 minutes and 2 hours in
the temperature of 37°C in 400 pl of rich platelets plasma,
which was prepared from the blood of two healthy do-
nors. The cells adhered to the samples surface were
fixed with 2.5% glutaraldehyde and dehydrated with
increasing concentration of ethylene alcohols and pro-
pylene oxide. Then the cells were covered with the gold
layer of 10-15 nm thickness (Fine coater Jeol JFC 1200).
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Badania w warunkach statycznych polegaty na ekspo-
zycji probek biomateriatu przez czas 20 minut i 2 godzin w
temperaturze 37°C w 400 ul osocza bogato ptytkowego,
przygotowanego z krwi dwoch zdrowych dawcow. Komorki
zaadherowane na powierzchni probek utrwalane w 2,5%
glutaraldehydzie w buforze kakodylowym odwadniano
w alkoholach etylowych o rosngacych stezeniach i w tlenku
propylenu. Nastepnie napylano warstwg ztota grubosci ok.
10-15 nm (Fine coater Jeol JFC 1200). Preparaty badano w
mikroskopie skaningowym. Fotografowano losowo wybrane
mikroobszary strefy brzegowej i czesci centralnej probek.
W dalszej kolejnosci wykonano analize morfometryczng
obserwowanych komoérek. Za pomocg badania skaningo-
wej mikroskopii elektronowej analizowano morfologie oraz
rozmieszczenie ptytek i agregatow ptytkowych. Nastepnie
za pomocg programu morfometrycznego Cell® (Olympus)
zliczano w badanych mikroobszarach zadherowane ptytki
i agregaty ptytowe (n/1420 pm?2).

Badania w warunkach dynamicznych polegaty na
wytworzeniu modelu naprezen scinajgcych na granicy
powierzchni biomateriatu z krwig odpowiadajgcych tym,
jakie oddziatywajg na krew przeptywajacg przy $cianach
naczyn tetniczych sredniej wielkosci. Model takich zjawisk
jest wykorzystywany do pomiaru adhezji trombocytow w
urzadzeniu diagnostycznym Impact-R (DiaMed, Szwaijcaria).
Nad prébkg materiatu (dysk o $rednicy 14,5 mm bez i z
powierzchniowg warstwa) 130 ul krwi wprowadzane jest w
wirowanie z predkoscig 720 obr/min przez czas 300 sekund.
Po ekspozycji krew poddawana byfa ocenie pod katem:
liczebnosci krgzacych trombocytéw, liczebnosci agregatéw
ptytkowych (z réznicowaniem na duze i mate) oraz poziomu
aktywacji trombocytéw wyrazanej ekspresjg Selktyny-P oraz
receptora Gpllb/llla - w badaniu cytometrii przeptywowe;.

Rezultaty

Mikrostruktura i topografia powierzchni

Warstwy wytworzone w procesach azotowania, tlenoazo-
towania i tlenowegloazotowania jarzeniowego wykazywaty
jednorodng strukture w catym przekroju probki (RYS. 2),
posiadaly jednorodng topografie powierzchni (RYS. 3,4,
TABELA 1) i mikrotwardo$¢ powierzchni (kolejno): TiN —
1200 HV 0.05, TiO, — 880 HV 0.02, Ti(OCN) - 1300 HV 0.05.

Trombogennos$¢ powierzchni w warunkach statycznych
Adhezja ptytek do powierzchni biomateriatu

Pierwszym badanym aspektem byta adhezja ptytek
krwi do powierzchni probek biomateriatow po statycznej
ekspozycji do osocza bogato ptytkowego. Zaobserwowano
réznice w adhezji ptytek w strefie brzegowej w poréwnaniu
ze strefg centralng wszystkich badanych prébek. Mniejsza
ilos¢ ptytek krwi zaadherowata na krawedziach niz w $rodku
probek (RYS. 5). Liczba plytek krwi zaadherowanych na
prébkach istotnie zalezata

The preparations were tested in scanning microscope.

The micro areas of the sample edge and sample centre ® ® @ ® ® © o

randomly chosen were photographed. Afterwards the morfo-
metric analysis of the observed cells was done. The platelets
morphology, platelets and platelets aggregates arrange-
ment were analyzed by the scanning electron microscope.
Using the morfometric program Cell? (Olympus) the adhered
platelets and platelets aggregates in tested micro areas were
counted (n/1420 um?).

The dynamic thrombogenicity tests consists in the
shear-stress model creating in the blood layer contacting
biomaterial surface, similar like the shear-stresses affect-
ing on the blood flowing near the vessel wall in the medium
size arteries. The shear-stress model is used to test the
platelets adhesion in the diagnostic equipment Impact-
R (SiaMed, Switzerland). Over the material sample (the
disc with and without diffusive layer - diameter 14.5 mm)
130 pl of blood is rotating with velocity 720 rpm/min for 300
s. After the exposure the blood parameters were analyzed:
the number of platelets consequently circulating in the blood,
number of the platelets aggregates (small and big platelets
aggregates) and the platelets activation examined by the
expression of Gpllb/llla and selectin-P receptors in the flow
cytometry test.

Results

Surface microstructure and topography

The layers produced in the glow discharge nitriding, oxy-
nitriding and carbooxynitriding process, have the homogene-
ous structure in the whole sample cross-section (FIG. 2),
homogeneous surface topography (FIG. 3,4, TABLE 1) and
micro hardness of the surface (in sequence): TiN — 1200 HV
0.05, TiO, — 880 HV 0.02, Ti(OCN) — 1300 HV 0.05.

Static surface thrombogenicity tests
Platelets adhesion to the biomaterial surface

The first analyzed parameter was platelets adhesion
to the biomaterials surface, after static exposure to the
platelet rich plasma. The platelets adhesion differences
in the sample peripheral area comparing with the sample
central area were observed. The lower number of adhered
platelets was observed in the samples periphery than in the
samples centre (FIG. 5). The number of adhered platelets
essentially depended on sterilization method in the case
of carbooxynitriding layer - Ti(OCN) and titanium alloy
(TiBAI4V) - the higher number of adhered platelets was ob-
served after gas sterilization than after plasma sterilization
(FIG. 6,7). The comparative analysis of tested biomaterials
showed the lowest platelets adhesion on the nitriding - TiN
and oxynitriding - TiO, layers.

od sposobu ich sterylizacjiw &j) . = P ot
przypadku warstw tlenowe- i

gloazotowanych — Ti(OCN)
oraz stopu tytanu (Ti), przy
czym byta wieksza na ptyt-
kach sterylizowanych ga-
zowo niz plazmowo (RYS.
6,7). Analiza poréwnawcza
badanych biomateriatow j
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wykazata najmniejszg adhe-

zje ptytek krwi na probkach = RYS. 2. Mikrostruktura stereometryczna warstwy na stopie tytanu Ti6Al4V:
z warstwami azotowanymi  a) TiN+Ti,N+aTi(N); b) TiO,+TiN+Ti,N+aTi(N); c) Ti(OCN)+TiN+Ti,N+aTi(N).
— TiN i tlenoazotowanymi | FIG. 2. Microstructure of the layers on the titanium alloy Ti6Al4V: a) TiN+Ti,N+aTi(N);
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- TiO,. b) TiO,+TiN+Ti,N+aTi(N); c) Ti(OCN)+TiN+Ti,N+aTi(N).
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RYS. 3. Topografia warstwy na stopie tytanu Ti6Al4V: a) TiN+Ti,N+aTi(N);

b) TiO,+TiN+Ti,N+aTi(N); c) Ti(OCN)+TiN+Ti,N+aTi(N).

FIG. 3. Topography of the layers on the titanium alloy Ti6AI4V: a) TiN+Ti,N+aTi(N);

b) TiO,+TiN+Ti,N+aTi(N); c) Ti(OCN)+TiN+Ti,N+aTi(N).

Platelets aggregation on
the biomaterial surface
The number of platelets
aggregates on the bioma-
terial surface was tested
after static exposure to
the platelet rich plasma.
The electron microsco-
py showed that there is
higher number of platelets
aggregates in the samples
centre than in the periph-
ery samples irrespective of
sterilization method. There
was not observed any im-

portant influence of sterili-
zation method on platelets
e~ aggregation after 20 min
of incubation. Whereas 2
hours incubation resulted
in smaller number of plate-
lets aggregated on the
oxynitriding layers — TiO,

RYS. 4. Topografia warstwy na stopie tytanu Ti6Al4V w badaniu mikroskopii sit atomo-
wych: a) TiN+Ti,N+aTi(N); b) TiO,+TiN+Ti,N+aTi(N); c) Ti(OCN)+TiN+Ti,N+aTi(N).

FIG. 4. Topography of the layers on the titanium alloy Ti6Al4V by the atomic forces micro-
scopy: a) TiN+Ti,N+aTi(N); b) TiO,+TiN+Ti,N+aTi(N); c) Ti(OCN)+TiN+Ti,N+aTi(N).

TABELA 1. Parametry chropowatosci powierzchni
stopu tytanu bez i z wytworzonymi warstwami.
TABLE 1. The stereometric parameters of the tita-
nium alloy surface with the diffusive layers.

Parametr
chropowatosci
powierzchni /

Surface
roughness
parameters [um]
Ra 0,035
[ Rq 0,045 | 0,180 0,886
| Rz 0363 | 1,93 [ 8,19

Agregacja ptytek na powierzchni biomateriatu

Drugim badanym aspektem byta liczebnos$¢ agregatéw
ptytkowych wystepujacych na powierzchni biomateriatu
po ekspozycji statycznej do osocza bogato ptytkowego.
W badaniu mikroskopii elektronowej w czesci centralnej
ptytek wystepowata wieksza liczba agregatéw niz w strefie
brzegowej - niezaleznie od sposobu sterylizacji. W czasie
20 min inkubaciji ptytek krwi nie obserwowano znamiennego
wptywu sterylizacji na powstawanie agregatow ptytkowych.
Natomiast dwugodzinna inkubacja wskazuje, ze mniegj
agregatow tworzy sie na powierzchni warstw tlenoazoto-
wanych — TiO, i stopie tytanu — Ti6AI4V sterylizowanych
gazowo niz plazmowo, natomiast na powierzchni warstw
azotowanych — TiN i tlenowegloazotowanych — Ti(OCN)
odwrotnie (RYS. 8,9).

Ti6Al4V  TiN

TiO, Ti(OCN)

0,1380,673 | 0,197
0,252 |

241 ||

Morfologia ptytek

Ocenie podlegata réwniez morfologia zaadherowanych
do powierzchni biomateriatu ptytek krwi. Rozptaszczenie
ptytek krwi i/lub formowanie rozptaszczonych filopodiow
sg wyrazem ich aktywacji. Obrazy uzyskane w mikroskopii
elektronowej wskazujg, ze na prébkach sterylizowanych
gazowo zaadherowane ptytki krwi sg mniej rozptaszczone i
charakteryzuje je obecnos¢ dtugich wypustek (RYS. 10,11).

and titanium alloy -Ti6AI4V
gas sterilized, while on the
nitriding layers — TiN and
carbooxynitriding layers —
Ti(OCN) opposite relation
was obserwed (FIG. 8,9).

RYS. 5. Strefa brzegowa probki ze stopu tytanu
Ti6Al4V (a) oraz z warstwami: azotowang (TiN) (b),
tlenoazotowang (TiO,) (c) i tlenowegloazotowanag
(Ti(OCN)) (d).

FIG. 5. The peripheral part of the samples made of
titanium alloy Ti6Al4V (a) and nitriding layer (TiN)
(b), oxynitriding layer (TiO,) (c) and carbooxynitrid-
ing layer (Ti(OCN)) (d).

Platelets morphology

Morphology of platelets adhered to the biomaterials
surface was also tested. Platelets flattening and/or plate-
lets pseudopodia expansion are the platelets activation
evidences. The electron microscopy showed that adhered
platelets are less flatten on the gas sterilized surfaces and
they have a lot of long pseudopodia (FIG. 10,11).
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RYS. 6. Liczba ptytek
krwi w mikroobszarach
1,42 mm? badanych bio-
materiatéw po 20 min.
inkubacji z osoczem bo-
gato ptytkowym.

FIG. 6. The platelets num-
ber in the micro areas
1.42 mm? of tested bio-
materials after 20 min
incubation in platelet rich
plasma.

RYS. 7. Liczba ptytek
krwi w mikroobszarach
1,42 mm? badanych bio-
materiatléw po 2 godz.
inkubacji z osoczem bo-
gato ptytkowym.

FIG. 7. The platelets num-
ber in the micro areas
1.42 mm? of tested bio-
materials after 2 hours
incubation in platelet rich
plasma.

RYS. 8. Liczba agregatow
ptytkowych w mikroob-
szarach o powierzchni
1,42 mm? badanych bio-
materiatéw po 20 min in-
kubacji z osoczem bogato
pltytkowym.

FIG. 8. The platelets
aggregates number in
the micro areas 1.42 mm?
tested biomaterials after
20 min incubation in pla-
telet rich plasma.

RYS. 9. Liczba agregatow
ptytkowych w mikroob-
szarach o powierzchni
1,42 mm? badanych bio-
materiatléow po 2 godz.
inkubacji z osoczem bo-
gato ptytkowym.

FIG. 9. The platelets
aggregates number in
the micro areas 1.42 mm?
tested biomaterials after
2 hours incubation in
platelet rich plasma.
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RYS. 10. Morfologia ptytek krwi zaadherowanych na badanych biomateriatach sterylizowanych plazmowo w
nadtlenku wodoru: a) stop tytanu Ti6Al4V, b) azotek tytanu, c) tlenoazotek tytanu, d) tlenowegloazotek tytanu.
FIG. 10. Morphology of platelets adhered on the plasma sterilized biomaterials surfaces: a) titanium alloy Ti6Al4V,
b) nitriding layer, c) oxynitriding layer, d) carbooxynitriding layer.

W19 4o 15§

RYS. 11. Morfologia ptytek krwi zaadherowanych na badanych biomateriatach sterylizowanych w tlenku etylenu:
a) stop tytanu Ti6Al4V, b) azotek tytanu, c) tlenoazotek tytanu, d) tlenowegloazotek tytanu.

FIG. 11. Morphology of platelets adhered on the gas sterilized biomaterials surfaces: a) titanium alloy Ti6Al4V,
b) nitriding layer, c) oxynitriding layer, d) carbooxynitriding layer.

Trombogennos$é powierzchni w warunkach dynami-
cznych

Badania przeprowadzono dla wszystkich warstw (TiN, TiO,
i T(OCN)) oraz dla stopu tytanu Ti6Al4V, a takze dla materia-
tow referencyjnych: polistyrenu, ktérego powierzchnie firma
DiaMed rekomenduje w metodzie badanh urzgdzenia jako od-
powiadajgca najlepiej warunkom panujgcym w poblizu Scian
naczyn tetniczych oraz dla poliuretanu z jakiego aktualnie
wytwarzane sg pozaustrojowe komory wspomagania serca.

W badaniach trombogennosci w warunkach dynamicz-
nych zaobserwowano, ze najwieksza liczba ptytek krwi po
ekspozycji krazy w kontakcie z powtokami TiN oraz TiO,.
Odpowiednio rowniez dla tych dwoch warstw liczba agrega-
téw ptytkowych krazacych w krwi byta najnizsza. Warto jed-
nak zauwazyé, ze chociaz dla warstwy tlenowegloaztowanej
(zewnetrzna strefa warstwy Ti(OCN)) odnotowano wyzszg
agregacje trombocytow, to wszystkie warstwy wytworzone
na powierzchni stopu tytanu majg wieksza liczebnosé kra-
zacych trombocytow i mniejszy udziat agregatow ptytkowych
w poréwnaniu do wypolerowanego (o najnizszej chropowa-
tosci — TABELA 1) stopu Ti6Al4V (RYS. 12,13).

Analizie poddano réwniez stopien, w jaki badane powierzch-
nie aktywowalty plytki krwi przeptywajgcej nad powierzchnia.
Oznaczano aktywnos¢ plytek wyrazang ekspresja: selektyny-P
(RYS. 14) oraz receptora integryny IIb/lllb (RYS. 15). Najbar-
dziej ptytki aktywowata powierzchnia warstwy tlenowegloazo-
towanej— Ti(OCN), podczas gdy najstabiej warstwa tlenoazo-
towana — TiO, oraz wypolerowana powierzchnia stopu tytanu.

Dla badanh trombogennos$ci w warunkach dynamicznych
dokonano réwniez poréwnawczej analizy: liczebnosci ptytek
krwi i agregatéw ptytkowych krazacych we krwi, ptytek krwi
i stopnia ich aktywacji (RYS. 16,17,18). Dla lepszego zro-
zumienia wiasnosci trombogennych badanych powierzchni
biomateriatéw przeanalizowano jednoczesno$¢ wystepowa-
nia réznych zjawisk odpowiedzialnych za trombogennosé.
Miedzy innymi poréwnano ilos¢ ptytek krwi i agregatéow
ptytkowych krazacych we krwi po kontakcie z powierzch-
nig biomateriatu z wywotang jednocze$nie aktywacjg krwi
spowodowang kontaktem z biomateriatem.

The dynamic thrombogenicity tests

The dynamic thrombogenicity tests were done for all
tested layers (TiN, TiO,, Ti(OCN)), titanium alloy Ti6Al4V and
reference materials such as polystyrene and polyurethane.
Polystyrene is recommended by DiaMed Company as the
material which simulates in the best way the physiological
conditions in the human arteries. Polyurethane is cur-
rently used as the construction material of ventricular assist
devices.

The dynamic thrombogenicity tests showed that the high-
est platelets number consequently circulate in the blood in
contact with nitriding and oxynitriding layers. The number of
platelets aggregates observed in the blood after contact with
TiN and TiO, was the lowest. Although the higher platelets
aggregation was observed in the blood after contact with
carbooxynitriding layers (the external layer area Ti(CON)),
the all three diffusive layers developed on the titanium alloy
surface have more circulating platelets and lowest contribu-
tion in platelets aggregates than polished titanium alloy (with
the lowest roughness — TABLE 1, FIG. 12,13).

The platelets activation caused by tested surfaces was
investigated by testing the selectin-P (FIG. 14) and receptor
GPlIb/llla (FIG. 15) expression. Higher platelets activation
was observed in the blood after contact with carbooxynitrid-
ing layer Ti(OCN), whereas the lowest platelets activation
was observed in the blood after contact with oxynitriding
layer TiO, and polished titanium alloy surface.

In the dynamic thrombogenicity tests the comparative
analysis was done: the number of platelets compared with
the number of platelets aggregates circulating in the blood
and with the platelets activation (FIG. 16,17,18). For better
understanding the thrombogenic properties of tested bio-
materials surfaces, the simultaneity of different phenomena
responsible for thrombogenicity occurrence was analyzed.
Among other things platelets and aggregates number
circulating in the blood after contact with biomaterials sur-
face was compared to blood activation due to contact with
biomaterial.
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RYS. 12. Poréwnanie liczby ptytek krwi z liczbg
agregatow ptytkowych w krwi po ekspozycji dla
naprezen scinajacych.

FIG. 12. Platelets and platelets aggregates number
circulating in the blood after contact with biomate-
rials surfaces.

RYS. 13. Poréwnanie liczby matych i duzych agrega-
tow ptytkowych w krwi po ekspozycji dla naprezen
scinajacych.

FIG. 13. Number of small and big platelets aggre-
gates circulating in the blood after contact with
biomaterials surfaces.
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RYS. 14. Udzial procentowy zaktywowanych pty-
tek w krwi krazacej po ekspozycji do naprezen
scinajacych, okreslony na podstawie ekspresji
selektyny-P.

FIG. 14. Percentage number of activated platelets in
the circulating blood — selectin-P expression.

RYS. 15. Udziat procentowy zaktywowanych ptytek
w krwi krazacej po ekspozycji do naprezen scinaja-
cych, okreslony na podstawie ekspresji receptora
GPlib/llla.

FIG. 15. Percentage number of activated platelets in
the circulating blood — GPlIb/llla expression.
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RYS. 16. Poziom agregatéw plytkowych i plytek
krwi krazacych we krwi po ekspozycji na naprezenia
scinajace.

FIG. 16. Platelets and platelets aggregates circula-
ting in the blood after contact with the biomaterial
surface.

RYS. 17. Aktywaciji ptytek (ekspresja selektyny-P)
w relacji do liczby ptytek krazacych we krwi po
kontakcie z powierzchnig biomateriatu.

FIG. 17. Platelets activation (selectin-P expression)
related to platelets number circulating in the blood
after contact with the biomaterial surface.
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Podsumowanie

BI® MATERIALS

Badania poréwnawcze wska-
Zuja, ze dla uzyskania lepszych
wtasciwosci atrombogennych
powierzchni wytworzonych bio-
materiatdw korzystniejszg ste-
rylizacjg dla warstw tlenoazoto-
wanych — TiO,+TiN+Ti,N+aTi(N)
i stopu tytanu Ti6AI4V jest ste-
rylizacja gazowa, a dla warstw
azotowanych TiN+Ti,N+aTi(N)
i tlenowegloazotowanych
Ti(OCN)+TiN+Ti,N+aTi(N)
sterylizacja plazmowa. Takie
metody przyczyniajg sie do
mniejszej adhezji i agregacji
ptytek. Badania na krwi wyka-
zaty dobre wtasnosci atrombo-
genne wytworzonych warstw
dyfuzyjnych azotowanych — TiN
i tlenoazotowanych — TiO, na
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Participation of platelets in blood after shear stress exposure [%] /
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scinajacych [%]

RYS. 18. Aktywacji plytek (ekspresja receptora GPIllb/
llla) w relacji do liczby ptytek krazacych we krwi po
kontakcie z powierzchnia biomateriatu.

FIG. 18. Platelets activation (receptor GPllb/llla
expression) related to platelets number circulating
in the blood after contact with the biomaterial sur-
face.

Summary

The comparative investiga-
tion presented that to obtain
better athrombogenic prop-
erties of biomaterials sur-
faces the gas sterilization is
more suitable for oxynitriding
layer (TiO,+TiN+Ti,N+aTi(N)
and titanium alloy — Ti6AI4V,
and plasma sterilization — for
nitriding (TiN+Ti,N+aTi(N))
and carbooxynitriding layers
(Ti(OCN)+TiN+Ti,N+aTi(N)).
These sterilization methods
contribute to lower platelets
adhesion and aggregation.

The blood tests confirmed
good athrombogenic properties
of developed layers: nitriding
- TiN and oxynitriding — TiO, on
the titanium alloy TiGAI4V.

stopie tytanu Ti6AI4V.
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Streszczenie

Opracowanie stanowi kontynuacje zagadnien,
w ktorych wskazano uwarunkowania decydujgce o
odporno$ci szkliwa naturalnego na zuzycie. W czesci
Il opisano badania obejmujgce ocene stereometrii
warstwy wierzchniej szkliwa z wykorzystaniem mi-
kroskopii sit atomowych (AFM) oraz wyznaczenie
mikrotwardos$ci zebow z wykorzystaniem metody
Oliver&Pharr.

Analize statystyczng parametréw morfologicznych
Sszkliwa z zebow przedtrzonowych i trzonowych prze-
prowadzono z zastosowaniem programu Scanning
Probe Image Processor. Analiza pozwolita iden-
tyfikowac¢ obrazy o réznym zakresie skanowania,
wyznaczy¢ parametry chropowatosci powierzchni na
poziomie nano oraz réznicowac struktury w sposob
JjakoSciowy i iloSciowy. Zmiany chropowatosci miaty
charakter okresowy o zblizonych parametrach amplitu-
dy, a czestotliwo$c¢ byta stata lub byta wielokrotnoscig
parzystg. Badania parametrow mikromechanicznych,
poprzez nanoindentacje, pozwolity wyznaczy¢ twar-
dos¢ szkliwa oraz modut sprezystosci (Younga) na
powierzchniach koron zeboéw trzonowych dolnych.
Na podstawie charakterystyk wytrzymatoSciowych i
pomiaréw ustalono, ze twardo$c¢ zawarta byta w prze-
dziale od 337,2 HV do 335,3 HV, a modut sprezystosci
w przedziale od 95,8 GPa do 106,3 GPa. Stwierdzono
daleko posunietg reqularno$c w strukturach warstwy
wierzchniej szkliwa oraz duzg powtarzalno$¢ w bada-
niach mikromechanicznych.

Stowa kluczowe: szkliwo zebowe, warstwa wierzch-
nia, chropowatos¢, mikrotwardos¢

[Inzynieria Biomateriatow, 102, (2011), 23-27]

Wprowadzenie

Szkliwo stanowi najbardziej wytrzymatg tkanke w ustroju
cztowieka. Pokrywa ono korony zebdw, co decyduje o ich od-
pornosci na zuzycie tribologiczne, szczegolnie przy realizacji
funkcji zucia w ztozonych warunkach obcigzen okluzyjnych.
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Abstract

This paper is a continuation of the issues that has
pointed determinants deciding about the resistance of
natural enamel to wear. Part Il contains the examina-
tions including the assessment of enamel superficial
layer stereometry using Atomic Force Microscopy
(AFM) and determination of teeth microhardness using
Oliver & Pharr method.

Statistical analysis of morphologic parameters in
enamel from premolar and molar teeth was made
using Scanning Probe Image Processor software.
The analysis allowed the identification of images
with various range of scanning, determination of
roughness parameters of the surface in nanoscale
and quantitative and qualitative differentiation of the
structures. Changes in roughness are periodic, with
similar parameters of amplitude, and a frequency can
be constant or is an even multiple. Determination of
enamel hardness and Young’s modulus for the surface
of dental crowns in lower molar teeth were possible
by micromechanical study using nanoindentation.
Based on performance characteristics and measure-
ments it was established, that the hardness ranged
from 337.2 HV to 335.3 HV, and Young’s modulus
ranged from 95.8 GPa to 106.3 GPa. Highly regular
pattern in structures of enamel superficial layer and
high repeatability in micromechanical examinations
were found.

Keywords: tooth enamel, superficial layer, roughness,
microhardness

[Engineering of Biomaterials, 102, (2011), 23-27]

Introduction

Enamel is the most durable tissue in a human body.
It covers dental crowns, which comprise of its resistance to
tribological wear, especially during the act of mastication
in compound conditions of occlusional loading. Tribologi-
cal conditions are improved by saliva that moistens dental
crowns, and formation of a durable lubricating film is related
to the stereometry of enamel superficial layer. AFM was used
for a spatial shape examination and the analysis of that layer.
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Zwilzanie koron zebdéw przez sline poprawia warunki
tribologiczne, a wytworzenie trwatego filmu smarujgcego
zwigzane jest ze stereometrig warstwy wierzchniej szkliwa.
Do badan przestrzennego uksztattowania i analizy tej war-
stwy wykorzystano AFM. W procesie rozdrabniania keséw
pokarmowych, z réwnoczesnym zapewnieniem odporno-
$ci na zuzycie, istotng cechg szkliwa jest jego twardos¢ i
modut sprezystosci, ktére wyznaczono z zastosowaniem
nanoindentacji.

Celem przeprowadzonych badan byta identyfikacja
uksztattowania warstwy wierzchniej prawidtowego szkliwa
z wykorzystaniem AFM wraz ze statystyczng analizg chro-
powatosci tej powierzchni oraz wyznaczenie mikrotwardosci
i modutu Younga koron zebow przy uzyciu maszyny Scratch
Tester CSM Instruments.

Materiat badan

Materiatem do badan stereometrii warstwy wierzchniej
byly prébki szkliwa z powierzchni zujacej zebow przedtrzo-
nowych i trzonowych. Zeby zostaly usuniete ze wzgledow
ortodontycznych i posiadaty prawidtowe szkliwo. Do badan
warstwy wierzchniej wytypowano 20 prébek szkliwa (RYS. 1).
Do badan mikrotwardos$ci zostato uzytych 10 zebdw trzono-
wych dolnych prawidtowo uksztattowanych usunietych ze
wzgledow ortodontycznych. Prébki przechowywano w soli
fizjologicznej, a bezposrednio przed badaniem stabilizowano
woskiem w tulejach badawczych (RYS. 2).

RYS. 1. Prébka szkliwa przeznaczona do badan
stereometrii warstwy wierzchniej.
FIG. 1. A sample of enamel used for superficial
layer stereometric examinations.

Metoda badan

AFM stanowi nowoczesne narzedzie stosowane m.in.
do badania powierzchni tkanek i biomateriatéw. Technika
ta daje mozliwos¢ analizy chropowatosci powierzchni z
niepewnoscig pomiaru 1 nm i dlatego na obecnym poziomie
rozwoju metrologii wydaje sie najbardziej przydatng metoda,
do oceny uksztattowania warstwy wierzchniej [1-4].

Badania warstwy wierzchniej szkliwa wykonano na mikro-
skopie sit atomowych NT-NDT sprzezonym z mikroskopem
optycznym firmy Olympus (RYS. 3). Mikroskop pracowat
w trybie bezkontaktowym, ktory polegat na wykonywaniu
pomiardw przy ostrzu odsunigtym od obiektu na odlegtosé
10-100 nm. W tego typu obrazowaniu wykorzystano sity diu-
go zasiegowe, takie jak: sity magnetyczne, elektrostatyczne
czy przyciggajace sity van der Waalsa.

Hardness and Young’s modulus, which were determined
using nanoindentation, are essential features of enamel in
grinding process of a food morsel with simultaneous provid-
ing of resistance to wear.

The aim of conducted examinations was the identification
of superficial layer shape of normal enamel, using AFM and
statistical analysis of roughness in that surface, and also
determination of microhardness and Young’'s modulus in
dental crowns using Scratch Tester CSM Instruments.

Study material

Enamel samples from the masticatory surface of premo-
lar and molar teeth were taken to the stereometric study.
The teeth were removed because of orthodontic reasons
and they had normal enamel. 20 enamel samples were
taken for superficial layer examinations (FIG. 1). 10 lower
molar teeth, which had normal structure and were removed
because of orthodontic reasons, were used in microhard-
ness examinations. The samples were stored in saline and
stabilized in an examination sleeve with wax directly before
the examination (FIG. 2).

RYS. 2. Zab stabilizowany woskiem w tulei badaw-
czej do badan wytrzymatosciowych.

FIG. 2. A tooth stabilized in an examination sleeve
with wax used for strength tests.

Study method

AFM is a modern tool which is used e.g. in examina-
tions of superficial layer of tissues and biomaterials. This
technique allows to make an analysis of surface roughness
with measurement uncertainty of 1 nm, and therefore it
seems to be the most useful method for assessment of
superficial layer shape at the present development level of
metrology [1-4].

The examinations of enamel superficial layer were con-
ducted using NT-NDT Atomic Force Microscope coupled
with Olympus Optical Microscope (FIG. 3). The microscope
worked in non-contact mode, and took measurements with a
tip-to-sample distance of 10-100 nm. Long range forces were
utilized in this imaging modality, such as: electromagnetic,
electrostatic and attracting van der Waals forces.

In the examination procedure, a cantilever was set in
oscillation with near-resonant frequency by a piezoelec-
tric component. Changes in an amplitude and oscillation
frequency were reactions to force acting on the cantilever,
and this constituted information which allowed for acquisi-
tion of stereometric images of examined superficial layer.
Maps of shape of superficial layer in enamel samples were sub-
ject of statistical analysis using Scanning Probe Image Proc-
essor software for determination of morphologic parameters.
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RYS. 3. Stanowisko do badan AFM.
FIG. 3. AFM setup used in examinations.

W zastosowanej procedurze badawczej wprawiano
dzwignie w drgania o czestosci zblizonej do czestosci
rezonansowej za pomocg piezoelementu. Reakcjg na site
dziatajacg na dzwignig byta zmiana amplitudy i czestosci
drgan, co stanowito informacje pozwalajaca uzyskac ste-
reometryczne obrazy badanej warstwy wierzchniej. W celu
wyznaczenia parametréw morfologicznych mapy uksztatto-
wania warstwy wierzchniej na prébkach szkliwa poddano
analizie statystycznej z zastosowaniem programu Scanning
Probe Image Procesor.

Badania parametréw mikromechanicznych warstwy
wierzchniej wykonano poprzez nanoindentacje [5,6].
W odréznieniu od tradycyjnych metod badania twardosci,
opartych na pomiarze wielkosci odcisku powstatego na
powierzchni w miejscu penetracji wgtebnika, nanoinden-
tacja pozwolita rejestrowaé charakterystyke podczas cyklu
obcigzania i odcigzania wgtebnika. Uzyskana charaktery-
styka stanowita podstawe do obliczenia twardo$ci i modutu
Younga. Powierzchnie zebéw badano metodg Oliver&Pharr
na maszynie Scratch Tester CSM Instruments (RYS. 4).
Maksymalne obcigzenie wgtebnika wynosito 20 mN, a
predkos¢ obcigzania 40 mN/min. Wykonano 10-15 odciskow
na powierzchni kazdego zeba z uzyciem diamentowego
indentora Vickersa VG-73.

Wyniki badan i ich oméwienie

Na podstawie przeprowadzonych badan uzyskano mapy
opisujace uksztattowanie warstw wierzchnich szkliwa na-
turalnego zeboéw przedtrzonowych i trzonowych (RYS. 5).
Topografie badanych powierzchni scharakteryzowano
metoda Root Mean Square (RMS) [7] poprzez podanie
statystycznych parametréw chropowatosci, takich jak S,
($rednie arytmetyczne odchylenie profilu chropowatosci
od linii redniej), S,, ($rednie kwadratowe odchylenie
powierzchni — okreslane od powierzchni odniesienia jako
odchylenie standardowe wysokosci nieréwnosci powierzch-
ni, S, = RMS), S, (maksymalna wysoko$¢ chropowato$ci w
obszarze probkowania). Jednak jak wiadomo, powyzsze pa-
rametry podlegajg prawu skalowania, a wiec sa $cisle zwig-
zane z wielkoscig analizowanego obszaru, zwtaszcza jezeli
rozwazany byt stan powierzchni na poziomie nano. Na RYS.
617 zamieszczono mapy i wykresy do statystycznej analizy
chropowato$ci szkliwa. Na podstawie tej analizy mozna
wnosié, ze zmiany chropowatosci szkliwa majg charakter
okresowy o zblizonych parametrach amplitudy. Wskazuje na
to parametr RMS liczony metoda najmniejszych kwadratéw,
ktéry w losowo wybranych dziesieciu obszarach ma bardzo
zblizong wartos$¢ (6,017 nm — 7,651 nm). Na podstawie map
uksztattowania powierzchni szkliwa wyznaczono czestotli-
wos$¢ rozktadéw wystepowania okreslonych wysoko$ci nie-
réwnosci (RYS. 8). Uzyskane rozktady pozwalajg stwierdzi¢
duzg regularnos¢ w chropowatosci powierzchni szkliwa.

RYS. 4. Stanowisko do badan nanoindentacji.
FIG. 4. A nanoindentation station used in exami-
nations.

A nanoindentation method was utilized to examine
micromechanic parameters of superficial layer [5,6].
As opposed to traditional methods of hardness examina-
tion, based on a measurement of residual indentation size
caused by penetration of a tip on the surface, nanoindenta-
tion allows to record characteristics of a load and unload
tip cycle. Obtained characteristic was a basis for hardness
and Young’s modulus calculations. The teeth surface was
examined with Oliver & Pharr method using Scratch Tester
CSM Instruments (FIG. 4). The maximum load of a tip was
20 mN and a loading rate was 40 mN/min. On the surface
of every tooth, 10-15 indentations were made using Vickers
VG-73 diamond indenter.

Study results and discussion

Based on conducted examinations, we have obtained
maps describing the shape of superficial layers in natural
enamel of premolar and molar teeth (FIG. 5). Examined
surfaces topography was described using Root Mean
Square (RMS) method [7], by passing statistical param-
eters of roughness, such as S, (mean arithmetic deviation
of roughness profile from a midline), S, (mean square
deviation of the surface — derived from a reference sur-
face as a standard deviation of irregularity height of a
surface, §, = RMS), S, (the maximum height of roughness
in a sampled area). However, as we know, the above-
mentioned parameters are subject to scaling law, so they
are strictly bound with an area of analyzed region, espe-
cially if a surface condition was considered in nanoscale.
In FIG. 6 and 7 there are maps and diagrams for a statisti-
cal analysis of glass roughness. We can assume, based on
that analysis, that changes of glass roughness are periodic,
with similar parameters of amplitude. It is indicated by RMS
value, calculated by least squares method, and it has very
similar value in ten randomly selected areas (6,017 nm
— 7,651 nm). The frequency of distribution of selected
heights of roughness was determined based on the shape
maps of the enamel surface (FIG. 8). Obtained distributions
allowed to find a highly regular pattern in enamel surface
roughness.

Microhardness and Young’s modulus of a superficial layer
in normal teeth were determined based on the analysis of
tip imprints and obtained curves. Performed load-unload
cycles allowed to obtain characteristics in randomly selected
areas of measurement on the superficial layer (FIG. 9).
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RYS. 5. Przestrzenny obraz prawidiowego szkliwa
zebowego z AFM.

FIG. 5. A spatial view of natural enamel obtained
by AFM.

Image Statistics

IMg. Z range 177.36 nM
Img. Mean 0.000002 nn
Img. Raw mean -68.749 nm
Img, Rms (Rq) 25,397 nm
Img. Ra 20.277 nm
Box Statistics

53.047 nM
-10.818 nm
-9.366 um
7,237 nm

Hean roughness CRaJ 4,835 nm

Box x dimension 383.56C nm
Box u dimension 328.77 nm

RYS. 6. Przyktadowa mapa do statystycznej anali-
zy chropowatosci szkliwa z zaznaczeniem obszaru
ocenianego.

FIG. 6. An example of map used for statistical
analysis of glass roughness with marked area for
an assessment.
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RYS. 7. Parametry warstwy wierzchniej szkliwa prawidiowego.

FIG. 7. Superficial layer parameters of normal enamel.

Mikrotwardos$¢ i modut sprezystosci warstwy wierzchniej
zebdw prawidtowych wyznaczono na podstawie analizy odci-
skow wgtebnika oraz otrzymanych krzywych. Przeprowadze-
nie cyklu obciazania i odcigzania pozwolito wyznaczy¢ cha-
rakterystyki w losowo wybranych obszarach pomiarowych
warstwy wierzchniej (RYS. 9). Mikrotwardo$¢ wyznaczana
w trakcie testu byta rownoznaczna naciskom wystepujacym
pomiedzy badang powierzchnig zeba i wgtebnika diamen-
towego przy maksymalnym obcigzeniu. Modut sprezystosci
Younga zalezat od wiasciwosci zaréwno wgtebnika, jak i ba-
danej struktury zebdw. Przy znanych parametrach identora
mozna byto oceni¢ witasciwosci sprezyste tkanki zebowej.
Parametr ten identyfikowat tkanke pod wzgledem odpowie-
dzi sprezystej, ktorej skutkiem byta sztywnosé kontaktowa.

Microhardness determined during the test was equal to pres-
sures which existed between examined tooth surface and a
diamond indenter with the maximum load. Young’s modulus
was dependent upon either of indenter and examined teeth
structure properties. Elastic properties of a dental tissue
could be assessed with known indenter parameters. This pa-
rameter identified a tissue according to its elastic response,
resulting in a contact rigidity. Contact rigidity it is essential
to food grinding and rubbing processes, and also protects
dental crowns from excessive wear [8,9]. Microhardness
determined for normal teeth ranged from 337.2 HV to 335.3
HV, and longitudinal elasticity defined by Young’s modulus
ranged from 95.8 GPa to 106.3 GPa.
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RYS. 8. Rozktad wartosci wysokosci nierownosci
w warstwie wierzchniej szkliwa prawidtowego w
funkcji czestotliwosci ich wystepowania.

FIG. 8. Distribution of irregularity height values of
a superficial layer in normal enamel as a function
of their incidence.

Sztywnos¢ kontaktowa ma zasadnicze znaczenie dla procesu
rozdrabniania i rozcierania pokarmu, a takze zabezpiecza koro-
ny zebdw przed nadmiernym zuzyciem [8,9]. Wyznaczone mi-
krotwardosci zebdw prawidlowych zawieraly sie w przedziale od
337,2 HV do 335,3 HV, a wartosci sprezystosci wzdtuznej okre-
$lonej modutem Younga w przedziale od 95,8 GPa - 106,3 GPa.

Podsumowanie i wnioski

Mikroskopia AFM jest wiarygodng metodg badawczg w
poznaniu wtasciwosci morfologicznych warstwy wierzchniej
szkliwa. Na podstawie map otrzymanych z AFM mozna
wyznaczy¢ przestrzenne obrazy powierzchni oraz przepro-
wadzi¢ analize chropowatosci warstwy wierzchniej. Analiza
statystyczna pozwolita identyfikowaé obrazy o réznym za-
kresie skanowania, wyznaczaé parametry chropowatosci
powierzchni na poziomie nano oraz réznicowac struktury w
sposob jakosciowy i ilosciowy. Zmiany chropowatos$ci miaty
charakter okresowy o zblizonych parametrach amplitudy, a
czestotliwosé byta stata lub stanowita wielokrotno$¢ parzy-
stg. Taki regularny obraz warstwy wierzchniej bedzie sprzyjat
tworzeniu filmu smarnego na koronie zeba, a w kontakcie
z zebem przeciwstawnym powstang warunki do tworzenia
nanoklinéw, ktére moga zapobiegaé nadmiernemu zuzyciu
powierzchni okluzyjnych. Analiza obrazéw przestrzennych
szkliwa zebowego pozwala stwierdzi¢ daleko posunietg
regularno$¢ w strukturach warstwy wierzchnie;.

Wysoka mikrotwardos$¢ szkliwa oraz wysokie wartosci
modutu sprezystosci zabezpieczajg odpowiednig sztywnos¢
kontaktowa, co przektada sie na optymalne warunki do roz-
gniatania i rozcierania keséw pokarmowych z réwnoczesng
odpornoscig na zuzycie.
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RYS. 9. Przykladowe charakterystyki wytrzyma-
tosciowe dla zebow prawidiowych.

FIG. 9. An example of strength characteristics for
normal teeth.

Conclusions

AFM is areliable study method, which is utilized in learn-
ing of morphologic properties of enamel superficial layer.
Based on maps obtained from AFM, it is possible to make
spatial images of the surface and conduct the analysis of
superficial layer roughness. Statistical analysis allowed
the identification of images with various range of scanning,
determination of roughness parameters of the surface in
nanoscale and quantitative and qualitative differentiation
of the structures. Changes in roughness are periodic, with
similar parameters of amplitude, and a frequency can be
constant or is an even multiple. Such a regular image of
superficial layer will support formation of lubricating film on
dental crowns, and by contact with opposite tooth, it will cre-
ate conditions to nano-wedge formation, which can prevent
from excessive wear of occlusal surfaces. The analysis of
spatial images of tooth enamel allowed us to identify a highly
regular pattern in the superficial layers.

High microhardness of enamel and high values of
Young’'s modulus protect an appropriate contact rigidity,
which results in optimal conditions to crush and rub food
morsels and resistance to wear at the same time.
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Charakterystyka:

Tematyka prezentowana w trakcie zaje¢ obejmuje przeglad wszystkich grup materiatow dla zastosowan
medycznych: metalicznych, ceramicznych, polimerowych, weglowych i kompozytowych. Studenci zapoznajg
sie z metodami projektowania i wytwarzania biomateriatéw a nastepnie mozliwosciami analizy ich wtasciwo-
$ci mechanicznych, wtasciwosci fizykochemicznych (laboratoria z metod badan: elektronowa mikroskopia
skaningowa, mikroskopia sit atomowych, spektroskopia w podczerwieni, badania energii powierzchniowej i
zwilzalnosci) i wtasciwosci biologicznych (badania: in vitro i in vivo). Omawiane sg regulacje prawne i aspek-
ty etyczne zwigzane z badaniami na zwierzetach i badaniami klinicznymi (norma EU ISO 10993). Studenci
zapoznajg sie z najnowszymi osiggnieciami medycyny regeneracyjnej i inzynierii tkankowe;j.

Czas trwania: 1 semestr - letni, 7 zjazdow (soboty-niedziele) co 2 tygodnie, poczatek zajeé: 25.02.2012.
Przewidywana liczba godzin: 120, rozpoczecie rekrutacji: 1.10.2011,
Wymagane dokumenty: dyplom ukonczenia szkoty wyzsze;.

»Problematyka elektrostymulacji zrostu kostnego”
Autorzy: Jan Marciniak, Janusz Szewczenko
Wydawnictwo Politechniki Slaskiej

Rok wydania: 2010

Jan MARCINIAK . o . , .
Monografia obejmuje synteze najnowszych informaciji
Janusz SZEWCZENKO oraz wtasnych doswiadczen klinicznych z obszaru stymulacji
zrostu kostnego prgdami elektrycznymi. Te doswiadczenia
nawigzujg do poszukiwania efektywniejszych metod akty-
PH“BI.EMATYKA EI.EKTHUSTYMUI.ABJI wizowania zrostu kostnego i przywracania tkankom strefy
urazu prawidtowych struktur i utraconych funkcji. Rozwiaza-
nia bazujg na biofizycznych mozliwosciach wynikajacych z
ZBUSTU KUSTNEGU wiasnosci elektrycznych kosci oraz oddziatywania impulsow
elektrycznych na procesy metaboliczne w tkance kostne;j.
W tresci monografii ujeto rozwdj i modyfikacje technik
leczenia ztaman i rekonstrukcji uktadéw kostno-stawowych
weryfikowanych klinicznie. Uwypuklono réwniez czynniki,
ktore przyczynity sie do aktywacji procesu gojenia ztaman
kosci. Wskazane zostaty metody i parametry elektrostymu-
lacji. Oméwiono tez urzadzenia stosowane do prowadzenia
elektrostymulacji r6znymi metodami z wykorzystaniem
skutecznych przebiegéw pradowych aktywizacji i dziata-
nia przeciwbolowego. Wiele uwagi poswiecono kwestii
v bezpieczenstwa. Monografia znakomicie wypetnia luke na
krajowym rynku wydawniczym z zakresu: ortopedii, trauma-
MONOGRAFIA tologii, jak i rehabilitacji i bedzie szczegélnie przydatna dla
stuchaczy studiéw dziennych, podyplomowych i doktorskich,
czy kurséw aktualizacji wiedzy lekarzy oraz stuchaczy na
uczelniach medycznych i technicznych na kierunkach inzy-
nierii biomedyczne;j.
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