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Abstract

Present nanofiber technology is one of the most
important objects in the recent research topics.
Electrospinning is a unique technology that can pro-
duce non-woven fibrous materials with interesting
characteristics such as diameters ranging from sub-
micron to several nanometers, high surface to volume
ratio, high porosity and small interfibrous pore size.
Polymer nanofibres have great potential for technical
applications in filtration, composites and electronics.
Nanofibers are also of importance in many different
applications as the drug delivery, biomaterials and
tissue engineering. For these applications there is a
great need for polymer nanofibers with well defined
surface properties. In this field, plasma surface treat-
ment has been applied in the textile industry for the
modification of polymer nanofibers.

In this study, chitosan nanofibers were prepared by
modified electrospinning method called Nanospider™
and treated with plasma in the presence of methane
gas. The surface characteristics of the nanofibers after
plasma treatment were examined using contact angle
measurements, SEM and XPS analysis.

Keywords: electrospinning, electrospun nanofibers,
plasma treatment, hydrophobicity

[Engineering of Biomaterials, 94, (2010), 2-6]

Introduction

Nanoscale materials have attracted great academic and
industrial interest in recent years. In this field, electrospinning
is a straightforward method to produce fibers with nano/
micro scaled diameters [1,2]. This is a simple and highly
effective technique for the preparation of polymer fibers in
the form of individual fibers or of non-woven fiber mats [3].
Microstructural properties of this material include high poros-
ity with very small pore size, interconnectivity and control-
lable mesh thickness. All these properties, together with the
large surface area to volume ratio make the nonwoven fiber
mats a suitable material for different applications such as

biosensor/chemosensor [4,5], reinforced nanocomposites
[6] electronic and semi-conductive materials [7,8] and filters
[9]. Moreover, electrospun fiber mats can be a promising
material for many important biomedical applications, includ-
ing artificial blood vessels [10], wound dressings [11], the
drug delivery and scaffolds for tissue engineering [12].

Especially from the point of view of the biomedical ap-
plications, there is a significant need and demand for the
polymer nanofiber mats with well defined surface proper-
ties. In this case, it seems that the most important aspect is
hydrophilicity/hydrophobicity balance. Currently gas plasma
treatment processes are extensively used to increase the
hydrophilicity of hydrophobic nonwoven fiber mats. It has
been reported that the hydrophilicity of silk fibroin nanofibers
or nanofibers made of poly(e-caprolactone) was increased
meaningly after an O, plasma treatment. Such modification
of these materials resulted in an improved fibroblasts ad-
hesion and proliferation [13,14]. On the other hand, CF, or
CH, plasma treatment increased the hydrophobicity of the
nanofibers made of poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) or poly[bis(2,2,2-trifluoroethoxy)phosphazene],
respectively [15,16]. Hydrophobicity is an important property
of a surface of different materials for practical applications
[17]. Superhydrophobic surfaces have great attention due
to their interesting properties, such as their self-cleaning,
and antifouling properties. Kitahara et al. modified the cotton
fibres with plasma in the presence of hydrocarbon gas and
investigated the antibacterial activities of the modified sam-
ples. It has been established that plasma modified samples
had antibacterial property in contact with Staphylococcus
aureus and Klebsiella pneumoniae [18].

Many of the scientific facts mentioned above have per-
suaded the authors of this paper to modify the chitosan
nonwoven nanofiber mesh with plasma in the presence
of methane gas. Chitosan is a biosynthetic polysacharide
comprising of deacetylated chitin. Chitin is a naturally oc-
curring B-1,4 linked polymer of 2-acetamido-2-deoxy-3-D-
gluco-pyranose polysacharide that can be extracted from
crustacean exoskeletons or generated via a fungal fermenta-
tion process. Chitosan is a B-1,4 linked polymer of 2-amino-
2-deoxy-f-D-gluco-pyranose that is soluble in an aqueous
solution of acids. Past research has shown that chitosan is
biocompatible and biodegradable and does not induce any
strong immune response. Additional positive features are its
low cost due to abundance and diverse methods that enable
the chemical processing of this polymer [19].

In this study the chitosan nanofiber mats with a hy-
drophilic character were prepared by modified electrospin-
ning method called Nanospider™ and treated with plasma
in the presence of methane gas. The surface properties of
the plasma-treated nanofibers were characterized by water
contact angle (WCA), scanning electron microscopy (SEM)
and X-ray photoelectron spectroscopy (XPS).

Materials and methods

Materials and preparation of solution for electrospinning
Chitosan-5 was purchased from Wako Pure Chemi-
cal Industries. PEO with a molecular weight (M,,) 900 kD
and surfactant Triton®X-100 were obtained from Aldrich.
Deionized water with sodium chloride was used to pre-
pare PEO solution. Sodium chloride was used by adding
salt together with a water solution of 5 wt% PEO solution
in concentrations 0.24 mol/L. Chitosan was dissolved in
10 wt% citric acid to achieve a polymer concentration of
8 wt%. PEO was dissolved in water with sodium chloride
to achieve a polymer concentration of 5 wt%. Chitosan
solutions and PEO solutions were prepared separately.



Both solutions were then mixed and stirred again at room
temperature overnight in the volume ratios 9/1 (chitosan/
PEO). The surfactant Triton®X-100 was added in concentra-
tion 2 wt% into solution.

Electrospinning of nanofibers

Chitosan nanofibers have been prepared by modified
electrospinning method called Nanospider™. The scheme
of Nanospider™ system is shown in FIG. 1.

FIG. 1. The scheme of Nanospider™ system.

The metal roller (1), which serves as the positive
electrode, raises a thin film of polymer solution (2). The
so-called Taylor cones (4) are then formed due to the ef-
fect of applied high voltage. The method is based on the
possibility of creating Taylor cones from a thin layer of
polymer solution. The cones cleave into fibers (5), which
are carried onto the negative electrode (8) and retained on
the polypropylene non-woven fabric (6). During this process,
the solvent evaporates and the fibers become stretched at
either ambient or elevated temperature. The reservoir (3) is
filled with 20 ml of polymer solution and rotation of the metal
roller (1) ensures its perfect coating with the solution. The
Taylor streams are formed next to each other, throughout
the entire length of the metal roller, resulting in the high
production capacity of nanofiber sheet (7). Electrospinning
of mixture of chitosan/PEO solutions is in this study carried
out at a voltage of 50-55 kV, distance of electrodes 10 cm
and air temperature 22°C.

Optimal conditions for heat treatment of nanofiber sheet
prepared from chitosan/PEO solution after electrospinning
were investigated [20]. A temperature of 130-140°C applied
for 30 min was found to be optimal. In other case, nanofiber
sheet was dissolved in water.

Plasma treatment

For the plasma treatment a laboratory scale plasma
system was used. The vacuum chamber was 345 mm in
diameter and 360 mm in height. The system was equipped
with a radio frequency generator operating at 13.56 MHz,
connected with the inner electrode through an impedance
matching unit. The substrates were mounted on the water
cooled RF electrode, plasma reactor was evacuated, and
methane gas was introduced into the reactor. In order to
remove any other gases from inside the reactor, chamber
was flushed with methane gas for 5 min. The negative self-
bias voltage was varied in the range from 100 to 600 V.

Characterization

Contact angles of all samples were measured at room © © @ e @ @ o

temperature using a home-made apparatus equipped with
a digital camera, which is connected to a computer. Meas-
urements were performed by the sessile drop method with
distilled water as test liquid. The volume of the water droplet
for each measurement was kept at 3x10°° m3. For each
sample, six different measurements were taken and the
average values for contact angles were calculated.

The morphology of the electrospun chitosan nanofibers
was observed on a scanning electron microscope (SEM)
(TESCAN — VEGA XMU) after gold coating.

The XPS measurements were performed with the hemi-
spherical analyzer operated in FAT mode (Phoibos 100 from
Specs). The photoelectron spectra were referenced to the
aliphatic C1s peak at 285 eV. The elemental composition
was calculated from survey spectra. The high resolution
spectra were acquired to understand the chemical bonds
on the surface of the samples.

Results and Discussions

Changes in contact angles of chitosan nanofibers treated
with the methane plasma as a function of negative self-bias
voltage are shown in FIG. 2. The plasma treatment leads
to hydrophobization of the originally hydrophilic chitosan
nanofiber mats. The untreated film has water contact angle
of 0° (the water drop was immediately absorbed into the
sample) which increases and reaches a maximum value
of 126° for the plasma treated sample at 400 V of negative
bias. Further voltage increase resulted in the decrease of
contact angle of the nanofiber mats. Hydrophobization of the
chitosan nanofiber mats can be explained by the formation
of hydrophobic moieties on nanofibers surfaces after the
methane plasma treatment.

130

Contactangle [°]

100 200 400 600

Negative self-bias voltage [V]

FIG. 2. Water contact angle of chitosan nanofibers
versus negative self-bias voltage.

SEM images of both the modified and the non-modified
chitosan fiber mesh were shown in FIG. 3. It can be seen
that morphology of the nanofibers was not changed by
methane plasma as the used negative self-bias voltage was
varied in the range from 100 to 200 V. When voltage was
changed from 200 to 600 V, the surface roughness of the
nanofibers increased. This observation can be attributed to
the etching effect of the plasma treatment and deposition
of carbon from methane plasma on the surface of chitosan
nanofibers. Strong interaction between the plasma and the
surface of nanofibers can be observed in FIG. 3e.

3
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FIG. 3. SEM images of the chitosan nanofibers: a) non-modified and modified with methane plasma at

b) -100V, c) -200V, d) -400V, e) - 600 V.

XPS survey spectra for non-modified and methane plasma
-modified (with the negative self-bias voltage 600 V) chitosan
nanofiber mats are shown in FIG. 4. The only elements
detected were carbon, oxygen and nitrogen. The 1s (C1s,
O1s and N1s) peaks were used for the quantification. The
C1s high resolution spectra were acquired to provide more
detailed information about the bonding on the nanofiber mats
surface. The unmodified chitosan shows elemental composi-
tion, which could be expected from the chitosan chemical
structure. Slightly higher carbon content can be explained
by the small amount of PEO in the nanofiber network or by
the carbon contaminants from the ambient atmosphere.

The plasma treatment results in a significant decrease of
the oxygen amount. Possibly the OH groups are detached
from the polymer chain due to interaction with the plasma
active species (this can also be the reason for the higher
hydrophobicity of the treated samples) or the CH, thin film
can be deposited on the surface (the information depth of
XPS is 10 nm at the most). Probably both processes take
place. As the negative bias voltage changes to 600 V, the
C/O ratio increases.
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FIG. 4. XPS survey spectra of chitosan nanofibers: a) unmodified, b) plasma-modified with methane at - 600 V.
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FIG. 5. XPS elemental composition of plasma-
treated chitosan nanofibers surface at different
applied negative self-bias voltages.

The decrease in the oxygen amount can be also related
to the disposal of oxygen by atomic hydrogen via chemical
reaction [21]. The elemental composition after plasma treat-
ment identified by the XPS spectra is presented in FIG. 5.

The changes in the chitosan structure are also observed
in the C1s high resolution spectra (FIG. 6). The untreated
chitosan shows three main components. The component A
is attributed to C-C or C-H bonds. Based on [22-24] the com-
ponent B can be related to C-O, C-OH or C-N bonds. This
component significantly decreases after plasma treatment
and almost disappears for higher negative bias voltages.
As it had been already proposed — this is probably related
to cleavage of the OH groups from the polymer chain or to
covering of the nanofiber surface by the CH, thin film. The
last component is usually attributed to carboxylic groups or
to O-C-O and O=C-N groups. The O-C-O is the most prob-
able of them as it is present in the chitosan structure; also
the O-C-OH should be taken into account (as it is present at
the ends of the chitosan polymer chains). This component
again disappears with the plasma treatment.

Conclusions

Unmodified

Intensity [a.u.]

In this study electrospun chi-
tosan nanofibers were modified with
plasma in the presence of methane
gas and the surface characteristics
of the modified and unmodified na-
nofibers were investigated. It was
found that the chitosan nanofibers
have hydrophobic properties after
methane plasma treatment. SEM

N analyses of the unmodified and

e plasma-modified chitosan nanofibers
indicate that plasma treatment can
induce physical changes on the sur-
face of the nanofibers. The changes
T in the chitosan surface chemistry
caused by the plasma treatment are
documented by the XPS measure-
ments. The amount of oxygen on the
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nanofiber surface decreases with the
plasma treatment. The oxygen con-
tent further drops with increased bias
voltage. The high resolution spectra

FIG. 6. XPS high resolution spectra of plasma-treated chitosan nanofibers

surface at different applied negative self-bias voltages.

deconvolution also supports the pos-
sible explanation of the hydrophobic-
ity changes (less OH group — higher
hydrophobicity).
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Abstract

The aim of this study was to prepare and evaluate
the properties of a new membrane dedicated for the
treatment of bone defects in periodontology according
to guided tissue regeneration (GTR) technique. The
first part of this study was to prepare the membrane
from resorbable poly(L-lactide-co-glycolide) (PLGA)
and verify its microstructure. Biological evaluation was
lead using the cells interesting from the point of view of
GTR, e.g. human fibroblasts and mesenchymal stem
cells (hMSC). It was found that the obtained memb-
rane has asymmetric microstructure and defined pore
size. Cell culture experiments show that the membrane
is biocompatible with fibroblasts and hMSC. Both
types of cell proliferated well on the membrane. HMSC
cultured on the membrane exhibited better osteogenic
differentiation and higher mineralization as compared
to control tissue culture polystyrene.

[Engineering of Biomaterials, 94, (2010), 7-10]

Introduction

Guided tissue regeneration (GTR) is new method using
a barrier membrane to protect the bone defect from inva-
sion of soft tissue [1]. Mostly used barrier membranes have
asymmetric structure and are made from non-degradable or
biodegradable polymers. The non-degradable membranes
are produced from expanded polytetrafluoroethylene
(e-PTFE — Gore-Tex®, USA). The e-PTFE is chemically and
biologically stabile. This material has good barrier proper-
ties and gives good results in tissue regeneration process.
However it must be removed by a secondary operation
that is necessary to repair dehiscence because of natural
unresorbability [2]. The second group contains resorbable
polymers of synthetic or natural origin. The major benefit
of bioresorbable membranes is absence of necessity of
a second surgery to remove the membranes. The most
commonly used natural material to produce membranes is
collagen (Bio-Gide®, Bicon, BioMend, etc.). Collagen is a
natural component of bone matrix and is highly biocompat-
ible. The disadvantage of collagen materials is the possibility
of disease and pathogen transfer from animals. Better solu-
tion seems to be the use of bioresorbable membranes made
from synthetic aliphatic polyesters such as GoreResolut®
(Goremedical, USA). All the membranes available on the

market made from collagen or resorbable polyesters have
asymmetric, fibrous microstructure. In this type of materials
the volume fraction and size of pores are however difficult
to be controlled [1-4].

Currently much research is done to work out new materi-
als for GTR technique. Several resorbable polymers such as
poly-e-caprolacton, polylactides, polyglycolide, copolymers
of lactide and glycolide and chitosan are applied to produce
new generation GTR membranes [5-11]. The materials are
designed in such a way to ensure biocompability, bioresorb-
ability, optimal surface properties, and microstructure for
desired cells to adhere and grow.

The aim of this study was to prepare a new barrier non-
fibrous, asymmetric membrane with defined pore size and
to evaluate its biological properties in vitro.

Materials and Methods

Preparation of the membrane

PLGA with a molar ratio of L-lactide to glycolide of 85:15
and molecular weights M,=100 kDa, M,,=210 kDa was used
to prepare the membrane by phase separation. PLGA was
dissolved in dichloromethane (POCh, Gliwice) and 60 wt%
of polyethylene glycol (PEG, Aldrich, Germany, M,, = 400 Da)
was added. Mixture was slip-casted on smooth glass surface
and dried in air and in vacuum, followed by leaching out PEG
in distilled water. Detailed method of membrane preparation
is described in patent application [12].

Microstructure

The microstructure of the membrane was studied under
scanning electron microscope (SEM, Nova NanoSEM 200,
FEI, USA) under magnification of 2000x and 3000x. Before
the analysis, the samples were sputter-coated with a thin
carbon layer to make them conductive. The atomic force
microscope (Explorer, Veeco, USA) was also used to study
membrane topography and average roughness (R,). For top
and bottom surfaces 3 pictures were taken at scan areas
of 100 um x 100 pm.

Biological evaluation

For in vitro studies the membrane was fixed in CellCrown
inserts (Scaffdex, Finland), in such a way that top (in contact
with air after slip-casting) or bottom surfaces (in contact
with glass surface after slip-casting) of the membrane were
exposed. The samples were sterilized by oxygen peroxide
plasma (Sterrad, ASP, J&J, USA) and the cells of human ori-
gin: fibroblasts (from Universitatsklinikum ,Carl Gustav Ca-
rus“ an der Technischen Universitat Dresden Medizinische
Klinik I) or h(MSC (from Clinic for Dermatology, Venerology
and Allergology, Universitat Leipzig Max-Burger-Forsc-
hungszentrum) were seeded on the membrane’s surface
at the density of 10000 cells/cm?. As control the cells were
cultured on tissue culture polystyrene (TCPS, Nunclon,
24-well plates) (FIG. 1). The cells were incubated at 37°C
and 7.0% CO, atmosphere for 24 h in base medium (BM
- DMEM, 10% FBS, 1% P/S, 2 mM glutamine), and for 14
and 21 days in two media: BM for fibroblasts and hMSC as
well as osteogenic differentiation medium (DM) for hMSC
(BM + ascorbic acid 300 mM, B-glycerophosphate 10 mM,
dexamethasone 10 nM). Cell proliferation and osteogenic
differentiation were studied by lactate dehydrogenase
(LDH) and alkaline phosphatase (ALP) activities measure-
ments, respectively. Mineralization of hMSC was analysed
by calcium concentration test. The results were expressed
as means * SD. Statistical significance was determined by
t-test and the differences were regarded as significant at
p < 0.05.
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FIG. 1. Scheme of cell culture.

Results

Microscopic characterization

Microscopic evaluations showed that the membrane has
asymmetric microstructure with pores in the range of 3-6 um.
The bottom side of the membrane is more rough than the top
one (FIG. 2). These findings were also confirmed by AFM
analysis (FIG. 3), which shows similar surface topography
as registered by SEM. Surface roughness analysis shows
that the top of the membrane is more smooth with R,= 280
+ 10 nm, while the bottom is more textured and porous with
R,= 550 + 30 nm.
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Biological evaluation

LDH activity results show that fibroblasts and hMSC
proliferation after 24 h and 14 days in BM were similar as
on control material (FIG. 4a and b). LDH activity of h(MSC
in DM was higher than in BM, but the cells proliferated bet-
ter on control TCPS than on tested membrane (FIG. 4b).
The results show that fibroblasts proliferation does not de-
pend on the side of the membrane (FIG. 4a), while h(MSC
proliferation on more smooth top surface tended to be higher
(FIG. 4b). Osteogenic differentiation of hMSC measured
by ALP activity (FIG. 5a) and their mineralization (FIG. 5b)
were higher in DM than in BM. Concomitantly hMSC dif-
ferentiation and mineralization on the membranes were
significantly higher than for cells cultured on control TCPS
(FIG. 5a,b). A tendency of higher mineralisation of h(MSC
on more smooth top surface of the membrane was also
observed (FIG. 5b).
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FIG. 4. Proliferation of fibroblasts (a) and hMSC
(b) evaluated by LDH activity after 24 h and 14
days in BM and DM. Asterisks indicate significant
difference (p < 0.05) compared to control TCPS
within one group.

Discussion and conclusion

The results show that the elaborated method of prepara-
tion enables to obtain porous non-fibrous asymmetric PLGA
membrane. The method is based on phase separation
between PLGA and PEG dissolved in non-polar solvent.
As a results spherical PEG domains 3-6 pm in diameter
are created in a PLGA matrix. Differences in density of
both compounds cause sedimentation of the component of
higher density, thus resulting in asymmetry of the membrane.
The membrane microstructure is different from that of typical
fibrous non-resorbable and resorbable GTR membranes
available on the medical market [2].
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FIG. 5. HMSC differentiation after 14 days in BM
and DM (a) and mineralization after 21 days in
BM and DM (b). Asterisks indicate significant dif-
ference (p < 0.05) compared to TCPS within one
group.

Biological experiments show that the membrane sup-
ports growth of fibroblasts and hMSC. Our results may be
compared with the results obtained by Alpar et al. who found
that collagen BioGide® membranes facilitate bone cells
proliferation to the same extent as a control tissue culture
polystyrene [4]. On the other hand in the same study it was
found that e-PTFE and polylactic acid membranes induced
slight to moderate cytotoxic reactions [4], what was not the
case in our experiment. The growth of hMSC was better in
osteogenic differentiation medium than in base medium,
what suggests that supplementary compounds provided
to the medium do favour not only cell differentiation, but
also cell proliferation. As expected hMSC differentiation
and mineralization in differentiation medium were higher
than in base medium. Differentiation and mineralisation
of hMSC cultured on the membranes were higher than for
those cells cultured on control tissue culture polystyrene.
It implies that the microstructure and physic-chemical
properties of the elaborated material are appropriate for
hMSC. Moreover hMSC show the tendency of better prolif-
eration and mineralization on more smooth top surface of
the membrane that on more rough bottom surface of the
membrane. This finding shows that biological response
to the material could be modulated by the microstructural
parameters of the membrane.

To sum up, the results show that PLGA membranes
presented in this study specifically do support stem cells
adhesion, proliferation and osteogenic differentiation.
Itis of key importance taking into account future application
of the membranes in GTR technique in periodontology.
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Abstract

Using an electrospinning technique, we constru-
cted composite nanofibrous membranes containing
a copolymer of L-lactide and glycolide (PLGA,
ratio 85:15) and 33 wt% of nanodiamond particles.
he number of initially adhering human osteoblast-like
MG 63 cells on day 1 after seeding, their spreading
and subsequent growth were similar on both types of
membranes. However, higher cell numbers on day 3
and 7 after seeding and a larger cell spreading area
were found in the cells in the control polystyrene cell
culture dishes. Nevertheless, the composite PLGA-
ND membranes provided relatively good support for
colonization with bone-derived cells; thus this material
is promising for bone tissue engineering.

Keywords: nanofibers, nanoparticles, nanotechno-
logy, electrospinning, bone tissue engineering

[Engineering of Biomaterials, 94, (2010), 11-13]

Introduction

Electrospinning is a promising method for creating many
types of nanofibers, which can have a broad spectrum of
applications, including tissue engineering.

Nanofibers, especially in the form of nanofibrous scaf-
folds, have become promising cell carriers for advanced
tissue replacement. This is mainly due to the fact that
these scaffolds closely mimic the structure of the fibrous
component of the native extracellular matrix. In comparison
with conventionally-used flat or microstructured cell growth
supports, nanostructured carriers improve the cell-matrix
interaction, e.g. by adsorption of cell adhesion-mediating
molecules in an appropriate geometrical (spatial) confor-
mation, which enables good accessibility of specific sites
on these molecules to cell adhesion receptors. In addition,
nanostructured substrates can be advantageously applied
particularly in bone tissue engineering. The reason is that
these substrates preferentially adsorb vitronectin, which is
recognized mainly by osteoblasts [1,2].

In the present study, we have constructed nanofibrous
membranes by electrospinning of poly (lactide-co-glycolide)
(PLGA) mixed with nanodiamond (ND) particles as potential
growth supports for bone cells. We therefore investigated
the adhesion and proliferation of human osteoblast-like
MG 63 cells in cultures on these materials. In our earlier
studies, PLGA proved to be an appropriate material for
constructing porous and fibrous scaffolds for bone tissue
engineering [3,4]. In comparison with pure polylactic acid
(PLA), the PLGA copolymer is less brittle, and in comparison
with pure polyglycolide (PGA), it is more slowly degradable
(i.e., less prone to hydrolytic degradation). It thus provides a
more stable support for bone tissue regeneration, which is
a relatively long-term process in human beings, especially
among the aged. The ND particles were added to reinforce
the nanofibrous scaffolds and to create an additional na-
nostructure on the fiber surface in order to enhance the
scaffold bioactivity. In our earlier studies, nanocrystalline
diamond films provided excellent growth support for bone-
derived cells [5,6].

Materials and Methods

Preparation of the nanofibrous membranes

The nanofibrous membranes were prepared from a
copolymer of L-lactide and glycolide (PLGA, ratio 85:15,
PURASORB PLG 8531, Purac Biomaterials, Germany). The
copolymer was dissolved in a mixture of methylene chloride
(Sigma-Aldrich, Cat. No. D6 510-0) and dimethyl formamide
(Sigma-Aldrich, Cat. No. D15 855-0) at a concentration of
2.3 wt%. The ratio of the two solvents was 2:3. The nanofi-
brous membranes were then prepared by electrospinning in
a Nanospider ™ machine (Elmarco, Czech Republic), using
a vertically positioned spike-like electrode (voltage 24.6 kV,
working distance between the electrodes: 145 mm). Some
nanofibrous membranes were created in a combination of
PLGA with nanodiamond (ND) powder, kindly provided by
Prof. Stanislaw Mitura, Technical University of Lodz, Lodz,
Poland [7]. In 1 ml of PLGA solution, 0.007 g of the ND pow-
der was added and homogeneously dispersed by sonication
(LABSONIC U-2000, B. Braun Biotech, Germany, time of
sonication 5s). The concentration of ND in PLGA diluted in
methylene chloride and dimethyl formamide was therefore
0.7 wt%, and in the pure PLGA after evaporation of the
solvents, this concentration reached almost 33 wt%.

Cell culture on the nanofibrous membranes

The nanofibrous membranes were cut into square sam-
ples 1x1 cm in size, fixed in CellCrown inserts (Scaffdex,
Finland), sterilized by gamma irradiation, inserted into
polystyrene 24-well cell culture plates (TPP, Trasadingen,
Switzerland; well diameter 1.5 cm), rinsed overnight with
Dulbecco’s Modified Eagle Minimum Essential Medium
(DMEM; Sigma, U.S.A.). The membranes were then seeded
with human osteoblast-like MG 63 cells (European Collec-
tion of Cell Cultures, Salisbury, UK) in a density of 17,000
cells/cm_and in 1.5 ml of DMEM medium supplemented with
10% foetal bovine serum (Gibco). The cells were cultured
for 1, 3, or 7 days at 37°C in a humidified atmosphere of
5% of CO, in the air. The polystyrene culture well was used
as a reference material. For each experimental group and
time interval, five samples were used.

11
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FIG. 1. Morphology of a pure (a) and nanodia-
mond-enriched (b) PLGA nanofibrous membrane.
Scanning electron microscope XL30CP (Phillips
Electron Optics GmbH, Kassel, Germany), objec-
tive magnification 2000x, bar = 10 pm.

Evaluation of cell adhesion and growth on the nanofi-
brous membranes

Ondays 1, 3 and 7 after seeding, the samples were rinsed
in phosphate-buffered saline (PBS). The cells on one sample
per experimental group and time interval were fixed by 70%
cold ethanol (-20°C) and stained with a combination of Texas
Red C,-maleimide fluorescent membrane dye (Molecular
Probes, Invitrogen, Cat. No. T6008; concentration 20 ng/ml
in PBS) and Hoechst # 33342 nuclear dye (Sigma, U.S.A;
5 ug/mlin PBS). The morphology and distribution of the cells
on the membrane surface were then evaluated on pictures
taken under the Nikon Eclipse Ti-E microscope equipped
with a Nikon DS-Qi1 MC digital camera and NIS-Elements
AR software, version 3.10.

On day 1 after seeding, the size of the cell spreading
area was also measured using Atlas Software (Tescan Ltd.,
Brno, Czech Republic). For each experimental group, 141
to 349 cells were evaluated.

The four remaining samples were used for evaluating the
cell number. The cells were rinsed with PBS, released with
trypsin-EDTA solution (Sigma, Cat. No. T4174; incubation
5 minutes at 37°C) and counted in a Birker hemocytometer
under an Olympus IX 51 microscope.

Statistics

The quantitative results were presented as a mean
+ standard error of mean (SEM). Statistical significance
was evaluated using the ANOVA, Student-Newman-Keuls
method. Values of p<0.05 were considered as significant.

Results and Discussion

Morphology of the nanofibrous membranes

Both pure PLGA and composite PLGA-ND membranes
formed a fine cobweb-like layer on the polypropylene fabrics
which served as a collector for the nanofibrous membranes.
As revealed by scanning electron microscopy, both types of
membranes were composed of mostly straight and randomly
oriented fibers (FIG. 1). In the PLGA-ND membranes, the
fibers were thicker (diameter 270 + 9 nm) and the pores
among them were smaller (area 0.46 + 0.02 pm?) than in
the pure PLGA membranes (diameter 218 + 4 nm, area
1.28 £ 0.09 pm?).

Cell adhesion and growth on nanofibrous membranes

The adhesion and subsequent growth of MG 63 cells was
similar on both pure and ND-loaded PLGA membranes. On
the first day after seeding, the number of initially adhering
cells on the pure PLGA membrane was 11,300 + 1,200 cells/
cm_, and on the PLGA-ND membranes it was 10,951 + 1,027
cells/cm_. The highest average number of initially adhered
cells was observed on the control polystyrene dishes (14,000
+ 1,038 cells/cm ). However, as revealed by ANOVA, this
value was not statistically different from the values obtained
on the two nanofibrous membranes (FIG. 2).

Also on the third day of the experiment, the cell numbers
on both pure and ND-loaded PLGA membranes were similar
(36,100 + 2,200 cells/cm_and 37,000 + 2,500 cells/cm_,
respectively). However, on control polystyrene dishes, the
cell number was significantly higher, reaching 61,900 + 2,100
cells/cm_. This trend continued towards the 7" day after
seeding, when the cells on both pure and ND-loaded PLGA
membranes again reached similar values (167,700 £ 4,500
cells/cm? and 169,900 % 6,100 cells/cm?, respectively).

The cell spreading area, measured on day 1 after seed-
ing, was on an average larger in the cells on PLGA-ND
membranes (477 + 16 ym_) than in the cells on pure PLGA
membranes (442 + 15 pm,), but this difference was not
statistically significant. However, both these areas were
significantly smaller than those of the cells on the bottom of
control polystyrene wells (1,057 + 33 um_). This may be due
to the relatively thin diameter of both PLGA and PLGA-ND

Growth curves of MG 63 cells
250 000 -

o PLGA
200000 | - * -PLGAND /i
~ —a—PS *
£ /.G
© 150000 =
P /
3 5
3 100000 / -
50 000 —
..
r e *
0 ‘

0 2 4 6 8
Days after seeding

FIG. 2. Growth dynamics of human osteoblast-like
MG 63 cells on pure PLGA nanofibrous mem-
branes (PLGA), composite PLGA-nanodiamond
membranes (PLGA-ND) and control cell culture
polystyrene dishes (PS) from day 1 to 7 after seed-
ing. Mean % S.E.M. from 72 measurements taken
from 4 samples for each time interval. ANOVA,
Student-Newman-Keuls Method. Statistical signifi-
cance: * p<0.05 in comparison with PS.



fibers (on an average 218 and 270 nm, respectively), and
also their random orientation. In a study performed on NIH
3T3 fibroblasts in cultures on PLGA meshes [8], the cell
spreading areas on meshes with fiber diameters of 140 nm
and 760 nm were significantly smaller than on continuous
PLGA films, and were equal to the value on these films only
at a fiber diameter of 3,600 nm. Increasing fiber orientation
(from random to parallel) also contributed to enlarging the
cell spreading area [8].

Nevertheless, the cells on the PLGA-ND membranes
were similar in shape to the cells on the pure PLGA mem-
branes and on the polystyrene dishes, i.e. polygonal or
spindle-like, and were distributed homogeneously on the
samples. Their number rose continuously with the time of
the experiment, and at the end of the experiment these
cells were able to create a confluent layer (FIG. 3). These
results suggest that the cells on the PLGA nanodiamond
membranes behaved physiologically without noticeable
signs of cell damage.

Conclusion

Using an electrospinning technique, we constructed
fibrous membranes (average fiber diameter 218-270 nm)
made of pure PLGA and PLGA with 33 wt% of nanodia-
mond. Both pure PLGA and composite PLGA-nanodiamond
membranes enabled attachment, spreading and subsequent
proliferation of human osteoblast-like MG 63 cells in cultures
on these materials, and this cell behavior was similar on
both types of membranes. Therefore, our composite PLGA-
nanodiamond scaffolds are promising materials for bone
tissue engineering.
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63 cells on day 7 after seeding on a pure PLGA
membrane (a), composite PLGA-nanodiamond
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marization of Z-sections with deconvolution, bar
=50 pm.

13

© 0 000 000000000000 0000000006000 0000000000000_ -~ mmm

Ll



14

BI® MATERIALS

PRZEDKLINICZNE

TESTY ENDOPROTEZ
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Streszczenie

W opracowaniu przedstawiono metode wykonania
testow przedklinicznych w aplikacjach endoprotezy
stawu biodrowego w uktadzie anatomicznym. Metoda
polegata na modelowaniu réznych konstrukcji endo-
protez wykonanych z réznych biomateriatow i wirtu-
alnym osadzaniu, w odwzorowanych na podstawie
tomografii komputerowej (CT), strukturach kostnych.
Wykorzystanie metody elementéw skornczonych
pozwolito na przeprowadzenie analiz numerycznych
w zamodelowanych obiektach badan. W warunkach
przenoszenia obcigzen lokomocyjnych dokonywana
byta wizualizacja rozktaddéw naprezen, przemieszczen
i odksztatcenn w endoprotezie, kosci miednicznej oraz
w blizszym konicu kosci udowej. Wyniki badarn pozwo-
lity poréwnac rozwigzania konstrukcyjne endoprotez
stawu biodrowego oraz oceni¢ charakter oddziatywa-
nia sztucznego stawu na otaczajgce tkanki kostne w
warunkach indywidualnego pacjenta.

Stowa kluczowe: biomateriaty, endoprotezy, tomo-
grafia komputerowa, staw biodrowy, modelowanie,
analiza

[Inzynieria Biomateriatow, 94, (2010), 14-23]

Wprowadzenie

Zabieg alloplastyki stawu biodrowego, poprzez wprowa-
dzenie okreslonej zamiennej gtowy i trzpienia oraz panewki,
zmienia catkowicie warunki wspétpracy charakterystyczne
dla biologicznej, prawidtowej pary [1]. Wystepuje upo-
Sledzenie biosmarowania, zaburzenie relacji naprezeh i
przemieszczen w biotozysku wynikajace z odmiennego
oddziatywania elementéw endoprotezy na otaczajgce tkanki
oraz zachodzg procesy zuzycia materiatéw stosowanych na
elementy ruchowe [2].

Na obecnym poziomie rozwoju endoprotezoplastyki, przy
olbrzymiej ilosci rozwigzah konstrukcyjno-materiatowych
endoprotez mozna postawi¢ pytanie, ktére rozwigzanie w
warunkach indywidualnego pacjenta jest optymaline.

Materialy i metody

Celem pracy byfa ocena stosowanych rozwigzan endo-
protez stawu biodrowego w aspekcie przeniesienia obcigzen
przez konstrukcje biotozyska oraz otaczajgce struktury
kostne po zabiegu catkowitej alloplastyki.
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Abstract

The method of preclinical tests in application of
endoprostheses of hip joint in the anatomical system
is presented in this elaboration. The method is based
on the modeling of different constructions of endo-
prostheses made from different biomaterials. The
endoprostheses were virtually placed in natural bone
structures and obtained from the computer tomo-
graphy diagnostic (CT). The use of the finite element
method allowed to carry on numerical analyses in
modeled objects of tests.

The visualization of distribution of stresses, dis-
placements and deformations in endoprostheses,
pelvis bone and femoral bone was conducted in the
conditions of transfer of load. The results of tests let to
compare the construction solutions of endoprostheses
of hip joint and estimate the interaction of artificial hip
Jjoint on the surrounding bone tissues in individual

patient conditions.

Keywords: biomaterials, endoprosthesis, computer
tomography, hip joint, modeling, analysis

[Engineering of Biomaterials, 94, (2010), 14-23]

Introduction

In the alloplastic operation of hip joint, the introduction
of specific interchangeable head, stem and cup completely
changes the conditions of co-operation characteristic to
the proper biological pair [1]. There occur the handicap
of biolubrication, disorder of stresses and displacements
relation in biobearing which result from different interaction
of elements of endoprostheses on the surrounding tissues.
What is more, there happen wear processes of materials
used on motive elements [2].

On the present level of evolution of endoprothesoplasty,
with an enormous amount of constructional and material
solutions of endoprostheses, it is possible to ask which solu-
tions in the individual patient conditions are optimal.

Materials and methods

The aim of study was to estimate applied solutions of
endoprostheses of hip joint in the aspect of transfer of loads
by the construction of biobearing and the surrounding bone
structures after total alloplasty.
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RYS. 1. Zestawienie konfiguracji endoprotez wytypowanych do badan.
FIG. 1. The compilation of configurations of endoprostheses selected to tests.

Analiza rozprzestrzeniania sie naprezen i przemieszczen
w strefie kontaktu gtowy i panewki, w konstrukcji sztucznego
tozyska oraz strukturach blizszego konca kosci udowe;j i
czesci panewkowej kosci miednicznej, moze wskazywaé
na przyczyny obluzowan [3] wynikajace z parametrow
konstrukcyjno-materiatowych endoprotezy.

Materiatem do analizy byly wybrane endoprotezy sta-
wu biodrowego (RYS. 1) o nastepujacych konfiguracjach
materiatowych:

« trzpienie wykonane ze stopu tytanowego,

* gtowy z ceramiki korundowej lub cyrkonowej,

* panewki dwuwarstwowe: polietylen wysokoczasteczkowy
- tytan,

* panewki tréjwarstwowe:

- ceramika korundowa - polietylen wysokoczasteczkowy -tytan,
- ceramika cyrkonowa - polietylen wysokoczasteczkowy - tytan.

Metoda modelowania i symulacji obejmowata [4]:

» modelowanie 3D geometrii endoprotez o réznych rozwig-
zaniach konstrukcyjnych,

» odwzorowanie wirtualne (RYS. 2) przestrzennego anato-
micznego ukfadu kostno-stawowego pacjenta: ledzwiowy
odcinek kregostupa, obrecz miednicy, stawy biodrowe oraz
blizsze czesci kosci udowych — na podstawie diagnostyki
tomograficznej (CT) i programoéw do analizy i rekonstrukcji
obrazow,

« wirtualne osadzenie endoprotezy w strukturach kostnych
pacjenta, pozycjonowanej zgodnie z warunkami anato-
micznymi,

» wykorzystanie metody elementéw skornczonych do analizy
biomechanicznej brylowego modelu badawczego (RYS. 3).

The analysis of propagation of stresses and displace-
ments in the contact zone of head and cup, in the artificial
biobearing construction and in the structures of proximal
apex of femoral bone and acetabulum part of pelvis bone
may point to the reasons of loosing [3] that result from con-
struction and material parameters of endoprosthesis.

As the materials to the analysis, the previously selected
endoprostheses of hip joint (FIG. 1) of the following material
configuration were used:

+ stems made from titanium alloy,

» heads made from corundum or zirconium ceramics,

« two-layer cups: high-molecular polyethylene - titanium,

« three-layer cups:

- corundum ceramics - high-molecular polyethylene -
titanium,

- zirconium ceramics - high-molecular polyethylene -
titanium.

The method of modeling and simulation included [4]:

» 3D modeling of geometry of endoprostheses of different
construction solutions,

« the virtual reconstruction (FIG. 2) of three-dimensional ana-
tomical osteoarticular system of a patient: lumbar segment of
spine column, pelvis girdle, hip joints and proximal parts of
femoral bones — on the basis of computer tomography and
programs to the analysis and reconstructions of images,

« the virtual fixing of endoprosthesis in accordance with
anatomical conditions in the bone structures of a patient,

« the use of finite element method to the biomechanical
analysis of the solid model of research (FIG. 3).
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RYS. 2. Przestrzenny model rzeczywistych struktur
kostnych indywidualnego pacjenta (m. I. 56) uzy-
skany na podstawie diagnostyki CT i rekonstrukcji.
FIG. 2. The virtual model of real bone structures of
an individual patient (m. age 56) received on the ba-
sis of computer tomography and 3D reconstruction.

W analizie uwzgledniono parametry wytrzymatosciowe
rozwazanych struktur (TABELA 1).

Warunki brzegowe dla réznych wariantéw endoprotez
ustalono w nastepujacy sposéb:
* na strukture kostng kosci miednicznej zadano utwierdze-
nia: w spojeniu fonowym oraz w stawie krzyzowo-biodrowym
(RYS. 4), odbierajgc weztom wszystkie stopnie swobody
i okreslajac jej potozenie przez usytuowanie obreczy
miednicy,

RYS. 3. Zamodelowana endoproteza stawu biodro-
wego osadzona wirtualnie w tkance kostnej konca
blizszego kosci udowej i w kosci miednicznej.
FIG. 3. The modeled endoprosthesis of hip joint
virtually fixed in the bone structure of proximal
apex of femoral bone and in pelvis bone.

In the analysis, the strength parameters of consideration
structures were included (TABLE 1).

The marginal conditions for different variants of endopros-
theses were established in the following methods:
» On the bone structure of pelvis bone constraint was put:
in the pubic symphysis and in the sacroiliac joint (FIG. 4),
the nodes had all degrees of freedom taken away and the
position was determined by locating pelvis girdle,

TABELA 1. Wytrzymatosciowe parametry materiatlowe [1,4,7,9].

TABLE 1. Resistance parameters of materials [1,4,7,9].

Parametry materiatowe /
Material parameters
Material / Material

Kos¢ korowa / Cortical bone

Modut Young’a / Wspdtczynnik
Poissona /

Poisson’s ratio
0.2-04*

Modulus of elasticity
E [GPa]

5-22*

Kos$¢ gabczasta / Spongy bone

0.1- 5 0.2 -0.46™

Polietylen wysokoczasteczkowy /
High-molecular polyethylene
Sulene®-PE, ISO 5834-1/2
ASTM F 648

1.2 0.4

Tytan / Titanium
Protasul®-Ti, ISO 5832-2

110 0.3

Stop tytanowy / Titanium alloy Ti6AI7Nb
Protasul® 100, ISO 5832-11
ASTM F 1295

115 0.3

Ceramika korundowa / Corundum ceramics Al,O,
Biolox A,O;-Keramik, 1ISO 6474

410 0.21-0.27

Ceramika cyrkowa / Zirconium ceramics ZrO,/Y-TZP

180 0.3

* - w obliczeniach numerycznych przyjeto dla kosci korowej E = 16,8 GPa, v = 0,29

* - in numerical solutions for cortical bone, the following factors were received: E = 16.8 GPa, v = 0.29
** - w obliczeniach numerycznych przyjeto dla kosci gabczastej E = 3,1 GPa, v = 0,46

** - in numerical solutions for spongy bone, the following factors were received: E = 3.1 GPa, v = 0.46
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* na strefe implantacji sztucznego stawu biodrowego zadano
przestrzennie ztozone, quasi-statyczne obcigzenie [5,6,7]
(RYS. 4) w warunkach stania obunoznego. Uwzgledniono
cigzar ciata P, reakcje podioza R, oddziatywanie migsni
odwodzicieli M,, oddziatywanie pasma biodrowo-piszcze-
lowego M, T oraz moment rotujgcy ko$¢ udowg R,

« w strefie tribologicznej wspotpracy panewki i gltowy zamo-
delowano kontakt z mozliwoscig ruchu gtowy wzgledem pa-
newki. Wspotczynniki tarcia [3,8]: Al,O, — PE, ALLO, — ALO,,
ZrO, — ZrO,, wyznaczono w badaniach testowych [7,9] i
przyjeto nastepujgco: dla pary Al,O, — PE wspotczynnik
tarcia statycznego s, = 0,3 i kinematycznego u, = 0,05,
dla pary ALLO, — ALLO;: U, = 0,11y, =0,01, adla pary ZrO,
—Zr0O,, yg = 0,01 i yz = 0,009 [10],

» zatozono izotropowe wiasciwosci tkanki kostnej budujacej
kos$¢ udowg i kos¢é miedniczna.

Wykorzystanie programéw do analizy i rekonstrukcji
przestrzennej obrazu, programoéw do geometrii brytowej oraz
liczacych MES w warunkach implantacji endoprotez stanowi
bardzo wygodne narzedzie optymalnego doboru, poniewaz
w trakcie realizacji wirtualnych procedur aplikacji endoprote-
zy zostaje zachowany uktad geometryczny struktur anato-
micznych pacjenta, a zatem jest mozliwo$¢ pozycjonowania
implantu w obiektywnej przestrzeni geometrycznej. Mozna
réwniez prowadzi¢ wirtualng separacje struktur anatomicz-
nych, rozsuniecie do aplikacji, a nastepnie powrét do uktadu
oddajgcego rzeczywiste relacje geometryczne.

» On the implantation zone of artificial hip joint, spatially
composed, quasi-static load was put [5,6,7] (FIG. 4) in the
conditions of standing on two legs. The following factors
were included: the weight of body P, reaction of basis R,
influence of the abductor muscles M,, influence of tensor
fascia lata M, T and rotating femoral bone muscle R,.

* In the tribological zone of cooperation of cup and head, the
contact with the possibility of movement of head towards cup
was modeled. The coefficients of friction [3,8]: Al,O, — PE,
ALO,; — AlLO,, ZrO, — ZrO, were determined in tests [7,9]
and there the factors were taken into consideration: for pair
ALO, — PE coefficient of static friction y,, = 0,3 and coef-
ficient of cinematic friction y, = 0,05, for pair Al,O; — ALLO,:
Me, = 0,1 and p, = 0,01 and for pair ZrO, — ZrO,, pg; = 0,01
and y; = 0,009 [10],

* The isotropic properties of bone tissue for femoral bone
and pelvis bone were established.

The use of the programs for the analysis and recon-
structions of images, programs for solid geometry and
calculating programs FEM in the condition of implantation of
endoprostheses comprise a very comfortable tool of optimal
selection, as during the realization of virtual procedures
of application of endoprosthesis, the geometric system of
anatomical structures of a patient remains preserved. So,
there is a possibility of positioning of the implant in objec-
tive geometric area. It is also possible to conduct the virtual
separation of anatomical structures, push the model away
to the application and then have the return to the system
projecting real geometric relations.

utwierdzenie w stawie

krzyzowo-biodrowym /
constraint in sacroiliac
joint

utwierdzenie w
spojeniu fonowym /
constraint in pubic
symphysis /

powierzchnie przyczepéw
pasma biodrowo-
piczczelowego M, T/
surface of attachment of
tensor of fascia lataM, T

utwierdzenie /
constraint

powierzchnie
przyczepow miesni
odwodzicieli M, /
surface of attachment of
abductor muscles M,

~ \, utwierdzenie /
_d J constrain
- 7

RYS. 4. Warunki obciazen i utwierdzen modeli numerycznych.
FIG. 4. The condition of loads and constraints of numerical models.

Wyniki i dyskusja

Po dokonaniu dyskretyzacji obiektéw, narzuceniu wa-
runkéw brzegowych, zadano zmieniajgce sie statycznie
obcigzenia. Wyznaczono rozktady naprezen zredukowanych
wg hipotezy Hubera-Misesa-Hencky’ego (HMH) i przemiesz-
czen wypadkowych dla rozpatrywanych struktur.

Results and Discussions

Having done the digitalizing of objects and the imposi-
tion of the boundary conditions, the static variable loads
were put. Distribution both of reduced stresses according
to Huber-Misses-Hencky hypothesis (HMH) and of resultant
displacements for testing structures were determined.

17
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Na RYS. 5 przedstawiono rozktady naprezen zreduko-

® o o o o o o wanych dla endoprotez bezcementowych w réznych kom-

binacjach materiatowych i geometrycznych panewek. We
wszystkich trzech rozpatrywanych przypadkach (RYS. 5)
wystapita lokalizacja naprezen maksymalnych o wartosciach
8 MPa w strefie glowy, szyjki i gornej czesci trzpienia. Na-
prezenia w dalszej objetosci trzpieni tych endoprotez miaty
podobne rozktady i wartosci. W koncowej czesci trzpieni
naprezenia o wartosciach 1,8 MPa, a w czesci srodkowej
naprezenia o wartosciach 1,2 MPa. W bezposrednim kon-
takcie tytanowych trzpieni z koscig udowg, we wszystkich
trzech przypadkach, wystepowaty naprezenia o wartosciach
1,2-1,8 MPa. Byta to sytuacja korzystna, gdyz takie warto-
$ci naprezen nie powodowaly zjawiska stress shielding,
a sprzyjaty osteointegracji. W przypadku endoprotezy z
trojwarstwowg panewka (RYS. 5a) zasieg naprezen maksy-

The distribution of reduced stresses for less-cemented
endoprostheses in various material and geometric combi-
nations of cups are presented in FIG. 5. In all three tested
cases (FIG. 5), there occurred the localization of maximal
stresses of 8 MPa in head, neck and in upper part of stem
zone. The stresses in the further value of stem of these en-
doprostheses had similar distribution and values: in the final
part of stem, the stresses of 1.8 MPa, and in middle part of
1.2 MPa. In the direct contact of titanium stems with femoral
bone, in all three cases, there performed stresses of 1.2-1.8
MPa. It was a profitable situation because such values of
stresses did not cause the phenomenon of stress shielding
but favored osteointegration. In the case of enodprosthesis
with three-layer cup (FIG. 5a) the range of maximal stresses
in head was lower than in endoprostheses with two-layer cup
(FIG. 5b). In the three-layer cup (FIG. 5a, 5b) there affirmed

malnych w gtowie byt
mniejszy niz w endo- | @)
protezie z panewka
dwuwarstwowa (RYS.
5b). W tréjwarstwowej
panewce (RYS. 5a,
6a) stwierdzono stre-
fe koncentracji napre-
zen maksymalnych w
warstwie korundowej.
Naprezenia w kolej-
nej, polietylenowej
warstwie posiadaty
znacznie mniejsze
wartosci niz w przy-
padku panewki dwu-
warstwowej (RYS. 5b,
6b). W kosci mied- -
nicznej nastepowat |
dalszy spadek na- = «

prezen do wartosci

the concentration
of zone of maxi-
mal stresses in the
corundum layer.
The stresses in the
next, polyethylene
layer had consider-
ably lower values
than in the case of
the two-layer cup
(FIG. 5b, 6b). In the
femoral bone, the
further decrease
of stresses to value
3 MPa followed.
It is necessary to
say that corundum,
in the range of
1 | stresses and tribo-

- 8 B E logical parameters,
becomes the ma-

3 MPa. Nalezy pod-
kresli¢, ze korund, w
zakresie parametrow
wytrzymatosciowych
i tribologicznych, jest
materiatem o niepo-
réwnywalnie wiekszej
odpornosci niz po-
lietylen wysokocza-
steczkowy. Wieksze
wartosci naciskow w
skojarzeniu korund-
korund bedg miaty
mniej destrukcyjne dziatanie na konstrukcje endoprotezy niz
mniejsze wartosci naciskdw w skojarzeniu korund-polietylen.
W endoprotezach (28 mm i @32 mm) z panewkami wiasci-
wymi z polietylenu (RYS. 5b,c) stwierdzono charakterystycz-
ne strefy koncentracji naprezen maksymalnych w obszarze
gornej i dolnej czesci panewki (w dachu i dole panewki).
Ponadto na RYS. 5b,c widoczne byly charakterystyczne dla
endoprotez z panewkami wiasciwymi z polietylenu obszary
koncentracji naprezen maksymalnych obejmujace warstwe
polietylenu i obejme tytanowa. W przypadku glowy @32 mm
(RYS. 5¢, 6¢) skojarzonej z panewka wtasciwa z polietylenu
zasieg i wartosci naprezen w panewce byly mniejsze niz dla
gtowy @28 mm (RYS. 5b, 6b). Taka sytuacja wynikata ze
wzrostu powierzchni kontaktu gtowa-panewka. Na RYS. 5
dla wszystkich rozpatrywanych przypadkéw wystepowaty
strefy spietrzenia naprezen maksymalnych na brzegu foza
kostnego — w rejonie, gdzie ze wzgledu na warunki anato-
miczne nie nastapito przekrycie panewek przez struktury
kostne.

dwuwarstwowa PE-Ti.

RYS. 5. Mapy rozktadu naprezen zredukowanych w przekrojach piono-
wych, w endoprotezach z glowami z Al,O, o réznej srednicy skojarzo-
nych z wariantowymi rozwigzaniami panewek: a) glowa o srednicy @28
mm - panewka trojwarstwowa Al,O,-PE-Ti, b) gtlowa o srednicy @28 mm
- panewka dwuwarstwowa PE-Ti, c) glowa o srednicy @32 mm - panewka

FIG. 5. The maps of stress decompositions reduced in vertical sections
in endoprosthesis with Al,O;, heads of different diameter mated with
variant collection of cups: a) head at diameter @28 mm - three-layered
Al,O,-PE-Ti, b) head at diameter @28 mm - two-layered PE-Ti, c) head at
diameter @32 mm - two-layered PE-Ti.

terial of incompa-
rably higher wear
resistance than ul-
tra high molecular
weight polyethyl-
ene. The higher
values of pressure
in the association
with corund-cor-
und will have less
destructive effect
on the construction
of endoprosthesis
than lower values of pressure in the association with co-
rund-polyethylene. In the endoprostheses (428 mm and
@32 mm) with the specific cup from polyethylene (FIG. 5b,c)
there affirmed the characteristic zones of concentration of
stresses in the upper and lower part of cup zone (in the roof
and bottom of cup). Moreover, in the FIG. 5b,c, the endo-
prostheses with specific cups from polyethylene had the
characteristic zones of concentration of maximal stresses
including polyethylene layer and titanium shell. In the case
of head @32 mm (FIG. 5c, 6¢) associated with specific up
from polyethylene the range and values of stresses in the
cup were lower than for head @28 mm (FIG. 5b, 6b). Such
situation resulted from the increase of surface contact head-
cup. Inthe FIG. 5, for all considered cases, there were zones
of maximal stress of concentration on the edge of bone bed
— in the area, where with regard to anatomical conditions,
the cover of the cups by bone structures did not appear.
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RYS. 6 przedstawia
mapy rozktadéw napre-
zen na granicach po-
szczegolnych warstw a)
panewek modutowych
oraz w obszarze kon-
taktu obejmy ze struk-
turg kosci miednicznej.
W panewkach dwuwar-
stwowych (RYS. 6b,c),
w panewce wilasciwej
wykonanej z PE wy-
stepowat asymetryczny
owalny rozktad napre-
zen w strefie ruchowej
ale o znacznie mniej-
szej koncentracji niz
w przypadku panewki
tréjwarstwowej (RYS.
6a). Maksymalne na-
prezenia w panewkach
dwuwarstwowych w C)
tym obszarze wynosity
5,5 MPa dla panewki o
Srednicy wewnetrznej
@28 mm oraz 4 MPa

panewka / cup
@28 Al,O4

wktadka /
insert PE

N\
b)
S

panewka / cup
228 PE

panewka / cup
@32 PE

MPa

obejma tytanowa /
titanium shell Ti

kos¢ / bone

kos¢ / bone

obejma tytanowa /
titanium shell Ti

T ] .

obejma tytanowa /
titanium shell Ti

kos¢ / bone

dla panewki o $rednicy
@32 mm. Dla panewki
tréjwarstwowej w stre-
fie ruchowej maksymal-
ne naprezenia wynosity
8 MPa. Dla panewki
wiasciwej z PE o $red-
nicy wewnetrznej @28
mm charakterystyczny
byt wzrost naprezen w
strefie kontaktu tytano-
wej obejmy z koscig w
stosunku do naprezen
w panewce wiasciwej z Al,O, o $rednicy @28 mm (RYS.
6a,b). We wszystkich analizowanych obiektach badan (RYS.
6) rozktady naprezen w strefie kostnej byty bardzo podobne
i obejmowaty zakres od 0,5+1 MPa. Naprezenia byly zatem
przenoszone na struktury kostne co mogto umozliwia¢ pro-
ces remodelingu i osteointegraciji.

Na RYS. 7 przedstawiono rozktady przemieszczen wy-
padkowych w réznych kombinacjach materiatowych i geo-
metrycznych panewek. Najwiekszy wzrost przemieszczen
w strefie wspétpracy ruchowej wystepowat w przypadku
skojarzenia twardej gtowy z polietylenowg panewka @28
mm (RYS. 7b). W przypadku zastosowania polietylenowej
panewki o zwiekszonej srednicy @32 mm (RYS. 7c) naste-
powat spadek przemieszczen poréwnywalny z rozkladem
w endoprotezie z korundowg gtowa i panewka o $rednicy
@28 mm (RYS. 7a). W rozwigzaniach konstrukcyjnych
endoprotez: twarda, korundowa glowa wspétpracujgca z
dwuwarstwowg panewka: polietylen-tytan — wystepowato
ttumienie przemieszczen w strukturze polietylenu. W wa-
runkach eksploatacji skutkiem tego zjawiska jest proces
plastycznej deformac;ji i owalizacji panewki polietylenowe;.

W panewkach o budowie tréjwarstwowej uzyskano
lokalizacje naprezen maksymalnych w strefie gtowy i
trzpienia endoprotezy z nieznacznym przechodzeniem
naprezen maksymalnych do pierwszej warstwy panewki.
Mozna zauwazy¢, ze jest to ukiad sprzyjajacy wspotpracy
tribologicznej gtowy i panewki — nie bedzie powodowat
przyspieszonego zuzycia w poréwnaniu do rozwigzan z
panewkag dwuwarstwowa.

layered PE-Ti.

RYS. 6. Mapy rozktadu naprezen zredukowanych na granicach poszczegdlnych warstw
komponenty panewkowej w endoprotezach z glowami z Al,O; o réznej srednicy skoja-
rzonych z wariantowymi rozwigzaniami panewek: a) gtlowa o srednicy @28 mm - panewka
trojwarstwowa Al,O,-PE-Ti, b) glowa o srednicy @28 mm - panewka dwuwarstwowa PE-Ti
c) gtowa o srednicy @32 mm - panewka dwuwarstwowa PE-Ti.

FIG. 6. The maps of stress decompositions reduced on boundaries of separate layers
of cup components in endoprosthesis with Al,O, heads about different diameter mated
with variant collection of cups: a) head at diameter @28 mm - three-layered Al,O,-PE-Ti,
b) head at diameter @28 mm - two-layered PE-Ti, c) head at diameter @32 mm - two-

FIG. 6 presents the maps of distribution of stresses on
the borders of particular layers of the modular cups and in
the range of contact of titanium shell with pelvis bone struc-
ture. In the two-layer cups (FIG. 6b,c), in the cup made from
polyethylene, there occurred asymmetrical, oval distribution
of stresses in the movement zone, but of much lower con-
centration than in the case of three-layer cup (FIG. 6a). The
maximal stresses in two-layer cups in this zone amounted
5.5 MPa for cup of the internal diameter @28 mm and 4 MPa
for cup of the diameter @32 mm. The maximal stresses in
movement zone amounted 8 MPa for three-layer cup. There
was characteristic increase of stresses in contact zone of
titanium shell with bone for specific cup made from PE of the
inside diameter @28 mm in relation to stresses in specific
cup made from Al,O; of the diameter @28 mm (FIG. 6a,b).
In all analyzed tested objects (FIG. 6) the distribution of
stresses in the bone zone were very similar and included
the range from 0.5+1 MPa. The stresses were transferred
on the bone structures. So, it enabled remodeling and
osteointegration.

FIG. 7 presents the distribution of resultant displacements
in various material and geometry combination of cups. The
highest increase of displacements in the movement coop-
eration of zone occurred in the case of association of the
hard head with polyethylene cup @28 mm (FIG. 7b). In the
case of using polyethylene cup of the increased diameter
@32 mm (FIG. 7c) there followed decrease of displacements
comparable with distribution in the endoprostheses with
head and cup made from corundum of diameter @28 mm
(FIG. 7a). In the construction solutions of endoprostheses:

19

LU
==
(D >

®© 0 0000000000000 0000006000000000000000000 000  =umm

Ll



20

RYS. 7. Mapy rozkladu przemieszczen wypadkowych w przekrojach pionowych, w endoprotezach z glowami
AlLO; o réznej srednicy skojarzonych z wariantowymi rozwigzaniami panewek: a) glowa o srednicy @28 mm
- panewka tréjwarstwowa Al,O,-PE-Ti, b) gtlowa o srednicy @28 mm - panewka dwuwarstwowa PE-Ti, c) glowa

o srednicy @32 mm - panewka dwuwarstwowa PE-Ti.

FIG. 7. The maps of resultant displacements in vertical sections in endoprosthesis with Al,O, heads of different
diameter mated with variant collection of cups: a) head at diameter @28 mm - three-layered Al,O,-PE-Ti, b) head
at diameter @28 mm - two-layered PE-Ti, c) head at diameter @32 mm - two-layered PE-Ti.

Nowe rozwigzania konstrukcyjne poprzez zastosowanie
tréjwarstwowej budowy panewek ze wspotpraca tribologicz-
na: twarda glowa — twarda panewka zmniejszyty asymetrie
przemieszczen w strefie mocowania panewki. Nalezy
zwrdci¢ uwaga, ze zbyt daleko posuniete przesztywnienie
uktadu gtowa — panewka moze mie¢ rowniez niekorzystny
wptyw na podatnos¢ kostnej strefy implantacji, gdyz w przy-
padku obnizenia gestosci i wytrzymatosci struktur kostnych
pacjenta (podeszty wiek lub osteoporoza) moze powodowac
przekroczenie progu fizjologicznej wydolnosci tkanek.

Dla doktadniejszej analizy przemieszczen, symulacje
przeprowadzono przy kolejno wzrastajgcych obcigzeniach
ztozonych, z rdwnoczesnym zageszczeniem siatki ele-
mentéw skonczonych. Na RYS. 8 przedstawiono rozktady
przemieszczen wypadkowych i deformacji dla endoprotezy:
trzpien TiBAI7Nb, gtowa z AlLO,, - tréjwarstwowa panewka
AlLO,-PE-Ti w warunkach zmiany potozenia srodka ciezkosci
ciata cztowieka wynikajgcego z lokomocji.

Na RYS. 9 przedstawiono rozktady przemieszczen wy-
padkowych i deformacji dla endoprotezy: trzpien Ti6AI7NDb,
glowa z ZrO, — tréjwarstwowa panewka ZrO,-PE-Ti w takich
samych warunkach jak dla endoprotezy z korundem. W
przypadku tréjwarstwowych panewek maksymalne prze-
mieszczenia o wartoéciach 0,05 mm zlokalizowane byty w
dachu i dole panewek, przy czym zasieg przemieszczen
maksymalnych dla panewki z ceramikag cyrkonowg (RYS.
9) byt znacznie mniejszy niz dla panewki z korundem (RYS.
8). W obu przypadkach w warstwie polietylenu nastepowato
ttumienie przemieszczen. Nie wydostawaty sie one poza
obszar tytanowej obejmy. W warunkach obciazen fizjologicz-
nych strefa kontaktu: endoproteza-toze kostne pozbawiona
byta mikroprzemieszczeh.

hard, corundum head cooperating with two-layer cup:
polyethylene-titanium — there occurred damping of the dis-
placements in the polyethylene structure. In the conditions
of exploitation, the effect of this occurrence is the process of
plastic deformation and ovalization of polyethylene cup.

In the cup of three-layer structure, the localization of
maximal stresses in head and stem zone was received
with inconsiderable transfer of maximal stresses to the first
layer of cup. It can be noticed that there is the configuration
supporting the tribological cooperation of head and cup. It
will not cause the accelerated wear as compared with the
solutions of two-layer cup.

The new construction solutions, using three-layer cups
with tribological cooperation: hard head — hard cup, reduced
the asymmetry of displacements in the fixing cup zone. Itis
necessary to pay attention to the fact that too large redun-
dancy of system head — cup may also have disadvantageous
influence on the flexibility of the bone implantation zone,
because in the case of decrease of density and resist-
ance of the bone structure of a patient (advanced in years,
osteoporosis). Furthermore, it may cause crossing sill of
physiological efficiency of tissues.

To achieve more accurate analysis of displacements, the
simulation showing the successively expanding complex
loads with simultaneous concentration of mesh of finite ele-
ments was carried out. FIG. 8 presents the distribution of
resultant displacements and deformation for endoprosthesis:
stem Ti6AI7Nb, head from Al,O,, three-layer cup Al,O,-PE-Ti
in the conditions of change of position of centre of gravity
of the human body coming from locomotion.
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Wybrane kroki przy narastaniu obciazenia zlozonego i ruchu konczyny w pl. strzalkowej /

«The levels of increase of the complex load and motion of limb in fibular plane

.

FIG. 9 presents the distribution
of resultant displacements and
deformation for edoprosthesis:
stem Ti6AI7Nb, head from ZrO,
—three-layer cup ZrO,-PE-Ti in the
same conditions as for endopros-
thesis with corundum. In the case
of three-layer cups, the maximal
displacements of value 0.05 mm
were localized in the roof and in
the hole of cups, but the range of
maximal displacements for cup
with corundum ceramics (FIG. 9)
was much lower than for cup with
corundum. In both cases, in poly-
ethylene layer there followed the
damping of displacements. They
did not get out from the pose zone
of titanium shell. In the conditions
of physiological loads, the contact
zone: endoprosthesis-bone bed
was devoid of microdisplace-
ments.

The antiwear properties of
materials that enter into the direct
tribological contact may consider-
ably increase the vitality of the
whole implant. The estimation
of tribological wear of endopros-
theses is connected with the
character of transfer of loads in
the contact of head and cup. The
reassurance of flexibility of slid-
ing connection (similar to natural
structures) by simultaneous abra-
sive wear resistance is the most
preferred solution. It is certain that
the worse variant in the tribological

aspect will be the assurance of

RYS. 8. Mapy rozkladéw przemieszczen wypadkowych i deformacji w warunkach
narastajacego obciazenia, dla panewki trojwarstwowej z korundem, uzyskane
w analizie nieliniowej. Endoproteza sktada sie z: glowy Al,O, o Srednicy @28
mm osadzonej na trzpieniu Ti6AI7Nb i trojwarstwowej panewki Al,O,-PE-Ti. Na
kolejnych wizualizacjach przedstawiono: a) wybrane przekroje wzdtuzne przez
endoproteze i struktury kostne, b) w tych samych fazach widoki na panewke
od strony kontaktu z gtowa.

FIG. 8. The maps of resultant displacements and deformations in conditions
of increasing load for tree-layered cups with corundum, obtained in non-linear
analysis. The endoprosthesis consists of Al,O, head at @28 mm seated on
Ti6AlI7Nb stem and three-layered cup Al,O,-PE-Ti. The following visualizations
present: a) selected longitudinal sections through endoprosthesis and bone
structures, b) the views on cup from contact side with head of endoprosthesis

strength flexibility with simultane-
ous occurrence of the abrasive
wear (the wear in the presence of
additional materials, for example
descended from attrition).

It is necessary to realize that
in the case of endoprostheses
one can find the third kind of
wear — erosion wear of physi-
cal and chemical character. The
transudate of tissue gets into the
cooperating area of head and cup.
It causes the chemical reaction on

in the same phases.

Wiasnosci przeciwzuzyciowe materiatéw wchodzacych
w bezposredni kontakt tribologiczny, moga znacznie wy-
dtuzy¢ zywotnos¢ catego implantu. Ocena tribologicznego
zuzycia endoprotez jest zwigzana na pewno z charakterem
przeniesienia obcigzeh w kontakcie gtowy i panewki. Za-
pewnienie podatnosci potgczenia slizgowego (zblizonego
do struktur naturalnych) przy réwnoczesnej odpornosci na
zuzycie abrazyjne (attration) jest najbardziej preferowanym
rozwigzaniem. Na pewno gorszym wariantem w aspekcie
tribologicznym bedzie zapewnienie podatnosci wytrzyma-
tosciowej z rownoczesnym wystepowaniem zuzycia abra-
zyjnego (zuzycie w obecnosci dodatkowego materiatu np.
pochodzacego ze Scierania).

biomaterials and relaxation of zone

of surface layer. At the same time
there occurs the physical erosion as a result of which the
transudate of tissue in the conditions of loads transfer will
cause disstoping of irregularity of surface in the surface
layer of head and cup.

Conclusions

On the basis of tests, the following conclusions can be
drawn:

1. The elaborated procedure of building complex
models that project biological structure on the basis of three-
dimensional reconstruction from computer tomography and
virtually positioned implant can comprise the practical ele-
ment of the system of selection of endoprostheses for an
individual patient.
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- Wybrane kroki przy narastaniu obcigzenia zlozonego i ruchu konczyny w pl. strzalkowej /

«The levels of increase of the complex load and motion of limb in fibular plane
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RYS. 9. Mapy rozktadéw przemieszczen wypadkowych i deformacji w warunkach narastajacego obcigzenia,
dla panewki tréjwarstwowej z ceramika cyrkonowa, uzyskane w analizie nieliniowej. Endoproteza sktada sie z:
glowy ZrO, o srednicy 928 mm osadzonej na trzpieniu Ti6AlI7Nb i trojwarstwowej panewki ZrO,-PE-Ti.
Na kolejnych wizualizacjach przedstawiono: a) wybrane przekroje wzdtuzne przez endoproteze i struktury
kostne, b) w tych samych fazach widoki na panewke od strony kontaktu z gtowa.

FIG. 9. The maps of resultant displacements and deformations in conditions of increasing load for tree-layered
cups with corundum, obtained in non-linear analysis. The endoprosthesis consists of ZrO, head at 928 mm
seated on Ti6AI7Nb stem and three-layered cup ZrO,-PE-Ti. The following visualizations present: a) selected
longitudinal sections through endoprosthesis and bone structures, b) the views on cup from contact side with

head of endoprosthesis in the same phases.

Nalezy zdawac¢ sobie sprawe, ze w przypadku endoprotez
wystepuje jeszcze trzeci rodzaj zuzycia — zuzycie erozyjne
o charakterze fizycznym i chemicznym. Przesiek tkankowy
dostaje sie w obszar wspotpracy gtowy i panewki. Powoduje
on chemiczne oddziatywanie na biomateriaty i rozluznienie
strefy warstwy wierzchniej. Rbwnoczesnie wystepuje erozja
fizyczna, w wyniku ktorej przesacz tkankowy w warunkach
przenoszenia obcigzen, bedzie powodowat rozklinowywanie
nieréwnosci powierzchni w warstwie wierzchniej gtowy lub
panewki.

2. The application of testing models to calculating
programs allows to carry the analysis of reduced stresses
and resultant displacements in structures of endoprostheses
and the proximal parts of femoral bone and pelvis bone.

3. The analysis of biomechanical state in natural
hip joint after total alloplastic enables the comparison and
estimation of construction solutions of endoprostheses. It
also makes possible to estimate the character interaction of
artificial hip joint on surrounding bone tissues and determine
the overload zones or deficiency of compression.
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Whioski

Na podstawie badan i analiz mozna podaé nastepujgace
whnioski:

1. Opracowana procedura budowy kompleksowych
modeli odwzorowujgcych strukture biologiczng w oparciu o
rekonstrukcje przestrzenng na podstawie CT oraz pozycjo-
nowany wirtualnie implant, moze stanowi¢ utylitarne ogniwo
systemu doboru endoprotezy dla potrzeb indywidualnego
pacjenta.

2. Aplikacja modeli badawczych do programow
liczacych pozwala na przeprowadzenie analizy naprezen
zredukowanych i przemieszczen wypadkowych w struktu-
rach endoprotez oraz czesci blizszej kosci udowej i kosci
miednicznej.

3. Analiza stanu biomechanicznego w stawie bio-
drowym po catkowitej alloplastyce umozliwia poréwnanie
i ocene rozwigzan konstrukcyjnych endoprotez, pozwala
oceni¢ charakter oddziatywania sztucznego stawu na ota-
czajace tkanki kostne i wyznaczy¢ strefy przeciagzenia lub
braku kompresji.

4, W przeprowadzonych obliczeniach i symulacjach
stwierdzono, ze parametry wytrzymatosciowe materiatow
konstrukcyjnych endoprotez dalekie byty od stanu wyteze-
nia. W strukturach kostnych nie obserwowano stref stress
shielding ani fizjologicznego przecigzenia tkanek.

5. W dwuwarstwowych panewkach przemieszczenia
byly ttumione w warstwie polietylenu, ale w strefie kontaktu
obejmy z tkankg posiadaty jeszcze takie wartosci, ktore
mogty powodowac¢ obluzowanie panewek w strukturach
kostnych. Dodatkowo w tego rodzaju panewkach wystepo-
waly przemieszczenia boczne, ktére powodowaty owalizacje
i zuzycie.

6. W tréjwarstwowych panewkach obserwowano
korzystniejszy stan biomechaniczny przy przekazywaniu na-
prezen w kolejnych warstwach, w poréwnaniu do panewek
dwuwarstwowych. Koncentracja naprezen o najwiekszych
wartosciach wystepowata w korundowej gtowie i korundowej
panewce witasciwej. Spadek wartosci naprezen nastepowat
w warstwie polietylenu, a w strefie kontaktu tytanowej obej-
my ze strukturami kostnymi wystepowaty naprezenia o ma-
tych wartosciach, ktore jednak mogty stymulowaé procesy
osteointegracji. Rébwnoczesnie w tej strefie nie stwierdzono
mikroprzemieszczen, ktére mogtyby powodowaé obluzowa-
nie obejmy.

7. Z poréwnania panewek tréjwarstwowych wynika,
ze optymalnym rozwigzaniem w aspekcie wytrzymatosci,
tribologii i oddziatywania na struktury kostne i tribologii jest
konstrukcja warstwowa o gtowie i panewce witasciwej z
tlenku cyrkonu stabilizowanego itrem.
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4. In the conducted solutions and simulations, it was
identified that the strength parameters of constructive ma-
terials of endoprosteses were distant from the effort state.
In the bone structures there were neither stress shielding
zones nor physiological overload of tissues observed.

5. In the two-layer cups, the displacements were
damped in the polyethylene layer but in the contact zone
titanium shells with bone tissue had also such values that
could cause loosing of cups in bone structure. What is more,
in these kinds of cups side displacements occurred and that
caused ovalization and wear.

6. In the three-layer cups, as compared with to two-
layer cups, there observed more profitable biomechanical
state when transferring the stresses in consecutive layers.
The concentration of stresses of the highest values oc-
curred in corundum head and corundum specific cup. The
decrease of values of stresses followed in the polyethylene
layer and in the contact zone of titanium shell with natural
bone structures stresses of low values occurred. That could
stimulate the processes of osteointegration. Simultaneously,
in this zone, microdisplacements which could cause loosing
of titanium shell were not affirmed.

7. The comparison of three-layer cups suggests that
the optimal solution in the aspect of strength, tribology and
interaction on bone structures is three-layer construction of
head and specific cup made from zirconium dioxide stabi-
lized of yttrium.
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Streszczenie

Sterylizacja jest bardzo waznym czynnikiem uza-
lezniajacym przydatno$¢ materiatow do zastosowan
medycznych. Obiecujgcg metoda sterylizacji wydaje
sie by¢ promieniowanie wigzkg elektronowg. Celem
badania byta analiza wptywu promieniowania elektro-
nowego (EB) na terpolimery zawierajgce paklitaksel.
Dwa typy materiatow uzyto do przygotowania matryc
zawierajgcych 5 i 10% leku, jak réwniez matryc
bez leku: poli(L-laktyd-ko-glikolid-ko-e-kaprolakton)
(44:32:24) — P(LA:GA:Cap) oraz poli(L-laktyd-ko-gli-
kolid-ko-weglan trimetylenu) (62:27:11) — P(LA:GA:
TMC). Wszystkie otrzymane matryce badano przed
i po procesie elektronowego napromieniania dawkg
25kGy za pomocg spektroskopii NMR, DSC i GPC. Nie
wykazano roznic w sktadzie komonomerow, tempera-
turze zeszklenia, liczbowo $redniej masie czgstecz-
kowej jak réwniez w rozrzucie mas czgsteczkowych
(dyspersyjno$é) pomiedzy matrycami otrzymanymi z
tego samego typu terpolimeru przed procesem ste-
rylizacji. Promieniowanie elektronowe spowodowato
spadek liczbowo Sredniej masy czgsteczkowej oraz
temperatury zeszklenia. Zmiany w sktadzie komono-
meroéw zauwazono tylko w przypadku matryc z P(LA:
GA:Cap), co moze sugerowa¢ mniejszg odpornosc
Jjednostek kaproilowych na sterylizacje.

Stowa kluczowe: bioresorbowalne terpolimery, pa-
klitaksel, promieniowanie elektronowe, sterylizacja,
polimery z pamigcig ksztattu

[Inzynieria Biomateriatéw, 94, (2010), 24-27]
Wprowadzenie

Ze wzgledu na anty-proliferacyjne wtasciwosci paklitakse-
lu, moze on zmniejszac lub hamowac proliferacje i migracje
komorek miesni gtadkich Scian naczyn krwionosnych, a tak-
ze stan zapalny, ktére stanowig gtéwna przyczyne restenozy
w stencie [1,2]. Dlatego tez dodatek paklitakselu uwzgled-
niany jest w badaniach nad nowg generacjg catkowicie
bioresorbowalnych stentéw lub pokry¢ stentéow. Polimerowe
systemy kontrolowanego uwalniania lekow muszg spetnia¢
wiele kryteriéw zanim zostang zaimplantowane do ludzkiego
organizmu. Muszg by¢ biokompatybilne, degradowaé¢ do
nietoksycznych produktéw, mie¢ odpowiednie wtasciwosci
mechaniczne i umozliwia¢ precyzyjne uwalnianie leku.
Materiaty takie powinny by¢ tez tatwe w sterylizac;ji.
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Abstract

Sterilization is a very important factor determining
usefulness of materials for medical application. The
promising method of sterilization seems to be electron
beam radiation. The aim of this study was to analyze
the influence of the EB radiation on terpolymers con-
taining paclitaxel. Two types of materials were used
to prepare three kinds of matrices — with 5% and 10%
of paclitaxel as well as drug free matrices. The selec-
ted terpolymers were: poly(L-lactide-co-glycolide-
co-g-caprolactone) (44:32:24) — P(LA:GA:Cap) and
poly(L-lactide-co-glycolide-co-trimethylene carbon-
ate) (62:27:11) — P(LA:GA:TMC). All of the obtained
matrices were investigated before and after electron
beam (EB) irradiation with the dose of 25 kGy with the
use of 'TH NMR spectroscopy, DSC and GPC. There
were no differences in comonomer molar ratio, glass
transition temperature, the number average molecular
weight and dispersity index between non-irradiated
matrices prepared from the same terpolymer type,
regardless paclitaxel content. EB radiation caused
decrease of the number average molecular weight as
well as the glass-transition temperature. The changes
of comonomer units’ratio were noticed only in the case
of P(LA:GA:Cap) matrices that may suggest lower
susceptibility to sterilization of caproyl units.

Keywords: bioresorbable terpolymers, paclitaxel,
electron beam radiation, sterilization, shape memory
polymers

[Engineering of Biomaterials, 94, (2010), 24-27]

Introduction

Paclitaxel is taken into account in studies on new drug-
loaded totally bioresorbable coronary stents or stent coat-
ings. It was confirmed that paclitaxel has anti-proliferative
properties and thus, may reduce or inhibit vascular smooth
muscle cell proliferation and migration as well as inflam-
matory response that constitute the predominant cause of
in-stent restenosis [1,2]. Polymeric controlled drug delivery
systems must fulfill many requirements before implantation
into human body. They must be biocompatible, degrade to
non-toxic products, have appropriate mechanical proper-
ties and enable sustained drug release. They should also
be sterilizable.



Materiaty medyczne mogq by¢ sterylizowane poprzez
autoklawowanie, za pomoca tlenku etylenu oraz metodami
jonizaciji, takimi jak promieniowanie gamma, promieniowanie
jonowe, promieniowanie X czy wigzka elektronéw o wysokiej
energii. Sterylizacja polimeréw w warunkach podwyzszonej
temperatury powoduje utrate ich wtasciwosci mechanicz-
nych, podczas gdy pozostatosci tlenku etylenu sg trudne
do usuniecia [3,4]. Stwierdzono, ze promieniowanie gamma
przyspiesza degradacjg bioresorbowalnych polimeréw, co
moze powodowac rowniez szybsze uwolnienie leku [5]. Z
tych wzgleddéw, promieniowanie wigzka elektronowg wydaje
sie by¢ obiecujacym rozwigzaniem problemow.

Materialy i metody

L-laktyd, glikolid, weglan trimetylenu (TMC) oraz ¢-ka-
prolakton zostaty uzyte do otrzymania terpolimerdw, ktére
wykorzystano do sporzadzenia matryc zawierajacych 5
i 10% paklitakselu oraz matryc niezawierajgcych leku.
Polimeryzacje z otwarciem pier$cienia byta prowadzono w
masie, w temperaturze 120°C w obecnosci Zr(Acac),, jako
niskotoksycznego inicjatora [6] przy zachowaniu stosun-
ku molowego inicjator/monomery (I/M) réwnego 1/1000.
Terpolimery zsyntezowano Centrum Materiatéw Polime-
rowych i Weglowych, PAN w Zabrzu, natomiast czysty
paklitaksel zakupiono w LC Laboratories®.

Roztwory réznych terpolimerow w chlorku metylenu
mieszano z roztworem zawierajacym odpowiednig ilo$¢
leku i wylewano na szklang ptyte. Po odparowaniu rozpusz-
czalnika w temperaturze pokojowej, suszenie uzyskanych
matryc kontynuowano zmniejszonym cisnieniem. Nastepnie
wycieto z nich matryce o srednicy 12 mm.

Hermetycznie zamknigte probki sterylizowano poprzez
napromieniane wigzka elektronéw o energii 10 MeV emito-
wang przez akcelerator elektronowy. Dawka promieniowania
wynosita 25 kGy.

Skfad komonomeryczny terpolimredw charakteryzowano
na podstawie widm 'H zarejestrowanych na spektrometrze
NMR o wysokiej rozdzielczosci (on AVANCE Il Ultra Shield
Plus, 600 MHz, Bruker). Prébki rozpuszczano w osuszonym
DMSO. Tetrametylosilan uzyto jako wzorzec wewnetrzny w
celu okreslenia przesunie¢ chemicznych (ppm).

Liczbowo s$rednie masy czasteczkowe (M,) oraz rozrzut
mas czasteczkowych (D) analizowano z wykorzystaniem
chromatografu zelowego (Physics SP 8800), stosujac
chloroform jako rozpuszczalnik w oparciu o standardy
polistyrenowe.

Do analizy wtasciwosci termicznych zastosowano me-
tode réznicowej kalorymetrii skaningowej. Aparat (TADSC
2010, TA Instruments, New Castle, DE) kalibrowano za po-
mocg indu i galu o wysokiej czystosci. Matryce skanowano z
szybkoscig ogrzewania wynoszaca 20°C/min w zakresie od
—100°C do 220°C. Temperature zeszklenia (T,) wyznaczano
z drugiego skanu DSC (po ogrzaniu prébek do temperatury
220°C schtadzano je do —100°C poprzez umieszczenie w
cieklym azocie i ponownie ogrzewano do 220°C).

Wyniki i dyskusja

Celem niniejszego badania byto okreslenie wptywu pro-
mieniowania elektronowego na bioresorbowalne matryce
zawierajgce paklitaksel. Matryce bez paklitakselu oraz
matryce z 5 i 10% zawartoscig leku wykonano z dwéch
rodzajoéw terpolimerow: poli(L-laktyd-ko-glikolid-ko-¢-ka-
prolaktonu) (44:32:24) — P(LA:GA:Cap) oraz poli(L-laktyd-
ko-glikolid-ko-weglanu trimetylenu) (62:27:11) - P(LA:GA:
TMC). Dowiedziono, iz materiaty tego typu wykazujg efekt
pamieci ksztattu, ktéry moze by¢ przydatny w opracowaniu

Medical devices can be sterilized with the use of auto-
claving, ethylene oxide or ionizing methods such as gamma
irradiation, ion beams, X rays or accelerated electrons.
Sterilization of polymers with high temperature decreases
their mechanical properties while ethylene oxide residues
are difficult to remove [3,4]. It was also reported that gamma
irradiation accelerates degradation of biodegradable poly-
mers, which may also cause faster drug release [5]. Due
to the drawbacks of those methods, electron beam (EB)
radiation seems to be a promising solution.

Materials and methods

Terpolymers synthesized from L-lactide, glycolide,
trimethylene carbonate (TMC) and e-caprolactone at the
Centre of Polymer and Carbon Materials, PAScs in Zabrze
were used to prepare matrices with 5 or 10% of paclitaxel
as well as drug free matrices. The ring-opening copolym-
erization was carried out in bulk at 120°C in the presence
of Zr(Acac), as a low toxic initiator [6] with the initiator to
monomer molar ratio (I/M) of 1/1000. Pure paclitaxel was
purchased from LC Laboratories®.

The solution of various terpolymers in methylene chloride
were mixed with the solution of appropriate amount of drug
and then cast on a glass plate with the special casting de-
vice. After evaporating at ambient temperature, films were
dried under reduced pressure. The matrices with dimension
of 12 mm were cut from the films and used for the study.

Hermetically sealed samples were irradiated with the
accelerating voltage of 10 MeV produced by electron ac-
celerator and the radiation dose of 25 kGy.

Terpolymers composition was characterized by analysis
of 'H spectra recorded at 600 MHz on AVANCE Il Ultra Shield
Plus, Bruker. Specimens were dissolved in dried DMSO-d6.
Tetramethylsilane was used as an internal standard in order
to determine chemical shifts (ppm).

The number average molecular weight and (M,) and
molecular mass dispersity (D) were studied by means of
gel permeation chromatography (GPC, Physics SP 8800
chromatograph) with the use of chloroform as a solvent.

Differential scanning calorymetry (DSC) analysis was car-
ried out with TADSC 2010 apparatus (TA Instruments, New
Castle, DE) calibrated with high purity gallium and indium.
The matrices and pure paclitaxel were scanned at a heat-
ing rate of 20°C/min in the range of —100°C to 220°C. The
glass-transition temperature (T,) of matrices was obtained
from the second scan (after heating to 220°C, the specimens
were quenched to -100°C under nitrogen atmosphere and
then heated again to 220°C).

Results and Discussions

In this study it was aimed to determine the influence of
electron beam radiation on bioresorbable matrices contain-
ing paclitaxel. The drug was incorporated into two types of
terpolymers: poly(L-lactide-co-glycolide-co-¢e-caprolactone)
(44:32:24) — P(LA:GA:Cap) and poly(L-lactide-co-glycolide-
co-trimethylene carbonate) (62:27:11) — P(LA:GA:TMC) in
order to obtain matrices with 5% and 10% (w/w) of drug.
Drug free matrices were also prepared. The purpose of
this study was to analyze whether sterilization influences
physicochemical properties of matrices. Both terpolymers
contained lactidyl and glicolidyl units, but differed in one
comonomer. Thus, the effect of sterilization was compared
in terpolymer with caproyl units and in terpolymer with car-
bonate units. It was reported that terpolymers of these types
demonstrate shape-memory properties that can be useful
in preparing self-expandable biodegradable drug-eluting
coronary stents [7,8].
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samorozprezajacych sie, biodegradowalnych, uwalniajgcych
leki stentéw naczyniowych [7,8]. Oba terpolimery zawierajg
jednostki laktydylowe i glikolidylowe, ale réznig sie jednym
ko monomerem. Okreslono zatem wptyw dodatku jednostek
kaproilowych i weglanowych do polimeru na zwiekszenie
stabilnosci i zapobieganie zmianom witasciwosci fizyko-
chemicznych matryc w wyniku sterylizacji. Celem badania
byto réwniez okreslenie, czy sterylizacja wptywa na zmiany
wiasciwosci fizykochemicznych matryc oraz zmiany w same;j
czasteczce leku.

Poréwnywano liczbowo $rednig mase czasteczkowg
(M,) kazdej z matryc przed napromienianiem z (M,) matryc
sterylnych (RYS. 1). Zauwazono, ze masa czgsteczkowa
ulegta zmniejszeniu po procesie radiacji. Matryce wykonane
z P(LA:GA:TMC) chrakteryzowaty sie znacznie wiekszym
ubytkiem mas czasteczkowych niz matryce P(LA:GA:Cap).
Ponadto, wiekszy spadek M, charakteryzowat matryce za-
wierajace paklitaksel. Spadek M, oraz dyspersji (D) mozna
ttumaczy¢ degradacja krotkich fancuchéw terpolimerowych,
ktéra zostata indukowana napromienianiem. Poniewaz
wszystkie prébki byty hermetycznie zamkniete, mozna wy-
kluczy¢ wptyw reaktywnych form tlenu na ten proces [9].

mniesterylne matryce/non-sterile matrices

sterylne matryce/ sterile matrices
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RYS. 1. Liczbowo srednia masa czasteczkowa (M,)
matryc przed i po procesie sterylizacji.

FIG.1. The number average molecular weight (M,)
of non-irradiated and irradiated matrices.

1 - P(LA:GA:Cap), 2 — P(LA:GA:Cap) + 5% of
paclitaxel, 3 — P(LA:GA:Cap) + 10% of paclitaxel,
4 - P(LA:GA:TMC), 5 - P(LA:GA:TMC) + 5% of pa-
clitaxel, 6 — P(LA:GA:TMC) + 10% of paclitaxel.

Analiza termorgamow nie wykazata punktéw topnienia w
przypadku prébek przed napromienianiem, wszystkie zatem
byly catkowicie amorficzne. Temperatura zeszklenia matryc
otrzymanych z P(LA:GA:Cap) wynosita 25°C, a matryc
z P(LA:GA:TMC) 45°C. Spadek temperatury zeszklenia
wszystkich napromienionych prébek korelowat ze spadkiem
mas czasteczkowych. Jakkolwiek, matryce z P(LA:GA:TMC)
charakteryzowat wiekszy spadek temperatury zeszklenia
niz matryc wykonanych z P(LA:GA:Cap), co jest rowniez
spowodowane wyzszym ubytkiem masy czasteczkowej.
Na termogramach sterylnych matryc zawierajgcych pakli-
taksel otrzymanych z obydwu rodzajéw terpolimeréw stwier-
dzono punkty topnienia, co $wiadczy o pojawieniu sie frakgiji
krystalicznych podczas promieniowania elektronowego.
Trzeba jednak zaznaczyé¢, iz entalpia topnienia (AH,,) byta
bardzo nieznaczna (okoto 5,5 J/g) (RYS. 2).

Sktad molowy terpolimeréw zdeterminowano za pomo-
cg spektroskopii NMR. Nie stwierdzono réznic w sktadzie
komonomeréw pomiedzy trzema rodzajami niesteryl-
nych matryc, ktére otrzymano z obu typéw terpolieréw.

The number average molecular weight (M,)) of each type
of matrices before irradiation was compared with M, of sterile
matrices (FIG. 1). It was noticed that the number average
molecular weight generally decreased after irradiation. The
matrices obtained from PLAGATMC characterized more
significant decrease of molecular mass than the P(LA:GA:
Cap) matrices. Moreover, higher decrease of M, was noticed
in the case of matrices containing paclitaxel. The decrease
of M, and molecular mass dispersity (D) can be explained
by degradation of short terpolymer chains induced by the
radiation. Since all of the specimens were hermetically
sealed, the influence of reactive oxygen species (ROS) on
the degradation rate was minimised [9].

Differential scanning calorymetry (DSC) analysis re-
vealed that all of the matrices before radiation did not exhibit
a melting peak. Thus, all of them were totally amorphous with
the glass-transition temperature (T;) of 25°C in the case of
P(LA:GA:Cap) and 45°C for P(LA:GA:TMC). The decrease
of glass-transition temperature in all of the radiated samples
was observed and it corresponded to decrease of molecular
weight. However, the P(LA:GA:TMC) matrices character-
ized higher glass-transition temperature decrease than the
P(LA:GA:Cap) matrices, which was connected to higher
decrease of the number average molecular weight. The
thermograms of sterile paclitaxel-loaded matrices obtained
from both kind of materials, very small melting peaks were
identified, however the enthalpies of melting (AH,,,) were very
low (about 5,5 J/g). It was assumed the small crystalline
phase was formed during EB radiation. However, none of
the investigated matrices had the tendency to reconstitution
of crystalline parts since melting peaks were not observed
during the second scan (FIG. 2).
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RYS. 2. Termogamy DSC matryc po procesie ste-
rylizacji (otrzymane z drugiego skanu).

FIG. 2. DSC thermograms of matrices after steril-
ization (obtained from the second scan).

1 - P(LA:GA:Cap), 2 — P(LA:GA:Cap) + 5% of
paclitaxel, 3 — P(LA:GA:Cap) + 10% of paclitaxel,
4 - P(LA:GA:TMC), 5 - P(LA:GA:TMC) + 5% of pa-
clitaxel, 6 — P(LA:GA:TMC) + 10% of paclitaxel.

Terpolymers’ composition was determined by means of 'H
NMR spectroscopy. There were no differences in comono-
mer molar ratio between 3 kinds of non-radiated matrices
(with 5, 10% of paclitaxel and drug free matrice), obtained
from each type of investigated terpolymers. The composition
of all of the P(LA:GA:TMC) matrices did not change after
sterilization, regardless the paclitaxel loading. In the case
of all matrices obtained from (poly(L-lactide-co-glycolide-co-
g-caprolactone) (44:32:24)), lactidyl units content increase
and caprolyl units decrease was noticed. It can be assumed
that caproyl units are more susceptible to EB radiation than
the carbonate ones.
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Udziat molowy komonomerdw wszystkich matryc przygoto-
wanych z P(LA:GA:TMC) nie ulegt zmianie po sterylizacji. W
przypadku wszystkich matryc sporzadzonych z poli(L-lak-
tyd-ko-glikolid-ko-e-kaprolaktonu) (44:32:24) obserwowano
wzrost zawartosci jednostek laktydylowych oraz spadek
zawartoéci jednostek kaproilowych. Mozna przypuszczac,
ze jednostki kaproilowe sg bardziej wrazliwe na promienio-
wanie elektronowe, niz jednostki weglanowe.

Nie obserwowano istotnych réznic w liczbowo $redniej
masie czgsteczkowej, rozrzucie mas czgsteczkowych oraz
temperaturze zeszklenia pomiedzy sterylnymi matrycami
zawierajgcymi paklitaksel i sterylnymi matrycami bez leku.
Poniewaz nie odnotowano zmian w sktadzie komonomeréw
matryc otrzymanych z P(LA:GA:TMC), moze to wskazywac
na maty wptyw obecnosci paklitakselu na proces sterylizaciji.
Ponadto, analiza NMR nie wykazata zmian w czasteczce
leku w napromienianych matrycach. Wzrost zawartosci
jednostek laktydylowych i ubytek jednostek kaproilowych w
matrycach wykonanych z P(LA:GA:Cap) moze wplywaé na
szybko$¢ degradaciji, a zatem i na profil uwalniania leku.

Whioski

Otrzymano trzy rodzaje matryc (z 5%, 10% zawartosciag,
leku oraz matryc bez leku) z dwdch typdw terpolimerow.
Prébki sterylizowano za pomocg promieniowania elektro-
nowego. Proces sterylizacji matryc z paklitakselem i matryc
bez leku nieznacznie wptynat na liczbowo Srednig mase
czgsteczkowa, rozrzut mas czgsteczkowych oraz wiasciwo-
Sci termiczne. Wartosci wszystkich tych parametréw ulegty
obnizeniu po procesie napromieniania. Otrzymane wyniki
sugeruja, iz zawartos¢ leku nie ma znaczacego wptywu
na wtasciwosci fizykochemiczne terpolimeréow w czasie
sterylizacji. Ponadto, analiza NMR nie wykazata zmian w
czgsteczce leku zawartego w napromienianych matrycach.
Zmiany w sktadzie molowym komonomeréw obserwowano
tylko w przypadku matryc otrzymanych z P(LA:GA:Cap), co
moze wskazywac na wiekszg wrazliwos¢ jednostek kaproi-
lowych na promieniowanie. To moze z kolei mie¢ wptyw na
proces degradacji, a tym samym na uwalnianie paklitakselu
z wysterylizowanych matryc.

Wyniki niniejszego badania moga by¢ pomocne w selekcji
metody sterylizacji systemow uwalniajgcych paklitaksel.

Podziekowania

Badania zrealizowano w ramach projektu MEMSTENT
(Grant No: UDA-POIG.01.03.01-00-123/08-03).
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No significant differences between the number aver-
age molecular weight (M,), molecular mass dispersity (D),
glass-transition temperature (T,) of paclitaxel-loaded sterile
matrices and drug free sterile matrices were noticed. There
were no changes in comonomer molar ratio in the case of
P(LA:GA:TMC) matrices before and after sterilization that
indicated insignificant effect of paclitaxel content during
sterilization. Lactidyl units content increase and caprolyl
units decrease of P(LA:GA:Cap) radiated matrices was
observed that may influence on the drug release profile.
The NMR analysis did not reveal any change in drug mol-
ecule after sterilization.

Conclusions

In this study two terpolymers were used to obtain three
types of matrices (with 5%, 10% of paclitaxel and drug free
matrices). The matrices were sterilized with the use of EB
radiation and investigated. Sterilization of paclitaxel-loaded
matrices as well as drug free matrices insignificantly influ-
enced the number average molecular weight (M,)), molecular
mass dispersity (D) and also thermal properties. All of the
mentioned parameters decreased after irradiation with
the use of electron beam radiation. The obtained results
suggested that drug content did not affect significantly on
physicochemical properties of terpolymers during steriliza-
tion process. Moreover, the NMR analysis did not reveal
any change in drug molecule after sterilization. The changes
of polymer composition were observed only in the case of
P(LA:GA:Cap) matrices, which suggested higher suscep-
tibility to radiation of caproyl units. This may influence the
degradation process and thus, the paclitaxel release from
sterilized matrices.

The results of this study may be helpful in selection
of sterilization method for paclitaxel delivery terpolymeric
systems.
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