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Abstract

When designing new biomaterials for tissue conta-
ct devices it is important to consider their architecture
as it affects different cell response. Surface modifica-
tion of tubular structures requires the use of different
techniques than in the case of flat samples. Similarly,
analytical techniques also need to be adapted to the
specific shape of substrate. For blood contacting
devices this issue is critical because of shear forces
generated by fluid flow and responsible for blood
components activation. This necessitates the use of
diagnostic techniques dedicated for material analysis
in dynamic conditions in order to simulate physiologi-
cal conditions. In the frame of the work, the flat sam-
ples as well as tube like elements were considered.
The flat samples were prepared for basic research.
Based on the results of the basic research the
thin coatings were selected for the internal side of
the tube like elements which have been analysed
in contact with blood using blood flow simulator.
The cross section of the coating-substrate interaction
was tested using transmission electron microscopy.
The attachment of cells to coatings was determined
by radial flow chamber. Hemocompatible analysis
was carried out in two ways. The quality of the blood
after the dynamic test was analysed using flow cyto-
metry. In this case the aggregates formation, platelet
consumption and apoptosis derived microparticles
were considered. The amount of cells adhered to
the materials surfaces was determined by confocal
laser microscopy.

Keywords: hemocompatibility, thin film, protein
adsorption, shear stresses

[Engineering of Biomaterials 132 (2015) 2-8]

Introduction

The development of regenerative medicine creates new
challenges for scientists who search new techniques for
the surface modification of biomaterials designed for direct
contact with blood [1]. The variety of processes occur-
ring after exposure of material to blood stream including
protein adsorption, cell adhesion, and thrombus formation
is complex [2-5]. This leads to serious consequences like
decrease in peripheral blood pressure, hindered blood flow
and can be a reason of implant failure. Because of lack
of fully athrombogenic synthetic materials, there is still
need to find new methods of materials modification in order
to improve their compatibility in contact with blood.

Hemocompatibility is defined as the ability of material
to prevent host response after exposure to blood contact
[6-8]. International Standard Organisation (ISO) described
the methods of the medical devices testing, dedicated for
interactions with blood in 10993-4 standard [9]. According
to this norm many aspects of blood activation like, protein
adhesion, platelet activation, thrombus formation, should be
taken into consideration. The tests should simulate clinical
conditions as much as possible [10]. However, this standard
describe, only list of the proposed diagnostic methods and
does not impose the need to use the one specific dedicated
for evaluation of biomaterials’ hemocompatibility [11]. This is
due to the complexity of the issues and the lack of a com-
prehensive method that would simulate natural conditions.
The lack of strict instructions creates a need to develop
new techniques that would enable an accurate description
of the interactions of blood with artificial surfaces. There are
static and dynamic blood-material interactions highlighted in
literature [12-14]. Dynamic conditions differ from the static
one by the presence of shear forces which are responsible
for platelet activation as well as adhered cell detachment or
blood components degradation. The forces are generated
by the fluid flow and may reach different values depending
on different shear conditions. Commercially available tester
Impact-R (Diamed, Switzerland) is very popular for describ-
ing the influence of shear forces to blood components activa-
tion and its adhesion to surfaces [15,16]. Unfortunately, this
technique allows to analyse only flat samples [17]. Based
on the Impact-R tester main assumptions, for the tubular
elements, like artificial cannulas the own blood flow simulator
was designed and evaluated.

Interaction of blood with artificial material depends on
bio-physical properties of implant. Mechanical and physi-
cal properties affect the materials strength and durability.
However, the surface of biomaterial has a direct contact with
blood and is responsible for its hemocompatibility properties
as well. Surface features such as topography or wettability
play a key role in blood activation process. Nowadays many
works are focused on surface modification by application
of ultra-thin coatings deposited by physical (PVD) and
chemical (CVD) plasma assisted vapour based method.
This technique exhibits high potential due to a wide range
of application and wide variety of achieved films. The ad-
vantage of this method gives the possibility of metal as well
as polymer substrates surface modification. The aim of the
research are athrombogenic coatings for the internal side of
tubular elements used in heart assist systems. The coatings
were deposited firstly on flat substrates in order to determine
their biomechanical properties. Based on achieved results
the group of coating was selected and deposited on the
internal side of poly(vinyl chloride) (PVC) tubes.
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Materials and Methods

Flat surfaces preparation

Carbon based coatings were deposited on flat substrates
using magnetron sputtering technique in direct current (DC),
unbalanced mode. TABLE 1 presents the composition and
thickness of the designed films. Coatings were deposited at
room temperature in an argon atmosphere. Before deposi-
tion, substrates were cleaned ultrasonically with ethanol and
dried afterwards in vacuum. After mounting the substrates
parallel to the target surface in a ~120 mm distance, the
vacuum chamber was pumped down to at least 4x1073 Pa.
Substrates were rotated during deposition at a speed of
5.4 cm-s™ in order to ensure homogenous film thickness
over the entire coated surface. A detailed description of the
deposition arrangement is presented elsewhere [18].

TABLE 1. Thin coatings deposited on flat sub-
strates.

Coating Thickness [nm]

a-C:H 100
Si-DLC 500
Si-DLC 300
Si-DLC 200
Si-DLC 125
Si-DLC 15

Coating deposition for internal side of tubular
structures

Thin coatings were deposited on a substrate made
of clinically applicable in heart assist system, poly-
vinyl chloride (PVC). The goal of applying amorphous
carbon (a-C:H) and silicon doped amorphous carbon
(a-C:H:Si) coatings was to separate the polymer from the
tissue environment. The applied coating setup for inner
surfaces of tubes based on the gas discharge lamps.
The detailed deposition parameters are listed in TABLE 2.
The coatings were deposited by a industrially-scaled equip-
ment for plasma polymerization of nanoparticles (Diener
Electronik, Ebhausen, Germany). It consists of a cubic
chamber in which the pressure is pumped by a dry vacuum
pump. Start pressure was set to 5 Pa for all samples.
The PVC substrates were mounted on a vertical rotating
cage between square, vertically positioned electrodes.

TABLE 2. The parameters of coatings deposition.

Starting pressure

Gas-flow

Gases argon (Ar) and acetylene (C,H,) and precursor
hexamethyldisiloxane (HMDSO) were introduced into the
chamber. A pulsed DC discharge (40 kHz frequency) was
used. Thin coating depositions occurred in the “volume
polymerization mode” at pressures of around 50 Pa in the
capacitive pulsed DC discharge, whereby gas mixtures of
20 Pa hexamethyldisiloxane (HMDSO, 99.5%, Sigma
Aldrich, Austria) as liquid precursor and 25 Pa argon
(99.999%, Linde Gas, Stadl-Paura, Austria) were applied.
The whole deposition process was performed at 32°C for
controlled precursor vaporization conditions. The constant
temperature of the substrate cage was set (<2°C) during
nanoparticle deposition. The process of coatings deposition
was described in detail elsewhere [19].

Microstructure analysis of coatings

An analysis of the deposited coatings was performed
using transmission electron microscopy (TEM). Thin foils for
the TEM analysis were prepared on cross-section by means
of the focused ion beam method (FIB) on the QUANTA 200
3D device (using a focused gallium ion beam). The device
is equipped with a micromanipulator OmniProbe, giving the
film exactly the places of interest (defect or phase bound-
ary). The platinum mask was used to distinguish the proper
area for examination.

Tribology

Indentation tests were performed at a load of 1 and 2 mN
using Berkovich indenter geometry to study microhardness
and Young’s modulus of the coatings. The rate of loading
and unloading was 2 and 4 mN/min respectively. Hold-
ing time at maximum load was extended to 5 seconds.
The adhesion of the coatings to the substrate was deter-
mined by scratch test using 200 um tip radius Rockwell
C indenter. Scratch tests were performed in the range of
0-25 N. The indentation load 25 N due to the cracking of
the silicon substrate.

Protein adsorption

Adsorption of protein to flat and tubular materials was
analysed using human whole blood. Before experiment,
samples were cut into squares of 1 cm? and thoroughly
cleaned and sterilized. Surfaces were covered by blood
and stored at 37°C with mixing in order to prevent blood
sedimentation. After 30 minutes of incubation, materials
were washed three times in PBS solution. Adsorbed proteins
were removed from the surfaces by sodium dodecyl sulfate
solution (SDS, 10%). The protein concentration in received
solutions was determined by Qubit Fluorometer 2.0 using
Quant-iT Protein Assay Kit (Invitrogen).

Coating pressure Coating time

[mbar]

[mbar] [min]

(fg:‘;tlrf/aegggts) 0.15 6 sccm Ar 0.27 3
(fgrn:ﬁa(;;eogggs) 0.15 HMDSO (counter = 340); 3 sccm O, - 0.5

Version A 0.15 4 sccm C,H, 0.60 2
o | Version B 0.15 10 sccm C,H, 1.10 2
"'g Version C 0.15 HMDSO (counter=340); 4 sccm C,H, 0.95 2
3 Version D 0.2 HMDSO (counter=440); 10 sccm C,H, 1.20 2
° Version E 0.2 HMDSO (counter=440); 16 sccm C,H, 1.6 2

Version F 0.15 HMDSO (counter=340); 4 sccm C,H, 0.60 2
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Cell-material interaction under
hydrodynamic conditions: radial
detachment test

Radial flow chamber was used to
analyze the strength of cell-material
interactions (FIG. 1). This technique
allows to determine the influence of
shear stresses on cell behavior on the
surface [18,21]. It consists of two plates
with a space between them (FIG. 1).
In the center of the upper plate there
is a hole through which fluids (PBS,
pH 7.4) is pumped following gravity.
Between the plates the analyzed mate-
rial is inserted. Before the experiment
the material surface is covered with red
blood cell solution (diluted 400 times)
and leaved for 10 minutes in order to
lead cell adhesion (FIG. 2). After that
time the shear stresses are generated
by the fluid flows. At the beginning, in
the center of the sample (within the hole)
shear forces are applied perpendicular
to the material and do not cause cell
detachment. Along radius, shear forces
act parallel to the surface and can cause
cell detachment. The values of applied
shear stresses can be calculated using
equation o = 3Dn /mr-e? where, D is the
flow rate, which depends on the mate-
rial, n is the dynamic viscosity of the fluid
(10 g/(cm-s)), r is the sample radius,
and e is the distance between the disk
and the plate set at 150 pm. Under the
influence of applied stresses cell detach-
ment can be observed. The condition of
the cell detachment from the substrate
is the adhesive strength of the cell and
the value of the applied stress. Cells
remain on the surface not torn off when
the value of the adhesive strength to the
surface is greater than the applied shear
forces. In another case, the ‘one by one’
or selective detachment is observed.
Applied shear forces decrease along
radius and near the edges of the disc
are equal zero. Here we can observe
only spontaneous cell detachment. This
phenomenon occurs spontaneously
and depends on the affinity of the cell
to the substrate. After the experiment
the surfaces were analyzed by scan-
ning confocal laser microscopy. The
number of adhered cells along radius
was calculated by dedicated software
(AxioVision, Zeiss).

a.)

ﬁiquid flow directiln

constant
liquid
level

sample

/

FIG. 1. Schematic illustration of radial flow test; Radial flow chamber
assembly (a) working reservoir (b) stress determining reservoir (c) radial
flow chamber with sample.

FIG. 2. Stages of the performed analysis using a radial flow chamber (a)
cell deposition (b) cell seeding (c) disc adjustment (d) system assembling.
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FIG. 3. Blood flow simulator for tubular structure analysis (a) and schematic illustration of experiment (b).

Hemocompatibility of tube-like elements

Hemocompatibility of coatings deposited on the internal
side of polyvinyl chloride (PVC) tubes were determined by
blood flow simulator (FIG. 3). The detailed description of
this method was described elsewhere [20]. For analysis
whole human blood collected from healthy volunteer was
used. Experiment was performed according to ethic norm
and the blood was purchased from the Blood Center in
Krakow in accordance to the requirements of health and
safety. Cooperation with the Regional Blood Center was
specifically stated in the signed agreement. The aliquot of
blood (2 mL for sample) was poured into the interior of the
tube and the cone shape rotor was placed on the other side
of the tube. The whole rotor was immersed in the blood
by punch movements. Shear forces were applied by cone
rotation for 20 min. After that time blood above sample was
collected and analyzed by flow cytometry. Expression of
platelet activation markers was measured on CD61 gated
objects using PAC-1 antibody for conformational change of
glycoprotein IIb/llla, and using CD62P for P-selectin. Inte-
grated fluorescence of the activation marker was calculated
as a multiplication total of geometric mean fluorescence by
percentage of marker-positive objects. Tubes were cut into
pieces with dimension 10 mm x 15 mm and analyzed by
scanning confocal laser microscopy (CLSM Exciter 5, Carl
Zeiss) and dedicated monoclonal antibodies. Cells adhered
to material surfaces were fixed and permeabilised for 10 min
with 4% paraformaldehyde (PFA). After washing the samples
three times for 5 min with PBS, they were incubated with
anti-human CD62P P-selectin antibody conjugated with
fluorescein isothiocyanate (FITC), which is a dye that marks
platelets with the P-selectin active receptor. After 30 minutes
of incubation, the samples were washed three times with
PBS and were covered by the human monoclonal antibody
CD45 PE conjugated with Texas Red for 10 minutes. This
secondary antibody marks active leukocytes on the mate-
rial surfaces. Finally, the samples were rinsed three times
in PBS and were immediately imaged. The cell densities on
the surfaces were measured using the “colocalization” tool
of the microscope software (Carl Zeiss Exciter 5 equipped
with ZEN 2008). Colocalization analysis was done on the
basis considering pixel by pixel analysis.

Results and Discussions

Microstructure

The microstructure (TEM) and distribution of the C, O, Si
and Ti elements are shown in FIG. 4. The high-resolution
analysis showed the presence of crystalline phases in the
amorphous matrix. It is associated with the initial mecha-
nism of the thin film nucleation from the gas phase. Two
dimensional thin film nucleation allows achieving mechani-
cal properties, unusual for ceramic coatings. The coating
which has reached elastic properties was applied directly
on the polymer.

FIG. 4. The microstructure analysis of coating on
silicon substrate.

Tribology

The mechanical properties of coatings deposited on flat,
silicone substrates are presented in TABLE 3. The coatings
have the hardness of 9-15 GPa and Young’'s Modulus of
129-155 GPa. With decreasing thickness of the coating,
the hardness decreases due to the increased impact of
the silicon substrate on the measurements. For the con-
trol sample (silicone substrate) is about H = 9 GPa and
E =120 GPa, which practically corresponds to the measure-
ment for the thinnest film thickness 15 nm.
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TABLE 3. Microhardness (HiT) and Young’s modulus (E) of coatings at a load
of 1 and 2 mN. Hmax represents the deepness of material deformation.

Optical micrographs of scratch
tracks of films on silicone sub-
strates are presented in FIG. 5.
In the case of flat samples, the coat-

Thick- 1 mN 2mN ings are characterized by a very
Material ness HIiT E hmax HIT E good adhesion to substrates. The
[nm] [MPa] [GPa]  [nm] [MPa] LEFEI] last film has cracked at load 16 N
a-C:H 100 |73 £3 | 10785 +£1049 | 1299 | 100 £2 | 10101 426 138 +4 but has not fall off the substrate
Si-DLC | 500 | 65+2 | 14618 +1126 | 155+7 | 93 £3 | 13075 +819 143 £7 despite the small thickness of this
Si-DLC | 300 |63 £3 | 15570 #1615 | 148 +6 | 93 #1 13001 £790 146 £4 coating (15 nm)
Si-DLC | 200 | 66 x4 | 13487 +1445 | 14545 | 953 | 11225 +988 143 £7
Si-DLC | 125 | 723 | 973121150 | 1405 | 99+3 | 9648 +842 | 1366 | Biomechanical properties of
Isioic | 15 [73:3] 91864614 | 13247 | 99+3 | 8373213 | 135 +g | Cell-materialinteraction for flat

a-C:H 100nm 10N Si-DLC 500nm 25N

e - 4 N

Si-DLC 200nm 25N

Si-DLC 300nm 25N

Si-DLC 125nm 25N Si-DLC 15nm 16N

FIG. 5. Optical micrographs of scratch tracks of films
on silicone substrates.

samples

The biomechanical interaction of red blood cells with
coatings is presented in FIG. 6. The percentage of attached
cells after the radial flow detachment test were calculated
and presented as a function of a distance from the center
of the sample. Typical washing-out valley can be observed.
The narrower and shallower valley represents the stronger
interaction of cells with the substrate. In the center of the
sample shear forces have the strongest values resulting in
significant eluting cells in this area. Due to the design of the
tester, the stress is reduced along the radius, the amount of
attached cells increases linearly until the plateau is reached.
After that, small differences in the number of cells can
by observed. These changes may occur due to the local
displacement of cells within a sample under the action of
static shear stress. The applied stress is too weak to cause
cell detachment but strong enough to shift cells along the
radius. It also explains the measured value of more than
100% detached cells. For the a-C:H:Si films with thickness
of 125 nm and 200 nm almost complete cell detachment
(299,5%) near the center of the sample is observed, which
then decreases linearly. The weak cell-material interaction
for these cells is confirmed by the small amount of cells
at the edges of the disc where shear forces are close to
zero. In the case of coatings type a-C:H:Si 500 nm and a-
C:H 100 nm at the beginning, cell detachment reaches the
value of 90% which shows a stronger interaction of these
materials with cells. For a-C:H:Si 300 nm sample a charac-
teristic double plateau shape of function can be observed.
The slight (about 3 Pa) decrease in the value of applied
shear forces caused a sudden, sharp decline in cells
washout. For all samples the threshold stress values were
calculated and presented in FIG. 7. These values represent
a state where the probability of cell detachment from the
surface is 50%. For a-C:H:Si 15 nm the value of threshold
stress is the highest.

120

100

80

60

—+-5i-DLC500nm

%cell

40

-#-5i-DLC 300nm
-4+5i-DLC200nm

20

—<S5i-DLC125nm

—-5i-DLC15nm
-+-3-C:H 100nm
o iFFe T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
O O (O O O O O D (D O O D D O D D D D D D D O O D D DD DD
D7 ADY 4B ADY A 4D D7 4D 4D AD AT 4D AR ADY 4D ADY D 4D BT 4D 00 4D DY 4D B AT 07 4D 4R 4D A
R N S A A (e U RS AR SR ARl

radius [nm]

FIG. 6. The percentage of attached cells on a function of distance from the center of the sample after the radial

flow detachmend test.

Z 0 © 00000 0000000000000 00000000000000000060000

Ll



70

60

50 |
40
30
20 |
10
0 ‘

a-C:H Si-DLC Si-DLC Si-DLC Si-DLC Si-DLC
100nm 500nm 300nm 200nm 125nm  15nm

Critical stress [Pa]

FIG. 7. Threshold stress values.

Protein adsorption

Adsorption of protein to tubular structure is presented in
TABLE 4. The results were correlated to the most abounded
blood protein — albumin. For two types of coatings (Version
B and E) the highest values of protein concentration in com-
parison to control sample was observed. This indicates an
increase in the affinity of these coatings to albumin captured
from blood. Albumin is a blood protein which can decrease
subsequent thromboembolic events [22-24]. The achieved
results may indicate the formation of a densely packed al-
bumin monolayer and may cause the weaker adhesion of
platelets and leukocytes to the surfaces of these coatings.

TABLE 4. Protein adsorption from foetal bovine

Hemocompatibility

Blood-material interaction for tubular structures were © @ @ e @ @ o

analysed by blood flow chamber. The surfaces coverage
by platelets and leukocytes were presented in FIG. 8.
The relative number of cells was calculated in comparison
to control sample and exchange rate per unit area (um?).
For almost all the samples except sample indicated as
Version F improvement in hemocompatibility properties
is visible over the control sample. Promising results were
obtained for coatings marked as Version B and Version F
where a significant decrease in the number of platelets and
leukocytes is observed. The surface modification by thin
coating deposition has also an impact on cells activation in
blood after exposure of materials to blood stream (FIG. 9).
Expression of platelet activation markers decreases for
all coatings except sample marked as Version D. For this
sample the adhesion of platelets to surface is lower than for
non-modified surface, but on the other hand, their activation
in blood is much stronger. Opposite situation is observed for
sample Version F. Asmall number of active platelets in blood
can result from a high affinity of the surface of the film to cells
resulting in their strong adhesion. Taking into consideration
results obtained for surface and blood analysis, Version B
and Version E seem to exhibit the most promising properties
of the blood-material interaction.

® N/No leukocytes I
N/No platelets

Relative number of cells/pum2

serum (FBS) solution. L
Sample FBS concentration [ug/ml] = B
control 2.69 £+0.13 iy —
Version A 1.96 £0.04
C % &
Version B 3.46 +1.4 & &S S S S S
s & & & & & 6
Version C 0.925 +0.14 g ¢ @ - <
Version D 1.99 +0.014
Version E 3 545 +0.68 FIG. 8. The relative number of platelets ar!d leu-
: kocytes on the surfaces of analyzed materials.
Version F 2.59 £0.48
100
80
60
40 m PAC-1
20 - -: W P-SEL
0 - T T ———]
bas bas+ bas+ control version version version version version version
0,4mM 0,04 A C D E F
ADP mM ADP

FIG. 9. The PAC-1 and P-SEL expresion in leukocytes after dynamic test.
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Conclusions

BI® MATERIALS

While designing new materials for the direct contact with
blood, one should consider their final application. Materials
have to be tested in the conditions similar to physiological
environment. For biomaterials dedicated for cardiovascular
devices many aspects of blood-material interaction should
be taken into consideration, like, biomechanical interaction
of blood cells with material, protein adsorption, cell adhesion
and activation. Untypical architecture of tube-like elements
requires the development of novel deposition techniques
of the thin coating and the following diagnostic methods.
In the frame of the presented work the self-elaborated
system dedicated for the analysis of blood-material inter-
actions in dynamic conditions was properly designed and
elaborated following 10993-4 rules. Blood flow simulation
chamber based on commercially available tester (Impact-R)
is dedicated to tubular structures. Using presented method
the athrombogenic properties of a-C:H and a-C:H doped with
Si coatings were analysed. As part of work the coatings were
deposited on flat samples and tested for their biomechani-
cal properties. Microstructure and tribology analyses were
used to evaluate the coatings anchoring to the substrates
and their hardness and elasticity. Research carried out for
the films on flat substrates have enabled the selection of
groups of materials, which in a later stage have served to
modify the internal side of tubular structures. This has per-
mitted multiscale diagnostics and allowed us to assess the
different phenomena occurring on the cell-material interface.
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Based on achieved results the following conclusions can
be made:

» Ceramic coatings showed elastic properties. This is
achieved by the dispersion of crystalline phase uniformly
in the amorphous structure. The elastic properties of the
ceramic coatings are dependent on the appropriate mecha-
nism of thin nucleation from the gas phase. Such coatings
could be applied for the soft polymer substrate modification.
» Materials showing low affinity to platelets attachment can
cause their activation in blood.
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hemocompatibility. On the basis of the dynamic analysis on
blood, the decreased activation of the coagulation system
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coatings was observed. These characteristics prove the
selected appropriate parameters.

* The coatings with the highest hemocompatibility properties
exhibit high affinity to adsorption of blood protein - albumin.
Albumin is known to inhibit clotting process which confirms
hemocompatibility properties of these coatings.
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Streszczenie

Celem prowadzonych badarn byto poréwnanie
wtasnos$ci panewki nowej oraz po alloplastyce rewi-
zyjnej przebywajgcej w organizmie cztowieka przez
68 miesiecy. W ramach badan przeprowadzono ana-
lize sktadu chemicznego, wiasno$ci mechanicznych
oraz fizykochemicznych. Wiasnosci te analizowano na
podstawie badarn z wykorzystaniem optycznej spek-
trometrii emisyjnej ze wzbudzeniem jarzeniowym, po-
miaréw twardos$ci oraz badan potencjodynamicznych
odpornosci na korozje wzerowg i elektrochemicznej
spektroskopii impedancyjnej EIS. Badanie elektro-
chemiczne przeprowadzono w roztworze Ringera.
Dodatkowo przeprowadzono analize makroskopowg
powierzchni. Na podstawie przeprowadzonych badan
stwierdzono, ze badane panewki zostaty wytworzo-
ne ze stali Cr-Ni-Mo spetniajgcej zalecenia normy
ISO 5832-9. Wyniki pomiaréw twardos$ci ujawnity
obszary o zréznicowanym umocnieniu biomateriatu
panewki. Uzyskane parametry odporno$ci korozyj-
nej dla panewki po implantacji byty porownywalne
do wartosci uzyskanych dla panewki w stanie wyj-
Sciowym. Dodatkowo przeprowadzone badania EIS
okreslity charakter warstwy tlenkowej wystepujgcej
na powierzchni implantu po usunieciu z organizmu.
Wykazaty one wystepowanie warstwy podwdjnej
stanowigce dobre zabezpieczenie biomateriatu me-
talowego przed rozwojem niekorzystnych zjawisk
korozyjnych. Natomiast przeprowadzone obserwa-
cje makroskopowe ujawnity wystepowanie warstwy
hydroksyapatytu na powierzchni panewki po 68-mie-
siecznym przebywaniu w organizmie. Podsumowujgc
mozna stwierdzi¢, ze przyczyng alloplastyki rewizyjnej
byt brak osteointegracji powierzchni zewnetrznej im-
plantu spowodowany nierbwnomiernym przyleganiem
implantu do powierzchni kosci. Nie zaobserwowano
Jjednak zmniejszenia odpornosci korozyjnej panewki
po implantacji, co wskazuje na jej biokompatybilno$¢
w $rodowisku tkankowym.

Stowa kluczowe: stal Cr-Ni-Mo, panewka stawu
biodrowego, odpornos¢ korozyjna

[Inzynieria Biomateriatow 132 (2015) 9-16]
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Abstract

The aim of the research was to compare the proper-
ties of the new cup and the cup after alloplastic revision
surgery which has been staying in the human body
for 68 months. In the studies chemical composition,
mechanical and physicochemical properties were
analyzed. The properties were analyzed on the basis
of studies of glow discharge atomic emission, mea-
surements of hardness and potentiodynamic studies
of resistance to pitting corrosion and electrochemical
impedance spectroscopy (EIS). The electrochemi-
cal research was conducted in Ringer’s solution.
Ad(ditionally, analysis of the macroscopic surface was
conducted. The results revealed that the cups were
produced from high nitrogen stainless steel which
chemical composition and mechanical properties
met the requirements of the ISO 5832-9 standards.
The results of hardness revealed areas with varied
strengthening of the cup’s biomaterial. Parameters of
the corrosion resistance for the cup after implantation
were comparable to the values obtained for the cup
in the initial state. Additionally, EIS study determined
the nature of the oxide layer on the surface of the
implant removed from the body. The results showed
the existence of a double layer forming good protection
of the metal biomaterial against corrosion. The perfor-
med macroscopic observation revealed the presence
of hydroxyapatite on the surface of the cup after the
68 months in the body. We conclude that the reason for
revision arthroplasty was the lack of osteointegration
of the outer surface of the implant caused by non-
-uniform adhesion of the implant to the bone surface.
However, no reduction in corrosion resistance of the
cup after implantation was observed which indicates

its biocompatibility in the tissue environment.

Keywords: stainless steel, hip endoprosthesis,

corrosion resistance

[Engineering of Biomaterials 132 (2015) 9-16]
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Wprowadzenie

Materiaty stosowane na implanty, np. na endoprotezy
stawu biodrowego, powinny charakteryzowac¢ sie wysoka
trwatoscig w srodowisku biologicznym. Obecnos¢ ptynéw
ustrojowych oraz dziatanie naprezen na endoproteze moze
powodowac szybszy proces degradacji, a tym samym
wplywac na zmiane trwatosci i stabilnosci jej w organizmie
cztowieka. Kazdy biomateriat metalowy reprezentuje okre-
Slony zesp6t wiasnosci uzytkowych zapewniajgcy bezpiecz-
ng wspotprace implantu ze Srodowiskiem tkankowym [1].
Jego wiasnosci mechaniczne sg ksztattowane na postawie
struktury, a ich prawidtowy dobér zapewnia przenoszenie ob-
cigzen w zakresie sprezystym. Uniemozliwia to uszkodzenie
endoprotezy w trakcie uzytkowania w organizmie i zapewnita
prawidtowg stabilizacje [2]. Wtashosci mechaniczne tworzyw
przeznaczonych na implanty wyznacza sie na podstawie
statycznej préby rozciggania, $ciskania, zginania oraz
pomiaru twardosci. Dodatkowo przeprowadza sie rowniez
analizy numeryczne wykorzystujgce metode elementéw
skonczonych, ktére umozliwiajg optymalizacje geometrii
oraz dobdr najkorzystniejszych wtasnosci materiatowych [3].

Bardzo wazna jest réwniez biokompatybilnos¢ implan-
tu zwigzana bezposrednio z odpornoscig korozyjng. Jej
obnizenie moze prowadzi¢ do komplikacji, wywotanych
przedostawaniem sie do organizmu produktow korozji [4].
Dobér odpowiedniego zespotu wiasnosci fizykochemicznych
biomateriatu stosowanego na endoprotezy dokonuje sie
na podstawie badan odpornosci korozyjnej w warunkach
laboratoryjnych, ktore symulujg rzeczywiste srodowisko
biologiczne organizmu. Dlatego na ich podstawie mozna
okresli¢ rodzaj niszczenia korozyjnego endoprotezy [4-7].

Uwzgledniajgc wymienione uwarunkowania zwigzane
z biomateriatem metalowym w pracy przedstawiono po-
réwnanie sktadu chemicznego, twardosci oraz odpornosci
korozyjnej panewki nowej oraz po 68-miesiecznym przeby-
waniu w organizmie cztowieka. Badania przeprowadzono
dla hemisferycznych panewek stawu biodrowego wytwo-
rzonych ze stali Cr-Ni-Mo o podwyzszonej zawartosci azotu
spetniajgcej wg producenta zalecenia normy ISO 5832-9.

Materiat i metody

Do badan wytypowano dwie bezcementowe panewki sta-
wu biodrowego: nowg (nr 1) reprezentujgca stan wyjsciowy
oraz panewke po 68-miesiecznejimplantacji (nr 2). Panewki
wedtug producenta zostaty wytworzone ze stali odpornej
na korozje Cr-Ni-Mo, ktorej sktad chemiczny i wiasnosci
mechaniczne powinny by¢ zgodne z zaleceniami normy ISO
5832-9 [8]. Panewka nowa po zewnetrznej stronie catkowi-
cie byta pokryta hydroksyapatytem — RYS. 1a, natomiast
na powierzchni zewnetrznej panewki nr 2 widoczny byt
niezresorbowany hydroksyapatyt oraz w gérnej jej czesci
wrosniety fragment tkanki kostnej — RYS. 1b. Przyczyng
reimplantacji panewki nr 2 byta jej destabilizacja spowodo-
wana zwichnieciem. Zwichniecie z kolei spowodowane byto
stabg resorpcjg hydroksyapatytu z powierzchni implantu
i stabym lub catkowitym brakiem osteointegracji zewnetrznej
czesci panewki z koscia.

Do badan przygotowano 18 prébek, na ktoérych prze-
prowadzono badanie sktadu chemicznego, obserwacje
makroskopowg powierzchni, pomiar twardosci oraz bada-
nia potencjodynamiczne odpornosci na korozje wzerowg
oraz elektrochemicznej spektroskopii impedancyjnej EIS.
Badania przeprowadzono na wewnetrznej i zewnetrznej
powierzchni panewek.

Introduction

The materials used for implants e.g. hip endoprosthe-
sis, are expected to be characterized by high durability in
a biological environment. The presence of body fluids and
the effect of stress on the endoprosthesis could cause faster
degradation process and modifications in the durability
and stability of implants in the human body. Each metal
biomaterial represents a particular set of functional proper-
ties to ensure a safe cooperation of the implant with tissue
environment [1]. The mechanical properties are formed on
the basis of the structure and its proper selection ensures
the transfer of load in an elastic range. This makes itimpos-
sible to damage the hip endoprosthesis in human body and
ensure correct stabilization [2]. The mechanical properties
of metallic materials intended for implants are determined
on the basis of the static tensile testing, compression
and bending testing as well as hardness measurements.
Furthermore, sometimes finite element analyses focused
on geometry optimization and selection of the best material
properties are also carried out [3].

The hip endoprosthesis is a long-term implant; for the
reason it is important for it to have an appropriate biocom-
patibility which is directly connected with corrosion resist-
ance of the implant. It is well known that corrosion products
have negative influence on human body [4]. Selection of
an appropriate set of physicochemical properties of the
biomaterial used for endoprosthesis is made on the basis
of corrosion resistance in laboratory conditions simulating
the environment of the real organism. Therefore, on this
background we can define the type of corrosion damage of
the endoprosthesis [4-7].

Taking into account the above mentioned considerations
related to the use of metallic biomaterials, the comparison
of the results of chemical composition, hardness and corro-
sion resistance of the new cup and the cup after 68-month
of implantation was presented in this paper. The research
was conducted for hemispherical hip cups produced from
high nitrogen stainless steel which chemical composition
and mechanical properties met the requirements of the ISO
5832-9 standard.

Materials and Methods

Two uncemented hip endoprosthesis cups were used in
the research: no. 1 - new and no. 2 - cup after 68-month
implantation produced from high nitrogen stainless steel
which chemical composition and mechanical properties
met the requirements of the ISO 5832-9 standard [8]. The
cup no. 1 was completely covered with hydroxyapatite on
the external surface — FIG. 1a, while the cup no. 2 was cov-
ered with not fully resorbed hydroxyapatite on the external
surface and in its upper part an ingrown of bone tissue was
visible — FIG. 1b. The reason for removal of the cup no. 2
was destabilization caused by dislocation. The dislocation
was caused by low resorption of the hydroxyapatite from the
surface of the implant or complete lack of osseointegration
of the external part of the cup with the bone.

Eighteen samples were selected for the tests. The re-
search consisted of studies of the chemical composition,
macroscopic observation of the surface, hardness measure-
ments, corrosion resistance and electrochemical impedance
spectroscopy. The research was carried out on internal and
external surfaces.
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RYS. 1. Badane panewki: a) przed implantacja — panewka nr 1, b) po implantacji — panewka nr 2.
FIG. 1. Tested cups: a) before implantation — cup no. 1, b) after implantation — cup no. 2.

Do badania sktadu chemicznego wytypowano po jednej
prébce z kazdej panewki ze stali austenitycznej o pod-
wyzszonej zwartosci azotu. Badanie przeprowadzono z
wykorzystaniem spektrometru LECO GDS500A, stuzgcego
do badania sktadu chemicznego stopow metali. Urzgdzenie
wykorzystuje technike optycznej spektrometrii emisyjnej ze
wzbudzeniem jarzeniowym.

W celu oceny makroskopowej powierzchni panewek
przeprowadzono obserwacje z wykorzystaniem mikroskopu
stereoskopowego SteREO Discovery.V8 firmy Zeiss przy
powiekszeniach: 10x i 20x.

W celu okreslenia wtasno$ci mechanicznych prze-
prowadzono pomiar twardosci metodg Vickersa zgodnie
z zaleceniami normy EN ISO 6507-7:2005 [9]. Pomiaru
dokonano na twardos$ciomierzu DuraScan 50 firmy Struers,
przy obcigzeniu 49 N. Do badania wykorzystano dwie prébki
w postaci zgtadow poprzecznych ze srodkowych czesci
panewek. Zarowno na powierzchni prébki z panewki 1, jak
i 2 wykonano po 60 pomiaréw. Porownywano wyniki dla
dwdch obszaréw przedstawionych na RYS. 2.

W kolejnym etapie przeprowadzono badanie odporno$ci
na korozje wzerowg metodg potencjodynamiczna rejestrujac
krzywe polaryzacji zgodnie z zaleceniami normy [10]. Uktad
pomiarowy sktadat sie z celi elektrochemicznej, elektrody
pomiarowej w postaci drutu platynowego, nasyconej elek-
trody kalomelowej (SCE) jako elektrody odniesienia oraz
z anody, ktorg stanowita badana probka. W badaniach
wykorzystano potencjostat VoltaLab PGP 201 z oprogramo-
waniem VoltaMaster 4. Badanie rozpoczynano od wyzna-
czenia potencjatu otwarcia E., w warunkach bezprgdowych
w czasie 2 h, a nastepnie rejestracji krzywych polaryzacji,
ktore rejestrowano od wartosci potencjatu inicjacji E;,, =
Eoce — 100 mV. Zmiana potencjatu nastepowata w kierunku
anodowym z szybkoscig 3 mV/s. Po osiggnieciu gestosci
pradu 1 mA/cm? zmieniano kierunek polaryzacji. Na podsta-
wie otrzymanych krzywych polaryzacji

One sample of each cup of austenitic stainless steel with
increased content of nitrogen was selected for the study
of chemical composition. The test was carried out using a
spectrometer LECO GDS500A, used to study the chemical
composition of the metal alloys. The device uses a technique
of glow discharge with atomic emission.

Next stage of the research was macroscopic observa-
tions of the surfaces which were conducted with the use of
stereomicroscope SteREO Discovery.V8 produced by Zeiss
with magnification: 10x and 20x.

Hardness was measured using the Vickers method
as recommended by EN ISO 6507-7:2005 standards [9].
The tests were carried out with the use of the machine
DuraScan 50 Struers with a load of 49 N. Research was
performed on two samples from central parts of the cups.
There were 60 measurements carried out on the surfaces
of both of the cups’ samples. The results for the two areas
shown in FIG. 2 were compared.

Next, tests of resistance to pitting corrosion were con-
ducted using the potentiodynamic method consisting of
registration of polarization curves in accordance with the
standard recommendations [10]. The measurement set up
consisted of an electrochemical cell, auxiliary electrode in
the form of a platinum wire, reference electrode (SCE) and
anode (tested sample). The test was carried out with the
use of the VoltaLab PGP 201 system using VoltaMaster 4
software. Corrosion testing was started with the setting of
the open circuit potential E,p. Polarisation curves were reg-
istered from the value of initial potential E;,; = Eqcp -100 mV.
The polarization rate was equal to 3 mV/s. Once the anodic
current density reached the value of 1 mA/cm?, the polariza-
tion direction was changed. On the basis of the obtained
curves, corrosion potential E.,,, and breakdown potential
E, were determined. Polarization resistance R, value was
determined using Stern’s method.

wyznaczono: potencjat korozyjny E,,
(mV), potencjat przebicia E, (mV),
potencjat repasywacji E,, (mV) oraz z
wykorzystaniem metody Sterna opér
polaryzacyjny R, (kQ-cm?).

Al

II A-A

RYS. 2. Przekroj panewki z obszarami pomiarowym I i Il.
FIG. 2. Cross section of the cup with the areas of measurement | and II.
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Dodatkowo, dla panewki po implantacji w celu uzyskania

® e ® o o ® o dodatkowych informacji o witasnosciach fizykochemicznych

powierzchni przeprowadzono badania z wykorzystaniem
elektrochemicznej spektroskopiiimpedancyjnej (EIS) [11-13].
Do pomiaréw wykorzystano system pomiarowy Auto Lab
PGSTAT 302N wyposazony w modut FRA2 (Frequency
Response Analyser) oraz zestaw elektrod taki sam jak w ba-
daniach potencjodynamicznych. Zastosowany uktad pomia-
rowy umozliwit prowadzenie badan w zakresie czestotliwosci
104+10 Hz. Amplituda napiecia sinusoidalnego sygnatu
pobudzajgcego wynosita 10 mV. W badaniach wyznaczono
impedancyjne widma uktadu i dopasowano uzyskane dane
pomiarowe do uktadéw zastepczych. Na tej podstawie
wyznaczono wartosci liczbowe opornosci R i pojemnosci C
analizowanych uktadéw. Otrzymane widma impedancyjne
przedstawiono w postaci diagramoéw Nyquista dla réznych
wartosci czestotliwosci oraz w postaci diagraméw Bode.
Otrzymane spektra EIS interpretowano po dopasowaniu
metodg najmniejszych kwadratow do zastepczego uktadu
elektrycznego. Wszystkie badania elektrochemiczne zrea-
lizowano w roztworze Ringera o temperaturze T = 37+1°C
ipH=7,0%0,2.

Wszystkie wartosci otrzymanych parametréw z badan
podano jako wartosci usrednione z odchyleniem standar-
dowym.

Wyniki i dyskusja

Wyniki analizy sktadu chemicznego biomateriatu pane-
wek przedstawiono w TABELI 1. Przeprowadzona analiza
sktadu chemicznego potwierdzita zgodno$c¢ sktadu chemicz-
nego badanych panewek z zaleceniami normy ISO 5832-9.
Ponadto stwierdzono, ze badane panewki pochodzity
z réznych partii materiatu poniewaz ilos¢ poszczegodlnych
pierwiastkéw stopowych nieznacznie sie réznita.

W wyniku przeprowadzonych badan makroskopowych
obu panewek zaobserwowano zréznicowang powierzchnie
badanych implantéw. Powierzchnia zewnetrzna panewki
nowej byta réwnomiernie pokryta hydroksyapatytem na
catej powierzchni — RYS. 3a, natomiast na powierzchniach
panewek po implantacji mozna lokalnie zaobserwowac
pozostatosci hydroksyapatytu, ktory nie zostat zresorbo-
wany podczas stabilizacji — RYS. 3b. Moze wynika¢ to
z lokalnego nieprzylegania panewki do kosci, a tym samym
nierbwnomiernego rozpuszczania sie hydroksyapatytu.
Ponadto zaobserwowano nieznaczne ilosci tkanki kostnej
przerosnietej do zewnetrznej warstwy powierzchniowej
implantu, co potwierdza brak petnej integracji panewki
z koscig. Konsekwencjg tego byta alloplastyka rewizyjna.

TABELA 1. Sktad chemiczny stali.

TABLE 1. The chemical composition of austenitic steel.

In order to obtain additional information on physiochemi-
cal properties of the cup after 68 months of implantation
EIS study was conducted [11-13]. Measurements were
taken using AutoLab’s PGSTAT 302N measurement sys-
tem equipped additionally with the Frequency Response
Analyser FRA2 module. The system allowed for tests
to be carried out in the frequency range of 104+10° Hz.
The amplitude of signal sinusoidal actuating tension
amounted to 10 mV. Impedance system spectra were deter-
mined and the obtained measurement data were adjusted
to the substitute set up. On this basis numerical values of
resistance R and capacity C of the analyzed systems were
determined. Impedance spectra of the tested system were
presented in the form of Nyquist diagrams for different
frequency values and in the form of Bode’s diagrams. The
obtained EIS spectra were interpreted after they had been
adjusted according to the method of the smallest squares to
the equivalent circuit. All electrochemical tests were carried
out in Ringer’s solution at 37 £1°C, pH = 7.0 +0.2.

All of the parameters obtained from the test are given as
mean values with standard deviation.

Results and Discussion

The results of chemical composition analysis are pre-
sented in TABLE 1. The analysis of chemical composition
confirmed compliance with the recommendations of the
ISO 5832-9 standards. Moreover, on the basis of the tests
carried out, the differences in the chemical composition of
particular groups of samples were observed. The quantity
of the alloying elements from cups slightly differs.

On the basis of the tests carried out, the differences
in the surfaces of particular implants were observed. The
external surface of the new cup was uniformly covered with
hydroxyapatite on the whole surface — FIG. 3a, whereas
on the surface of the cup after implantation areas of vis-
ible unresorbed hydroxyapatite could be locally observed
- FIG. 3b. It may result from lack of contact between the
cup and the bone and non-uniform dissolution of hydro-
xyapatite. Moreover, fractional bone tissue grown into
the external surface of the implant was observed, which
proved loosening of the cup and, as a consequence, led
to revision alloplasty.

Sktad chemiczny / Chemical composition [%]

Panewka

Cup Ni Mo C Si

Mn Nb S

Wymagania | 19.50 | 9.00 | 2.00 2.00 | 0.25 0.25 —

Requirements - - - 0.08 0.75 - - 0.01 0.02 - 0.25 rest
ISO 5832-9 | 22.00 | 11.00 | 3.00 425 | 0.80 0.50

Panewkanri | . 5 | 1050 | 231 | 008 | 072 | 281 | 075 | 001 | 003 - 0.08 | reszta
Cup no. 1 rest

Panewkanr2 | 19 | 1030 | 252 | 004 | 032 | 320 | 029 | 001 | 002 | - | 004 |TeS#@
Cup no. 2 rest
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RYS. 3. Widok powierzchni: a) panewka nr 1, pow. 10x, b) panewka nr 2, pow. 20x - mikroskop stereoskopowy.
FIG. 3. View of the surface: a) cup no. 1, mag. 10x, b) cup no. 2, mag. 20x - stereomicroscope.

Wyniki badan twardosci analizowanych panewek przed-
stawiono w TABELI 2. W oparciu o wyniki pomiaru twardosci
biomateriatu panewki nr 1 stwierdzono, ze srednia twardos¢
wynosi 214 HV5, natomiast w prébce z panewki nr 2 -
156 HV5. Warto$¢ twardos¢ panewki po implantacji jest
zréznicowana w zalezno$ci od miejsca pomiaru. Ze wzgle-
du na badane obszary mozna stwierdzi¢, ze twardosc¢ jest
najwieksza w obszarze ,II” (173 HV5) wystepujacym w jej
srodkowej czesci — RYS. 2, natomiast w obszarze ,I”, ktory
charakteryzuje boczne, dolne czesci panewki zaobserwo-
wano jej obnizenie do 141 HV5.

Poréwnujgc obydwie
panewki stwierdzono, ze
panewka nowa charak-
teryzuje sie wiekszym
umocnieniem materiatu w S E——
odniesieniu do panewki Cup
po implantacji. Moze byc¢
to spowodowane wiekszg

Panewka nr 1/ Cup no. 1

TABELA 2. Wyniki z pomiaru twardosci panewek.
TABLE 2. Results of measuring the hardness of the cups.

The results of the hardness measurements analysis of
cups are presented in TABLE 2. On the basis of the hard-
ness measurements of the biomaterials carried on cup no 1
it was found that the mean value is 214 HV5 and in cupno 2 -
156 HV5. The value of the hardness of the cup after implan-
tation was varied depending on the place of measurement.
Due to two test areas it can be concluded that the hardness
is the highest in the area “II” (173 HV5) occurring in the
central part — FIG. 2, while in the area “I” which marks the
side, lower part of the cup the decrease in the hardness
(141 HV5) was observed.

Comparing both cups
it has been observed that
the new cup was chara-
cterized by increased de-
gree of hardening of the
Mean value, HV5 material with reference to

the cup after implantation.
214 (4) It may be caused by the

Srednia twardo$é

zawartos$cig pierwiastkow I Panewka nr 2 / Cup no. 2

156 (20) | higher content of alloying

stopowych w stali.

Wyniki badan odpornoséci na korozje wzerowg metodg
potencjodynamiczng przedstawiono na RYS. 4 oraz w
TABELI 3. Na podstawie krzywych polaryzacji stwierdzono
wystepowanie potencjatéw przebicia E, oraz repasywacji
E.,- Odnoszgc uzyskane wyniki do wczesniejszych badan
autorow [14] panewki w stanie wyjsciowym mozna stwier-
dzi¢, ze odpornos$c na korozje wzerowg obu panewek byta
poréwnywalna. Dodatkowo zaobserwowano, ze wartosci
potencjatu korozyjnego E.,, dla wszystkich badanych
probek miescity sie w przedziale od -139 mV do -24 mV
i byty wigksze dla panewki po 68-miesiecznym przebywa-
niu w organizmie cztowieka. Uzyskano réwniez wysokie
wartosci potencjatow przebicia E, na wszystkich prébkach
w zakresie od +1081 mV dla powierzchni zewnetrznej
panewki po 68 miesigcach obecnosci w organizmie, do
+1242 mV dla powierzchni zewnetrznej panewki przed
implantacjg. Zaobserwowano jednak, ze dla panewki nr 2
niezaleznie od analizowanej powierzchni (zewnetrzna/
wewnetrzna) potencjaly przebicia byly nieznacznie mniej-
sze niz w przypadku panewki nowej — TABELA 3. Badania
implantéw usunietych z organizmu wytworzonych ze stali
Cr-Ni-Mo (AISI 316 LVM), ale o wtasnosciach zgodnych
z normg ISO 5832-1 prowadzili autorzy [15]. Otrzymali oni
wartosci potencjatow przebicia E, w zakresie od +768 mV
do +1130 mV. Uzyskane wyniki wskazujg na mniejszg ich
odpornos¢ korozyjng w poréwnaniu do analizowanych
panewek o sktadzie chemicznych zgodnym z zaleceniem
normy ISO 5832-9.

elements in the steel.

Results of pitting corrosion test carried out with the use
of the potentiodynamic method are presented in FIG. 4 and
in TABLE 3. Basing on the obtained polarization curves
the existence of breakdown potential E, and repassivation
potential E., has been stated. Based on the results of the
authors’ previous research [14] it has been stated that re-
sistance to pitting corrosion of both cups were comparable.
Furthermore, it was stated that the values of the corrosion
potential E,, for all the tested samples were in the range
-139 mV +-24 mV, and the highest values were recorded for
the cup after the implantation. Moreover, the obtained results
revealed the presence of high value of breakdown potential
E, for all the tested samples and ranged from +1081 mV
for the external surface of the sample taken from the cup
after the implantation up to +1242 mV for the external sur-
face of the cup before implantation. It was observed that
for cup no 2, irrespective of the analyzed surface (external/
internal) breakdown potentials were slightly smaller than in
the case of the new cup. The research on explants made
of the AISI 316 LVM stainless steel (ISO 5832-1 standard)
was carried out by others [15]. The values of breakdown
potential E, ranging from +768 mV to +1130 mV were ob-
tained. The results showed lower corrosion resistance than
in comparison to the analyzed cups made of the stainless
steel compatible with the ISO 5832-9 standards.
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RYS. 4. Przykladowe krzywe polaryzacji dla pa-
newki nr 2.
FIG. 4. Sample of polarisation curves for cup no. 2.

Ponadto poréwnujgc uzyskane wartosci oporéw polary-
zacyjnych R,— TABELA 3, stwierdzono, ze wiekszg aktyw-
noscig powierzchni, a tym samym podatnos$cig do rozwoju
korozji wykazuje powierzchnia zewnetrzna panewek, co
potwierdza topografia tej czesci implantu charakteryzujgcy
sie duzym rozwinieciem.

W ostatnim etapie pracy przeprowadzono badania
z wykorzystaniem elektrochemicznej spektroskopii impedan-
cyjnej EIS. Wyniki w postaci widm impedancyjnych pozwolity
na zidentyfikowanie charakteru wystepujgcej na powierzchni
panewek warstwy tlenkowej — RYS. 5 i 6. Wielkosci elek-
tryczne wyznaczone na podstawie zarejestrowanych widm
zestawiono w TABELI 4.

TABELA 3. Wyniki badan potencjodynamicznych.
TABLE 3. Results of potentiodynamic tests.

E, E. R,
[mV]  [mV] [kQ-cm?]
wewnetrzna | -120 | +1230 ) +61
Nr 1 internal (4) (12) (10)
No. 1
[14] | zewnetrzna | -139 |+1242| | +23
external (53) | (18) (13)
wewnetrzna| -24 | +1171| -32 +179
internal (9) | (104) | (10) (20)
Nr 2
No. 2
zewnetrzna | -47 |[+1081| -53 +75
external (19) | (108) | (16) (18)

Moreover, comparing the results of polarization resist-
ance R, TABELE 3, it has been found that the external
surface of the cups has higher activity and was susceptible
to corrosion. It is confirmed by the topography of that part
of the cup.

In the last step of the work the EIS study was conducted.
The results in the form of impedance spectra enabled to
identify the nature of the surface oxide on the biomaterial
surface — FIG. 5 and 6. The obtained electric values deter-
mined on the basis of the recorded spectra are shown in
TABLE 4.
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after implantation:
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after implantation:
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TABELA 4. Wyniki elektrochemicznej spektroskopii impedancyjnej dla probek z powierzchnig zewnetrzng
i wewnetrzna.
TABLE 4. Results of electrochemical impedance spectroscopy for external surface and internal surface.

Powierzchnia R Roore Coore
Surface [Q] kQ] [UF]
Wei‘rf’tre‘frt]r;“a 17 108 (28) | 248 (63) | 0.0019(0.0032) |  0.79 (0.01) 579 (115) | -30 (2)
zewnetrzna 16 136 (16) | 104 (31) | 0.0009 (0.0012) | 0.79 (0.04) | 1570 (235) | -50 (4)
external
Na podstawie uzyska- On the basis of the ob-
nyc: \:vykrestéw dopaks;(?wano Cpon (_:pEpore tgine;j results equi\(/jal_?r?t
modaele zas cze, Klore s E CIrCuUIls were proposed. (&
modelami fiezF;/cznymi opie} Rs i best matchinng)f rzodel spec-
sujgcymi zjawiska wyste- E Rporo Rt . tra to impedance spectra was

pujgce w danym obiekcie.

—}—

assured by the equivalent cir-

Stwierdzono, ze najlepsze
dopasowanie eksperymen- 1

cuit composed of two parallel

1 electric elements represent-

talnych widm impedancyj- 7 =Rg+
nych uzyskuje sie stosujgc
elektryczny obwdd zastepczy Rpore
ztozony z dwoch kolejno

1 .
7t ]/(wcpore)

1 (1) § ing capacitive or constant
. + Yy, () of porder comb_ir_1ed with

ct resistance transitions and
resistance at high frequen-

nastepujgcych po sobie row-
nolegtych uktadéw elementu
pojemnosciowego/statofa-
Zowego potgczonego z opo-
rem przejscia i oporem przy wysokich czestotliwos-
ciach, ktéry moze by¢ przypisany oporowi elektrolitu
- RYS. 7. R, oznacza opér przeniesienia tadunku,
a CPE,,,. pojemnos¢ warstwy tlenkowej, z kolei R e i Core —
opor i pojemnos$¢ warstwy porowatej (1). Diagram Nyquista
wyznaczony dla probki z panewki przedstawia fragment du-
zych niepetnych potokregdw, ktoéry jest typowg odpowiedzig
impedancyjng dla cienkich warstw tlenkowych — RYS. 6a.
Przedstawione na diagramach Bode, maksymalne warto-
Sci katdw przesuniecia fazowego dla prébek w szerokim
zakresie czestotliwosci sg zblizone i wynoszg 6 = 75°.
Nachylenia log|Z| w catym zakresie czestotliwosci sg bliskie
-1, co $wiadczy o typowym charakterze pojemnosciowym
warstwy porowatej na powierzchni — RYS. 6b. Takie same
schematy zastepcze dla stali 316 LVM oraz cpTi/Ti-6Al-4V
otrzymali [12,13,16].

Whnioski

Na podstawie uzyskanych wynikéw badan nie stwierdzo-
no wplywu przebywania panewki w srodowisku korozyjnym
ptynow ustrojowych cztowieka na jej wtasnosci fizykoche-
miczne. Stwierdzono, ze zaréwno polerowane powierzchnie
wewnetrzne, jak i zewnetrzne pokryte hydroksyapatytem
stanowig bariere chronigcg implant przed dziataniem pty-
néw ustrojowych, a ich dziatanie nie prowadzi do obnizenia
biokompatybilnosci biomateriatu panewki. Uzyskane w
badaniach potencjodynamicznych parametry dla panewki
po implantacji byty poréwnywalne do wartosci uzyskanych
dla panewki nowej. Wyniki te potwierdzono w badaniach
EIS, w ktérych wykazano wystepowanie warstwy podwadjnej
stanowigce dobre zabezpieczenie biomateriatu metalowego
przed rozwojem niekorzystnych zjawisk korozyjnych.

RYS. 7. Elektryczne schematy zastepcze.
FIG. 7. Electric substitute schemes.

cies, which could be attrib-
uted to the resistance of the
electrolyte — FIG. 7. Symbols
describing individual ele-
ments of electric substitute circuits are marked respectively:
R, — resistance of the charge transition at phases border,
CPE,,. — capacity of oxide layer, R, — resistance of solu-
tion in the porous layer, C,,.— resistance and capacity of
porous layer (1). Nyquist diagrams set for the cup sample
have the form of fragments of large, incomplete semicircles
that have impedance response typical for thin oxide layers
— FIG. 6a. Maximum values of phase displacement at a
broad range of frequencies presented in Bode’s diagrams
are similar regardless of the type of sample, and amount
to 6 = 75°. The inclinations log|Z| at the whole scope of
frequency change are close to -1 which indicates the capac-
ity character of porous layer — FIG. 6b. The same electric
substitute schemes for 316 LVM stainless steel and cpTi/
Ti-6Al-4V were obtained [12,13,16].

Conclusions

On the basis of the conducted research, it can be stated
that the physicochemical properties of the cup were not
changed during its stay in the body fluids. It can be stated
that both, polished internal surface and external surface
covered with hydroxyapatite, are efficient barrier protect-
ing the implant from the influence of the body fluids and its
usage does not lead to deterioration of biocompatibility of
the cup. The parameters of potentiodynamic tests for cup
after implantation were comparable to the values obtained
for the new cup. The results of electrochemical impedance
spectroscopy tests showed the presence of a double layer
constituting good protection of biomaterials metal against
the corrosion in Ringer’s solution.
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Stwierdzono natomiast réznice w sktadzie chemicznym

® o e @ o o o analizowanych panewek, mieszczace sie jednak w zakresie

ATERIALS

E E

==
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zalecanym przez norme ISO 5832-9. Niemniej jednak rézni-
ce te przyczynity sie do uzyskania zréznicowanych wartosci
twardos¢ dla analizowanych implantéw. Zaobserwowano,
ze dla panewki po implantacji w obszarze ,II” (RYS. 2)
zwiekszyta sie wartos¢ twardosci w stosunku do obszaru ,I”,
co swiadczy o jej umocnieniu wynikajacym ze sposobu jej
obcigzania podczas uzytkowania.

Dodatkowo przeprowadzone obserwacje makroskopo-
we potwierdzajg przyczyne alloplastyki rewizyjnej, ktéra
zostata przeprowadzona w wyniku zwichniecia panewki
spowodowanej brakiem osteointegracji kosci z zewnetrzng
powierzchnig panewki pomimo obecnos$ci hydroksyapatytu.
Po 68-miesiecznym czasie przebywania w organizmie
stwierdzono lokalnie wystepujgcy hydroksyapatyt, ktory jest
skutkiem nieréwnomiernej resorpcji podczas stabilizacji, co
mogto by¢é spowodowane nieprawidtowym przyleganiem
implantéw do kosci.

Podziekowania

Praca zostata sfinansowana ze $rodkéw Katedry Bio-
materiatow i Inzynierii Wyrobow Medycznych Wydziatu
Inzynierii Biomedycznej Politechniki Slgskiej.
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On the other hand, differences in the chemical com-
position of the analyzed cups were stated, but the values
were still within the range recommended by ISO 5832-9
standards. However, these differences contributed to the
different hardness values for the analyzed implants. It was
observed that for the cup after implantation hardness value
increased in area “II” (FIG. 2) against area “I”, which testi-
fies its hardening.

Moreover, the macroscopic observations confirm the
reason for revision arthroplasty, which was carried out as
a result of the dislocation caused by the lack of osseointe-
gration of the external surface of the cup despite the pres-
ence of the hydroxyapatite. After 68 months of implantation,
local presence of hydroxyapatite was observed which was
the result of irregular resorption during stabilization, which
could have been caused by an inappropriate contact of the
implants to the bone.
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Streszczenie

W niniejszej pracy zaprezentowano metode otrzy-
mywania mikrosfer hydrozelowych o podwyzszonej
wytrzymato$ci mechanicznej. Alginian sodu w formie
mikrosfer hydrozelowych poddano sieciowaniu jono-
wemu i kowalencyjnemu. Sieciowanie przeprowadzo-
no dwuetapowo. W pierwszym etapie alginian sodu
usieciowano jonowo poprzez wymiane jednowartos-
ciowych kationéw sodu na dwuwartoSciowe kationy
wapnia. W zaleznosci od stezenia chlorku wapnia
otrzymano rézne formy hydrozelu, od bezksztattnego
zelu do gestych aglomeratéw mikrosfer. By uzyskac
wyzszg wytrzymato$¢ mechaniczng jonowo usiecio-
wanego hydrozelu, dodatkowo poddawano go reakcji
z epichlorohydryng. Reakcja ta pozwolita wprowadzic
pomiedzy tancuchy alginianu mostki kowalencyjne.
Otrzymano rowniez usieciowane mikrosfery alginia-
nowe zmodyfikowane wtdknami celulozy, ktére stano-
wity dodatkowe wzmocnienie mechaniczne. Zbadano
wptyw stopnia usieciowania na absorpcje wody przez
suche probki. Morfologie otrzymanych mikrosfer
obserwowano za pomocg skaningowej mikroskopii
elektronowej. Rozktad jonéw wapnia w probkach
oceniono przy uzyciu spektroskopii z dyspersjg
energii. Zbadano takze degradacje mikrosfer in vitro
w ptynie PBS.

Stowa kluczowe: hydrozele, mikrosfery alginianowe,
sieciowanie, celuloza

[Inzynieria Biomateriatéw 132 (2015) 17-23]

Wstep

Hydrozele sg materiatami sktadajgcymi sie z hydrofilo-
wych polimeréw wykazujgcych wysokg zdolnos¢ absorpcji
i utrzymywania wody. Absorpcja wody jest podstawowg
wiasciwoscig wptywajacg na parametry mechaniczne mate-
riatu, zdolnos$¢ do uwalniania lekow wewnagtrz organizmu czy
biozgodnos¢. W celu utrzymania konsystencji i zapobiegania
rozpuszczaniu w fazie wodnej hydrozele sg poddawane
procesowi sieciowania, w ktorym tworzg sie jonowe lub
kowalencyjne mostki [1]. Wtasciwosci mechaniczne oraz
zdolnosci do absorpcji wody silnie zalezg od budowy che-
micznej polimeru oraz stopnia jego usieciowania.

Alginiany sg naturalnie wystepujgcymi polisacharydami za-
wierajgcymi reszty kwasu 3-D-mannuronowego oraz kwasu
a-L-guluronowego potgczone razem wigzaniami glikozydowy-
mi. Alginiany charakteryzujg sie wysokg biozgodnoscig, bio-
degradowalnoscia i fatwoscig przetwarzania. W prezentowa-
nej pracy usieciowane hydrozelowe mikrosfery alginianowe
otrzymano przez sieciowanie jonowe i kowalencyjne. Siecio-
wanie jonowe hydrozelu alginianowego jest mozliwe poprzez
oddziatywanie dwuwartosciowych kationéw z grupami kar-
boksylowymi alginianu obecnymi w resztach guluronowych.

HYDROGELS BASED ON
IONICALLY AND COVALENTLY
CROSSLINKED ALGINATES

JoANNA WaLczAk, JAKUB MARCHEWKA, JADWIGA LASKA*

AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY,
FacuLty oF MATERIALS SciENCE AND CERAMICS,
AL. A. Mickiewicza 30, 30-059 Krakow, PoLAND
*E-MAIL: JLASKA@AGH.EDU.PL

Abstract

In this work a method of formation of hydrogel
beads with increased mechanical durability is presen-
ted. Sodium alginate in the form of hydrogel beads
was modified by ionic and covalent crosslinking.
The crosslinking was achieved in two steps. In the
first step, sodium alginate was ionically crosslinked
by the ionic exchange of monovalent sodium cations
with bivalent calcium cations. Different forms of the
crosslinked alginate were obtained depending on
the calcium chloride concentration. The forms varied
from shapeless gel to hard agglomerated spheres.
To increase mechanical durability of the ionically
crosslinked alginate it was subjected to the rea-
ction with epichlorohydrin. The reaction allowed to
introduce covalent bridges between alginate chains.
For additional reinforcement the crosslinked beads
of alginate were modified with cellulose nanofibers.
Dependence of water absorption in the dry samples
on the crosslinking level was observed. Morphology
of the beads was observed with the use of scanning
electron microscopy. Calcium ions distribution in the
samples was evaluated by energy dispersive spectro-
scopy analysis. In vitro degradation of the crosslinked
alginates was also investigated.

Keywords: hydrogels, alginate beads, crosslinking,
cellulose

[Engineering of Biomaterials 132 (2015) 17-23]

Introduction

Hydrogels are materials composed of hydrophilic poly-
mers showing high ability to absorb and retain water. Water
absorption is essential property influencing mechanical
properties of the material, ability to release drugs inside
the organism and its biocompatibility. In order to maintain
the consistence of hydrogels and prevent their dissolution
in aqueous media they are subjected to crosslinking pro-
cess, in which ionic or covalent crosslinks are formed [1].
The mechanical properties and water absorption ability
strongly depend on the chemical structure of the polymer
and the degree of its crosslinking.

Alginates are naturally occurring polysaccharides consist-
ing of B-D-mannuronic acid and a-L-guluronic acid linked
together by glycosidic bond. Alginates are known for their
high biocompatibility, biodegradability and easiness of pro-
cessing. In the presented work crosslinked alginate hydrogel
beads were obtained by the ionic and covalent crosslinking.
lonic crosslinking can be achieved by interaction of divalent
cations with alginate carboxyl groups in guluronic blocks.
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Kationy wapnia dyfundowaty do roztworu alginianu sodu

® o o o o o o tworzac zel charakteryzujacy sie gradientem stezenia tych

jonéw w materiale. Zastosowanie sieciowania kowalen-
cyjnego alginianu stanowi efektywny sposéb polepszenia
biostabilnosci mikrosfer w srodowisku fizjologicznym [2,3].

Alginian w formie usieciowanych mikrosfer moze by¢
stosowany jako uktad do kontrolowanego uwalniania lekéw
czy komérek w inzynierii tkankowej. Alginiany w réznej for-
mie znajdujg zainteresowanie w wielu dziedzinach nauki.
W formie wtdkien i hydrozeli sg szeroko stosowane jako
materiaty opatrunkowe, jak rowniez przy regeneracji tkanki
chrzestnej. Ponadto hydrozele dzieki wysokiemu powinowa-
ctwu do wody oraz wtasciwosciom mechanicznym podob-
nym do tkanek miekkich, moga by¢ z sukcesem uzywane do
konstrukcji rusztowan wspierajgcych i utatwiajgcych wzrost,
namnazanie i réznicowanie komorek. W ostatnich badaniach
usieciowane mikrosfery alginianowe zostaty zastosowane
takze do regeneracji tkanki nerwowej [4].

Materialy i metody

Sol sodowg kwasu alginowego, epichlorohydryne (299%)
oraz celuloze w formie $rednich wtdkien zakupiono w Sigma
Aldrich, Niemcy. Chlorek wapnia (bezwodny, 299,9%),
alkohol etylowy (bezwodny, 99,8%), wodorotlenek sodu
(bezwodny, 299,9%) i kwas azotowy(V) (65%) zakupiono
w POCH, Polska.

Alginian sodu usieciowano jonowo poprzez dziatanie
roztworem chlorku wapnia. W tym celu alginian sodu (1,5 g)
rozpuszczono w wodzie destylowanej (75 ml) oraz przy-
gotowano roztwory chlorku wapnia o réznych stezeniach
molowych (0,05; 0,075; 0,1; 0,2; 0,3; 0,51 0,7 M). Roztwor
alginianu sodu dodawano kroplami do roztworu chlorku
wapnia poprzez strzykawke z igtg o srednicy 0,9 mm.
Uformowane mikrosfery alginianowe pozostawiano w roz-
tworze na 24 h. Na koncu produkt odsgczano, przemywano
wodg destylowang i suszono w temp. 45°C.

Otrzymane mikrosfery alginianowe dodatkowo siecio-
wano kowalencyjnie epichlorohydryng. W tym celu 1 g
mikrosfer alginianowych wprowadzono do 30 ml mieszaniny
etanol/woda (60% v/v). Nastepnie do mieszaniny reakcyj-
nej dodano 0,729 ml (2 eq) epichlorohydryny. 1 M roztwér
wodorotlenku sodu dodawano kroplami, az do osiggniecia
pH 13. Mieszanine reakcyjng mieszano przez 90 minut
w temperaturze pokojowej. Nastepnie ostroznie dodano
stezony kwas azotowy(V) w celu zneutralizowania zasady
sodowej, produkt odsgczono, przemyto wodg destylowang
i wysuszono w temp. 45°C.

Alginiany modyfikowane celulozg otrzymano przez
dodatek witdkien celulozowych podczas sieciowania jono-
wego. Nanowtdkna celulozy wprowadzono do 75 ml wody
destylowanej i mieszano az do wytworzenia jednorodnej
zawiesiny. Nastepnie dodawano odpowiednig ilos¢ algi-
nianu sodu i mieszano az do jego rozpuszczenia. Stosunki
wagowe celulozy do alginanu sodu wynosity 25:75, 40:60,
50:50 i 70:30. Efektywne mieszanie uzyskiwano poprzez
zastosowanie homogenizatora ultradzwiekowego SONICS
Vibra-Cell (Sonics and Materials, USA). Sieciowanie jonowe
z zastosowaniem 0,1 M roztworu chlorku wapnia i kolejne
sieciowanie kowalencyjne epichlorohydryng przeprowadzo-
no tak jak opisano powyze;.

Probki scharakteryzowano z uzyciem skaningowej mikro-
-skopii elektronowej na aparaturze Nova NanoSEM 200
(FEI, Holandia) i spektroskopii z dyspersjg energii z zasto-
sowaniem detektora (EDAX, USA). Biodegradacje in vitro
badano poprzez inkubacje prébek w PBS w temperaturze
37°C w inkubatorze INE 400 (Memmert, Niemcy). Mierzono
okresowo zmiany pH i przewodnosci roztworu.

In the described research, calcium cations diffused into the
sodium alginate beads producing gel with a concentration
gradient of the ions across the bead. Implemented in this
study additional covalent crosslinking in ionically crosslinked
alginates, is an effective strategy to improve biostability of
the alginate beads in physiological media [2,3].

Alginate in the form of crosslinked beads can be applied
as a system for controlled release of therapeutic agents or
cell release in the tissue engineering. In the form of fibers
and hydrogels, alginates are widely applied as a wound
dressing materials, and in cartilage tissue regeneration.
Moreover, hydrogels thanks to their high affinity to water,
and their mechanical properties similar to soft tissue, can
be successfully used in the scaffold construction to support
and facilitate cells growth, proliferation and differentiation.
In the recent study crosslinked alginate beads were used
in the nervous tissue regeneration [4].

Materials and Methods

Alginic acid sodium salt, epichlorohydrin (=299%) and
cellulose in the form of medium fibers were purchased from
Sigma Aldrich, Germany. Calcium chloride (anhydrous,
299.9%), ethyl alcohol (anhydrous, 99.8%), sodium hydro-
xide (anhydrous, 299.9%) and nitric(V) acid (65%) were
purchased from POCH, Poland.

Sodium alginate was ionically crosslinked by treatment
with a calcium chloride solution. For this, sodium alginate
(1.5 g) was dissolved in distilled water (75 ml), and the
calcium chloride solutions of various concentrations, i.e.,
0.05, 0.075, 0.1, 0.2, 0.3, 0.5 and 0.7 M, were prepared.
The sodium alginate solution was added to a calcium
chloride solution via syringe with the needle diameter of
0.9 mm. Alginate beads were formed, and left over 24 h in
the solution. Finally the product was filtered, washed with
distilled water and dried at 45°C.

The obtained alginate beads were additionally crosslinked
covalently with epichlorohydrin. For this, 1 g of the alginate
beads was immersed in 30 ml of the ethanol/water mixture
(60% v/v). Next 0.729 ml (2 eq) of the epichlorohydrin was
added to the reaction vessel. A 1 M solution of sodium
hydroxide was added dropwise until pH of 13 was obtained.
The reaction mixture was stirred for 90 minutes at room
temperature. Then concentrated nitric(V) acid was carefully
added to neutralize the base. Finally the product was filtered,
washed with distilled water and dried at 45°C.

Cellulose modified alginates were produced by addition
of the cellulose nanofibers during the ionic crosslinking
process. Cellulose nanofibers were introduced into 75 ml of
distilled water and stirred magnetically until uniform suspen-
sion was created. Then an appropriate amount of sodium
alginate was added and stirred until dissolved. Weight ratios
of cellulose to sodium alginate were: 25:75, 40:60, 50:50 and
70:30. Effective mixing of the components was achieved by
sonication with ultrasonic homogenizer SONICS Vibra-Cell
(Sonics and Materials, USA). The ionic crosslinking with
the use of 0.1 M solution of calcium chloride, as well as the
subsequent covalent crosslinking with epichlorohydrin were
carried out as described above.

Characterization of the samples was performed with
scanning electron microscopy, with the use of Nova
NanoSEM 200 (FEI, Netherlands), and the energy disper-
sive spectroscopy analysis with EDS detector (EDAX, USA).
In vitro degradation was examined by incubating the
samples in PBS at 37°C in INE 400 incubator (Memmert,
Germany). Changes in pH and conductivity of the solutions
were measured periodically.
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Wyniki i dyskusja

Proces stopniowego sieciowania jonowego alginianu sodu
jest mozliwy poprzez wymiane jondéw sodu na jony wapnia.
Podczas gdy kazdy kation Na* oddziatuje tylko z jedng grupa
karboksylowg tancucha alginianowego, kation Ca?* wigze sie
jonowo z dwoma grupami karboksylowymi pochodzgcymi
z réznych fancuchéw polimeru jak pokazano na RYS. 1.

Results and Discussions

The process of progressive ionic crosslinking of sodium
alginate is possible by an exchange of sodium cations with
the calcium ones. While every Na* interacts with only one
carboxyl group of the alginate chain, the Ca?* ionically bonds
with two carboxyl groups most likely originating from different
polymer chains as shown in FIG. 1.

Wymiana Na* w alginianie
sodu na Ca?* jest stosunkowo
tatwa i zachodzi gdy wodny roz-
twor NaAlg zostaje zmieszany
z roztworem CaCl,. W niniejszej
pracy roztwér alginianu sodu
wkraplano do roztworu chlorku
wapnia. Tak otrzymane mikrosfe-
ry alginianowe mogg stuzy¢ np.
jako nosniki lekéw. W zaleznosci
od stezenia zastosowanego roz-
tworu chlorku wapnia produkty
sieciowania jonowego roéznity
sie witasciwosciami fizycznymi.
Efektem zastosowania roztworu
chlorku wapnia o stezeniu mniej-
szym niz 0,05 M byty mikrosfery
bardzo miekkie, nie dajgce sie
rozdzieli¢, z kolei stezenie powy-
zej 0,7 M powodowato aglomeraty
twardych mikrosfer réwniez trud-
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The exchange of the Na*
ions in the sodium alginate for
Ca? is relatively easy, and oc-
curs while aquous solution of
NaAlg is mixed with a CaCl,
solution. In this work a sodium
alginate solution was added in
the form of droplets to a solu-
tion of calcium chloride. It is
a known method of producing
alginate beads, which can be
used, for example, as a drug
delivery system. Depending on
the concentration of the applied
calcium chloride solutions the
products of ionic crosslinking
were varying with their physi-
cal properties. The alginate
beads resulting from the use
of calcium chloride solution of
concentration <0.05 M formed
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nych do rozdzielenia. Oddzielne,
regularne mikrosfery otrzymano
dla stezen roztworéw w zakre-
sie 0,075-0,5 M (RYS. 2). llos¢
uzyskiwanego hydrozelu malata
wraz ze wzrastajgcym stezeniem
chlorku wapnia (RYS. 3), podczas
gdy twardos$¢ mikrosfer rosta.
Wzrost twardosci jest konsekwencjg wzrostu stopnia usie-
ciowania alginianu wraz ze wzrostem stezenia CacCl,.

Zmniejszenie wydajnosci sieciowania wraz ze wzro-
stem stezenia CaCl, wigze sie prawdopodobnie z szybkg
wymiang jonéw na powierzchni kropli, co uniemozliwia
wnikanie kationéw wapnia do jej wnetrza. Jako, ze alginian
wapnia jest trudno rozpuszczalny w wodzie, tak usieciowane
mikrosfery sg relatywnie stabilne i mogg by¢ z powodzeniem
stosowane jako hydrozele, jednak w wielu zastosowaniach
wskazana jest wyzsza wytrzymato$¢ mechaniczna. Ponadto
wigzania jonowe stosunkowo tatwo ulegajg zerwaniu
w rozpuszczalnikach polarnych, a mikrosfery hydrozelowe
szybko tracg swoje wtasciwosci, nie zachowujg sferycznego
ksztattu i zbyt szybko rozpuszczajg sie. W zwigzku z tym
przeprowadzono dodatkowe sieciowanie kowalencyjne
w obrebie mikrosfer.

Tworzenie mostkow kowalencyjnych pomiedzy tancu-
chami alginianu opierato sie na otwarciu pierscienia grupy
oksiranowej w czgsteczkach epichlorohydryny i reakcji
chemicznej z grupami hydroksylowymi czgsteczek alginia-
nu. Otwarcie pierscienia oksiranowego katalizowane jest
przez wodorotlenek sodu, jak to schematycznie pokazano
na RYS. 4. Reakcja zachodzita w temperaturze pokojowe;.
Wydajnos¢ procesu byta wysoka (do 95%), jednak podob-
nie jak dla sieciowania jonowego, malata ze wzrastajgcym
stezeniem chlorku wapnia w sieciowaniu jonowym, co
pokazano na RYS. 3.

chlorku wapnia.

solution.

RYS. 1. Struktura chemiczna tancuchoéw alginia-
nowych po sieciowaniu jonowym w roztworze

FIG. 1. Chemical structure of the alginate chains
after ionic crosslinking in calcium chloride

a very soft beads impossible to
separate from each other, while
when the concentration was
0.7 M or higher a hard block
of agglomerated spheres was
formed, also hard to separate.
Separate regular beads were
produced for CaCl, concentra-
tions in the range of 0.075-0.5 M (FIG. 2). The amounts
of the hydrogel beads decreased with the increase in the
calcium chloride concentration (FIG. 3), while the hardness
of the beads increased. Higher hardness of the beads is the
result of the higher degree of crosslinking caused by higher
concentrations of CaCl,.

Decrease in crosslinking yield together with an increase
in CaCl, concentration is most probably caused by a quick
exchange of the ions on the surface of a droplet. A shell of
the crosslinked alginate is created and the calcium cations
are not able to penetrate into the droplets. As calcium
alginate is slightly soluble in water such crosslinked beads
can be successfully applied, however in many cases higher
mechanical strength is awaited. Moreover, the ionic bond-
ing is sensitive to polarity of solvents, including water, and
the hydrogel beads lose their properties, do not keep their
spherical shape additional and dissolve too rapidly. Taking
all these into account additional covalent crosslinking in the
beads was performed.

The creation of the covalent linkages between alginate
chains was based on opening the oxirane rings in the ep-
ichlorohydrin molecules and a subsequent chemical reac-
tion with hydroxyl groups of alginate molecules. Opening
an oxirane ring is catalyzed with sodium hydroxide as it is
schematically shown in FIG. 4. The reaction occurred at
room temperature. The yield was high (up to 95%), how-
ever, similarly as in the case of ionic crosslinking, it also
decreased with increasing calcium chloride concentration,
which is shown in FIG. 3.
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Absorpcja wody
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* sieciowanie kowalencyjne po 48 h / covalent crosslinking after 48 h

A very important factor describing a hydrogel
is water absorption. The obtained alginate beads,
ionically and covalently crosslinked, were investi-
gated for water absorption by immersing them in
distilled water for 24 and 48 h. Water intake was
determined by weight raise in relation to initial
mass of a dry product. It could be observed, that
the water absorption depends on the calcium
chloride concentrations, and in consequence
on the degree of crosslinking. The higher the
crosslinking degree the lower water absorption.
The results for ionically and covalently crosslinked
alginate beads are shown in FIG. 5. Clearly vis-
ible decrease in water absorption occurs in the
samples produced with the use of calcium chloride
solutions with the concentration less than 0.3 M.
For the concentrations higher than 0.3 the water
absorptions is similar. This tendency was ob-

served for the beads crosslinked both ionically and

RYS. 5. Absorpcja wody przez mikrosfery alginianowe usiecio-

wane jonowo i kowalencyjnie.

FIG. 5. Water absorption in ionically and covalently crosslinked

alginate beads.

Istotnym parametrem charakteryzujgcym hydrozel jest
ilo$¢ pochtanianej wody. Uzyskane mikrosfery alginianowe,
sieciowane jonowo i kowalencyjnie, porownano poprzez
wprowadzenie wysuszonych preparatéw do wody destylo-
wanej na 24 i 48 h. Absorpcje wody okreslono poprzez wzrost
masy w stosunku do masy suchego preparatu. Absorpcja
wody zalezy od stopnia usieciowania i wraz z jego wzrostem
maleje. Wyniki chtonnosci wody dla usieciowanych jonowo
i kowalencyjnie mikrosfer alginianowych pokazano na RYS. 5.
Stopien usieciowania wyrazono posrednio stezeniem
roztworu chlorku wapnia. Wyrazny spadek absorpcji wody
wystepuje w probkach otrzymanych z udziatem roztworéw
chlorku wapnia o stezeniach ponizej 0,3 M. W wypadku
mikrosfer otrzymywanych w roztworze CaCl, o stezeniu
wyzszym niz 0,3 M — absorpcja wody utrzymywata sie na
podobnym poziomie. Zaleznos¢ te obserwowano zaréwno
dla mikrosfer usieciowanych jonowo i kowalencyjnie oraz za-
réwno po 24 hi48 h. Ponizej stezenia CaCl, 0,3 M

covalently as well as for those immersed for 24
and 48 h. Below the 0.3 M concentration of CaCl,
the water absorption was significantly lower in the
covalently crosslinked beads, while for the con-
centrations 20.3 M the water intake in the cova-
lently crosslinked beads was the highest (FIG. 5).
It should be noticed, however, that in this case the differ-
ences between the samples are not substantial and the
water intake is in the vicinity of 75% of the dry sample.

For additional mechanical reinforcement the beads were
loaded with cellulose nanofibers as described in the chap-
ter Materials and Methods. In the case of such modified
beads the water absorption decreased with the increase in
the cellulose nanofibers content (FIG. 6). All the samples
containing cellulose nanofibers exhibit lower water absorp-
tion than their analogues without the cellulose addition.
The beads covalently crosslinked show significantly lower
water intake, and even these obtained with the low concen-
trations CaCl, solutions have the water absorption at the
level of 75%. In this case the water absorption is independ-
ent on the crosslinking degree. Such a different behavior
of the samples containing and not containing cellulose
nanofibers still needs explanation.

absorpcja wody w mikrosferach usieciowanych

kowalencyjnie byta znaczaco nizsza niz w mikro- 129
sferach sieciowanych jonowo, natomiast w przy- S
padku mikrosfer otrzymywanych w roztworach _g--‘:- 100
CaCl, o stezeniach 20,3 M chtonnos¢ wody po ‘;’ =)
48 h w mikrosferach sieciowanych kowalencyjnie s &
byta najwyzsza (RYS. 5). Trzeba tu jednak doda¢, | & E 75
ze dla tych mikrosfer réznice w absorpcji wody File
nie sg bardzo duze i mieszczg sie w zakresie | < %
ok. 75% suchej masy mikrosfer. = 50
Dla dodatkowego wzmocnienia mikrosfery
alginianowe zmodyfikowano nanowtdknami ce- 25
lulozy zgodnie z opisem podanym w rozdziale

Materiaty i metody. W tym wypadku absorpcja
wody malata wraz ze wzrostem zawartosci na-
nododatku (RYS. 6). We wszystkich rodzajach
mikrosfer modyfikowanych celulozg chtonnos$¢
wody jest nizsza niz w analogicznych prébkach
nie zawierajgcych celulozy. Mikrosfery sieciowane
kowalencyjnie majg wyraznie nizszg chtonnos¢

20
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* sieciowanie jonowe po 24 h / ionic crosslinking after 24 h
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= sieciowanie jonowe po 48 h / ionic crosslinking after 48 h
e sieciowanie kowalencyjne po 48 h / covalent crosslinking after 48 h

wody i nawet te otrzymywane przy niskich ste-
zeniach CaCl, wykazujg chtonno$¢ wody na
poziomie 75%. W tym wypadku chtonno$¢ wody
praktycznie nie zalezy od pierwotnego stezenia
chlorku wapnia. Tak wyrazna zmiana zachowania
hydrozelu wymaga jeszcze wyjasnienia.

RYS. 6. Absorpcja wody przez mikrosfery alginianowe modyfikowane
celulozg usieciowane jonowo i kowalencyjnie.

FIG. 6. Water absorption in ionically and covalently crosslinked
alginate beads modified with cellulose.
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Morfologia powierzchni wszystkich mikrosfer alginia-

® e @ @ o o o nowych niezaleznie od stopnia usieciowania byta bardzo
podobna. Przykiadowe obrazy SEM pokazano na RYS. 7.
Ukazujg one wysokg chropowatos¢ powierzchni. Sptasz-
czenie jest rezultatem stykania sie mikrosfer wzajemnie ze
sobg badz z powierzchnig podczas suszenia. Wzmocnienie
mikrosfer celulozg pozwala otrzymac mikrosfery o niezabu-
rzonym ksztatcie.

Morphology of the surface of all alginate beads inde-
pendently on the crosslinking density was very similar. The
exemplary SEM images are shown in FIG. 7. They show
high roughness of the surface of the beads. The flatness
is a result of contiguousness of the beads to each other or
to the substrate during drying. Reinforcement of the beads
with cellulose allowed to obtain the spheres of undisturbed
shape.

RYS. 7. Morfologia powierzchni mikrosfer alginianowych po sieciowaniu jonowym i kowalencyjnym.
FIG. 7. The morphology of the surface of alginate beads after ionic and covalent crosslinking.

Na RYS. 8. pokazano analize elementarng uzyskang
metodg EDS. Produkt usieciowany jonowo zawiera znaczng
ilos¢ jondw wapnia oraz niewielkie ilosci jonéw sodu, po
sieciowaniu kowalencyjnym zawartos¢ obu rodzajow jonéw
jest zauwazalnie nizsza. Jest to zrozumiate gdyz kationy
moga by¢ rugowane z pomiedzy taricuchdéw podczas reakc;ji
epichlorohydryny z czgsteczkami alginianu. Reakcja jest
prowadzona w roztworze wodno-alkoholowym, co wzmaga
wymywanie nadmiaru CacCl,.

In FIG. 8 qualitative elemental analysis obtained with
the energy dispersive spectroscopy is shown. The ionically
crosslinked product still contains significant amounts of
calcium ions and certain amount of sodium ions, while after
covalent crosslinking the contents of these elements are
lower. It is understandable as the cations can be removed
from the interchain space during the reaction with epichlo-
rohydrin with alginate molecules. Moreover, the reaction
is carried out in water-alcohol solution what facilitates the
exclusion of the excess of CaCl,.

ClKa

CaKa

CKa

1.00 2.00 3.00 4.00

1.00 2.00 3.00 4.00 5.00 kel

RYS. 8. Analizy EDS produktéw po sieciowaniu jonowym (z lewej) i kowalencyjnym (z prawej).
FIG. 8. The EDS analysis of the product after ionic crosslinking (left) and covalent crosslinking (right).
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Proces degradaciji in vitro zbadano poprzez inkubacje
200 mg probki w 20 ml buforu PBS przez 14 dni w tempera-
turze 37°C. Zmiana wartosci pH jest bezposrednio zwigzana
ze stopniem degradaciji i tworzeniem kwaséw karboksylo-
wych. Jak pokazano na RYS. 9. najbardziej intensywna
degradacja zachodzi podczas pierwszego dnia inkubaciji.
Nastepnie zmiany pH sg nieznaczne. Dla wszystkich pro-
duktow obserwacje byty bardzo podobne.

The in vitro degradation process was examined by incu-

bating 200 mg a sample in 20 ml of PBS buffer for 14 days ® @ e e @ @ o

at 37°C. The pH value change is directly connected with the
degree of the biodegradation. As it is shown in the FIG. 9
the most intense degradation occurred during the first day
of the incubation. Then the pH changes were insignificant.
For all of the products the observations were very similar.

wartosc¢ pH / pH value

0 1 2 3 4

5

czas / time [dni / days]

S o C—

6 7 8 9 10
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—e— probka kontrolna =— produkt 0,075 M ~— produkt 0,1 M
control sample 0.075 M product 0.1 M product

*— produkt 0,2 M *— produkt 0,3 M >— produkt 0,5 M
0.2 M product 0.3 M product 0.5 M product

RYS. 9. Zmiany wartosci pH podczas degradacji in vitro
mikrosfer alginianowych w ptynie PBS.
FIG. 9. pH value changes during in vitro degradation in

the PBS buffer.

Whioski

W badaniach otrzymano mikrosfery charakteryzujgce sie
rézng twardoscig odpowiadajgcg stopniowi usieciowania.
Reakcje sieciowania przeprowadzono na dwa sposoby
- jonowo i kowalencyjnie. Mikrosfery alginianowe wzmoc-
niono réwniez przez dodatek widkien celulozy. Zbadano
absorpcje wody w suchych produktach. Stwierdzono, ze
absorpcja wody jest Scisle zwigzana ze stopniem usiecio-
wania. Probki stabo usieciowane otrzymywane w roztworze
o stezeniu ponizej 0.1 M CaCl, charakteryzowaly sie wysoka
chtonno$cig wody az do 150% masy suchego alginianu,
podczas gdy probki otrzymywane przy stezeniu CaCl,
0.3 M lub wyzszym absorbowaty wode na poziomie 75%
masy alginianu. Probki dodatkowo sieciowane kowalencyj-
nie réwniez charakteryzowaty sie wyraznie nizszg chton-
noscig wody w poréwnaniu do analogicznych sieciowanych
tylko jonowo. Prébki scharakteryzowano ponadto za pomoca
skaningowej mikroskopii elektronowej oraz spektroskopii
z dyspersjg energii.
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Conclusions

The beads possessing various hardness corresponding
to the degree of the crosslinking were fabricated. Crosslink-
ing was conducted by two ways - ionically and covalently.
The alginate beads were additionally reinforced by addi-
tion of cellulose fibers. The water absorption in the prod-
ucts was investigated. It strongly depends on the density
of crosslinking. For samples obtained in the CaCl, solution
of the lowest concentration (0.1 M) the water absorption
was almost twice of the dry alginate mass while in the
samples obtained in the solutions of 0.3 M and higher
concentration it was three times lower. Analogously, the
water uptake in ionically bonded alginates was significantly
higher than in those additionally crosslinked by covalent
intermolecular bonding. The samples were characterized
with scanning electron microscopy and energy dispersive
spectroscopy.
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Streszczenie

Celem pracy byto przeprowadzenie badar tri-
bologicznych i ocena zuzycia biokompozytéw poli-
merowych. Do badan przygotowano trzy rodzaje
kompozytéw z polilaktydu modyfikowanego dodatkami
w postaci: wtékien weglowych, fosforanu tréjwapnia
oraz hydroksyapatytu. Ich zachowanie w warunkach
tarciowych poréwnywano z probkami referencyjnymi
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Abstract

The objective of this study was the observation and
evaluation of tribological characteristics and behavior
of biocomposites with polymer matrix under different
friction conditions. Three types of polylactide compo-
sites were considered: with addition of carbon fibers
(CF), tricalcium phosphate (TCP) and hydroxyapatite
(HAP). As a reference pure polylactide (PLA) samples
were prepared. Tribological tests were conducted
under dry friction conditions and in the presence of

(PLA). Badania tribologiczne realizowano w warun-
kach tarcia suchego oraz w obecnosci smaru — soli
fizjologicznej (roztwér wodny 0,9% NaCl).

Na podstawie badan stwierdzono, ze wprowadze-
nie modyfikatoréw ceramicznych do osnowy polilak-
tydowej poprawito charakterystyki tribologiczne, za$
dodatek widkien weglowych wptynat najkorzystniej
na obnizenie wspotczynnika tarcia (u). Stwierdzono
istotny wptyw $rodka smarnego. O ile w obecnosci
smaru warto$ci u dla wszystkich badanych materiatéw
obnizyly sie, to zuzycie - wyznaczone na podstawie
zZmian masy - zmniejszyto sie tylko dla czystego poli-
laktydu oraz polilaktydu modyfikowanego wtéknem
weglowym. W przypadku kompozytéw z fosforanem
tréjwapniowym i hydroksyapatytem zarejestrowano
intensyfikacje zuzycia.

Uzupetnieniem przeprowadzonych badarn byty
obserwacje powierzchni testowanych probek przy
pomocy elektronowego mikroskopu skaningowego
(SEM). Niezaleznie od warunkdéw (ze smarem czy tez
bez) najmniejszg odpornoscig na zuzycie tarciowe ce-
chowat sie czysty polilaktyd. Kompozyty z dodatkami
ceramicznymi wykazywaty wyrazne $lady zuzycia, za$
obserwacje powierzchni kompozytéw wzmacnianych
wtéknami weglowymi ujawnity, ze zewnetrzne warstwy
poddawane oddziatywaniu tarcia narazone sg na
fragmentacje witdkien weglowych. Zjawisko to moze
miec niekorzystny wptyw na mozliwosc¢ aplikacji takich
materiatow w warunkach pracy, w ktérych sg narazone
na $cieranie.

Stowa kluczowe: trybologia, kompozyty degrado-
walne, polilaktyd, hydroksyapatyt, wtokna weglowe,
fosforan tréjwapnia

[Inzynieria Biomateriatéw 132 (2015) 24-30]

a lubricant — physiological saline (0.9% NaCl aqueous
solution).

The results clearly show that introduction of cera-
mic modifiers to the polylactide matrix enhanced tribo-
logical resistance of the composite and carbon fibers
addition reduced the value of friction coefficient (u).
It was observed that when the lubricant was present
lower values of u were recorded for all composites but
when the wear process was analyzed it was revealed
that the loss of mass was reduced only for pure PLA

and PLA modified with carbon fibers. For ceramic

modified composites the wear processes were more
intense.

Scanning electron microscopy was used for
surface observations of tested samples. Regardless
of friction conditions (with or without lubricant) pure
polylactide samples, as the softest, wear the most.
When surface of composites with ceramic additives
were analyzed the biggest grooves and hollows ware
observed. Samples with CF exposed to friction con-
ditions reveal inclination to fibers fragmentation, thus
application of such composites in kinematic joints in
biomedical devices is limited.

Keywords: tribology, degradable composites, poly-
lactide, hydroxyapatite, carbon fibers, tricalcium
phosphate

[Engineering of Biomaterials 132 (2015) 24-30]
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Wprowadzenie

Polimery w medycynie sg stosowane od ponad 50 lat.
Poczatkowo wytwarzano z nich produkty jednorazowego
uzytku lub nieskomplikowane implanty. Z biegiem lat coraz
bardziej doceniano zalety tworzyw polimerowych m.in. takie
jak: niska gestos¢, niski modut Younga (nie wystepuije efekt
przesztywnienia), tatwos$¢ formowania czy przeswiecalnosé
dla promieniowania rentgenowskiego, co wptyneto na ich
znacznie szersze zastosowanie. Obecnie polimery wy-
korzystywane sg w kazdej specjalnosci medycznej m.in.
do produkcji implantéw zespalajgcych (ptytki, sruby, nici),
elementow sztucznych narzaddw, trojwymiarowych podtozy
(skafoldéw) dla inzynierii tkankowej czy nos$nikéw substanciji
farmakologicznie czynnych [1].

Na szczegdlng uwage zastugujg termoplastyczne bio-
materiaty polimerowe ulegajgce biodegradacji takie jak np.
polilaktyd i jego kopolimery [2,3]. Stanowig one alternatywe
dla biostabilnych polimeréw i kompozytow wzmachianych
widknami sztucznymi [4]. Prostota i efektywno$é formo-
wania wyrobow z termoplastéw, a w przypadku implantow
brak koniecznosci przeprowadzania reoperacji (w celu
ich usuniecia) sprawiajg, ze pojawiajg sie istotne prze-
stanki ekonomiczne uzasadniajgce prowadzone badania
w tym obszarze. Badania te koncentrujg sie na modyfikacji
polimerow resorbowalnych, w celu poprawy ich wtasciwo-
$ci fizykochemicznych, mechanicznych i biologicznych,
a tym samym na polepszeniu ich biofunkcjonalnosci [5-7].
Odpowiednio dobrany sktad takich kompozytéw umozliwia
uzyskanie pozgdanych wiasciwosci oraz synchronizacje
czasu resorpcji i regeneracji tkanek [4,8].

Prowadzone sg intensywne badania kompozytow na
bazie PLA z nanowypetniaczami weglowymi [9,10]. Chara-
kteryzujg sie one dobrymi wtasciwosciami mechanicznymi
i biozgodnoscig, ale sg relatywnie drogie [9]. W nielicznych
pracach przedstawia sie wyniki badan tribologicznych
tego typu biomateriatéw [11]. Wydaje sie przy tym, ze
brak wystarczajgcych danych dotyczgcych charakterystyk
tribologicznych znacznie ogranicza ich walory poznawcze
i aplikacyjne, zwtaszcza w odniesieniu do procesow degra-
dacji w srodowisku tkankowym.

Materiaty i metody

Przygotowanie prébek

Badaniom tribologicznym poddano probki polilaktydu -
PLA (Ingeo 3051D, Nature Works, USA) oraz trzy rodzaje
kompozytéw na bazie polilaktydu z dodatkami takimi jak:
widkno weglowe krotkie - CF (FT 300B, Torayca); hy-
droksyapatyt — HAP, Ca,,(PO,)s(OH), (hGimat, USA) oraz
fosforan tréjwapnia — TCP, Ca,(PO,), (Sigma-Aldrich).
We wszystkich materiatach kompozytowych wprowadzano
10% mas. dodatku. Wielko$¢ czgstek TCP wynosita ponizej
20 um, za$ czgstek HAP ponizej 200 nm. Witdkna weglowe
miaty $rednice ok. 7 pm.

Prébki polimerowe i kompozytowe otrzymywano metodg
wtrysku przy uzyciu pionowej wtryskarki slimakowej Multiplas
V4-S-15N. Granulat polimerowy wraz z dodatkami suszono
przez 6 godzin w temperaturze 50°C. Tak przygotowang
mieszanke zasypywano do wtryskarki, gdzie po podgrzaniu
do temp. ok. 160°C homogenizowano ruchem obrotowym
slimaka. Uplastyczniong i zhomogenizowang mase wyttacza-
no w postaci filamentu, ktéry nastepnie cieto. W ten sposoéb
otrzymywano granulaty kompozytowe, ktére po ponownym
zasypaniu do pojemnika wtryskarki uplastyczniano (160-
170°C) i wiryskiwano do formy. Na RYS. 1 przedstawiono
obrazy mikroskopowe wykonane na skaningowym mikro-
skopie elektronowym (JEOL JSM 5400) ilustrujgce mikro-
strukture otrzymanych kompozytow.

Introduction

Polymers have been used in medicine for over 50 years.
Firstly, they were used to manufacture disposable (single-
use) products or simple implants. Over the years, the
advantages of polymers were appreciated more and more,
including e.g.: low density, low Young’s modulus (similar to
a human bone, thus stress-shielding effect is not observed),
high formability, and radiolucency, what resulted in their
wider application. Polymers are currently used almost in all
fields of medicine e.g.: production of orthopaedic implants
(plates, screws, threads), components of artificial organs,
three-dimensional scaffolds for tissue engineering, or car-
riers of pharmacologically active substances [1].

Biodegradable thermoplastic polymer biomaterials, such
as polylactide and its copolymers, are particularly deserving
an attention [2,3]. They are alternative materials to biostable
polymers and composites reinforced with synthetic fibers [4].
The simplicity and effectiveness of forming of thermoplastic
products contributes in the variety of use of this type of
polymers in medical applications, particularly for implants
fabrication. Another advantage of biodegradable implants:
no re-operation for implant removal is needed, therefore the
total cost of medical treatment is reduced. These studies are
focused on modification of resorbable polymers to improve
their physiochemical, mechanical, and biological proper-
ties (biodegradation, interactions with the organism), and
thus, enhancing their biofunctionality [5-7]. An appropriately
selected composition of such composites makes it possible
to obtain the desired properties and to synchronize the time
of resorption with tissue regeneration [4,8].

Intensive studies are being conducted on composites
based on PLA modified with carbon nanofillers [9,10]. They
are characterized by good mechanical properties and bio-
compatibility but such materials are relatively expensive [9].
The results of tribological tests conducted on this type
of biomaterials are presented in a few papers only [11].
It seems that the lack of sufficient data, concerning tribologi-
cal characteristics, limits both the capability of widening the
knowledge about these materials and their potential appli-
cations, particularly connected with degradation process in
a tissue environment.

Materials and methods

Samples preparation

Polylactide (PLA) samples (Ingeo 3051D, Nature Works,
USA) and three types of polylactide-based composites with
additives such as: short carbon fibers - CF (FT 300B, Toray-
ca); hydroxyapatite - HAP, Ca,,(PO,)s(OH), (nGimat, USA),
and tricalcium phosphate - TCP, Ca,(PO,), (Sigma-Aldrich),
were subjected to tests. 10wt% of modifier was added in all
cases of composite materials. The size of TCP particles was
below 20 um, and the size of HAP particles was below 200
nm. Carbon fibers had a diameter of approx. 7 um.

Polymer and composite samples were obtained by the
injection method using a screw injection molding machine
(Multiplas V4-S-15N). Polymer granulate and additives were
dried for 6 h at 50°C and then homogenized in the injection
molding machine. Green material was extruded, shredded
and grinded. Obtained composite granulates were putin the
injection molding machine again, heated up and injected
into a mold at 160-170°C. Microstructures of the obtained
composites are shown in scanning electron microscope
images (JEOL JSM 5400) (FIG. 1).
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RYS. 1. Obrazy SEM przetaméw kompozytéw o osnowie z polilaktydu modyfikowanego: a) hydroksypatytem (HAP),
b) wioknem weglowym (CF), c) fosforanem tréjwapnia (TCP).
FIG. 1. SEM images of fractures of composites with a polylactide matrix modified with: a) hydroxyapatite (HAP),

b) carbon fiber (CF), c) tricalcium phosphate (TCP).

Testy tribologiczne

Dla wytworzonych materiatéw przeprowadzono badania
wiasciwosci tribologicznych. Testy tribologiczne zostaty
zrealizowane przy uzyciu testera typu trzepien-tarcza
(pin-on-disc) - RYS. 2. W sktad pary tribologicznej wchodzit
trzpien wykonany z polilaktydu bgadz kompozytu na jego
bazie, o $rednicy d = 3 mm. Przeciwprdébke stanowita tarcza
z implantacyjnego stopu kobaltowego CoCrMo, o $rednicy
d = 25,4 mm. Schemat wezta tarcia przedstawiono na
RYS. 3, zas dane materiatowe wezla tarcia w testach tribo-
logicznych zamieszczono w TABELI 1.

RYS. 2. Stanowisko badawcze: a) widok ogolny,
b) wezet tarcia.

FIG. 2. A view of laboratory stand: a) general,
b) friction node.

Tribological test

For tribological tests a pin-on-disc tester was used
(FIG. 2). Aschematic diagram of the friction pair is presented
in FIG. 3. The tribological pair includes a pin (1) (diameter,
d = 3 mm) made of polylactide or a polylactide-based com-
posite (TABLE 1) and the disc (3) (diameter, d = 25.4 mm)
made of a CoCrMo cobalt implant alloy.

RYS. 3. Schemat wezta tarcia: 1 —trzpien, 2 — sSrodek
smarny, 3 — tarcza.

FIG. 3. Schematic diagram of friction pair: 1 — pin,
2 — lubricant, 3 — disc.

TABELA 1. Materiaty tarciowe wykorzystane
w badaniach tribologicznych.

TABLE 1. Friction materials used for tribological
tests.

Wezet tarcia Materiaty
Friction pair Materials
A-PLA
trzpien B -PLA+CF
pin C - PLA+ HAP
D-PLA+TCP

srodek smarny | roztwor fizjologiczny 0,9% NaCl

lubricant 0.9 % NaCl physiological saline
stop kobaltowy CoCrMo,
tarcza chropowatos¢ powierzchni Ra = 0,4 ym

disc CoCrMo alloy,
surface roughness Ra=0.4 um
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Na podstawie badan wstepnych oraz analizy danych
literaturowych przyjeto nastepujgce parametry badan tri-
bologicznych: predkos¢ tarcia v = 0,1 m/s, promien tarcia
r =8 mm, predkosc¢ obrotowa przeciwprébki n = 120 obr/min;
naciski jednostkowe p = 1,0; 5,5; 10 MPa, czas tarcia: 1= 10;
35; 60 min, objetos$¢ srodka smarnego V = 4 cm?®. Badania
zostaty oparte o plan kompletny 32, kazdy parametr zostat
powtdrzony trzykrotnie. Testy tribologiczne realizowano
w warunkach tarcia suchego i w obecnosci smaru — roztworu
fizjologicznego (0,9% NaCl).

Wyniki badan tribologicznych poddano obrébce sta-
tystycznej za pomocg pakietu STATISTICA. Za pomoca
mikroskopu optycznego OLYMPUS BX — 51 oceniono
topografie powierzchni probek.

Wyniki i dyskusja
Przyktadowe zaleznosci zmiany wspétczynnika tarcia

w funkcji czasu, przy naciskach rzedu 10 MPa, przedsta-
wione zostaty na RYS. 4.

Based on preliminary research and analysis of data
from the literature, the following parameters of tribological
tests were accepted: friction velocity v = 0.1 m/s; friction
radius r = 8 mm; countersample (disc) rotational velocity
n = 120 rev/min; unit pressures p =1.0; 5.5; 10 MPa, time of
friction in a single test: T = 10; 35; 60 min; lubricant volume
V = 4 cm?. The tests according to the complete plan 32
were performed, and each combination of parameters was
repeated three times. Tribological tests were conducted
under conditions of dry friction and in the presence of lubri-
cant - physiological saline (0.9% NaCl).

The results of tribological tests were subjected to statis-
tical processing using STATISTICA software. The surface
topography of samples was assessed using an OLYMPUS
BX - 51 optical microscope.

Results and Discussion

Selected results of the conducted research are shown
below. Examples of friction coefficient changes as a function
of time for p = 10 MPa are presented in diagrams (FIG. 4).
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RYS. 4. Zmiany wspoétczynnika tarcia w funkcji czasu dla réznych kompozytow
(p = 10 MPa): a) tarcie suche, b) w sSrodowisku NaCl.

FIG. 4. Friction coefficient change as a function of time for different composites
(p = 10 MPa): a) dry friction, b) NaCl environment.
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Zamieszczone wyniki $wiadczg o znaczgcym zréznico-

® @ ® @ ® ® ® waniu wlasciwosci tarciowych badanych materiatow. Naj-

mniejszymi oporami ruchu charakteryzowat sie kompozyt
z napetniaczem weglowym. Widoczny jest tez korzystny
wplyw srodowiska smarnego na przebieg tarcia badanych
materiatéw. Opory ruchu dla wszystkich materiatéw ulegty
obnizeniu w obecnosci roztworu NaCl. Podobne tendencje
zmian wspoétczynnika tarcia byty obserwowane réwniez
w testach przy innych (mniejszych) obcigzeniach. Egzem-
plifikacjg tych tendencji sg wyniki usrednionych wartosci
wspotczynnikéw tarcia, obliczonych dla obszaréw tarcia
ustabilizowanego, przedstawione na RYS. 5.

The presented results indicate variation of the friction
properties of the studied materials. The composite with
carbon filler was characterized by the least resistance to
a motion. There was observed a favorable influence of
the lubricant environment on the course of friction of the
studied materials. The resistances to a motion of all ma-
terials were reduced in the presence of the NaCl solution.
Similar tendencies of friction coefficient changes were also
observed in tests with different (lower) pressures. The re-
sults of averaged friction coefficient values, calculated for
stabilized friction areas and presented in FIG. 5, exemplify
these tendencies.
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RYS. 5. Srednie wartosci wspétczynnikéw tarcia badanych materiatéw (p = 10 MPa).
FIG. 5. Average values of the friction coefficients of the tested materials (p = 10 MPa).

Po testach tarciowych oceniano zuzycie masowe prébek
(trzpieni) badanych materiatéw. Przykladowe wyniki tych
badan zostaty zamieszczone na RYS. 6. Podobnie jak
w przypadku badan tarcia, réwniez zuzycie materiatow byto
zréznicowane i zalezne od warunkéw tarcia. Podobnie jak
w wyzej omawianych przypadkach, najmniejsze zuzycie
obserwowano dla kompozytéw z napetniaczem weglowym.
Znamienny jest przy tym wptyw $srodowiska smarnego na
procesy zuzyciowe: obecnos¢ smaru powodowata wzrost
zuzycia kompozytéw z hydroksyapatytem i fosforanem
trojwapnia. Jest to spowodowane negatywnym wptywem
srodowiska wodnego na stabilno$¢ takich materiatow
w wyniku proceséw rozpuszczania i/lub uwalniania fazy
nieorganiczne;.

Cennym uzupetnieniem testéw tribologicznych sg wy-
niki obserwacji powierzchni tarcia badanych materiatow.
Nalezy podkresli¢ generalnie niskg odpornos¢ polilaktydu
na zuzycie tribologiczne. W tym kontekscie wptyw dodatku
weglowego na znaczgce obnizenie zuzycia takich materia-
tow jest bardzo korzystnym efektem. Réwnoczesnie jednak,
dla tego kompozytu zaobserwowano wyrazne procesy
destrukcji powierzchni tarcia, co zilustrowano na RYS. 7.
Wydaje sie, ze obecnos¢ widkien weglowych korzystnie
wptywa na opory ruchu i obnizenie zuzycia. Jednakze niska
stabilnos$¢ takich kompozytéw moze ogranicza¢ mozliwosci
ich aplikacji w warunkach tarcia.

After friction tests were finished, the wear of samples
(pins) of the studied materials was evaluated. The results
of these tests are shown in FIG. 6. It was observed that the
wear of materials varied, similarly to the friction tests, and
it was correlated with friction condition. The lowest wear
values were observed for the composites with carbon filler
(sample C). A big impact of the lubricant environment on
wear processes was observed. A wear of composites with
hydroxyapatite and tricalcium phosphate (samples C and D)
was much higher in the presence of lubricant than in dry
friction conditions. This is the result of the negative influ-
ence of an aqueous environment on the stability of such
materials, due to processes of dissolution and/or release
of the inorganic phase.

Polylactide, as a material, has rather low tribological re-
sistance. Introduction of carbon additives into the polylactide
matrix increases this parameter (has a favorable impact on
resistance to a motion and wear reduction). However, analy-
sis of the friction surfaces of studied materials revealed clear
processes of destruction of the friction surface, as illustrated
in FIG. 7. Thus, the poor stability of such composites may
limit their possible application.
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RYS. 6. Zuzycie masowe badanych materialéw: a) tarcie suche, b) w srodowisku NaCl (p = 10 MPa, czas

tarcia T = 60 min).

FIG. 6. Wear of the studied materials: a) dry friction, b) with NaCl solution (p = 10 MPa, friction time 1= 60 min).

RYS. 7. Slad tarcia na prébce (trzpien): a) czysty PLA, b) PLA + CF.
FIG. 7. Traces of friction on the sample (pin); a) pure PLA, b) PLA + CF.
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Podsumowanie

Nalezy podkresli¢ generalnie bardzo niskg odpornos¢
polilaktydu na zuzycie tribologiczne. Wyniki badan wskazujg
na znaczgcy wptyw napetniaczy na wiasciwosci tribologicz-
ne badanych kompozytéw. Najlepszymi charakterystykami
tribologicznymi charakteryzowat sie kompozyt z napetnia-
czem weglowym. Najnizsze zuzycie masowe probek obser-
wowano podczas tarcia suchego, jak réwniez w obecnosci
smaru — roztworu wodnego soli kuchennej. Znaczacy wzrost
zuzycia zaobserwowano w przypadku prébek z napetnia-
czami fosforanowymi (TCP, HAP) w obecnosci smaru.
Moze to by¢ spowodowane rozpuszczalnoscig napetniaczy,
co tym samym moze intensyfikowaé procesy zuzycia warstw
wierzchnich badanych kompozytéw. Wyraznie widoczna
jest tez wieksza stabilnos¢ procesow tarcia i zuzycia
w warunkach smarowania. Obserwacje mikroskopowe
Sladéw tarcia wskazujg na podatnos¢ takich materiatéw na
niszczenie warstw wierzchnich podczas tarcia. Fragmenta-
cja twardych widkien weglowych w kompozytach z napet-
niaczem CF (RYS. 7b) moze prowadzi¢ do niekorzystnych
zjawisk zuzycia wtoérnego. Moze to mie¢ negatywny wptyw
w przypadku aplikacji tego typu materiatéw, zwtaszcza
w potgczeniach kinematycznych konstrukcji biomedycznych.
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Conclusions

The generally very low resistance of polylactide to tribo-
logical wear should be emphasized. Test results indicate
a significant impact of fillers on the tribological properties
of the studied composites. The composite with carbon filler
was characterized by the best tribological characteristics.
The lowest wear of sample B (PLA+CF) has been observed
during dry friction conditions as well as in the presence
of the lubricant. A significant increase of wear of samples
with phosphorus fillers (TCP, HAP) has been noticed in the
presence of the lubricant. It may be caused by the solubility
of fillers and also it can intensify wear processes of examined
composites at the same time. A greater stability of the friction
processes as well as the wear in the presence of lubrica-
tion is clearly visible. However, microscopic observations
of friction traces indicate the susceptibility of such materials
to the destruction of surface layers during friction. The frag-
mentation of hard carbon fibres in the composites with CF
fillers (FIG. 7b) may lead to disadvantageous phenomenon
of secondary wear. This may have an unfavorable impact on
the possibilities of application of these materials, particularly
in the kinematic joints in biomedical devices.
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