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Instroduction

Aceramic based on Yttrium-Tetragonal Zirconia Polycrys-
tal (Y-TZP) has bio-compatibility and matters as advanced
material for restoration dentistry [1] However, the implant
of Y-TZP ceramics demonstrates a significant failure. This
is explained by the instability caused by low— temperature
aging degradation (LTAD), taking place in the aqueous
solutions of Y-TZP zirconia ceramics.

There is the reduction of impact of Y-TZP ceramic low-
temperature “aging,” showing itself in instability of mechani-
cal parameters. Several ways of improving Y-TZP ceramic
characteristics were proposed.

Itis well known that “stability” of such materials increases
when grains smaller than 800 nm are in the microstructure
and in the presences other stabilizer except for Y*2.

An alternative to Y-TZP ceramics is a Ce-TZP ceramics,
which resists to LTAD and has high parameters of durability.
Unfortunately, the bending strength of the Ce-TZP ceramics
could not reach the values of Y-TZP ceramics.

The object of this work: changing stabilizer Y for obtain-
ing ceramic materials with high parameters of purity and pos-
sess a thin microstructure and adequate sanitary-chemical
requirements for materials used for medical purposes.

Experimental procedure

Source powders for ceramic ma-

Company (France-Japan). The relative standard deviation
(S,) for different elements did not exceed 0.025.

To measure the powder surface area, a low-temperature
adsorption technique was used (TriStar-3000 adsorptive-
structural analyzer, Micromeritics, USA).

Qualitative analysis of samples was carried out means of
an XRD-6000 diffractometer (Shimadzu) on radiation CuK,A
=1.54 Ain the interval of angles 26=26°-65° with scanning
step of 0.02° and identification according to international
standard bank (JCPDS).

Ceramic relative density and void structure was deter-
mined by means of hydrostatic weighing.

Ultimate bending strength and crack strength were de-
termined by the three -point bending technique on a Instron
5581universal testing machine.

Scanning electron microscope “LEO1420” and atomic
force microscope "NEXT” were used to study the micro-
structure of the ceramics.

The instability caused by low— temperature aging deg-
radation (LTAD), was tested in the hot aqueous solutions
within 7 hours that is equivalent to 20 years of stay implant
in an alive body.

Results

The content of these powders is represented by the only
main crystal phase, which corresponds to a solid solution
based on T-ZrO,

We obtained ceramic materials based on synthesized
powders with a specific density 99% than the theoretical
one.

According to electron microscopy of the obtained ceramic
materials, average grain sizes vary from 400 to 200 nm. It
benefits the increasing the stability at low temperature aging.
The results of AFM study reveal the structure is traced on all
volume of a sample and is submitted of fine grains separate
from each other is without the large connections of borders,
which could create of a crack in microstructure. The micro-
structure of ceramic stabilized by Yb,0O, is shown at FIG.1.

A longitudinal and cross speeds of a sound were meas-
ured at samples ceramics, accordingly, 6800-6700 m/c and
3600- 3700 m/c.

terials were obtained on the basis of
compositions where ZrQ, is stabilized
by CeO, and Yb,O, in tetragonal
modification.

The powder precursors were ob-
tained by hydrosol version of the sol-
gel process in presence of polyvinyl
alcohol and isobutanol as the complex
surface-active substances under si-
multaneous component precipitation.
A concentrated solution of aqueous
ammonia was used as a precipitant.
Gel-like precipitates were dried, then
obtained xerogel was heat treated and
sintered [2].

Research and control
methods

The ultimate composition of the
precursor was determined on the basis
of the technique of atomic emission

5. Height

spectrometry with inductively coupled
plasma using an ULTIMA-2 spectrom-
eter of the JOBIN YVON HORIBA

FIG. 1. The images of ceramic with Yb,0O, obtained by AFM.
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TABLE 1. Residual element content in precursors
by YB,O,

Element C[\?Vrt't%]“ |
Hf 1,2
Al 0,25
Ca ~0,01
Fe < 0,01
Na < 0,01
Ba < 0,001

The ultimate bending strength of ceramics stabilized by
CeO, and Yb,0, remained without changes after aging in
hot water environment.

The quantity of residual elements in the synthesized
powders is insignificant; its qualitative composition is not
dangerous to health. As TABLE 1 shows, among residual
elements, the content of Hf is the maximal one, which is
an inseparable residual element of Zr.

Investigation of subacute toxicity was carried out in condi-
tions where white mice intragastrically repeatedly received
ceramic extracts. During the whole observation period, there
were no cases of test animal death or changes in appear-
ance, behavior, eating, and physical activity compared to
control group. The toxicity index was 98% with the standard
value from 70 to 120%. Sample extracts did not show any
hemolytic action in experiments in vitro with isolated eryth-
rocytes of rabbits: hemolysis was 0% with the permissible
value less than 2%.

Ceramics based on T-ZrO, stabilized by CeO, and
Yb,O, are nontoxic, meets the requirements of standard-
ized documentation, and can be applied as a material for
medical purposes.
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Introduction

It's well known that special care rendering by stomatologi-
cal health authorities is in great demand. Bone defects left
in the maxilla bones after the healing of chronic odontogenic
infection focuses, treatment of non-cancerous growth after
the implants extraction considerably reduce the maxilla bone
strength and worsen conditions of the tooth system function-
ing, provoke disturbance of the chewing function what has
negative influence on the human body state [1,5]. Thus,
development and introduction into the clinical practice of the
new complex methods of patients rehabilitation with bone
defects of alveolar processes allowing effective recovery and
reconstruction of the injured tissues and remain the main
direction in maxillofacial surgery and stomatology.

Toxico-hygienic examinations of «Biosital» and «Kafam»
preparations made before, demonstrated that they have
bioactive characteristics due to the calcium and phosphorus
migration from the surfaces of these materials when contact-
ing with the blood plasma which cause there high osteogenic
indices. There are scientific medical works confirming the
positive effects of electroacupuncture on the processes of
bone modeling [4]. But the range of morphological aspects
of the complex interaction of mentioned above osteotrop
medicines with biological tissues during the acupuncture
treatment is not yet studied and examined actually.

Aim of the work was to make comparative evaluation of
the preparations «Biosital», «Kafam» influence and elec-
troacupuncture treatment with electronic device «Vityaz
AET-01» in skin projection of acupoints on the process of
the alveolar sockets healing after the teeth extraction on the
lower jaw in experiment according to the clinic macroscopic
visual evaluation data.

Objects and methods

Examination was performed according to the Regulations
for experiments on animals [2]. Experiment was done on 45
sexually mature males of Shinshila rabbits of the same age
and weight. All animals were divided into 5 series, 9 animals
in every one. The first series was the control one. Animals
of this series had operation for the central incisor extrac-



tion on the lower jaw and the alveolar sockets were filled
in with blood clot after operation. Alveolar sockets of the
second series animals were filled in with bioactive materials
«Biosital» mixed with the animal blood. Alveolar sockets of
the third series animals were filled in with bioactive materi-
als «Kafam». Alveolar sockets of the forth and fifth series
were filled in with «Biosital» and «Kafam» medicines with
postoperative electroacupuncture treatment, 10 sessions.
We irritated acupoints similar with Gl4, E36, VB20, VG26
for a man determined according to the information about
acupuncture application in veterinary [3]. Total treatment
lasted 15 minutes.

Effectiveness of complex application of «Biosital», «Ka-
fam» and electroacupuncture was determined according
to the dynamic supervision indices on the postoperative
wounds state on the 3, 7, 14, 21, 30 days, 1,5, 2, 3 and 6
months postoperatively.

Results

Postoperative inflammatory reactions in the region of
the alveolar socket of the extracted teeth of the series 1-3
demonstrated that animals had pronounced edema and
hyperemia of the mucous tunic on the region of the wound
sutures on the third day after operation.

In the series 4 and 5 the edema was insignificant by the
same term, the mucous tunic of the postoperative wound
was pink-pale, the sutures were intact.

The edema of the mucous tunic of alveolar processes
of the lower jaw remained for the animals of the series 1,
2, 3, 4 by the 7 day in the region of the alveolar socket.
The socket with the blood clot was filled in by the granula-
tion substance in the third. Granulation tissue covered the
implantation material. At the same time, the 4-Series had
a slight hyperemia of the mucous tunic in the region of su-
tures, in the 5 Series the mucous tunic was pink-pale and
swelling and hyperemia were absent.

On the 14th day of observation in the animals of the
1st series we stated fragmentation remains of blood clot
in the sockets of the extracted teeth. In the 2nd series the
granulated preparation «Kafam» appeared in the form of
small rounded conglomerates alternating with organizing
granulation tissue. In the 3rd series the implantation mate-
rials were visualized in the form of individual large dense
fragments of polygonal shapes, closely adjacent to the walls
of the alveoles. In individuals of the 4th and 5th series we
registered the visual scar absence, its boundaries could not
be determined during palpation.

On the 21th day the animals of the 1st series had no
signs of inflammation and fistulas in the mucous tunic in
the surgical wound. In the 2nd series the mucous tunic of
the alveolar process was without changes and deformation.
It should be noted that the aesthetic indices of scars for
animals of third series was significantly higher with respect
to the Series 1 and 2. In the 4th, 5th series the mucous
tunic in the postoperative wound region was pink-pale pink
without visible changes. During the detailed study of the
macropreparations, the clumps of granules separated by
strands of young regenerate bone of gray color were fixed
in 4-Series. In the 5-series the regenerated bone was gray
and clearly visualized throughout.

After 30 days of observation in the animals of the 1st
series the mucous tunic in the region of socket of extracted
tooth had a physiological color. Visually we determined a sig-
nificant reduction in the height of alveolar socket in extracted
tooth region. In the 2nd, 3rd series of swelling of the mucous
tunic in the region of extracted tooth was absent, the height
reducing in the alveole region of the extracted incisor was

not observed. Examination of macropreparations in the 4th
and 5ntth series showed that the wells are made of dense
fibrous tissue in the upper, granulation «Kafam» and «Biosi-
tal» is not found. Degradation signs were not determined.

Conclusion

Analysis of the results provides a basis to conclude that
the complex application of the implant preparations «Ka-
fam» and «Biosital» combined with electroacupuncture in
experiment has positive affects on the processes of their
osteoregeneration of acquired defects of the alveolar proc-
esses of the lower jaw.
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Introduction

The operation for tooth extraction is the most common in
the practice of a surgeon-dentist. After extraction, the formed
bone wound is filling with blood and a blood clot is formed
which is a biological barrier that protects the socket from
mechanical damage and infection. Normally the socket epi-
thelialization is forming 7-10 days after the extraction [1].

Tooth extraction can be traumatic in case of the anoma-
lous position of the tooth or when the tooth crown is signifi-
cantly destructed. As a result, such complication as alveolitis
is developping - inflammation of the alveolar socket walls of
the extracted tooth [3].

A large number of publications are devoted to the opti-
mization of the alveolar socket healing using a variety of
drugs, but the question of the atypical tooth extraction is
studied insufficiently [2,3].

Aim was to compare the dynamics of bone healing of
wounds after surgery of atypical tooth extraction when the
alveolar socket filled with blood clot with additional fixation
with a blood clot with drug «Dental adhesive paste Solcos-
eryl» and use of collagen sponge «Gelopack» the with the
same purpose.

Objects and methods

We observed 15 patients without concomitant somatic
pathology who underwent surgery for atypical tooth extrac-
tion. Patients were divided into 3 groups of 5 persons. The
blood clot was forming in patients of group 1 in the formed
bone defect. «Dental adhesive paste Solcoseryl» was used
for keeping of the blood clot into the wound in patients of
the group 2. We introduced the sponge «Gelopack» into
the alveolar socket for fixing the blood clot in patients third
group. Patients were evaluated at 1, 2, 3, 5, 7, 14 days after
surgery on the above criteria.

Results

80% of patients had complaints of pain in the wound the
1st day in group 1, the pain was stopped for all patients by
5-th day. 60% of patients had complaints of pain in group 2

in the first day of observation and disappeared in the 7 th
day. In the third group, 60% of patients had complaints of
pain in the alveolar socket on the first and second days, on
the third day - 80%, on the fifth - 100%. In 80% of patients
the sponge «Gelopak» has been removed from the socket
on the 5-7 days, after what the pain relief was noted.

Ablood clot in the wound on the 1st day looked appropri-
ately formed in patients of all groups. In group 1 the decay of
ablood clot and the development of alveolitis were observed
in 20% of cases. The remains of food were found on the
surface of the blood clot in group 2 in 20% of cases for 2-3
days. After their removal and antiseptic treatment the heal-
ing process of the socket was normalized. The gray powder
was formed on the blood clots in the third group on the 2nd
day in 20% of patients. On the third day the same had 40%
of patients, on the 5th - 80% of patients had suppuration of
the tooth extraction socket, for 5-7 days in 80% of patients
the sponge «Gelopack» has been removed from the wound
that led to the abolishment of inflammatory reaction.

Slight hyperemia of the mucous tunic of the alveolar proc-
ess in the postoperative wound was observed in all patients
of group 1 in the 1st day of observation and remains for 3
days. This index was observed in group 2 in 80% of patients
and disappeared 3 days after surgery. In 80% of the patients
of group 3 the hyperemia remains for 5-7 days and disap-
peared after removal of the sponge «Gelopack».

Edema of the mucous tunic of the alveolar process of
postoperative wound was observed in 40% of patients in all
groups. However, if edema disappeared within 5 days after
surgery in the group 1, in the 2nd - on the third day, these
indices increased to 80% in the third group and this tendency
continued up to 5 days inclusively. After removing the drug
from the wound edema was stopped during the day.

All patients had no body temperature rising and increase
of submandibular lymph nodes during the examination.

Conclusion

Application of the drug “Dental adhesive paste Solcos-
eryl” in order to make additional fixation of the blood clot after
surgery of atypical tooth extraction has reduced the pain and
hyperemia of the mucous tunic of the alveolar process in
the postoperative wound and minimize the development of
edema of the soft tissues and mucous tunic of the alveolar
process compared with the control group. Application of col-
lagen sponge «Gelopack» in order to fix a blood clot after
surgery of atypical tooth extraction is not rational due to the
high percentage of complications.
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Abstract

As a result of research conducted in the Metal
Forming Institute in Poznan, SBT-03 simulator for
friction and wear testing of human intervertebral disc
endoprostheses was modernized. The structure of
the device allows reflecting of the range of mobility
and loads present in the natural spine. Moreover, the
device allows recording and measurement of such
parameters as axial compression force, moment of
friction, temperature in the friction loop and number
of operation cycles. This enables an evaluation of
the intensity of wear processes of different designs
of structures of a lumbar spine intervertebral disc
endoprostheses depending on the type of materials
used and production method.

Keywords: intervertebral disc endoprosthesis of
the spine, friction and wear tests, SBT-03.1 simulator,
friction coefficient
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Introduction

Statistics indicate that 80% of adults, regardless of their
sex, experienced spinal pains [1]. This is, in particular,
a problem of inhabitants of highly developed industrial
countries, where considerable limitation of physical activity,
prevalence of sitting position and obesity are observed.

Spondyloarthrosis begins frequently in the area of an
intervertebral disc — degenerative disc disease [1]. Then
it affects other structures of the mobile segment, which is
the basic functional unit of the spine. As degenerative disc
disease develops, it leads to dehydration of the nucleus
pulposus. The process results in a decrease in the height
of the intervertebral disc (deteriorating its shock absorption
properties), a decrease in the physiological mobility of the
mobile segment and disturbance of intervertebral joint loads.
A progressing degeneration of the intervertebral disc may
lead to a decrease in the surface of the cross-section of
the spinal canal (stenosis). This may result in pressure on
the dural sac, spinal roots and vascular network causing
chronic pains in the spine, including root-type pains or the
neurogenic claudication.

A relatively new invasive procedure for the treatment of
patients suffering from discogenic back pains is interverte-
bral disc arthroplasty. This method is an alternative to the
patients who have been treated with arthrodesis, i.e. fixa-
tion of a damaged segment with adjacent healthy discs [3].
Contrary to arthrodesis, intervertebral disc arthroplasty, in
the long run, will not cause disturbance of biomechanics of
the spine and, thus, will not lead to a degeneration of the
mobile segments adjacent to the operated segment [3].

Presently, the clinical practice uses several types of in-
tervertebral disc endoprostheses. Depending on materials
used and the type of structure, intervertebral disc compo-
nents are exposed to wear as a result of friction between
the components. Thus, the basic requirements for friction
elements include ensuring of low friction resistance, high
resistance to wear and minimum quantity of generated wear
products [4]. Getting into perimplantal tissues, the particles
may cause toxic, allergic and even carcinogenic reactions.
The friction and wear tests conducted with special simula-
tors provide an opportunity for preclinical determination of
the tribological properties of the friction coponents of the
intervertebral disc endoprosthesis both as regards a short,
medium and long period of time.

Materials and methods

Before the commencement of the design works, the au-
thors explored the scope of mobility of the individual mobile
segments of the spine and values of loads to which particular
intervertebral discs are subject. The mobility of discs in rela-
tion to one another is limited by the influence of the support
triad components on a given mobile segment and it may be
found in three anatomical planes, i.e. sagittal plane — bend-
ing to the front and rear (bend and hyperextension), frontal
plane — lateral and traverse bending — rotating movements.
From the combination of the above-mentioned movements,
a circumduction movement originates. For instance, for the
L4-L5 mobile segment the total of flex and reflex movements
is 150 and the values of the unilateral lateral bend and uni-
lateral axial twist are 50 and 3o respectively [5].

A healthy intervertebral disc constitutes a hydraulic de-
vice, which is subject to permanent influence of compression
forces. In the lumbar spine, the value of the compression
force exerted on the intervertebral disc in a standing man
of average height ranges within approx. 700 to 800 N [6].
The source of the force is muscle tension, body mass above
the muscle and external forces.

The main goal of the research conducted on the simulator
SBT-01.1 is to determine the impact of friction pair and en-
doprosthesis construction on the frictional resistance, wear
as a function of the number of cycles, changes in surface
roughness and study the amount and chemical composition
of wear products.

Results and discussion

A simulator allowing friction and wear testing of the
intervertebral disc endoprostheses was modernized for
laboratory tests. The simulator is equipped with two servo-
motors reproducing the basic types of movements and loads
that occur in the spine, i.e. bending in the sagittal or frontal
plane or axial twisting. In the bottom part of the simulator
there is a tightening system, which allows an application of
the compression force.

The basic technical parameters realized with the use of
the simulator include:

- compression force in the spine axis 0+3000 N;

- deflection angle at bend: +10°,

- deflection angle at extension: -5°;

- deflection angle at lateral bending: £7,5°;

- unilateral axial bending angle: £3°;

Special handles for fastening of the external metal
plates allow a stable fixation with the possibility of adjust-
ment of the axial position. FIGURE 1 presents an image of
the SBT-01.1 simulator. The simulator is equipped with an
automatic measurement system allowing the recording and
the measurement of such parameters as axial compression
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force, moment of friction, temperature in the friction loop and
number of operation cycles.

Conclusions

The structure of the SBT.03.1 simulator for the friction and
wear testing of the intervertebral disc endoprostheses allows
a reflection of the scope of mobility and loads occurring in
a real spine. This provides an opportunity for preclinical
determination of the tribological properties of the friction
loop of the intervertebral disc endoprosthesis as regards a
short, medium and long period of time. During the testing
the endoprosthesis is immersed in a greasing and cool-
ing liquid, which simulates
bodily fluids. The presently
published papers relating
to the issues connected
with the wear of the friction
elements of the interverte-
bral disc endoprosthesis are
mostly limited to determining
of the changes in heights of
the individual components.
Insufficient attention has
been devoted to determining
of such parameters as the
values of moment of friction,
the friction force and the fric-
tion coefficient.

FIG. 1. SBT-03.1 simu-
lator.
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Abstract

Application of nanosized particles with antibacterial
properties is of great interest in the development of
new biocompatible products. Due to the excellent
antibacterial activity Ag NPs and Ag NPs containing
composites are widely used in many bactericidal
applications. The objective of the present research
is to characterize the cytotoxity properties of plasma
sprayed hydroxyapatite coating (HA) modified by
sedimentation of Ag NPs on its’ surface. The present
research was carried out in the frame of European
FP7 NANOMINING Project “Development of New
Nanocomposites Using Materials from Mining Indu-
stry” (NMP4-CP-2011-263942).

Keywords: plasma spraying, hydroxyapatite, silver
nanoparticles, cytotoxicity
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Introduction

The percentage of knee, hip and elbow infections is es-
timated as 0.5-12%; 1-2%; 1-2.5% and 7-9% respectively
[1]. Approximately a million people are operated and have
implants inserted annually. A small number of the infections
may cause serious complications in dozens of patients. An
implant surface is susceptible to infections for two main rea-
sons: the formation of a biofilm on the implant surface and a
reduced resistance on the implant and tissue interface [2].
The infections are caused mainly by Staphylococus ureus
and Staphylococus epidermidis. The bacteria create a bio-
film on the implant surface and become extremely resistant
to antibiotics. The infection may cause an exhausting pain
and long-term disability for the patients.

Presently, hydroxyapatite is widely used in orthoped-
ics, as it shows perfect biocompatibility owing to its similar
chemical properties and the bonelike crystallographic
structure. The porous structure of hydroxyapatite causes
that a strong chemical bonding is created with the natural
bone. Moreover, hydroxyapatite is bioactive, which means
that it becomes reabsorbed after some time and is replaced
by the natural bone. However, low mechanical properties
of HA limit its application in implants under high loads [3].
On the other hand, commonly used titanium and its alloys
have good biocompatibility, high strength and low density.
Apart from that, it shows low resistance to friction wear and
release of titanium alloy particles to the surrounding tissues.
The combination of HA and its good biotolerance with very
good mechanical properties of the titanium seems to be
a good solution, which enables a creation of near-perfect
biomaterials [4].

Silver-doped HA (Ag+HA) coatings show decreasing
toughness with increasing quantities of silver ions. Silver
is known for its strong bactericidal properties. Due to the
toxicity, compounds based on silver have been widely used
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This paper aims on preliminary determination of
cytotoxicity properties of plasma-sprayed hydroxya-
patite coatings with embedded Ag NPs. 1 *
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Hydroxyapatite coating were plasma sprayed onto
flat surfaces of samples made of Ti6AI4V titanium
alloy by Projection Plasma System (2PS), a French
company, under conditions typical for production
of real HA-coated implants. Fabricated samples with HA
coating were used in further tests relating to the deposition
for sedimentation of silver nanoparticles (Ag NPs) on their
surface. The liquid containing Ag NPs with nanoparticle
mean size 15 nm (produced by Particular GmbH) was used
in sedimentation experiments.The method of Ag NPs sedi-
mentation is relatively simple and it includes an insertion of
HA-coated samples in a flask placed on a rotating platform
ensuring a maximum rotation speed of 600 rpomThe mixing
of the liquid was also realized with the help of magnetic
mixer to ensure more uniform distribution of Ag NPs on HA
coating surface.

Evaluation of cytotoxicity properties of HA coatings
against bone cancer Sa0OS-2 cells was performed by
BioCentrum (Kracow, Poland) both for samples with initial
HA coating (Ti6Al4V+HA: HA1_1, HA1_2, HA2_1, HA2_2)
and for samples with HA coating modified with Ag NPs
(TiBAI4V+HA+Ag NPs: 9.11, 9.12, 9.21, 9.22).

Results and discussions

The cytotoxicity test was performed in accordance with
PN-EN ISO 10993-5 and PN-EN ISO 1099-12 standards.
The influence of the extracts prepared in a culture medium
with fetal bovine serum was determined upon 24- and 48-
hour incubation by adding tetrazole salt to the solution. Upon
the elapse of the above-mentioned incubation periods, the
survival rate of the SaOS-2 cells subject to the influence of
the extracts of the tested materials was determined. The
results were expressed as a percentage of metabolically
activel/live cells in relation to the control group, i.e. cells that
were not subject to the influence of the tested preparation,
but only to the influence of a solvent. The obtained results
were analyzed with the use of Dose-response-Inhibition/
log(inhibitor) vs. normalized response-Variable slope).

The samples were tested in the following subgroups:

1)HA1_1 and AH1_2, incubation period — 24 hours,

2) 9.11 AND 9.22, incubation period — 24 hours,

3) HA2_1 and HA2_2, incubation period — 48 hours,

4) 9.12 and 9.21, incubation period — 48 hours,

Based on the obtained results (FIG.1), it has been
confirmed that HA1_1, 9.11, 9.22 and HA2_1, 9,12, 9.21
samples demonstrate cytotoxic effects against the Sa0S-2
cells, whereas HA1_2 and HA2 2 samples do not show
any cytotoxic effects. In the group of HA+Ag NPs samples,
all the tested samples showed a decrease in the survival

TG. 1. Influence of biomaterial extract content on bone cancer
cells (SAOS-2) survival for ti-alloy samples with HA and HA+
AgNp coating: a, c- 24h test, b,d-48h test.

rate of the cells by more than 30 % both after 24-hour and
48-hour incubation.

Conclusions

Cytotoxic effect against SaOS-2 bone cancer cells was
tested both for both for samples with initial HA coating and
for samples with HA coating modified with AgNPs. All the
tested samples containing Ag NPs showed a decrease in
the survival rate of the cells by more than 30 % both after
24-hour and 48-hour incubation.
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Abstract

The aim of the study was to investigate the influence
of internal architecture of 3D printed scaffolds on their
mechanical properties. The polycaprolactone scaffolds
with four different geometries produced by rapid pro-
totyping were tested in this study. The 3D samples
were manufactured with different internal architecture.
The scaffolds were plotted using a 330 um dispen-
sing needle, layer by layer with lay-down pattern of
the fibers: 0°/45°/90°, 0°/60°/120°, 0°/90%180° and
0°/60°/120° with shifted layers. Scanning electron mic-
roscopy analyses and mechanical properties exami-
nations were performed. The mechanical test showed
that the highest Young’s modulus was obtained for the
samples with 0°/60%120° lay-down pattern, especially
after layers shifting. The SEM analyzes didn’t show
any defects or layers delamination in the scaffolds.
All the samples were characterized by appropriate 3D
architecture and good layers connections.

The obtained results confirmed the hypothesis that
scaffolds with 0°60%120° lay-down pattern of the
fibers and with shifted layers have the highest mecha-
nically properties of the investigated samples and the-
refore, show high potential to be used in bone tissue
engineering application.

Keywords: Scaffolds, internal architecture, poly-
caprolactone,

[Engineering of Biomaterials, 116-117, (2012), 8-9]

Introduction

Fabrication of scaffolds for tissue engineering becomes
a very popular research topic in present days. There are
several fabrication methods currently used for creating 3D
porous structures with high porosity and interconnected
pores. Arapid prototyping (RP) is one of the most interesting
one. It allows for fabrication scaffolds with predesigned ex-
ternal geometry and internal architecture as well as required
mechanical properties.

The aim of this study was to create
and evaluate a polymeric 3D printed
scaffold with different internal archi-
tecture which could be used for bone
tissue engineering. The influence of
internal architecture on mechanical
properties of the samples was inves-
tigated.

FIG. 1. Samples manufactured using Bioscaffolder®
machine (SYSENG, Germany).

Materials and methods

Cylindrical porous scaffold (height: 4mm, diameter: 6mm)
with three-dimensional orthogonal periodic porous archi-
tectures, were manufactured by Bioscaffolder® machine
(SYSENG, Germany) from e-polycaprolactone granulate
(Sigma Aldrich PCL, average Mn ca. 80 000), (FIG.1).The
melted polymer was plotted with a 330um dispensing needle
layer by layer, with lay-down pattern of the fibers: 0%/45%/90°,
0°/60°/120°, 0°/90°/180° and 0°/60°%/120° with shifted layers.
The temperature of the fabrication process was between
90° and 100°C. After the samples were fabricated, their
3D structure and internal architecture were investigated
by scanning electron microscopy (HITACHI TM1000 and
HITACHI SU8000) and microCT (SkyScan 1172). Then,
compression tests of the samples were carried out using
Zwick material tester (Zwick Z005) at a cross-head speed
of 1mm/min up to 50% of compressive strain.

Results and discussion

The SEM observations of the microfibers scaffolds
showed a well-defined internal geometry with regular in-
terconnected pores of dimensions between 300 and 400
um, as well as uniform distribution (FIG. 2). The extruded
filaments had a regular circular geometry with diameter of
300 pm, corresponding to the used nozzle tip (330 um) (FIG.
2 a,b,c). Delaminating of the layers wasn’t noticed (FIG. 3).

The compression tests were performed to show the influ-
ence of internal architecture on mechanical properties of
the scaffolds. Mechanical properties analysis showed big
differences in elastic modulus between the tested scaffolds
(TAB. 1). For the scaffolds without shifted layers Young
modulus was the highest for the lay-down pattern of 60° /120°
and it was 51.8 MPa The E modulus for the scaffold with

FIG. 2. Scanning Electron Microscopy (SEM) images of samples with inter-
nal architecture a) 00/450/900, b) 60°/120°, c) 90°/180°. Top view.
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4 the orientation of 0°/45%/90° was only 9

33.8 MPa. The connections between ® ® @ e ® ¢ o
layers remained consistent under

|l compression in all the tested scaffolds.

] Conclusions

The study demonstrates that PCL
scaffolds with shifted layers with inter-
f nal orientation 60°120° have the best
mechanical properties among tested
samples. The shifting of the layers
FIG. 3. Scanning Electron Microscopy (SEM) images of scaffold with orienta- could also improve cell adhesion do

N |
AN uen ‘ wn 1 IRNAN 4 S/ 24 2w wd S 1 MUY

tion 600/1200 after shifted layers. Side view. the scaffolds by change internal ar-

chitecture .This type of scaffold can be

TABLE 1. Mechanical properties of investigated . applled_ to produpe hl_ghly fqnct!onal-

samples. ized 3D construct for bone tissue engineering aplications.
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. ZASTOSOWANIE SKANINGOWEJ
MIKROSKOPII ELEKTRONOWEJ
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STOSOWANYCH W INZYNIERII
TKANKOWEJ
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Streszczenie

Zastosowanie skaningowej mikroskopii elektro-
nowej (SEM) pozwolito na zobrazowanie struktury
nanowtékien polimerowych otrzymanych technikg
elektroprzedzenia. Na podstawie obrazow SEM prze-
prowadzono analize morfologii i dystrybucji wtdkien,
jak réwniez wykonano pomiary Srednicy wtdkien
oraz wielko$ci poréw. Te parametry sg niezbedne
do okreslania zaleznosci miedzy strukturg rusztowan
komérkowych, a wzrostem komorek i tworzeniem

tkanek.

Stowa kluczowe: SEM , elektroprzedzenie, nano-

wtékna polimerowe, rusztowania tkankowe
[Inzynieria Biomateriatow, 116-117, (2012), 10-12]

Wprowadzenie

Jednym z aspektéw inzynierii tkankowej jest zaprojekto-
wanie rusztowan komorkowych o odpowiedniej strukturze
przestrzennej oraz parametrach mechanicznych i biolo-
gicznych zblizonych do naturalnej substancji miedzyko-
morkowej (ang. extracellular matrix — ECM). W zalezno$ci
od odtwarzanej tkanki parametry rusztowan komoérkowych
nieznacznie sie réznig, jednak mozna okresli¢ podstawowe,
wspolne cechy takich rusztowan: biozgodnos¢, biodegrado-
walnos$¢, porowata struktura charakteryzujgca sie wysokim
stosunku powierzchni do objetosci ,nasladujgca” naturalng
substancje miedzykomérkowg [1]. Nanowidkna polimerowe
otrzymywane za pomocg elektroprzedzenia spetniajg wy-

mienione warunki.

Elektroprzedzenie jest szybkg i prostg technikg pozwala-
jaca na otrzymanie nanowtdkien polimerowych o odpowied-
nich parametrach do zastosowan w inzynierii tkankowe;j.
Urzgdzenie do elektroprzedzenia sktada sie ze zbiornika
na rozpuszczony polimer zakonczonego dyszg, dwoch elek-
trod, statoprgdowego zrodta wysokiego napiecia i kolektora
w formie uziemionej ptyty, na ktérej osadzane jest przedzone
wiékno. Parametry procesu takie jak: rodzaj polimeru, ste-
zenie roztworu, zastosowanie czynnikéw sieciujgcych, jak
réwniez napiecie i odlegtos¢ miedzy dyszg, a kolektorem
majg znaczgcy wptyw na wiasciwosci otrzymanych widkien
(Srednice i rozmieszczenie wiokien oraz ksztatt i geometrie
porow) [2]. Elektroprzedzenie jest prosta, elastyczng i tanig
technika, co czyni ja odpowiednig do szerokiego zakresu
zastosowan, takich jak filtracja, tekstylia, energia, akustyka

i inzynieria tkankowa [3].

SCANNING ELECTRON
MICROSCOPY APPLIED
FOR VISUALIZATION AND
CHARACTERIZATION OF
POLYMER NANOFIBERS
FOR TISSUE ENGINEERING
APPLICATIONS

JoANNA KaresownNiczek", MATEJ BuzGo?, ALEKSANDRA
CzyrsKA-FiLEMoONowicZ'

"FacuLTY oF METAL ENGINEERING AND INDUSTRIAL COMPU-
TER SciENCE, AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY,
30 Mickiewicza ave.30, 30-059 Krakow, PoLAND

2 InsTiTUTE OF ExPERIMENTAL MEDICINE AS CR,

1083 VIDENSKA STR., 142-20 PrRAGUE, CzECH REPUBLIC
*MAILTO: JKARBOW@AGH.EDU.PL

Abstract

Scanning electron microscopy (SEM) was applied
for visualization of the structure of polymer nanofibres
produced by electrospinning method. The SEM ima-
ges were used for analyses of the fibers’ morphology
and distribution. The fibers diameter and the size of
pores were measured based on the SEM images.
These parameters will be useful for determination
of the correlation between the scaffold structure and
cells growth.

Keywords: SEM, electrospinning, polymer nano-
fibers, scaffolds

[Engineering of Biomaterials, 116-117, (2012), 10-12]

Introduction

One aspect of tissue engineering is the design of the
scaffolds with specific spatial structure and mechanical and
biological properties similar to native extracellular matrix
(ECM). Although the desired characteristics of a scaffold
vary slightly with the tissue trying to be reconstructed, there
are general properties that are desirable: biocompatibility,
biodegradability, porous structure with a high surface-vol-
ume ratio that mimics native ECM [1]. Polymer nanofibers
obtained by electrospinning fulfill these conditions.

Electrospinning is a fast and simple method to obtain
polymer nanofibers with proper characteristics for tissue
engineering applications. It is an electrostatic processing
method allowing to obtain fibers with nanoscale properties.
Device for electrospinning consists of a tank for polymer
solution terminated with the nozzle, the two electrodes, the
high voltage source and a grounded collector plate where
the spun fibers are collected. Process parameters like:
type of the polymer, solution concentration, cross-linking
factors use, as well as voltage and distance between the
nozzle and collector have the influence on the properties of
obtained fibers (diameter and distribution of the fibers, size
and geometry of the pores) [2]. Electrospinning is a simple,
flexible and cost efficient technique, what makes it suitable
for a broad range of applications, such as filtration, textiles,
energy, acoustics and tissue engineering [3].

Materials and methods

Polymer nanofibers were prepared by electrospinning
technique in the Institute of Experimental Medicine AS CR,
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Materiat i metody

Nanowidkna polime-
rowe wykonano technikg
elektroprzedzenia w Insti-
tute of Experimental Medi-
cine AS CR, Laboratory of
Tissue Engineering w Pra-
dze. Przygotowane zosta-
ty trzy probki w tym: dwie
z PVA (polialkohol winylo-
wy) z czynnikiem sieciuja-
cym (glioksal) oraz jedna
z PCL (polikaprolakton).

Analize mikrostruktu-
ry obu typoéw polimerow
przeprowadzono za po-
mocg skaningowej mikro-
skopii elektronowej. Prob-
ki do badan SEM zosta-
ty napylone warstwg ma-
teriatu przewodzgcego
(srebro). Obrazy SEM wy-
konano za pomocg FEG
NEON 40EsB CrossBe-
am (Zeiss) z systemem
mikroanalizy EDX Quan-
tax 200 (Bruker). lloscio-
wa analiza obrazow zosta-
ta przeprowadzona z wy-
korzystaniem komercyjne-
go oprogramowania “Ana-
lySIS 3.2 [4].

Wyniki i dyskusja

RYS.1 przedstawia
strukture widkien otrzy-
manych technikg elek-
troprzedzenia, wykona-
nych z: PVA (RYS.A,B)
oraz PCL (RYS.C). Na za-
mieszczonych obrazach
SEM widoczne sg roznice
w ich strukturze. Zastoso-
wanie czynnika sieciujgce-
go powoduje powstawanie
rozgatezionych wiokien
(RYS.1 A'i B), natomiast
podczas elektroprzedze-
nia PCL bez czynnika sie-
ciujgcego otrzymano poje-
dyncze wiékna o losowym
rozmieszczeniu. Wtok-
na otrzymane z dwéch ty-
pow polimeréw wykazu-
ja rézng wielkos¢. Zmie-
rzona sSrednica wiokien
otrzymanych z PCL wyno-
sita okoto 20 uym, podczas
gdy srednica nanowtokien
otrzymanych z PVA byta
znacznie mniejsza i wyno-
sita okoto 120 nm.

Dalsze analizy morfo-
logii widkien, porowatosci
rusztowan komérkowych,
jak réwniez przygotowanie
nowych probek sg w toku.

Laboratory of Tissue Engineering in Prague. Two samples of
PVA (polyvinyl alcohol) with cross-linking factor (glyoxal) and

4
A o \
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RYS. 1. Obrazy SEM nanowtdékien polimerowych, a) i b) wiékna
otrzymane z pva z czynnikiem sieciujgcym (glioksal), c) wiok-
na otrzymane z pcl bez czynnika sieciujacego.

FIG. 1. SEM images of electrospun polymer nanofibers A) and
B) PVA nanofibers with cross-linking factor (glyoxal) C) PLC fi-
bers without cross-linking factor.

one sample of PCL (po-
ly-epsiloncaprolactone)
without cross-linking
factor were prepared.

Microstructural anal-
yses of both types of
polymer were performed
by means of scanning
electron microscopy.
Samples for SEM inves-
tigation were covered
with silver nanoparticles
for electrical conductiv-
ity. The SEM images
were recorded using
FEG NEON 40EsB
CrossBeam of Zeiss
with EDX Quantax 200
of Bruker. Quantitative
image analysis was per-
formed using commer-
cial software “AnalySIS
3.2" [4].

Results and
discussion

FIG.1 shows the
structure of electro-
spun fibers, PVA (FIG.
A,B) and PLC (FIG.C)
as seen by SEM. Pre-
sented SEM images
show the differences in
the structure of electro-
spun fibers. Application
of cross-linking factor
resulted in obtaining
branched fibers (FIGs 1.
A and B), while by elec-
trospinning of the PCL
polymer without cross-
linking factor, single fib-
ers with random distri-
bution were obtained.
Two types of polymers
exhibited different sizes
of produced fibers. The
PCL fibers diameter was
measured for approx.
20 pym while the PVA
nanofibers were much
smaller and their diam-
eter was measured for
approx. 120nm.

Further analyses of
fiber morphology and
scaffold porosity as well
as preparation of new
polymer samples are in
progress.

Conclusions

Two types of polymer
samples, the PVA (poly-
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Whioski

Dwa rodzaje polimerowych prébek, PVA (polialkohol
winylowy) z czynnikiem sieciujgcym (glioksal) oraz PCL
(polikaprolakton) bez czynnika sieciujgcego, zostaty z po-
wodzeniem otrzymane technikg elektroprzedzenia.

Analiza ich struktury zostata wykonana za pomocg ska-
ningowej mikroskopii elektronowej. Obrazy SEM umozliwiajg
nie tylko zobrazowanie morfologii i struktury nanowtokien,
ale réwniez pozwalajg na wykonanie pomiarow srednicy wio-
kien oraz rozmiaru poréw w rusztowaniach komérkowych.
Dla dwéch rodzajéw polimeréw rozmiary otrzymanych wité-
kien byly r6zne w zaleznosci od zastosowanego polimeru,
Srednica nanowtokien wykonanych z PVA byta znacznie
mniejsza, niz widkien otrzymanych z PCL.

Przeprowadzenie badan in vitro umozliwi otrzymanie nie-
zbednych danych do wyznaczenia bezposredniej zaleznosci
miedzy parametrami struktury rusztowan komérkowych, a
wzrostem i proliferacje komérek na tych rusztowaniach.
Wyniki kompleksowej charakteryzacji nanowtdkien polimero-
wych przyczynig sie do ulepszenia materiatow stosowanych
jako rusztowania w inzynierii tkankowe;.
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vinyl alcohol) with cross-linking factor (glyoxal) and the PCL
(poly-epsiloncaprolactone) without cross-linking factor were
successfully prepared by electrospinning method.

Their structure was investigated by means of scanning
electron microscopy methods. The SEM images not only
visualize the morphology and structure of polymer nanofib-
ers, but also allow for measurement of the diameter of fibers
as well as pores size in the scaffolds structure. Two types
of polymers exhibited different sizes of produced fibers; the
PVA nanofibers were much smaller in the diameter than
the PCL ones.

Future in vitro studies will provide the data for determi-
nation a direct correlation between the parameters of the
structure of scaffolds and cells growth and proliferation
on them. Results of complex characterization of polymer
nanofibers will contribute to improvement of the materials
used for scaffolds in tissue engineering.
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Streszczenie

Kompozytowg powtoke polieteroeteroketon (PEEK)/
Bioszkto osadzono metodg elektroforezy na stopie tytanu
Ti-6AI-7Nb. W celu poprawy przyczepnosci powtoki do
podfoza probke poddano wyzarzaniu po obrobce po-
wierzchniowej. Mikrostrukture powfoki charakteryzowa-
no za pomocg mikroskopii $wietlnej oraz skaningowej-
i transmisyjnej mikroskopii elektronowej. Powtoka byta
jednorodna i porowata, nie stwierdzono obecnosci
pekniec. Powfoka zbudowana byta z czgstek bioszkta
rozmieszczonych w polimerowej osnowie. Wyniki
liniowej analizy sktadu chemicznego wykonanej me-
todg STEM-EDS wskazujg na dyfuzje Na ze szkta do
polimeru podczas wygrzewania probki

Stowa kluczowe: stop tytanu, powtoka kompozy-
towa, PEEK, bioszkto

[Inzynieria Biomateriatow, 116-117, (2012), 13-15]

Wprowadzenie

Ze wzgledu na duzg odpornosé na korozje i korzystne
wiasciwosci mechaniczne stopy tytanu sg szeroko stosowa-
ne w medycynie na trzpienie endoprotez stawowych [1,2].
Obecnie najczesciej stosowane sg dwufazowe (a+f3) stopy
tytanu, Ti-6Al-4V oraz Ti-6Al-7Nb. Stop Ti-6Al-7Nb charak-
teryzuje sie lepsza biokompatybilnoscig od stopu Ti-6Al-4V,
poniewaz toksyczny wanad zostat w tym stopie zastgpiony
niobem [3]. W niektérych zastosowaniach np. trzpienie,
czy panewki endoprotez wymagane jest trwate potgczenie
implantu z tkankg kostng. Dlatego w obecnej pracy, w celu
poprawy potgczenia implant-tkanka kostna, na stopie tytanu
wytworzono porowatg powtoke kompozytowg PEEK/Bio-
szkio poprzez osadzanie elektroforetyczne (EPD). PEEK
charakteryzuje sie duzg wytrzymatosciag zmeczeniowa,
odpornoscig na Scieranie i duzg odpornoscig chemiczna,
a ponadto zaliczany jest do materiatéw nie toksycznych
[4]. Powtoki PEEK/Bioszkto byly badane wczesniej, jednak
osadzane byty na stopie NiTi [5], a nie na konwencjonalnym
stopie tytanu. W celu zwigkszenia bioaktywnosci do osnowy
polimeru wprowadzono czgstki bioszkta, ktére cechujg sie
zdolnoscig do osadzania sie w ptynach fizjologicznych fosfo-
ranow wapnia utatwiajgcych zrost z tkankg kostng [6]. Celem
obecnej pracy byto wytworzenie kompozytowej powtoki
PEEK/Bioszkto na stopie Ti-6Al-7Nb metodg elektroforezy
oraz charakterystyka mikrostruktury powtoki.

COMPOSITE
POLYETHERETHERKETONE /
BIOGLASS® COATING

ON Ti-6Al-7Nb ALLOY FOR
MEDICAL APPLICATION
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Abstract

A composite polyetheretherketone (PEEK)/Bio-
glass® coating was electrophoretically deposited on
the Ti-6Al-7Nb substrate. Post heat treatment was
performed to improve the adhesion of the coating to
the substrate. The microstructure of the coating and
a substrate was examined by light microscopy, scan-
ning- and transmission electron microscopy methods.
The coating is uniformly porous, without any cracks
or presence of large voids. The coating is composed
of Bioglass® particles embedded in a PEEK matrix.
STEM-EDS line analysis revealed diffusion of Na from
the glass to the PEEK.

Keywords: titanium alloy, composite coating,
PEEK, bioglass

[Engineering of Biomaterials, 116-117, (2012), 13-15]

Introduction

Titanium alloys are widely used in medicine for load bear-
ing components of prostheses due to their good corrosion
resistance and advantageous mechanical properties [1,2].
The Ti-6Al-7Nb alloy belongs to two phase (a+f) titanium
alloys and exhibits better biocompatibility than more widely
used Ti-6Al-4V alloy. The toxic vanadium in this alloy is
replaced by niobium, which is claimed to be non-toxic in
interaction with human tissue [3]. In some medical applica-
tions, e.g. steam or acetabulum of joint prostheses, a strong
bonding between the implant and the surrounding human
tissue is required. Therefore, in this work, in order to im-
prove bonding between the titanium alloy and surrounding
tissue porous composite PEEK/Bioglass® coatings were
deposited on titanium alloy by electrophoretic deposition
(EPD). The PEEK is a bioinert, non-toxic and stable polymer
[4]. The surface activation of PEEK has been proposed to
enhance its bioactivity for wider use in medicine. The EPD
of PEEK/Bioglass® coatings has been investigated previ-
ously on Nitinol® wires [5], but not on the Ti-6Al-7Nb alloy.
As a bioactive agent, commercially available bioactive glass
particles (Bioglass®) were used. Bioglass® is a well-known
silicate bioactive material which was developed more than
40 years ago and is being considered for numerous biomedi-
cal applications for its ability to bond to bone tissue in vivo
[6]. The aim of this work was to investigate the deposition
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Materialy i metody

Badania przeprowadzono na dwufazowym (a+f3) stopie
Ti-6Al-7Nb. Stop zostat dostarczony przez firme BOHLER
Edelstahl GmbH, Niemcy, w stanie po walcowaniu na gorgco
i wyzarzaniu (750°C/2h).

Do osadzania powtok metodg elektroforetyczng stoso-
wano zawiesine proszku PEEK (o nazwie handlowej Vic-
trex® Vicote® 704) o $rednicy 10 ym z dodatkiem czgstek
bioszkta w etanolu. Stosowano Bioszkto 45S5 o nastepujg-
cym skfadzie chemicznym (w % masowych): 45 SiO,, 24,5
Na,0, 24,5 Ca0i 6 P,0;. Stosunek udziatu objetosciowego
polimeru do bioszkta wynosit 0,3. Osadzanie powtoki wyko-
nano przy statym napieciu z zakresu 50-65 V, czas osadza-
nia wynosit 2 minuty, odlegtos¢ miedzy elektrodami wyno-
sita 5 mm. Po osadzeniu powloki probka zostata wyzarzo-
na w temperaturze 355°C przez 1 godzine.

Badania mikrostruktury powtoki przeprowadzono za po-
mocg mikroskopii Swietlnej, skaningowej- oraz transmisyj-
nej mikroskopii elektronowej (SEM, TEM). Lamele z prze-
kroju poprzecznego prébki przygotowano za pomocg mikro-
skopu SEM z dziatem jonowym (ang. Focused lon Beam,
FIB). Identyfikacje faz przeprowadzono metodg selektyw-
nej dyfrakcji elektronéw (SAED) oraz metoda dyfrakcji pro-
mieniowania rentgenowskiego (XRD). Do analizy sktadu
chemicznego wykorzystano spektroskopie promieniowa-
nia rentgenowskiego z dyspersja energii (SEM-EDS, TE-
M-EDS i STEM-EDS).

Przyczepnos¢ powtoki do poditoza badano za pomocg
proby zarysowania przy uzyciu diamentowego wgtebnika
Rockwella C o promieniu zaokraglenia wierzchotka 200 ym.
Stosowano obcigzenie zmieniajgce sie liniowo, w zakresie
od 0,03 do 10 N, na catej dtugosci odcinka pomiarowego,
ktory wynosit 3 mm. Predkos¢ przesuwu wgtebnika wynosita
3 mm/min.

Wyniki i dyskusja

Mikrostruktura stopu Ti-6Al-7Nb w stanie dostawy
zbudowana byta z ziaren fazy a (struktura krystalicz-
na heksagonalna zwarta; HZ) i ziaren fazy B (struktu-
ra krystaliczna regularna przestrzennie centrowana;
RPC). Srednice ziaren wyznaczona na obrazach mikro-
struktury z SEM i TEM wynosita 0,1-1,5 ym dla fazy a
i 0,1-0,3 ym dla fazy B. Mikrostruktura stopu zostata szcze-
gotowo opisana w pracy [7].

Stwierdzono, ze powtoka PEEK/Bioszkfo po wyzarzaniu
byta jednorodna. Nie obserwowano peknie¢. Badania mi-
krostruktury powtoki za pomocg SEM wykazaty, ze powto-
ka charakteryzuje sie duzg porowatoscig (RYS.1a). Sred-
nica porow wynosita do 30 pm. Grubos¢ powtoki oszaco-
wana na obrazach mikro-
struktury SEM wynosita
40-45 uym (RYS.1b).

Badania sktadu che-
micznego powtoki za
pomocg spektroskopii
promieniowania rentge-
nowskiego z dyspersjg
energii (SEM-EDS) po-
twierdzity obecnos$¢ cza-
stek bioszkta w polime-
rowej osnowie. Sredni-
ca czastek bioszkta nie
przekraczata 20 um. Cha-
rakterystyka mikrostruk-
tury za pomocg TEM
wykazata, ze obie fazy,

RYS. 1. Mikrostruktura kompozytowej powtoki PEEK/Bioszk}o na
stopie Ti-6Al-7Nb. Obrazy SEM przekroju wzdtuznego (a) i prze-
kroju poprzecznego (b) probki.

FIG. 1. Microstructure of the PEEK/Bioglass® coating on
Ti-6Al-7Nb titanium alloy. SEM plan-view (a) and cross-section
(b) specimens.

by EPD of PEEK/Bioglass® coatings on Ti-6Al-7Nb alloy and
to perform a complete microstructure characterisation of the
coatings which are intended for medical implants.

Materials and methods

The Ti-6AI-7Nb is a two phase (a+8) titanium alloy. The
alloy was delivered by BOHLER Edelstahl GmbH, Germany,
as hot rolled and annealed at 750 °C/2 h alloy.

Suspension of PEEK (Victrex® Vicote® 704) powder (size
of 10 ym) in ethanol with addition of Bioglass® 45S5 particles
(chemical composition: 45 SiO,, 24.5 Na,O, 24.5 CaO, 6
P,Os, wt %) was used for coatings deposition by the EPD.
The PEEK/Bioglass® weight ratio was 0.3. The EPD was
carried out under constant voltage conditions in the range
of 50-65 V. Deposition time was 2 min, the distance between
electrodes in the EPD cell was 5 mm. Post heat treatment
at temperature of 355 °C during 1 hour was applied.

Microstructure of the coating was characterised by
light microscopy (LM) as well as scanning- and transmis-
sion electron microscopy (SEM, TEM). The cross-section
lamella for TEM investigation was prepared by Focused
lon Beam (FIB). Phase identification was performed by
means of selected area electron diffraction (SAED) and by
X-ray diffractometry (XRD). The phase identification was
supplemented by energy dispersive X-ray spectroscopy
(SEM-EDS, TEM-EDS and STEM-EDS).

The adhesion of the coating to the underlying titanium
alloy was investigated by means of scratch test method. The
scratch tests were performed using Rockwell C indenter with
the diamond tip radius of 200 um, speed (dx/dt) of 3 mm/min,
load range of 0,03-10 N and scratch length of 3 mm.

Results and discussions

Microstructure of the Ti-6Al-7Nb alloy was composed
of a grains (hexagonal close-packed; hcp) and B grains
(body-centred cubic; bcc). The size of a and 3 grains was
measured on SEM and TEM images to be in the range of
0.1-1.5 ym and 0.1-0.3 pym, respectively. The microstructure
of this alloy was described in detail in Ref. [7].

It was found that sintering of as-deposited coating led to
uniform, dense PEEK/Bioglass® coating without any cracks
or large voids. However, SEM investigation of plan-view and
cross-sections revealed that the coating was porous (FIG.
1a) and had an uniform thickness of about 40-45 pm (FIG.
1b). The pores diameter was up to 30 pm.

Energy dispersive X-ray spectroscopy (SEM-EDS)
analyses confirmed the presence of Bioglass® particles
embedded in the PEEK matrix. The diameter of Bioglass®
particles was evaluated as up to 20 um. TEM investigation
revealed that both phas-
es, glass and polymer
were amorphous in an in-
vestigated area. Electron
diffraction patterns taken
from the polymer and
Bioglass® grains were
composed of diffuse
(,hallo”) diffraction rings.
The XRD analyses were
performed for PEEK
powder and Bioglass®
particles used for coat-
ing deposition as well as
for the coated alloy. The
XRD patterns confirmed
an amorphous structure
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polimer i szkto byty amorficz- - —_— - - , - - of Bioglass® par-
ne. Dyfraktogramy elektrono- 5 §: ticles. The PEEK
we wykonane z ziaren polime- 2 e Y - Tig (hep) s powder was semi-
ru i szkta wykazywaty charakte- V"'Sy |V-Tip(bcc) Y crystalline (FIG.2).
« g Coated Y e - PEEK —_—
rystyczne dla materiatéw amor- alloy A V- Au _ T The results of the
ficznych rozmycie pierscieni = s - g3 STEM-EDS line
dyfrakcyjnych. Rentgenowska ';' . e o hll S s F; 8 7@ g analysis indicated
analize fazowg wykonano dla .i " ;“""\, s }L s S g Vﬁ &Ei v g diffusion of Na
proszku PEEK i czgstek biosz- | s, j’\w‘: WP . Y NV %7 g | ') <5 v from the glass
kta stosowanych do osadzania ‘ﬁ Y A | 7 ? | I &% particles to the
powtoki oraz dla stopu z powto- g A RO OV A ' \w’“ N PEEK, which has
ka. Spektrum XRD potwierdzi- | & /’-\%\ PEEK W“‘"‘ occurred during
to amorficzng strukture biosz- |~ M sintering at 355°C.
kta. PEEK wykazywat strukture It was found
semikrystaliczng (RYS.2). Obie - f*"\ that the coating
fazy wystepowaty w spektrum o \Mm has sufficient (for
XRD wykonanym z prébki sto- /’"'m/ non-tribological
pu tytanu z powtokg. Wyniki li- ] applications) ad-
niowej analizy sktadu chemicz- frsbisbnrbentond : . bt y y hesion to the ti-
nego STEM-EDS wskazujg na 20 30 40 50 60 70 80 90} tanium alloy sub-
dyfuzje Na ze szkfa do polime- 20 [] strate. No cohe-

ru podczas wyzarzania probki
w temperaturze 355°C.

Proba zarysowania wykaza-
ta wystarczajgcg do zastoso-
wan konstrukcyjnych przyczep-
nos¢ powtoki do stopu tytanu.
Podczas proby nie obserwo-
wano peknie¢ kohezyjnych w powtoce. Pierwsze peknie-
cia adhezyjne i odstanianie podtoza wystepowaty przy ob-
cigzeniu 4,5 N.

Podsumowanie

Powtoka kompozytowa PEEK/bioszkio zostata osa-
dzona elektroforetycznie na stopie tytanu Ti-6Al-7Nb.
Grubos¢ powtoki wynosita 40-45 um. Powtoka byta jed-
norodna i charakteryzowata sie duzg porowatoscig. Nie
stwierdzono wystepowania peknie¢. Powtoka byta zbu-
dowana z czgstek bioszkta (o $rednicy do 20 pym) roz-
mieszczonych rownomiernie w osnowie PEEK. Wykazano
dyfuzje Na ze szkta do polimeru podczas wyzarzania probki
w temperaturze 355°C. Powloka ma wystarczajgca przy-
czepno$¢ do badanego stopu tytanu dla jego zastosowa-
nia jako materiat konstrukcyjny.

Podziekowania

Badania zostaty wykonane w ramach realizacji projek-
tu COST MP1005 pt. ,From nano to macro biomaterials
(design, processing, characterization, modeling) and
applications to stem cells regenerative orthopedic and
dental medicine” (NAMABIO).
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RYS. 2. Spektrum XRD dla proszku PEEK, bioszkta i powtoki
PEEK/Bioszkto na stopie Ti-6Al-7Nb.

FIG. 2. XRD pattern of the PEEK powder, Bioglass® particles
and PEEK/Bioglass® coating on Ti-6Al-7Nb titanium alloy.

sive cracks were
observed during
scratch test. First
adhesive cracks
were observed af-
ter scratching with
a4.5N load.

Summary

A composite PEEK/Bioglass® coating was successfully
deposited on Ti-6Al-7Nb alloy by the EPD. The coating (40-
45 pm thick) was uniform and porous, without any cracks
or large voids. The coating was composed of Bioglass®
particles (up to 20 um in diameter) embedded in a PEEK
matrix. STEM-EDS line analysis revealed diffusion of Na
from the glass to the PEEK after sintering. It was found that
the coating exhibit sufficient adhesion to the substrate for
non-tribological application.
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Streszczenie

Przedstawiono sposéb naktadanie powtok hydrok-
syapatytowych na porowaty stop tytanu Ti13Nb13Zr
za pomocg osadzania biomimetycznego poprzez
zanurzenie materiatu w przesyconym symulowanym
ptynie fizjologicznym. Powtoka hydroksyapatytowa
zostata osadzona na nanorurkowg warstwe tlenkowa,
otrzymang w wyniku utleniania elektrochemicznego w
roztworze zawierajgcym jony fluorkowe.

[Inzynieria Biomateriatow, 116-117, (2012), 16-18]

Wprowadzenie

Porowate implanty tytanowe stanowig rusztowanie prze-
noszace obcigzenia dla nowotworzonej tkanki kostnej. Wadg
biomateriatow tytanowych jest ich staba osteointegracja,
czyli bezposrednie potgczenie zaréwno strukturalne, jak
i czynnosciowe z otaczajgcg tkankg kostna, przez co wy-
magana jest dodatkowa modyfikacja powierzchni. Sposrod
wielu metod modyfikacji powierzchni stopow Ti na implanty,
proponuje sie obecnie utlenianie elektrochemiczne prowa-
dzace do warstwy nanorurkowej i w $lad za tym do wzro-
stu odpornosci na korozje, jak i poprawy bioaktywnosci [1].
Utworzenie nanorurkowej warstwy tlenkowej wskutek utle-
niania anodowego w elektrolitach zawierajgcych jony fluor-
kowe ma szczegolne zalety. Po pierwsze, samoorganizu-
jaca sie i uporzadkowana warstwa nanorurkowa znacznie
zwigksza chropowatos¢ powierzchni w nanoskali, a komorki
tworzgce kosé¢, czyli osteoblasty, wykazujg lepszg tendencje
do przylegania do takiej powierzchni, ze wzgledu na jej po-
dobienstwo do budowy tkanki kostnej pod wzgledem che-
micznym i morfologicznym. Dodatkowo mozna zwigkszy¢
bioaktywnos¢ biomateriatu Ti14Nb13Zr poprzez naniesie-
nie na nanorurkowg warstwe tlenkowg cienkich powtok hy-
droksyapatytowych (HA, Ca,,(PO,)s(OH),) [2]. Hydroksyapa-
tyt jest szeroko stosowany jako materiat na powtoki na im-
planty ortopedyczne i stomatologiczne ze wzgledu na podo-
bienstwo w budowie chemicznej i strukturalnej do naturalnej
tkanki kostnej. Powtoka HA wykazuje zwiekszong adhezje
do podtoza nanorurkowego poprzez lepsze zakotwiczenie
w nanorurkach. Sposréd wielu metod nanoszenia powtok
HA na powierzchnie porowatego implantu mozna wymie-
ni¢: osadzanie katodowe [3], metode biomi-

tode zmiennego zanurzenia (ang. Alterna- 16428-2
< tive Immersion Method, AIM) [6]. W pracy 6428:2005).

TABLE 1. The composition of Ringer’s solution (in
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Abstract

Hydroxyapatite coating on porous alloy Ti13Nb13Zr
deposited by biomimetic deposition method by im-
mersing in a supersaturated simulated body fluid has
been presented. Hydroxyapatite coating was deposi-
ted on nanotubular oxide layer, which was obtained
by electrochemical oxidation in a solution containing
fluoride ions.

[Engineering of Biomaterials, 116-117, (2012), 16-18]

Introduction

Porous titanium implants are load-bearing scaffolds for
the newly created bone tissue. The disadvantage of titanium
biomaterials is their weak osseointegration, in means of
direct structural and functional connection with surround-
ing bone, thus requiring additional surface modification.
Among many methods of surface modification of Ti alloys
for implants, electrochemical methods are proposed, lead-
ing to nanotubular layer which aim to both increase the
corrosion resistance and improve bioactivity [1]. The crea-
tion of nanotubular oxide layer due to anodic oxidation in
electrolytes containing fluoride ions has many advantages.
First of all, self-organizing and regular nanotubular layer
greatly increases the surface roughness at the nanoscale
and the bone-forming cells, osteoblasts, have higher ten-
dency to adhere to the implant surface, due to its similarity
to structure of bone, both chemically and morphologically.
Additionally, bioactivity of Ti13Nb13Zr biomaterial can be
increased by applying the thin hydroxyapatite coating (HA,
Ca;,(PO,)s(OH),) on nanotubular oxide layer [2].

Hydroxyapatite is widely used as coating material for
orthopaedic and dental implants because of the chemical
and structural similarity to the natural bone tissue. HA coat-
ing shows improved adhesion to nanotubular substrate by
better anchoring in the nanotubes. There are many methods
of HA coating on the surface of the porous implant, includ-
ing: cathodic deposition [3], biomimetic method [4], sol-gel
method [5] and Alternative Immersion Method (AIM) [6]. The
results of the biomimetic deposition of HA coating on porous
Ti13Nb13Zr alloy are presented in this paper.

Materials and

metyczng [4], metode zol-zel [5] oraz me- = yApE) A 4. Skiad roztworu Ringera (wg normy ISO  methods

Porous Ti13Nb13Zr
alloy with porosity of
30% were tested.

O m przedstawigno wypiki nanoszenig powioki | 2. cordance to ISO 16428:2005).
pa HA na powierzchnie porowatego implantu

— I | I Ti13Nb13Zr metodg biomimetyczna.

o

w | Metodyka badan Skiad

L ilosciowy [g]

Badaniom poddano stop Ti13Nb13Zr o || Quantitative
porowatosci 30%. Utlenianie elektroche- |icomposition [g]

8,36 | 0,30 0,15 1000 ml

W PONEEWIWERER Electrochemical oxi-

H,O distilled dation was performed
in a solution contain-
ing fluoride ions, 1M
H,PO,+0,5wt.% HF.
Oxidation was carried

KCl  CaCly»6H,
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out for 45 min. at 20 V and room
temperature. After oxidation sam-
ples were annealed at 500°C for
|| 2h in air atmosphere. In order
Il to perform biomimetic deposi-
tion of hydroxyapatite coating
Ringer’s solution has been used,
prepared in accordance with 1ISO
16428:2005 standard (TABLE
1). Samples were immersed in
Ringer’s solution for a period of 1,
7, 14 and 28 days. Microstructural
assessment was performed using
Il 2 scanning electron microscopy.

| Results and
_ | discussion

| Oxidized samples of porous
Ti13Nb13Zr alloy have been im-
mersed in Ringer’s solution. After
removing from the solution, sam-
ples were subjected to analysis
o performed by scanning electron
100nm JEOL :
X 50,000 RS Microscopy (SEM).
After 7 days of immersion, no
RYS. 1. Powierzchnia stopu Ti13Nb13Zr po utlenianiu i ekspozycji w roztworze indication of formation of calcium

Ringera przez okres 28 dni. x50 000. phosphate (CaP) on the nanotu-
FIG. 1. Porous Ti13Nb13Zr after immersion in Ringer’s solution for 28 days, bular oxide surface was noticed,
magnification x 50 000. while for samples immersed in

Ringer’s solution for 28 days, there

241002011 15375
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RYS. 2. Analiza EDS dla probki porowatej Ti13Nb13Zr z naniesiong powtoka HA.
FIG. 2. EDS analysis for porous Ti13Nb13Zr with hydroxyapatite layer.
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miczne wykonano w roztworze zawierajgcym jony fluor-
kowe, tj. 1M H,PO,+0,5%mas. HF. Utlenianie prowadzono
przez okres 45 min przy napieciu prgdu 20V. Po utlenianiu
probki wygrzewano w temperaturze 500°C przez 2 godz.
w atmosferze powietrza. W celu natozenia powtoki hydrok-
syapatytowej metodg biomimetyczng zastosowano roztwér
Ringera przygotowany zgodnie z normg ISO 16428:2005
(TABELA 1). Prébki zanurzono w roztworze Ringera na
okres 1,7,14 i 28 dni.

Ocene mikrostrukturalng wykonano za pomocg mikro-
skopu elektronowego skaningowego.

Wyniki badan i dyskusja

Utlenione prébki porowate ze stopu Ti13Nb13Zr zanu-
rzono w roztworze Ringera. Po 7 dniach nie zauwazono
wydzielenia sie fosforanéw wapnia na powierzchni nanorur-
kowej, natomiast dla probek przebywajgcych w roztworze
Ringera przez 28 dni widoczne sg wyrazne wydzielenia
CaP, co zostato potwierdzone analizami EDS (RYS.1i 2.).
Stosunek molowy Ca/P wynosit 0,3.

W miare zwiekszania czasu zanurzenia probek z tlenko-
wg warstwg nanorurkowg roztwor Ringera dostaje sie do
nanorurek wskutek dziatania kapilarnego, a na powierzch-
niach probek pojawiajg sie charakterystyczne pekniecia
powtoki hydroksyapatytowe;j.
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is a clear appearance of CaP, which was confirmed by EDS
analysis (FIGS.1 AND2). The molar ration of Ca/P was 0.3.

As the immersion time of samples with nanotubular oxide
layer in Ringer’s solution increases, the solution gets into
the nanotubes by capillary action and on the hydroxyapatite
coating surface characteristic cracks appear.
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Streszczenie

W pracy przedstawiono badania sktadu chemicz-
nego i morfologii prébek parylenu C modyfikowanego
przy uzyciu plazmy. Do badar zastosowano pomiary
kata zwilzania, spektroskopie fotoelektronow wzbu-
dzonych promieniowaniem rentgenowskim (XPS) oraz
mikroskopie sit atomowych (AFM). Stwierdzono wptyw
oddziatywania plazmy na sktad chemiczny i morfologie
powierzchni badanych probek.

Stowa kluczowe: parylen C, AFM, XPS, pomiar
kata zwilzania

[Inzynieria Biomateriatow, 116-117, (2012), 19-21]

Wprowadzenie

Czestg komplikacjg po operacji wstawienia do organi-
zmu pacjenta implantu metalowego jest wydtuzony stan
zapalny w ranie. Pomimo tego, ze jest to nieuchronna
konsekwencja uszkodzenia tkanek, chroniczny stan za-
palny moze powodowa¢ powazne komplikacje w integra-
cji implantu z koscig, a nawet rozwdj nowotworu w tkan-
ce [1]. Rutynowa terapia takich komplikacji moze by¢ trud-
na, poniewaz wymaga podawania duzych dawek lekow
zaréwno doustnie, jak i dozylnie [2]. Mozliwym rozwigza-
niem problemu jest kontrolowane uwalnianie leku z po-
wierzchni implantu bezposrednio do przylegajgcej tkan-
ki. Pomimo intensywnych badan naukowych prezentujg-
cych wstepne préby wydiuzonego uwalniania leku z r6z-
nych powierzchni np. tworzonych na powierzchni implan-
téw tytanowych nanorurek z TiO, [3], nie uzyskano poza-
danej kinetyki podawania leku. Kontrolowane, domiejsco-
we uwalnianie leku jest atrakcyjng alternatywg dla doust-
nego, pozajelitowego, analnego i miejscowego podawania
substancji leczniczych. Istnieje potrzeba uzyskania efektu
terapeutycznego w konkretnie zlokalizowanym miejscu or-
ganizmu i umozliwia uzyskanie niezbednego stezenia leku
tylko w okreslonym miejscu, a nie ogolnoustrojowo. Jed-
noczesnie, powierzchnie metalowych implantéw mozna
skutecznie zabezpiecza¢ antykorozyjnie stosujgc warstwy
polimerowe, takie jak pary-

GENERATION OF NANOPORES

IN PROTECTIVE POLYMER LAYER

ON METAL IMPLANTS SURFACE
FOR CONTROLLED DRUG
DELIVERY
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JAGIELLONIAN UNIVERSITY, FACULTY OF CHEMISTRY
3 INGARDENA STR,, 30-060 KrAkow, PoLAND
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Abstract

The paper reports a investigation on chemical
composition and morphology of parylene C samples
modified via plasma treatment. Various analytical
methods, such as contact angles measurements,
X-ray Photoelectron Spectroscopy (XPS) and atomic
force microscope (AFM) were used. A significant effect
of plasma treatment on chemical composition and
polymer surface morphology was found.

Keywords: parylene C, AFM, XPS, contact angle
measurement

[Engineering of Biomaterials, 116-117, (2012), 19-21]

Introduction

The most common post-operation complication after
implantation is prolonged inflammation in wound. Although,
it is an inevitable consequence of tissue injury, chronic in-
flammation can cause serious complications in implant-bone
integration and predisposes tissue to cancer development
[1] Treatment of these complications systematically can
be difficult, as it involves prolonged courses of high-dose
intravenous and oral medicines [2]. Possible solution to
this problem can be controlled drug delivery directly to the
damaged tissue. Although several scientific papers present
preliminary results of long-term drug elution from e.g. TiO,
nanotubes [3], none of them has reached the desired pro-
longed time of elution. Reducing the post operation side
effects is therefore a major challenge for basic and applied
scientific research. Controlled site-specific drug delivery of-
fers an attractive, alternative to oral, parenteral, suppository
and topical modes of administration. Site specific, controlled
drug delivery is especially desirable where clinician wished
to elicit localized therapeutic pharmaceutical effect. What is
more, such delivery allows therapeutic doses at the desired
site of action, while maintaining low or negligible systemic
level. One of the strategies in this context is functionaliza-
tion of the polimeric anticorrosive protective layer in order
to serve as solid base for controlled drug delivery. One
of the material used for this purpose is parylene C (para-
chloro-xylylene, FIG.1), which was proved as anticorrosive
protector of the metal implants surface [4,5]. The aim of this

- study was to obtain porous surface

len C (para-chloro-xylen,
RYS.1) [4,5]. Warstwa po-
limerowa stanowi réwniez
dogodne podtoze do nada-
nia jej funkcji kontrolowa-
nego uwalniania lekow. Ce-

CH,

Cl on parylene C films which can
serve as drug reservoir and by its
engineering help to control kinetic
of drug delivery.

CH,
—l n

Materials and methods

lem badan byto otrzymanie
porowatej powierzchni pa-
rylenu C, o kontrolowanych

Fig. 1. Chemical fomula of parylene C.
Rys. 1. Wz6r chemiczny parylenu C.

Parylene-C is a polymeric form
of para-chloro-xylylene, which
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rozmiarach nanoporow, ktéra moze stuzy¢ jako rezerwu-
ar uwalnianego domiejscowo leku.

Materialy i metody

Parylen-C jest polimerowg formg para-chloro-xylenu, kto-
rego wzoér chemiczny (CgH,Cl) pokazano na RYS.1. Depo-
zycja cienkich powtok na modelowej powierzchni implantu
metalowego zostata wykonana za pomocg metody osadza-
nia z fazy gazowej (CVD). W testach wykorzystano warstwy
polimeru o grubosci 8 um, ktdéra zostata dobrana ze wzgle-
du na optymalne wiasciwosci antykorozyjne i mechanicz-
ne [4,5]. Do modyfikacji powierzchni parylenu C i stworze-
nia centrow aktywnych do przytgczania innych czgsteczek
wykorzystano plazme w atmosferze utleniajgcej. Ekspery-
menty modyfikacji powierzchni parylenu C przeprowadzono
w urzgdzeniu Plasma System FEMTO Diener Electronics.
Czas dziatania plazmy miescit sie w zakresie 0.1-60 min. do
kontroli stopnia modyfikacji powierzchni wykorzystano po-
miar kata zwilzania wody destylowanej przy uzyciu goniome-
tru Kriss, model G10. Badania wykonano w temperaturze
pokojowej, z igtg strzykawki w kontakcie z kroplg. Sktad po-
wierzchni byt monitorowany przy pomocy spektroskopii foto-
elektronéw wzbudzonych promieniowaniem rentgenowskim
(XPS) z analizatorem potsferycznym SES R4000 (Gamma-
data Scienta). Zrédtem promieniowania byta
lampa Mg Ka (1486.6 eV) o mocy 350 W. Po-
ziom prézni podczas pomiaru widm wynosit ok.
8x107"° mbar. Otrzymane widma analizowano
przy uzyciu programu Casa- XPS 2.3.10. To-
pografie modyfikowanych powierzchni obser-
wowano przy pomocy mikroskopu sit atomo-
wych (AFM) Nanoscope V z kontrolerem Mul-
tiMode 8®, tapping-mode. Pomiaréw dokona-
no przy uzyciu ostrza RTESPA (40 N/m), szyb-
kos¢ obrazowania: ok. 1 Hz.

rylene C.

Wyniki i dyskusja

Modyfikacja parylenu C prowadzi do zmian
morfologii oraz sktadu chemicznego na po-
wierzchni. Pomiary kata zwilzania, wykaza-
ty obnizenie wartosci parametru o 40% po

Fig. 2 Typical results of
contact angles measure-
ments for distilled water
on reference (a) and mo-
dified (b) samples of pa-

Rys. 2 Typowy wynik po-
miaru kata zwilzania dla
wody destylowanej dla
probki referencyjnej pa-
rylenu C (a) i po jego mo-
dyfikacji (b).

monomer’s chemical formula (CgH,Cl) is shown in FIG.1.
Deposition of the thin films was performed via Chemical
Vapor Deposition (CVD). For the tests, 8 ym films were used
due to their excellent anticorrosion properties proved else-
where [4]. In order to modify parylene C and create reactive
sites for attachment of other compounds, polymer surface
was treated with plasma of an oxidizing agent. A plasma
system FEMTO (low-pressure plasma) manufactured
by Diener Electronics was used. Time of plasma treatmet
was between 0.1-60 min. to check the modification of the
hydrophilic properties contact angles of distilled water were
measured with a Kriiss goniometer, model G10. The experi-
ments were performed under ambient conditions with the
needle tip in contact with the drop. The surface composition
was monitored by X-ray Photoelectron Spectroscopy (XPS)
analyses using an ultra high vacuum system equipped with
SES R4000 (Gammadata Scienta) analyzer. The un-mon-
ochromatic Mg Ka source (1486.6 eV) operated at 350W
was applied. The vacuum in the spectrometer chambers
was better than 8x10"® mbar. Collected XPS spectra were
analyzed using Casa- XPS 2.3.10 software. The topography
of the polymer surface was observed in tapping-mode with
the use of atomic force microscope (AFM) Nanoscope V with
MultiMode 8® controller. The AFM tip (RTESPA) with force
constant of 40 N/m was applied, the scan rate was ~ 1 Hz.

Results and discussions

Performed analysis revealed substantial
changes of both, morphology and chemical
composition on the parylene C surface after
plasma treatment. Macroscopic observation
of the modified samples via contact angle
measurements , demonstrated decrease of
this parameter by 40% after 30 min. treatment.
In FIG. 2 the comparison of typical contact
angles measurements for distilled water on
reference and modified samples is shown. This
indicates the desired increase in hydrophilicity
of the parylene C surface after plasma treat-
ment. Results obtained during contact angle
measurements are in line with the results
obtained from XPS analysis. The profile of
changes in car-

30min. dziatania

bon and oxygen

plazmy. Na RYS. 2 90 A Y .
poréwnano typowy Cis ®- Ofs conccfantr?nons%
pomiar kata zwilza- 804 ﬁfn : ;n;lg):moa
nia dla wody desty-

lowanej probkirefe- Io" 70 = — -4 :Le?tmle?t show
rencyjnej (RYS.2a) = atrelative oxy-
i po modyfikacji XS] gen amOﬁnt in-
(RYS.2b). Wyniki f'© = CFE?)SE,(\jN ereas
te wskazujg jedno- % gzr :Sns ;\ac():vrviaisr;
znacznie naznacz- | o ,

ny wzrost hydrofilo- § 20 I S P i(:iltgle’?s.t:gtethoef
wosci na pierwotnie 10 ~’.‘ e ST O

hydrofobowej po-
wierzchni parylenu

he changes are
quite dynamic

C po dziataniu pla- 0 T
zmy. Dane uzyska- 0 5
ne w trakcie pomia-
réw kata zwilzania,
pozostajg w zgod-

plasma treatment [min.]

while after 10
min. the C and
O concentra-
tions reach the

10 15 20

nosci ze zmiang
sktadu chemicz-
nego monitorowa-
ng metodg XPS.

cji czasu dziatania plazmy.
Profil zmian stezenh st 'a plazmy.

Fig. 3. The concentration profiles of carbon and oxygen in parylene C surfa-
ce as a function of plasma treatment time.
Rys. 3. Profil zmian stezen wegla i tlenu na powierzchni parylenu C w funk-

plateau. The
modification of
parylene C sur-
face results also
in morphology
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wegla i tlenu w funkcji czasu dzia-
tania plazmy, wskazuje na wzrast
wzglednej zawarto$ci tlenu, a spa-
dek stezenia wegla, w warstwie
przypowierzchniowej, jak pokaza-
no na RYS. 3. Obserwowane zmia-
ny powierzchni zachodzg dynamicz-
niej w poczgtkowym okresie trak-
towania plazmg (do 10 min.), na-
stepnie stezenie C i O osigga pla-
teau. Jak dowiodty obserwacje mi-
kroskopowe przy uzyciu AFM, mo-

changes, as revealed by
AFM observations. The in-
teraction with the plasma
particles lead to porous
structure formation, which
morphology depends on
the time of treatment (FIG.
4). For example, after 5
min., the pores of the width
of 4-5 nm and depth of
3-4.4 nm are formed (FIG.
4b). Such structure allowed

4.1 nm

-3.7 nm

dyfikacja powierzchni parylenu C
ma réwniez wptyw na jej morfolo-
gie. Dziatanie plazmy prowadzi do
wytworzenia porowatej powierzch-
ni, ktérej morfologie mozna kontro-
lowaé¢ dobierajgc odpowiedni czas
trawienia (RYS. 4). Na przyktad, w
trakcie poczatkowych 5 min. trakto-
wania plazmg generowane sg pory
0 szerokosci 4-5 nm i gtebokosci
3-4.4. nm (RYS.4b). Taka struktu-
ra pozwala na kotwiczenie lekéw i
kontrolowanie kinetyki ich uwalnia-
nia przy pomocy zmian parame-
trow plazmy (skfad gazoéw, cisnie-
nie, czas ekspozycji).

0.0 Height

for anchoring of the drugs
molecules which elution
kinetics can be controlled
by the plasma parameters
(such as gas composition,
pressure, exposure time).

704.5 nm

6.3 nm .
Conclusions

Surface modification of
parylene C (biocompatible,
anticorrosive polymer) can
be successfully obtained via
plasma etching. Such treat-
ment changes the morphol-
ogy in the nanoscale of the

-6.5 nm

Whioski 0.0

Height

polymer and incorporates
oxygen on its surface. Such
surface oxygen species

704.5 nm

Modyfikacja powierzchni paryle-
nu C (polimer biokompatybilny i an-
tykorozyjny) moze by¢é wykonywa-
na przy pomocy plazmy. Prowadzi
ona do wbudowania tlenu w struk-
ture warstwy polimerowej i zmienia
jej morfologie w skali nanoskopo-
wej. Wprowadzone centra tlenowe moga stuzy¢ jako kotwi-
ce do adsorpcji lekow, ktére w potgczeniu z inzynierig na-
noporéw tworzg odpowiednie podtoze do optymalizacji ki-
netyki uwalniania lekow.
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Fig. 4. AFM surface morphology of umodified pary-
lene C (a) and modified with plasma for 5 min. (b).
Rys. 4. Obraz AFM morfologii powierzchni paryle-
nu C niemodyfikowanego (a) oraz modyfikowane-
go plazma przez 5 min. (b).

can serve as effective an-
chors for medicines adsorp-
tion which together with the
nanpores engineering form
a suitable playground for
optimization of the drugs
release kinetics.
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Wstep

Stechiometryczny fosforan wapnia o wzorze chemicz-
nym Ca,,(PO,)s(OH), jest uwazany za materiat wzorco-
wy dla apatytéw mineralnych. Biologiczne oraz syntetycz-
ne apatyty sg na ogot niestechiometryczne z powodu in-
korporacji innymi jonami [1]. Apatyty sg mineralng frak-
cjg tkanki zebow oraz kosci. Znajdujg one zastosowa-
nie w medycynie jako materiaty bioceramiczne oraz im-
planty stomatologiczne. Powierzchnia krysztatow zarow-
no w syntetycznych jak i biologicznych apatytach pokryta
jest strukturalng warstwg wodng [2], ktéra stanowi granice
pomiedzy frakcjg mineralng i organiczng tkanek twardych.
Ta uporzgdkowana warstwa wodna sprzyja wymianie jonéw
oraz wpltywa na dojrzewanie krysztatow hydroksyapatytow.
Krysztaty apatytow nanokrystalicznych sg tak mate, ze ich
powierzchnia ma bardzo duzy wptyw na wnetrze [3].

Cel badan

Celem badan jest analiza zmian zachodzgcych w war-
stwie wodnej oraz strukturalnych grupach hydroksylo-
wych apatytow z uwzglednieniem wielkosci krysztatow,
w odniesieniu do réznych metod ich nawadniania oraz
suszenia.

Materialy i metody

Wyijsciowy syntetyczny hydroksyapatyt zostat zmie-
lony w mtynku kulowym na sucho. Kolejne proébki
byty mielone przez okres 0, 1, 3, 6, 12, 24 oraz 36
godzin. W zaleznosci od czasu mielenia otrzyma-
no serie hydroksyapatytow o wielkosci krysztatow
w zakresie 20-100 nm. Kazda uzyskana tak probka zostata
podzielona na dwie czesci. Pierwsza z nich byta poddana
dziataniu wrzgcej wody, a druga przegrzanej pary wodnej
o temperaturze 393 K. Nawadnianie prowadzono przez 24h.
Nastepnie kazda z prébek zostata ponownie podzielona
na dwie czesci. Pierwsza z nich zostata poddana liofilizacji
przez okres 48h w liofilizatorze Christ’'s Alpha 1-2 LD plus.
Druga byta suszona przez okres 24h. Tak przygotowane
probki byty analizowane metoda spektroskopii w podczer-
wieni (IR). Badano wigzania rozciggajgce dla strukturalnych
grup hydroksyalowych przy liczbie falowej 3571 cm™, oraz
zginajgce wigzania dla czgsteczek wody przy liczbie falowej

INFRARED SPECTROSCOPY
AND NUCLEAR MAGNETIC
RESONANCE MEASUREMENTS
OF WATER AND HYDROXYL
GROUPS IN NANOCRYSTALLINE
HYDROXYAPATITES
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WacLaw KoLoDzIEJsKI

MebicaL UNIVERSITY oF WARSAW, DEPARTMENT OF INORGANIC
AND ANALYTICAL CHEMISTRY,
1 BANACHA STR., 02-091 WaRsAw, PoLAND
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Introduction

Stoichiometric calcium hydroxyapatite with the chemical
formula Ca,,(PO,)s(OH), is a reference compound of apa-
tite minerals. Biological and synthetic apatites are usually
nonstoichiometric because of ionic substitutions [1]. Apatites
are mineral components of teeth and bones. In medicine,
they are commonly used as constituents of bioceramics
and dental implants. The crystal surface of synthetic and
biological apatites is covered with a structured water layer
[2]. It serves as an interface between mineral and proteina-
ceous compartments of hard tissues. This structured water
layer influences ion exchange and provides environment
for evolution of the apatite material (ion mobility, adsorp-
tion properties). In nanocrystalline apatites the crystals are
so small that the crystal surface substantially affects the
crystal interior [3].

Aim

The aim of our study was to evaluate surface water
layer and structural hydroxyl groups of apatites with vari-
ous crystal sizes, subjected to various hydration and drying
treatments.

Material and methods

Samples of synthetic hydroxyapatite were ground, without
any solvent added, for 0, 1, 3, 6, 12, 24 and 36 h in a ball
mill. The resulting apatites were found nancrystalline with
the crystal dimensions in the 20 — 100 nm range, the size
being dependent on the grinding time. Each sample was
divided into two equal parts. The first part has been exposed
to boiling water, while the latter has been exposed to water
steam at 393 K. The experiments lasted 24 h. Each of the
treated samples was then divided into two equal parts. The
first one underwent lyophilisation for 48 h in Christ's Alpha
1-2 LD plus lyophilizator, while the latter underwent air dry-
ing for 24 h. Such prepared samples were analyzed using
infrared spectroscopy (IR). Stretching bands at 3571 cm-'
from structural hydroxyl groups and water bending bands
at 1640 cm™ were examined [4]. The samples were then
studied using solid-state proton nuclear magnetic resonance
(1H MAS NMR).
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1640 cm™". Nastepnie dla uzyskanych prébek wykonano eks-
perymenty protonowe metodg magnetycznego rezonansu
jgdrowego w ciele statym (1H MAS NMR).

Wyniki: Otrzymane wyniki potwierdzity teze, ze proces
mielenia wptywa na ilo$¢ wody znajdujacej sie na powierzch-
ni krysztatéw jak i na liczbe strukturalnych grup hydroksy-
lowych w ich wnetrzu. Mniejsze krysztaty posiadajg wiecej
wody na swojej powierzchni oraz mniej grup hydroksylowych
we wnetrzu. Poréwnano takze procesy nawodnienia przy
pomocy wrzgcej wody oraz pary wodnej a takze procesy
suszenia i liofilizacji. Zastosowanie kombinacji tych metod
pozwala na otrzymanie hydroksyapatytu o pozgdanej gru-
bosci warstwy wodne;.

Whioski

Udowodniono, ze mielenie oraz zastosowanie roznych
procesow nawadniania oraz suszenia pozwala uzyskacé
odpowiednie dla apatytéw biomedycznych wielkosci krysz-
tatéw, warstwe wodna jak i liczbe grup hydroksylowych. Me-
tody IRi1H MAS NMR okazaty sie przydatne przy badaniu
wnetrza oraz powierzchni krysztatow apatytow.
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Results

The results showed that the grinding procedure influ-
enced the amount of water feasible to be adsorbed on the
crystal surface and the content of the structural hydroxyl
groups located in the crystal lattice. The smaller crystal di-
mensions, the bigger was the amount of water absorbed on
the apatite surface. Smaller crystals had also less hydroxyl
groups in their internal structure. Hydration by boiling water
and by water steam, and dehydration by lyophilization and
by air drying were compared. It was found that adequate
combination of those methods allows one to obtain apatite
material with suitable surface water layer.

Conclusions

We have proved that by dry milling and posterior ad-
equate hydration/drying procedures it is possible to adjust
the crystal size, surface water layer and content of structural
hydroxyl groups in apatites designed for medical applica-
tions. The IR and 1H MAS NMR methods were found use-
ful in the study of the crystal surface and crystal interior of
nanocrystalline apatites.
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WSPOMAGANA PLAZMOWO
METODA WYTWARZANIA
POWLOK CERAMICZNYCH
Z AEROZOLU

PieTRzYK B*., Miszczak S., Szymanowskl H., GAWRONsKI Z.
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[Inzynieria Biomateriatow, 116-117, (2012), 24-26]

Metoda zol-zel jest szeroko stosowana jako sposob wy-
twarzania proszkéw, powtok, i materiatéw litych o réznych
zastosowaniach, takze biomedycznych. Niemniej jednak,
jako technologia chemiczna z udziatem fazy ciektej, podle-
ga zwigzanym z tym ograniczeniom co do mozliwosci prak-
tycznego zastosowania, szczegolnie w przypadku wytwa-
rzania powtok na podtozach o ztozonej geometrii lub poro-
watych. Wykorzystanie zwykle stosowanych w metodzie
zol-zel technik nanoszenia zolu, jak dip-coating czy spin-co-
ating, sprawia w tych przypadkach trudnosci. Rozwigza-
niem moze by¢ wdwczas nanoszenie z uzyciem techniki
aerozol-zel [1-3]

W pracy przedstawiona zostata nowatorska metoda wy-
twarzania powtok z aerozolu, ze wspomaganiem plazmo-
wym. Nowoscig tej metody jest integracja techniki nanosze-
nia aerozol-zel oraz plazmowego wytadowania jarzeniowe-
go do obrébki powierzchni. Caty proces, zaréwno depozy-
cji z aerozol-zel jak i wytadowania plazmowego, jest prze-
prowadzany w jednym reaktorze. Schemat budowy tego
reaktora jest przedstawiony na RYS. 1.

Plazma niskotemperaturowa jest wykorzystywana w wie-
lu procesach wytwarzania powtok jako zrédto materiatu bu-
dujgcego powtoke (metody PACVD i PECVD) [4]. W pre-
zentowanym przypadku, niskotemperaturowe wytadowanie
plazmowe jest wykorzystywane do czyszczenia i aktywac;ji
poditoza przed depozycjg powtoki. Sam proces nanoszenia
powtoki z aerozolu zachodzi w nastepnym etapie, przy ci-
$nieniu atmosferycznym, z uzyciem gazu nosnego. Po eta-
pie depozycji, wytadowanie plazmowe moze by¢ ponownie
uzyte do obrobki naniesionej powtoki.

Przy uzyciu opisanego reaktora zostaty wytworzone
cienkie powtoki ceramiczne TiO, i Al,O,4

PLASMA ENHANCED
AEROSOLGEL DEPOSITION OF
CERAMIC COATINGS
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TecHNICAL UNIVERSITY OF Lobz,

INSTITUTE OF MATERIALS SCIENCE AND TECHNOLOGY
1/15 STEFANOWSKIEGO STR., 90-924 Lobz, PoLAND
*MAILTO: BOZENA.PIETRZYK@P.LODZ.PL

[Engineering of Biomaterials, 116-117, (2012), 24-26]

The sol-gel process can be used for fabrication of nu-
merous powders, coatings and bulk materials for different
applications, including biomedical. Despite this, as a wet-
chemical technique, it has some limitations related with prop-
erties of liquid colloidal solution, especially when applying on
substrate as a coating. The most frequently used methods,
such as dip- and spin-coating, are difficult to apply on more
complex substrates. In these cases, aerosol-gel deposition
method can be solution for this problem [1-3]

In this paper a new plasma enhanced aerosol-gel method
of coatings fabrication has been presented. A novelty of this
method is an integration of thin films aerosol-gel deposition
and plasma discharge surface treatment. Whole process,
both aerosol-gel deposition and plasma treatment, can be
carried out in one reactor. The design and operation scheme
of such device is presented in FIG.1.

Typically, low-temperature plasma is used in many
manufacturing processes of coatings fabrication, acting as
a source of coating material (PACVD and PECVD methods)
[4]. In presented case, low-temperature plasma discharge
is used to clean and activate the substrate surface before
deposition stage. Main aerosol deposition process is con-
ducted afterwards at atmospheric pressure, using carrier
gas. Plasma discharge was also used for coatings treatment
after their deposition.

Using described device, thin ceramic coatings of TiO,
and Al,O, were deposited on substrates, plasma and/or heat
treated, and investigated for their properties. Thin (~0,3mm)
silicon wafers [100] were used as a substrates. For the
preparation of sols, titanium (1) butoxide in ethanol and alu-
minium isopropoxide in water solutions were used. Viscosity
of obtained sols, in range 1+2 mPa-s, was adjusted for most

w réznych wariantach obrébki plazmowe;j

i cieplnej. Jako podtoZza uzyte zostaty cien- 10T ‘Q ?chs;nr:(t):aee;le(’;okrg ra

kie (~0,3mm) monokrystaliczne [100] ptytki X X 2 : srErEer sememel
krzemowe. Preparatyka zoli zostata opar- I ﬁ a - elgmentem e Ele
ta na roztworach prekursoréw metaloorga- - trycznym s
nicznych: butanolanu tytanu w etanolu oraz _

izopropanolanu aluminium w wodzie. Lep- =5 1 5 2 ] 2 _ gﬁlrs]:\edr?:lfpr)azzwania
kos¢ uzyskanych zoli, zawierajgca sie w za- 7 d 5 — pompa prézniowa
kresie 1+2 mPaes, dobrano tak, by uzyskac [ 6 — sonda ci$nienia
najbardziej efektywne wytwarzanie mgty r' ! 7 — elektroda

aerozolowej. Gazem nosnym, wykorzysta-
nym podczas depozycji z aerozolu, byt ar-
gon. Obrobka w wytadowaniu plazmowym

byta prowadzona z wykorzystaniem pla-
zmy tlenowej, przy roznych mocach wyta-
dowania (100+400W) i czasach (3+8 mi-
nut). Konwencjonalna obrébka cieplna byta

8 — gazy robocze wyta-
dowania plazmowego
9 — gaz nosny do depo-
zycji z aerozolu

10 — przeptywomierz

prowadzona w piecu muflowym, w tempe-
raturze 500°C.

W pracy zbadany zostat wptyw warun-
koéw wytwarzania oraz obrobki cieplnej i pla-
zmowej na morfologie i budowe chemicz-

zmowym.

reactor.

RYS. 1. Schemat budowy reaktora aerosol-zel ze wspomaganiem pla-

FIG. 1. Schematic diagram of plasma enhanced aerosol-gel deposition
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ng powtok tlen-
kowych. Stwier-
dzono, ze za-
rowno parame-
try depozycji
z aerozolu, jak
i obrébka ciepl-
na i plazmowa,
majg znaczny
wplyw na wita-
Sciwosci otrzy-
manych powiok.

Na RYSUN-
KACH 2 i 3
przedstawiono
wplyw parame-
trow nanosze-
nia z aerozo-
lu oraz obrébki
plazmowej pod-
toza na morfolo-
gie powtok TiO,
i Al,O,. Wydtu-
zenie czasu de-
pozycji z aero-
zolu powodu-
je wygtadzenie
powierzchni po-
wtoki, gtownie
wskutek zwiek-
szania jej gru-
bosci (RYS.2b).
Uzycie wyfado-

| = L )
y 1mm ! X

1mm

RYS. 2. Poréwnanie morfologii powtok TiO, nanoszonych przy réznych cza-
sach depozycji z aerozolu: a — 1 minuta, b — 4 minuty.

FIG. 2. Comparison of TiO, coatings morphology at different times of aerosol
deposition: a — 1 minute, b — 4 minutes.

RYS.3. Poréwnanie morfologii powtok Al,O;: a — bez obrébki plazmowej,
b — ze wstepna obrébka plazmowa podtoza (plazma tlenowa, 5cm?®/min., 200 W,
1-102 hPa, 3 minuty).

FIG.3. Comparison of Al,O, coatings morphology: a — without plasma dischar-
ge pre-treatment, b — with plasma discharge pre-treatment (oxygen, 5 ccm/min.,
200W, 1-102 hPa, 3 minutes).

effective ultra-
sonic spraying.
Argon was used
as the carrier gas
during deposi-
tion. The plasma
treatment stage
was conducted
using oxygen
at different dis-
charge power
(100+400W) and
time (3+8 min-
utes). Conven-
tional heat treat-
ment was carried
out in a furnace
at temperature of
500°C.

The influence
of aerosol-gel
deposition con-
ditions and plas-
ma discharge on
morphology and
chemical struc-
ture has been
studied. It was
found that dep-
osition param-
eters as well as
plasma and heat
treatment have

wania plazmo-
wego do mody-
fikacji podtoza
przed osadzaniem powtoki daje
podobne rezultaty (RYS.3b) bez
koniecznosci wydtuzenia czasu
depozycji i zwigzanego z tym
zwiekszania grubosci powtoki.
Prowadzi to do konkluzji, ze od-
dziatywanie wytadowania pla-
zmowego oczyszcza i aktywu-
je powierzchnie prébek, uta-
twiajgc formowanie réwnomier-
nej powtoki podczas depozyciji
z aerozolu.

Obrébka w wytadowaniu pla-
zmowym oraz obrébka cieplna
po etapie depozycji z aerozolu
majg z kolei silny wptyw na bu-
dowe chemiczng powtok. RYS.
4 przedstawia widma FTIR po-
wiok Al,O, osadzanych z aerozo-
lu bez obrdébki, po obrébce w wy-
tadowaniu plazmowym o mocy
300W, wygrzewanej w tempe-
raturze 500°C oraz wygrzewa-
nej w 500°C po uprzedniej ob-
rébce w wytadowaniu plazmo-
wym o mocy 300W.

Zakres od 3000 cm™ do
3700 cm™' to pasma pochodza-
ce gtéwnie od wody zaadsorbo-

wanej w powtoce. Intensywnos¢ tego pasma zmniejsza sie
po wygrzewaniu, co $wiadczy o usuwaniu zaadsorbowanej
wody. W zakresie 2700-3100 cm™ widoczne sg niewielkie
pasma zwigzane z absorpcjg drgan grup organicznych typu

abssorbancja / absorbance [a.u.]
1

L T L K z T ] T ) T ¥ T L) T
4000 3500 3000 2500 2000 1500 1000 500

liczba falowa / wave number [cm"]

RYS. 4. Widma FTIR powtok Al,O, naniesionych
z aerozolu: a) bez obrébki plazmowej i cieplnej,
b) po obrébce w wytadowaniu plazmowym
o mocy 300W, c) po obrébce cieplnej w 500°C,
d) po obrébce w wytadowaniu plazmowym o mocy
300W a nastepnie obrobce cieplnej w 500°C.

FIG. 4. FTIR spectra of alumina aerosol-gel co-
atings: a) without plasma or heat treatment, b) after
treatment in a 300W plasma discharge, c) after heat
treatment at 500°C, d) after 300W plasma discharge
combined with 500°C heat treatment

significant influ-
ence on coatings
properties.

The influence of plasma pre-
treatment and aerosol deposition
parameters is clearly visible in
morphology of obtained coatings
(FIG. 2 and FIG. 3). Longer depo-
sition time results in smoothing of
coatings surface (FIG. 2b), main-
ly due to increasing its thickness.
The use of plasma discharge
leads to the same effect (FIG.
3b) without necessity of extend-
ing of the deposition time and
coating thickness. This leads to
conclusion, that plasma activates
the surface of the substrate and
facilitates the formation of coat-
ing from aerosol spray.

Plasma and heat treatment
after aerosol deposition have
strong influence on the chemical
structure of coatings. FIGURE
4 shows the FTIR spectra of
Al,O, coatings deposited from
an aerosol without treatment (a),
after treatment in a 300W plasma
discharge (b), heat treated at
500°C (c), and 300W plasma
discharge combined with 500°C
heat treatment (d). Spectral

range from 3000 cm™ to 3700 cm™ is derived mainly from
water adsorbed in the coating. The intensity of this band
decreases after annealing, indicating removal of adsorbed
water. In the 2700+3100 cm! range there are visible small
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CHx pochodzacych z prekursoréw stuzgcych do przygoto-
wania zolu. Obrébka plazmowa nie powoduje ich usuniecia
ze struktury powtoki, natomiast wygrzanie powtok powyze;j
300°C powoduje zanik pasm pochodzgcych od tych grup.

Zakres pasm typowych dla Al,O, zawiera sie w przedzia-
le 400-1100cm™'. Dla powtoki bez obrébki cieplnej, oraz ob-
rabianej w wytadowaniu plazmowym widoczne sg w tym za-
kresie trzy silne pasma absorpcji dla 1070, 616 i 482 cm™’
typowe dla struktury bohemitu Al,O,-nH,O, czyli uwod-
nionego tlenku glinu [5], co oznacza ze obrdbka plazmo-
wa w badanym zakresie mocy (100+400W) nie powoduje
istotnych zmian w strukturze chemicznej powtok. W struk-
turze powtoki wygrzewanej w 500°C widoczne jest szero-
kie pasmo w zakresie ponizej 1000 cm™ z maksimami dla
500 i 800 cm" zwigzanymi z y-Al,O, [6], natomiast pasmo
1070 cm™" ulega poszerzeniu i przesunieciu do 1060 cm™.
Pasmo to pochodzi od wigzan Si-O-Al [7], ktére mogg po-
wsta¢ podczas wygrzewania powtoki Al,O, na aktywowa-
nym plazmowo podtozu krzemowym. Nie jest ono widocz-
ne w strukturze powtoki obrabianej plazmowo a nastepnie
wygrzewanej, co $wiadczy o ,uszczelnieniu” powtoki. Jed-
noczesne wystepowanie pasm pochodzgcych od grup typu
CHx moze wskazywac, ze oddziatywanie plazmy obejmuje
jedynie powierzchnie powtoki.

Przedstawiona metoda wytwarzania powtok ceramicz-
nych polegajgca na potgczeniu w jednym reaktorze mozli-
wosci plazmowej obrébki podtoza, osadzania powtoki z ae-
rozolu i obrébki plazmowej osadzonej powtoki stwarza nowe
mozliwosci ksztattowania wtasciwosci powtok ceramicznych
wytwarzanych metodg zol-zel zaréwno w zakresie morfolo-
gii jak i budowy chemiczne;j.

Podziekowania

Praca zostata zrealizowana w ramach grantu badawcze-
go nr N N508 593539.

Pismiennictwo

[1] Manso M., Ogueta S.; Garcia P., Pérez-Rigueiro J.: Mechanical
and in vitro testing of aerosol—gel deposited titania coatings for bio-
compatible applications. Biomaterials 23 (2002) 349-356.

[2] Langlet M., Vautey C: Influence of the Deposition Parameters
on the Characteristics of Aerosol-Gel Deposited Thin Films. Jour-
nal of Sol-Gel Science and Technology Volume 8 (1997) 347-351.
[3] Langlet M.; Vautey C.; Mazeas N.: Some aspects of the aero-
sol—gel process. Thin Solid Films 299 (1997) 25-32.

[4] Grill A.: Cold Plasma in Materials Fabrication: From Fundamen-
tals to Applications; Wiley - IEEE Press, 1994.

absorption bands associated with vibrations of organic
groups from the CHx-type precursors, used for sols prepa-
ration. Plasma discharge treatment doesn’t remove them
from the coating structure, but heat treatment at tempera-
tures above 300°C causes the disappearance of the bands
derived from these groups.

The scope of the typical absorption bands of Al,O; is in
the range form 400 to 1100cm™. For the coating without
heat treatment, and treated in a plasma discharge, three
strong bands can be seen in this area: 1070, 616482 cm-,
that are typical for boehmite Al,O;°nH,O structure [5]. This
means that the plasma discharge treatment in the tested
power range (100+400W) did not cause a significant change
in the chemical structure of coatings. For the coating heat
treated at 500°C, broad band below 1000cm" with maxima at
500 i 800cm' connected with y-Al,0; bands [6] can be seen
whereas 1070cm band, expanded and shifted to 1060cm".
This band comes from Si-O-Al bonds [7], which may arise
during the heating of Al,O, coatings on plasma-activated
silicon substrate. Si-O-Al band is not seen in the structure of
coating treated with plasma discharge combined with 500°C
heat treatment. This may be a consequence of coating’s
sealing. At the same time, the presence of absorption bands
originating from the CHXx type groups may indicate, that the
plasma discharge affects only the surface of the coating.

Presented method of producing ceramic coatings creates
new opportunities to develop of their properties for different
applications. Combining in a single reactor: plasma treat-
ment of the substrate, deposition from aerosol, and plasma
treatment of deposited coatings, allows to control morphol-
ogy and chemical structure of obtained coatings.
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OCENA BIOKOMPATYBILNOSCI
KOMPOZYTOW NA BAZIE
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Gtéwnym sktadnikiem czesci mineralnej kosci i zebow
jest hydroksyapatyt (HAp). Ceramika wapniowo-fosfora-
nowa w formie granul, jak i porowatego rusztowania jest
materiatem powszechnie stosowanym jako substytut tkan-
ki kostnej w ortopedii i stomatologii [1-3]. W celu polepsze-
nia wkasnosci mechanicznych oraz porecznosci chirurgicz-
nej hydroksyapatytu mozna wprowadza¢ do niego dodatko-
wy komponent organiczny np. polisacharydowy [4,5]. Wta-
$ciwosci biologiczne chitosanu sprawiaja, ze jest on ideal-
nym polisacharydowym sktadnikiem kompozytéw na bazie
hydroksyapatytu. Chitosan jest szeroko stosowany w inzy-
nierii tkankowej dzieki swoim charakterystycznym witasci-
wosciom, takim jak brak toksycznosci, szybka biodegrada-
cja, podatnos¢ na chemiczng i enzymatyczng modyfikacje,
stymulacja adhezji i proliferacji komoérek oraz osteoinduk-
tywnos¢. W medycynie regeneracyjnej, kompozyty na bazie
chitosanu czesto stosowane sg w formie hydrozeli, implan-
téw, czy rusztowan majgcych zdolnos¢ dostarczania lekow,
czynnikow wzrostu oraz komorek do miejsca implantac;i [6].

Celem niniejszej pracy byto okreslenie biokompatybilno-
Sci 2 kompozytéw na bazie chitosanu: sktadajgcego sie z
krylowego chitosanu i granul HAp (chitosan-HA Biocer) oraz
sktadajgcego sie z krylowego chitosanu i mieszaniny granul
HAp /TCP (chitosan-HT Biocer). Krylowy chitosan o duzej
masie czgsteczkowej zostat uzyskany dzieki uprzejmosci
dr Anny Wojtasz-Pajgk z Morskiego Instytutu Rybackiego
w Gdyni. Granule HAp (HA Biocer) oraz granule HAp/TCP
(HT Biocer) uzyskano dzieki uprzejmosci Prezesa firmy
Chema Elektromet Spétdzielnia Pracy Rzeszow Jarostawa
Proniewskiego.

Badania in vitro przeprowadzono z zastosowaniem linii
komoérkowej prawidtowych ludzkich ptodowych osteoblastow
(hFOB 1.19) pozyskanej z banku komoérek ATCC (American
Type Culture Collection, England, UK). Cytotoksycznosé
biomateriatébw oszacowano metodg posrednig za pomocag
ptynnych ekstraktow uzyskanych przez umieszczenie kom-
pozytow w petnym podtozu hodowlanym w stosunku 0,1 g
probki/ml podtoza na 24 godziny w temperaturze 37°C (ISO
10993-5). Kontrole negatywng cytotoksycznosci stanowito
podtoze hodowlane inkubowane w takich samych warun-
kach, ale bez biomateriatéw. Kontrole pozytywng cytotok-
sycznosci stanowit 0,1% roztwor fenolu. Zywotnos¢ komo-
rek hFOB po 24, 48 i 72-godzinnej ekspozycji na dziatanie
ekstraktow okreslono z uzyciem 2 testow — MTT (ocena ak-
tywnosci dehydrogenazy mitochondrialnej) i LDH total (oce-
na liczby komérek przez pomiar aktywnosci catkowitej puli
LDH obecnej w cytoplazmie po lizie komoérek). Dodatkowo
cytotoksycznos$c¢ ekstraktow okreslono za pomocg standar-
dowego testu LDH release, w ktérym dokonuje sie pomiaru
aktywnosci LDH uwolnionej do podtoza hodowlanego przez
komorki z uszkodzonymi btonami plazmatycznymi. Oceny
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Hydroxyapatite is the main inorganic component of
bones and tooth. Calcium phosphate ceramics in the form
of granules and porous scaffolds are widely used as bone
substitutes in dentistry and orthopedics [1-3]. In order to
improve mechanical properties and surgical handiness of
hydroxyapatite, an organic component e.g. polysaccharide
can be added [4,5]. Biological properties of chitosan make
this polysaccharide an ideal component of hydroxyapatite-
based composites. Chitosan is extensively applied in tissue
engineering because of its characteristic properties such as
nontoxicity, rapid biodegradation, prone to chemical and
enzymatic modification, simulation of cell adhesion and
proliferation and osteoinduction. In regenerative medicine,
chitosan-based composites are often applied in the form
of hydrogels, implants or scaffolds capable to deliver drug,
growth factors and cells into implantation area [6].

The aim of this work was to evaluate the biocompatibility
of 2 chitosan-based composites: consisting of krill chitosan
and HAp granules (chitosan-HA Biocer) and consisting of
krill chitosan and mix of HAp/TCP granules (chitosan-HT
Biocer). High molecular weight krill chitosan was kindly
obtained from Anna Wojtasz-Pajgk from National Marine
Fisheries Research Institute in Gdynia. HAp granules (HA
Biocer) and HAp/TCP granules (HT Biocer) were obtained
by courtesy of President of Chema Elektromet Spotdzielnia
Pracy Rzeszéw Jarostaw Proniewski.

In vitro tests were carried out using normal human fetal
osteoblast cell line (hFOB 1.19) obtained from ATCC (Ameri-
can Type Culture Collection, England, UK). Cytotoxicity was
estimated indirectly by means of fluid extracts obtained by
immersing the composites in fresh growth medium for 24
hours at 37°C (ISO 10993-5). The ratio between the sample
weight and the volume of the extraction vehicle was 0,1 g/ml.
Culture medium incubated in the same conditions but with no
test material served as negative control of cytotoxicity. 0,1%
phenol solution served as positive control of cytotoxicity. Vi-
ability of hFOB cells after 24, 48 and 72-hour exposure to the
extracts was assessed by 2 methods — MTT (assessment
of mitochondrial dehydrogenases activity) and LDH total
(evaluation of cell number via total cytoplasmic LDH activ-
ity measurement after cell lysis). Additionally, cytotoxicity of
extracts was estimated by standard LDH release test that
allows for membrane damage assessment via measure-
ment of LDH activity released into the medium. LDH total
and WST-8 (assessment of mitochondrial dehydrogenases
activity) tests were performed to evaluate cell adhesion into
tested composites surface. Cell proliferation was evaluated
after long term culture directly on biomaterials. After 16
days of culture, cells were stained with Drag5 and Hoechst
33342 fluorescence dye and observed under the confocal
microscope. Moreover, biocompatibility was estimated via
measurement of bone alkaline phosphate activity (b-ALP)
— the marker of Il stadium of osteoblast differentiation. To
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adhezji komérek do powierzchni testowanych kompozytéw
dokonano za pomocg testéw LDH total oraz WST-8 (ocena
aktywnosci dehydrogenazy mitochondrialnej). Proliferacje
komorek okreslono prowadzgc hodowle osteoblastéw bez-
posrednio na biomateriatach. Po 16 dniach hodowli, komorki
barwiono barwnikiem fluorescencyjnym Drag5 oraz Hoechst
33342 i obserwowano ich wzrost przy pomocy mikroskopu
konfokalnego. Ponadto, biokompatybilno$¢ okreslono po-
przez pomiar aktywnosci frakcji kostnej fosfatazy alkalicznej
(b-ALP) — markera Il stadium réznicowania osteoblastow.
W tym celu hodowle komérek linii hFOB 1.19 prowadzono
bezposrednio na biomateriatach w podtozu osteogennym
przez okres 20 dni. Po 4,8,12,16 i 20 dniach oznaczo-
no aktywnos¢ b-ALP poprzez pomiar ilosci powstajgcego
p-nitrofenolu (pNP).

Wyniki testéw na oznaczanie cytotoksycznosci jedno-
znacznie wykazaty, ze kompozyty chitosan-HA Biocer oraz
chitosan-HT Biocer nie negatywnie wptywajg na zywot-
nos¢ komorek liniit hFOB 1.19 przez caty czas trwania do-
Swiadczenia. Testy LDH total oraz WST-8 wykazaty, ze po-
wierzchnia kompozytu chitosan-HA Biocer bardziej sprzy-
ja adhezji osteoblastow niz powierzchnia kompozytu chi-
tosan-HT Biocer. Obserwacja w mikroskopie konfokalnym
sugeruje, ze komorki lepiej proliferujg na powierzchni kom-
pozytu chitosan-HA Biocer niz na powierzchni kompozytu
chitosan-HT Biocer. Hodowla komarek bezposrednio na bio-
materiatach w podtozu osteogennym wykazata, ze kompo-
zyty chitosan-HA Biocer oraz chitosan-HT Biocer powodu-
ja wzrost aktywnosci b-ALP w czasie. Osteoblasty rosngce
na powierzchni kompozytu chitosan-HA Biocer wykazywa-
ty nieznacznie wyzszg aktywnos¢ b-ALP w poréwnaniu do
komorek kontrolnych rosngcych na powierzchni ptytki poli-
styrenowej. Natomiast osteoblasty rosngce na powierzch-
ni kompozytu chitosan-HT Biocer wykazywaty obnizong ak-
tywnos$c¢ b-ALP w poréwnaniu do kontroli.

Podsumowujgc, na podstawie uzyskanych wynikéw
mozna wysnu¢ wniosek, ze kompozyty chitosan-HA Biocer
oraz chitosan-HT Biocer sg nietoksyczne, biokompatybilne
oraz wykazujg wiasciwosci osteoindukcyjne. Jednakze,
warto zaznaczy¢, ze kompozyt chitosan-HA Biocer wykazuje
nieznacznie wiekszg biokompatybilnos¢ niz kompozyt chito-
san-HT Biocer i jest bardziej odpowiedni do stosowania jako
rusztowanie dla komorek w inzynierii tkankowej kosci.
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assess b-ALP activity, hFOB 1.19 cells were cultured directly
on the biomaterials in osteogenic medium for 20 days. After
4,8, 12, 16 and 20 days of culture, b-ALP activity was evalu-
ated by measuring of p-nitrophenol (pNP) production.

The cytotoxicity tests results clearly showed that chi-
tosan-HA Biocer and chitosan-HT Biocer composites do not
affect cell viability throughout the full length of the experi-
ment. LDH total and WST-8 tests revealed that chitosan-HA
Biocer surface is more favorable to cell adhesion than sur-
face of chitosan-HT Biocer composite. Confocal microscopic
observation suggests that better cell proliferation is on the
chitosan-HA Biocer surface than on the chitosan-HT Biocer
surface. Cell culture experiment directly on the biomaterials
in osteogenic medium showed that chitosan-HA Biocer and
chitosan-HT Biocer composites provoke increase of b-ALP
activity with time. Osteoblasts cultured on the surface of
chitosan-HA Biocer composite revealed slightly higher
b-ALP activity compared to the control cells cultured on
polystyrene plate. Whereas, cells cultured on the surface
of chitosan-HT Biocer composite showed decreased b-ALP
activity compared to the control.

In summary, basing on the results, it can be concluded
that chitosan-HA Biocer and chitosan-HT Biocer compos-
ites are nontoxic, biocompatible and have osteoinductive
properties. However, it is worth to notice that chitosan-HA
Biocer composite shows slightly greater biocompatibility
than chitosan-HT Biocer composite and is more appropriate
for bone tissue engineering application as cell scaffold.
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Streszczenie

Celem pracy byta modyfikacja warstwy wierzchniej
biomateriatéw ceramicznych nalezgcych do grupy
fosforanéw wapnia —hydroksyapatyt (HA) oraz [3-fo-
sforan tréjwapniowy (B-TCP), a nastepnie okreslenie
wybranych wtasciwo$ci biologicznych otrzymanych
materiatow. Jako modyfikatory zastosowano dwa
polimery biodegradowalne: glikol poli(oksy etylenowy)
(PEG) oraz polihydroksymaslan (PHB).

Pomysino$c¢ procesu modyfikacji potwierdzono za
pomocg spektroskopii w podczerwieni (FT-IR; ATR)
oraz spektroskopii Ramana. Biomateriaty przed mo-
dyfikacjg oraz po modyfikacji poddano testom okreS$la-
Jjacym ich zdolno$¢ do degradacji oraz narastania hy-
droksyapatytu. Test degradacji przeprowadzono zanu-
rzajgc materiaty w roztworze buforowym tris-HCI przez
okres czterech tygodni, w ciggu ktérych dokonywano
pomiaru masy w odstepach tygodniowych. W celu
zbadania zdolno$ci wzrostu hydroksyapatytu na po-
wierzchni materiatéw, prébki inkubowano w ptynie sy-
mulujgcym osocze krwi (SBF) w temperaturze 37°C
przez miesigc. Zmiany zachodzgce na powierzchni ba-
danych materiatéw rejestrowano w odstepach tygo-
dniowych za pomocg skaningowego mikroskopu elek-
tronowego (SEM) oraz spektroskopii w podczerwieni.

Na podstawie przeprowadzonych badan stwier-
dzono, ze szybko$¢ procesu degradacji (obliczona na
podstawie procentowego ubytku masy) biomateriatow
modyfikowanych zwigekszyta sie w przypadku hydrok-
syapatytu zarowno modyfikowanego PEG jak i PHB,
natomiast w przypadku B-TCP szybko$c ta byta na
poréwnywalnym poziomie w poréwnaniu do materia-
tu wyjsciowego. Analiza obrazéw wykonanych z wyko-
rzystaniem SEM wykazata widoczne zmiany w morfo-
logii powierzchni modyfikowanych materiatow. Zmiany
te mogg $wiadczy¢ o wtasciwosciach osteoindukcyj-
nych tych biomateriatow.

Stowa kluczowe: hydroksyapatyt, B-fosforan
tréjwapniowy, modyfikacja warstwy wierzchniej, glikol
poli(oksyetylenowy), polihydroksymas$lan, bioaktyw-
nos¢.

[Inzynieria Biomateriatow, 116-117, (2012), 29-32]

Wprowadzenie

Ze wzgledu na zdolnos¢ trwatego potgczenia z zywa
tkankg oraz zdolnos¢ do regeneraciji kosci [1,2], biomateriaty
ceramiczne, sposrod wielu grup biomateriatow stosowa-
nych w medycynie cieszg sie duzym zainteresowaniem.
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Abstract

The main aim of this study is surface modification
of ceramic biomaterials, belong to calcium phospha-
tes group- hydroxyapatite (HA) and - tricalcium
phosphate (B-TCP)- and furthermore selected biolo-
gical properties of obtained materials is determined.
Polyethylene glycol (PEG) and polyhydroxybutyrate
(PHB) are used as modifiers.

The process of surface modification of biomate-
rials is confirmed by means of infrared spectroscopy
(FT-IR; ATR) and Raman spectroscopy. In presented
study the obtained powder materials are formed on
pellets and incubated in SBF (simulated body fluids
solution) at body temperature. Formation of apatite
layer was evaluated by means of Scanning Electron
Microscope (SEM). The degradation behavior was
carried out at 37°C for up to 28 days at pH 7.4 using
Tris-HCI solution, and is referred to as simulation
solution testing. The samples were incubated for 7,
14, and 28 days for the both simulation solution
testing, using triplicate samples.

The degradation testing of modified HA showed
a higher weight loss compared with unmodified HA.
In the case of B-TCP the degradation rate was in si-
milar level before and after modification. SEM images
of materials showed visible changes in all of bioma-
terials surfaces. This changes may suggest the ability
to form HA and osteoinductive properties of materials.

Keywords: hydroxyapatite, B-tricalcium phospha-
te, surface modification, polyethylene glycol, polyhy-
droxybutyrate, bioactivity

[Engineering of Biomaterials, 116-117, (2012), 29-32]

Introduction

Ceramic biomaterials are mainly based on bioceramics
calcium phosphates like hydroxyapatite (HA) and B-tricalci-
um phosphate (B-TCP). These materials, due to their biologi-
cal properties and structural similarity to human bone, teeth
and enamel, have many applications in medicine, especially
in: orthopedics, dentistry, maxillo-facial and plastic surgery
[1,2] . HAis found in various forms: powder, dens or porous
material or component of composites. These composites are
made up of HA and metallic or polymer material [3]. HA is
also applied as drug carrier, adsorbent in protein column
chromatography, catalyst and ion exchanger [5, 6].

The most important attributes of HA and B-TCP are
biological properties, such as high biocompatibility and bio-
activity [4]. Due to these features bioceramic materials are
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Biomateriaty ceramiczne to gtéwnie bioceramika oparta na
fosforanach wapnia, do ktérych nalezg szes$cioortofosforan
(V) dwuwodorotlenek dziesieciowapnia, czyli hydroksy-
apatyt (HA) o wzorze sumarycznym Ca,,(PO,)s(OH), oraz
dwuortofosforan (V) trojwapnia, czyli B-fosforan tréjwap-
niowy (B-TCP) opisany wzorem Ca,(PO,), [1,4-6,8]. Ze
wzgledu na swoje mineralogiczne podobienstwo do apatytu
biologicznego, ktory stanowi podstawowy sktadnik kosci
i zebow materiaty te charakteryzujg sie wtasciwosciami
materiatdw implantacyjnych tzn. sg biozgodne, bioaktywne
oraz osteokonduktywne [7,9]. Niestety materiaty te posia-
dajg rowniez wady a do najwiekszych z nich nalezy staba
wytrzymato$¢ mechaniczna zaréwno HA jak i B-TCP [1-3,
5-9]. Podstawowg réznicg pomiedzy tymi dwoma materia-
tami jest to, ze B-TCP jest degradowalny a co za tym idzie
réwniez resorbowalny w organizmie zywym, natomiast HA
nie posiada tej zdolnosci, poniewaz jest degradowalny tylko
w formie porowatej. Pomimo bardzo dobrej biozgodnosci
oraz bioaktywnosci ceramika oparta na fosforanach wapnia
znalazta dotychczas zastosowanie w substytucji ubytkéw
kostnych w miejscach nie przenoszgcych znacznych obcig-
zeh mechanicznych, zas w miejscach obcigzonych jedynie
jako pokrycia na implantach metalicznych lub weglowych. Ze
wzgledu na niewystarczajgcg wytrzymatosé mechaniczng
oraz nieodpowiednig resorbowalnosc¢ konieczna jest mody-
fikacja powierzchni tych materiatéw, aby mogty by¢ szerzej
stosowane w nowoczesnej medycynie.

Materialy i metody

Modyfikacje przeprowadzono poprzez zastosowanie che-
micznej metody szczepienia czgstek modyfikatora na po-
wierzchni biomateriatu. Jako modyfikatory zastosowano dwa
polimery z grupy biodegradowalnych tj.: glikol poli(oksyety-
lenowy) - PEG (M,=1000, Sigma-Aldrich) oraz polihydroksy-
maslan - PHB (Sigma-Aldrich). Modyfikacja z uzyciem PEG
jako modyfikatora jest reakcjg dwuetapowa, w ktérej jako
czynnik sprzegajgcy zastosowano heksametyleno diizocy-
janian. Natomiast czastki PHB zostaty przytgczone bezpo-
srednio do powierzchni biomateriatu.

Proces modyfikacji na powierzchni biomateriatéw zostat
potwierdzony metodg spektroskopii w podczerwieni z trans-
formacjg Fouriera (ang. Fourier Transform Infrared Spectro-
scopy, FT-IR), technikg ATR/FTIR - ostabionego catkowitego
wewnetrznego odbicia (ang. Attenuated Total Reflectance,
ATR) oraz spektroskopii Ramana.

Materiaty proszkowe zostaty sprasowane za pomocg
tabletkarki umieszczonej pod prasg hydrauliczng o sile
nacisku 4 MPa. Badanie zdolnosci do degradacji prze-
prowadzono zanurzajgc pastylki w roztworze buforowym
tris-HCI, natomiast w celu obserwacji wzrostu warstwy
apatytowej pastylki inkubowano w ptynie symulujgcym
osocze krwi (ang. Simulated Body Fluid, SBF) przygoto-
wanym wg procedury opisanej przez Kokubo [7]. Inkubacje
materiatow w roztworze tris-HCl oraz SBF przeprowadzono
w temperaturze 37°C przez okres 30 dni. Podczas trwania
testu zdolnosci narastania hydroksyapatytu na powierzchni
biomateriatéw co tydzien wymieniano SBF, aby zapewni¢
doptyw swiezych jonéw. Materiaty analizowano w odstepach
tygodniowych, czyli po 7, 14, 21 oraz 28 dniach. Po uptywie
okreslonego czasu probki byly wyjmowane z roztwordw,
przemywane wodg destylowang, suszone w temperaturze
600C a nastepnie wazone. Kazdy pomiar zostat wykonany
trzykrotnie. Zmiany zachodzace na powierzchni materia-
téw obserwowano za pomocg skaningowego mikroskopu
elektronowego.

considered as inert material in human body [1-4]. Moreover,
HA and B-TCP are also resorbable in tissue. It is desired
property in case of application in bone regeneration because
applied material undergoes resorption and is replaced by
new tissue [5-8,10]. Thus both types of ceramics are used
in clinical practice for stimulation of bone ongrowth on ce-
mentless endo-prosthetic components [6,7]. However, weak
mechanical properties (flexural strength and low fracture
toughness) and inappropriate resorbability limit their use as
individual biomaterials. For instance, it was shown, that HA
resorbed too slowly in comparison to velocity of new cells
restoration. This results in retained parts of HA after months
and years after implantation and then bone regrowth is im-
paired. While, in case of B-TCP the resorbtion too fast. Then
biomaterial scaffold disappear before new bone ongrowth
[9]. Moreover, the major disadvantage of HA and B-TCP is
weak mechanical strength, brittleness and facility to rapture.
These properties limit the application of HA and B-TCP in
modern medicine as individual biomaterial. Therefore, the
modification of their surface is necessary. Modification of
biomaterials allows manipulation of their properties in the
desired direction. Therefore, due to modification process, it
is possible to obtain biomaterial of improved properties.

Materials and methods

In this study one of chemical modification methods name
grafting is used. Two degradable polymers: polyethylene
glycol (M,=1000, Sigma-Aldrich) and polyhydroxybutyrate
(Sigma-Aldrich) are used as a modifiers. In this method
the connection between biomaterial and modifier could be
direct or indirect. In the case of PHB the reaction belongs
to indirect connection, but in case of PEG between HA and
modifier, the coupling agent is necessary. As a coupling
agent hexamethylene diisocyanate is used.

The modification process of HA and B-TCP surface
is confirmed by means of Fourier Transform Infrared
Spectroscopy (FT-IR, Vertex 70, Bruker), Attenuated To-
tal Reflectance (ATR, Vertex 70) and Raman spectroscopy
(Renishaw).

The bioactivity of obtained materials specimens was eval-
uated by examining the apatite formation on their surfaces
in SBF. SBF was prepared according to the procedure
described by Kokubo [7]. Nonsterilized, pellets with the
size of 2 mm in thickness, 13 mm in diameter were then
soaked in 30 mL of SBF at 370C for 7, 14, 21, and 28 days
with change the solution after each week during soaking
tiime. After soaking, specimens were removed from the
SBF solution, gently rinsed with deionized water, and dried
at 600C. Scanning electron microscopy (SEM, Evo) are
used to monitor the morphology of apatite formed on
the biomaterials surfaces. Degradation test is performed at
pH 7.4 using Tris-HCI solution without solution replacement
at 370C. The samples are incubated for 7, 14, 21 and 28
days using triplicate samples.

Results and discussions

FIGURE 1 shows FT-IR spectra of unmodified HA, HA
modified by PHB and also spectrum of modifier (PHB). All of
the signals characteristic for groups of polyhydroxybutyrate
were detected in the spectrum of modified material (FIG.1
(2)). The most intense band was found for carbonyl group
(C=0) at approximately 1600 cm-' wavenumber. Further-
more, the twin peaks at 2934-2857 and also 1479-1462 cm™'
belong to the aliphatic hydrocarbons (CH;, CH, and CH)
stretching and bending vibrations respectively. The band at
3500 cm™" signal from the stretching vibrations characteristic
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przebiegta po- FIG. 1. FT-IR spectra of PHB (a), HA (b) and HA modified by PHB (c)
mysinie, gdyz

RYS. 1. Widmo FT-IR PHB (a) HA niemodyfikowanego (b), oraz HA modyfiko-

SBF for 21 days. This
change may suggest
the formation of apa-
tite layer on surface
of HA PEG-grafted.

w widmie HA- o
+PHB (RYS.1c) | @ I
widocznesgpa-|
sma pochodzg-
ce zaréwno od
HAjak i od PHB.

RYSUNEK
2 przedstawia

These apatite lay-
ers can enhance
the osteointegration
and osteoconductiv-
ity. The formation of
apatite layer on the
surface of pellet goes
through a sequence

zdjecia SEM hy-
droksyapatytu
modyfikowane-
go PEG przed
oraz po zanu-
rzeniu w SBF.
Najbardziej wi-
doczne zmiany

fication of 4000.

zachodzgce na powierzchni materiatu zaobserwowano po
21 dniach (RYS.2 (c)). Na podstawie obrazéw SEM przy-
puszcza sie ze po 21 dniach rozpoczyna sie proces wzrostu
hydroksyapatytu, ktéry jest kontynuowany, na co wskazuje
RYS.2 (d). Zdolnos$¢ do narastania hydroksyapatytu na po-
wierzchni biomateriatu Swiadczy o bioaktywnosci oraz wta-
sciwosciach osteoindukcyjnych tych materiatow.

Whioski

Na podstawie wynikéw przeprowadzonych badan mozna

sformutowac nastepujgce wnioski:

Warstwa wierzchnia 3-TCP oraz HA zostata zmodyfiko-
wana przez dwa biodegradowalne modyfikatory (PEG
oraz PHB). Swiadczg o tym widma otrzymane metodami
spektroskopowymi FT-IR, FT-IR/ATR oraz Ramana.
Szybkos¢ procesu degradaciji, po modyfikacji HA wzrosta
po zastosowaniu obu modyfikatoréw, natomiast w przy-
padku B-TCP zostata na podobnym poziomie co przed
modyfikacja.

Zmiany zaobserwowane na zdjeciach SEM sg widoczne
dla wszystkich badanych materiatow.

Najbardziej znaczgce zmiany, mogace $swiadczy¢ o zdol-
nosci do wzrostu HA zaobserwowano na powierzchni HA
modyfikowanego PEG oraz PHB.

Widma wykonane po inkubacji materiatéw w roztworze
tris-HCI oraz SBF potwierdzajg zmiany zachodzgce na
powierzchni biomateriatéw.

RYS. 2. Zdjecia SEM HA modyfikowanego PEG przed zanurzeniem w SBF (a),
po 14 dniach (b), po 21 dniach (c) oraz po 28 dniach (d). Wszystkie zdjecia
zostaly wykonane w przyblizeniu 4000.
FIG. 2. SEM images of HA modified by PEG before (a) and after soaking in
SBF for 14 (b), 21 (c) and 28 (d) days. All pictures were performed at magni-

of chemical reactions
like spontaneous
precipitation, nuclea-
tion and growth of
calcium phosphate
occur when a mate-
rial is incubated in
SBF solution. It has

been suggested that surface chemistry plays an important
role in this process and even the functional groups of materi-
als have a large effect on the bone bonding property. The
process of HA ongrowth under SBF conditions is regarded
as a model of HA ongrowth in human body.

Conclusions

The chemical modification of HA and 3-TCP surface can
be performed with the use of PHB and PEG as modifiers.
The presence of groups from modifier on the biomateri-
als surface is confirmed by the means of FT-IR, ATR and
Raman spectroscopy.

The weight loss of HA modified by PEG and PHB is in-
creased, however in the case of &-TCP the weight loss
remained stable after modification.

The changes on SEM images after incubation in SBF are
observed on all biomaterials surface, but the most signifi-
cant changes are observed on surface of HA modified by
PEG and PHB

Spectra obtained after soaking of materials in tris-HCl and
SBF solutions also confirmed the changes on biomaterials
surface
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KSZTALTOWANIE SUPER-
SPREZYSTYCH SPREZYN NiTi
DO PLASTYKI CZASZKI

ZpzistAW LEKSTON
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uL. Bankowa 12, 40-007 Katowice, PoLskA
MAILTO: zpzISLAW.LEKSTON@US.EDU.PL

Streszczenie

W pracy pokazano sposoéb przygotowania sprezyn
NiTi w postaci prostych drutéw, ktére po zamocowa-
niu w ksztafcie tukow na sklepieniu czaszki, w czasie
leczenia kraniostenoz u dzieci dziatajg ze statg sitg
w pozgdanym zakresie odksztatcen. Druty wykazu-
jace supersprezysto$c¢ uzyskano po przecigganiu lub
walcowaniu na zimno i wyzarzaniu w zakresie tem-
peratur 400-500°C. Wtasnosci supersprezyste dru-
tow sprawdzono w probach rozciggania i tréjpunkto-
wego zginania. Z najlepszych drutéw supersprezy-
stych wykonano, prototypowe sprezynki do badar kli-
nicznych i dobrano optymalne warunki ksztaftowania
ich wtasnosci. Zarejestrowane w prébach tréjpunkto-
wego zginania Krzywe zaleznosci sity w funkcji ugie-
cia wykazujg pozgdane plateau podczas odcigzania.
Wykonane sprezyny podczas odcigzania w pozgda-
nym zakresie odksztatcen 20-30 mm dziatajg ze sta-
1g sitg. Przygotowano typoszeregi sprezyn o réznych
sitach oddziatywan w zakresie od kilku do okofo 10 N.

Stowa kluczowe: druty NiTi, supersprezystosc,
obrobka termomechaniczna, plastyka czaszki

[Inzynieria Biomateriatow, 116-117, (2012), 33-36]

Wprowadzenie

W leczeniu kraniostenoz u dzieci stosowang od lat tzw.
,pi plastyke” zmodyfikowano wprowadzajgc dynamicz-
ng dystrakcje stalowymi sprezynkami w ksztafcie agra-
fek zaktadanymi na sklepienie czaszki w odpowiednich
miejscach, wspomagajgcymi dystrakcje w pozgdanych
kierunkach [1,2]. Zastosowane sprezynki do modelowa-
nia prawidtowego ksztattu czaszki dziataty z sitg okoto
7-15N [3]. W ostatnich latach podjeto proby zastosowania
w plastyce czaszki supersprezystych dystraktorow NiTi, kto-
re w odroznieniu od sprezyn stalowych podczas rozpreza-
nia dziatajg statg sitg w wymaganym zakresie odksztatcen
[4,5]. Do korekcji ftodkowatego ksztattu czaszki opracowa-
no sprezyny w ksztatcie spawanych laserowo pierscieni,
ktorych wtasnosci supersprezyste indukowane sg w pro-
cesie starzenia pod naprezeniem [6-8]. W korekcji innych
wad czaszki potrzebne sg réwniez sprezynki zaktadane na
czaszce w ksztatcie tukow.

W tej pracy przedstawiono sposob przygotowania spre-
zynek NiTi do dystrakcji czaszki oraz wybrane wyniki badan
uzyskane podczas optymalizacji ich wtasnosci.

Materialy i metody

W badaniach wykorzystano druty NiTifirm Smateci Euro-
flex ze stopow Ti-50,8 % at. Ni oraz druty wtasne ze stopow
o tym samym sktadzie chemicznym o réznych Srednicach
w zakresie od 1 do 1,3 mm. Druty po przecigganiu lub walco-
waniu na zimno wyzarzano w zakresie temperatur 400, 450
i 500°C w czasie 30 minut.. Wtasnosci mechaniczne drutéw

FORMING OF SUPERELASTIC NiTi _

SPRINGS FOR CRANIOPLASTY

ZpzistAW LEKSTON

UNIVERSUTY OF SILESIA, INSTITUTE OF MATERIALS SCIENCE,
12 BankowA STR., 40-007 KaTowicE, PoLAND
MAILTO: zDzISLAW.LEKSTON@US.EDU.PL

Abstract

The study shows how to prepare the NiTi springs
in the form of straight wires which when attached in
the shape of arcs to the vault of the skull operate with
a constant force in the desired range of deformations
during treatment of craniostenosis in children. Wires
with superelastic properties were obtained after dra-
wing or cold rolling and annealing in the temperature
range of 400-500°C. Superelastic properties of the wi-
res were tested in the tensile and three-point bending
tests. The best superelastic wire was used to manu-
facture the prototype springs for clinical tests. Optimal
conditions for developing their properties were selec-
ted. Force curves as a function of deflection registe-
red during three-point bending tests show the desired
plateau during unloading. During unloading in the de-
sired range of deformations, i.e. 20-30 mm, the ma-
nufactured springs operate with a constant force. Se-
ries of types of springs with different interaction forces
ranging from several to about 10 N were prepared.

Key words: NiTi wires, supersprezystos$¢, thermo-
mechanical treatment, cranioplasty

[Engineering of Biomaterials, 116-117, (2012), 33-36]

Introduction

During years of treatment of craniostenosis in children
the so called “pi plasty” was modified by the introduc-
tion of a dynamic distraction with steel springs in the
shape of safety pins attached to the vault of the skull,
where appropriate, to assist the distraction in the desired
directions [1,2]. Springs that were used to model the
correct shape of the skull operated with a force of about
7-15N [3]. In recent years attempts have been made to apply
superelastic NiTi distractors in cranioplasty, which, unlike
steel springs, during expansion operate with a constant force
in the desired range of deformations [4,5]. To correct the
boat-shaped skull the springs in the shape of laser-welded
rings, the superelastic properties of which are induced in
the process of stress aging, were developed [6-8]. To cor-
rect other defects of the skull what is also needed are arc
springs which are fixed on the skull.

This paper presents the method for the preparation of NiTi
springs for the cranial distraction and selected test results
obtained during the optimization of their properties.

Materials and methods

The NiTi wires by Smatec and Euroflex made of Ti-50, 8%
at. Ni alloy and our own wires made of the alloys with the
same chemical composition and different diameters rang-
ing from 1 to 1.3 mm in the tests were used . The wire after
drawing or cold rolling was annealed at the temperatures of
400, 450 and 500° C for 30 minutes. lts mechanical prop-
erties were tested during tensile tests on the Instron 4469
test machine. Superelastic properties of the wire after cold
deformation and annealing were recorded during three-point
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badano w prébach rozciggania na maszynie wytrzymatos-
ciowej Instron 4469 . Wtasnosci supersprezyste drutow po
deformacji na zimno i wyzarzaniu rejestrowano podczas
trojpunktowego, cyklicznego zginania na mini maszynie
wytrzymatosciowej TM 2. Na tym samym stanowisku
pomiarowym wyposazonym w odpowiednie uchwyty do
mocowania probek mierzono sity podczas cyklicznego
uginania sprezynek dystrakcyjnych do ksztattu tukéw i ich
wyprostowywania sie podczas odcigzania.

Wyniki i dyskusja

1600 - fi=1.2 mm
T
o
2 1200 fi=1,0 mm
o
[ =
8
5 800
z fi=1,15 mm
P
© 400+
1)
0 1 1 1 1 1
0 5 10 15 20 25
Strain / Odksztatcenie [%]

RYS. 1. Krzywe rozciggania drutéw NiTi uzytych
do przygotowania dystraktorow.

FIG. 1. NiTi wire stress-strain curves used for the
manufacture of distractors.

Badania wtasnosci mechanicznych drutow NiTi prze-
znaczonych na dystraktory czaszkowe przeprowadzo-
no w probach rozciggania. Przykladowe krzywe zrywa-
nia drutéw pokazano na RYS. 1. Na krzywych zarejestro-
wanych w temperaturze pokojowej widoczny jest zakres
sprezystego odksztatcania w stanie fazy macierzystej B2,
plateau podczas przemiany martenzytycznej zaindukowa-
nej naprezeniami a nastepnie sprezyste i plastyczne od-
ksztatcanie w stanie martenzytycznym B19’, az do zerwa-
nia probek. Krzywe ,naprezenie-odksztatcenie” drutow
o $rednicach 1,2 mm i 1,0 mm zarejestrowane podczas
rozciggania do 8% i odcigzania pokazano na RYSUNKU 2.
Charakterystyczne petle wskazuja, ze materiat ma wtasnosci
supersprezyste.

Podobne krzywe wykazujgce plateau przy naprezaniu
i odcigzaniu zarejestrowano podczas tréjpunktowego zgi-
nania drutéw na mini maszynie wytrzymatosciowej TM 2.
(RYS. 3). Obok pokazano poréwnanie krzywych zginania
drutu Euroflex o $rednicy 1,2 mm w stanie dostarczenia
oraz drutu wiasnego po przecigganiu na zimno i wyzarza-
niu w temperaturze 500°C w czasie 30 minut. Obydwa dru-
ty wykazujg bardzo dobre wiasnosci supersprezyste i po-
zadane plateau sit przy odcigzaniu (RYS. 4).

Z prostych drutéw o najlepszych wtasnosciach superspre-
zystych wykonano sprezynki do korekcji ksztattu czaszki za-
konczone oczkowymi podgieciami umozliwiajgcymi umoco-
wanie ich na czaszce (RYS. 5). Dystraktory, przymocowane
do kosci czaszki w ksztatcie napietych tukow, pokazano na
fotografii wykonanej podczas operacji (RYS.6). Dystrakto-
ry zginano w specjalnych uchwytach mini maszyny wytrzy-
matosciowej TM 2 (RYS. 7a,b). Wykonywano jeden lub kil-
ka cykli odksztatcania. Przyktadowe krzywe zmian sit w za-

cyclic bending testing on the TM2 mini test machine. The
same measuring stand equipped with suitable holders for
fixing the samples was used to test the force during cyclic
bending of the distraction springs to the shape of arcs and
their straightening during unloading.

Resuls and discussion

Mechanical properties of NiTi wire intended for cranial
distractors were checked during tensile tests. Sample curves
of tensile tests of wires are shown in FIG.1. The curves
recorded at room temperature show a range of elastic de-
formation in the B2 parent phase, plateau during martensitic
transformation induced by stress and then elastic and plastic
deformation in the B19’ martensitic state, until the samples
are breaked. Loading-unloading curves of the wires with
different diameters up to the deformation of 8% are shown
in FIG.2. The recorded curves shows that the wires have
superelastic properties.

loading

600 |-

500 -

400 +

300 6=1.0mm

b=12mm

Stress / Naprezenie [ MPa ]

unloading

0 1 1 1 1
0 2 4 6 8

Strain / Odksztatcenie [ % ]

RYS. 2. Petle supersprezystosci zarejestrowane
podczas cyklicznego rozcigganiadrutu NiTi.
FIG. 2. Superelastic loops recorded during lo-
ading-unloading of the NiTi wire.

Similar curves showing plateau during loading and
unloading were recorded during the three-point bend-
ing of the wire on the TM2 mini testing machine (FIG.
3). Next to it there is a comparison of the Euroflex wire
bending curves with the diameter of 1.2 mm in the state
of delivery and our own wire after cold drawing and an-
nealing at the temperature of 500°vcC for 30 min. Both
types of wire exhibit very good superelastic properties
and the desired plateau of the forces during unloading
(FIG.4).

Straight wire with the best superelastic properties was
used to make springs for the correction of the shape of the
skull. They have eye bends which facilitate their being fixed
on the skull (FIG.5). Distractors, attached to the bones of
the skull and in the shape of tight curves, are shown in the
photograph taken during a surgery (FIG. 6).

Distractors were deflected in special handgrips of the
TM2 mini testing machine (FIG.7a, b). One or more cycles
of deformation were performed. As for the distractor which
is 70 mm in length and is made of wire with the diameter of
1.2 mm examples of the force change curves depending on
the degree of deflection from the upright state to the shape
of the letter U are shown in FIG.7b.

Summary

It was found that the distractors prepared in this way,
i.e. in the shape of the letter U are fixed on the skull oper-
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RYS. 3. Ugiety dystraktor NiTi podczas prob
zginania na mini maszynie TM 2.

FIG. 3. Deflected NiTi distractor during bending
tests on the TM2 mini test machine.
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RYS. 5. Ksztatt dystraktoréw NiTi przed implanta-
cja.
FIG. 5. The shape of NiTi distractors before im-

25F  Ownwire loading
500°C/15'
20k gl fi=1.3 mm
Z
w 1 fi=1.2 mm
=
g 10 unloading I _
5 T T T Euroflex wire
[
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RYS. 4. Zmiany sit zarejestrowane podczas troj-
punktowego zginania drutéw NiTi.

FIG. 4. Force changes recorded during three-point
bending of the NiTi wire.

RYS. 6. Dystraktory NiTi wygiete do ksztattu tukow
i przymocowane do czaszki nicig chirurgiczna.
FIG. 6. NiTi distractors deflected to the shape of the
arcs and fixed to the skull with surgical sutures.

ate with a constant force during distraction in the desired
and wide range of distractions, even up to 30 mm. Forces
of distractors depends on their diameter and length, and

leznosci od stopnia ugiecia, od sta-
nu wyprostowanego do ksztattu lite-
ry U, dla dystraktora o dlugosci L =
70 mm wykonanego z drutu o $red-
nicy 1,2 mm pokazano na RYS. 7c.

plantation.
lﬂ |

Podsumowanie

10 N. Clinical
research into
the applica-
tion of the de-
veloped NiTi

are in the range
B
i

from several to
=

Stwierdzono, ze tak przygoto-
wane dystraktory po umocowaniu
ich w ksztatcie litery U na czaszce
dziatajg statg sitg podczas dystrak-
cji w pozgdanym, szerokim zakre-
sie odksztatcen nawet do 30 mm.
Sity dziatania dystraktoréw zalezg
od ich $rednicy i dtugosci i mieszczg
sie w zakresie od kilku do 10 N. Badania kliniczne zastoso-
wania opracowanych, supersprezystych dystraktoréw NiTi
w leczeniu wad czaszkowych u dzieci rozpo-
czete w 2000 roku w Szpitalu Chirurgii Plastycznej
w Polanicy sg kontynuowane. Poczatkowo dystraktory
tukowe przykrecano do kosci czaszki wkretami tytanowy-
mi. W obawie przed osteolizg i obluzowaniem wkretow

RYS. 7. Dystraktor NiTi zginany podczas pomiaréw sit przy uzy-
ciu mini maszyny TM2 (a, b) i krzywe zmian sit zarejestrowane
podczas cyklicznego naprezania i odcigzania dystraktora (c).
FIG. 7. NiTi distractor deflected during the measurement of the
force with the use of the TM2 mini testing machine (a, b) and for-
ce change curves recorded during cyclic stretching and unlo-
ading of the distractor (c).

superelastic
distractors for
the treatment
of cranial de-
fects in children
started in 2000
in the Hospital
of Plastic Sur-
gery in Polani-
ca are being continued. Initially, arc distractors were screwed
to the skull with titanium screws. In fear of osteolysis and
loosening of the screws, surgical sutures were used in
subsequent operations. When the interaction forces need
to be increased, two or more distractors can be fixed in the
places that require correction.
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w nastepnych operacjach zastosowano mocowanie nicig
chirurgiczng. W przypadku konieczno$ci zwiekszenia sit
oddziatywan mozna zatozy¢ dwa lub wiecej dystraktoréw w
odpowiednich miejscach wymagajgcych korekciji.

Podziekowanie

Praca finansowana przez Ministerstwo Nauki i Szkol-
nictwa Wyzszego w ramach projektu badawczego Nr N
N507 296339

Z a0 ©0000000000000006060000060000000
L




OCENA WPLYWU
PROMIENIOWANIA UV NA
KOLAGEN RYBI METODAMI
SPEKTROSKOPOWYMI
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Wypziat CHEMII, ZESPOt BioPOLIMEROW,
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[Inzynieria Biomateriatow, 116-117, (2012), 37-38]

Wstep

Kolagen, najbardziej rozpowszechniony biopolimer w or-
ganizmie cztowieka, jest uwazany za jeden z najbardziej uzy-
tecznych biomateriatéw naturalnych. Biatko to jest tatwo do-
stepne, nietoksyczne, dlatego stanowi doskonatg baze dla
biomateriatéw [1,2]. Kolagen rybi moze by¢ cennym i bez-
piecznym substytutem kolagenu wotowego i wieprzowego
do zastosowan biomedycznych i farmaceutycznych. Kola-
gen rybi charakteryzuje sie niskim ryzykiem zakazenia cho-
robotwdérczymi patogenami, takimi jak ggbczasta encefalo-
patia bydta (BSE) [3]. Wtasciwosci fizyczne biomateriatow
na bazie kolagenu, jak rowniez szybkos¢ ich resorpciji, czy
tez degradacji mozna poprawi¢ poprzez sieciowanie. Po-
wstawanie wigzan sieciujgcych mozna osiggna¢ stosujgc
zarowno chemiczne, jak i fizyczne czynniki sieciujgce. Jed-
nym z fizycznych czynnikow sieciujgcych jest promieniowa-
nie UV. Promieniowanie UV stosuje sie tez w celach mody-
fikacji wtasciwosci powierzchniowych, jak réwniez do stery-
lizacji biomateriatow [4].

Celem niniejszej pracy byto zbadanie wptywu promie-
niowania UV na kolagen wyizolowany z tusek ryb. Kolagen
zostat poddany dziataniu promieniowania UV. Zachodzgce
zmiany zanalizowano metodami spektroskopii UV-VIS oraz
FTIR.

Materiaty i metodyka

Kolagen wyizolowano z tusek rybich (Esox Lucius),
poprzez demineralizacje oraz rozpuszczenie w kwasie
octowym [5]. Filmy kolagenowe uzyskano metodg odparo-
wania rozpuszczalnika. Filmy suszono w powietrzu, w tem-
peraturze pokojowe;.

Filmy poddano dziataniu promieniowania UV. Zrédtem

SPECTROSCOPIC STUDIES
INTO THE INFLUENCE OF UV
RADIATION ON FISH COLLAGEN

JusTYNA KozrowskA, ALINA SIONKOWSKA

NicoLAus CopPERNICUS UNIVERSITY,

FacuLty oF CHEMISTRY, GROUP OF BIOPOLYMERS,
7 GAGARINA STR., 87-100 ToruUN, PoLAND
MAILTO: JuSTYNAK@CHEM.UMK.PL

[Engineering of Biomaterials, 116-117, (2012), 37-38]

Introduction

Collagen, the most prevalent structural biopolymer in the
human body, is regarded as one of the most useful natural
biomaterials. Collagen is readily available, non-toxic and
provides an excellent basis for biomaterials [1,2]. Fish col-
lagen can be a useful and safe substitute for bovine and pig
collagens for biomedical and pharmaceutical applications.
Fish collagen should have a relatively low risk of possessing
unknown pathogens such as bovine spongiform encepha-
lopathy (BSE) [3]. The crosslinking process improves the
physical properties of collagen-based biomaterials as well
as their resorption/degradation rate. Synthetic crosslinks
can be achieved using either chemical crosslinking agents
or physical crosslinking methods. Physical crosslinking
can be achieved by UV irradiation. UV radiation is widely
used in biomaterials science for surface modification and
sterilization [4].

The aim of this work was to study the influence of UV
irradiation on collagen extracted from fish scales. Collagen
solutions and/or films were irradiated and the UV-Vis ab-
sorption and FTIR spectra were recorded.

Materials and methods

Collagen was extracted from fish scale (Esox Lucius),
a calcified tissue, through demineralization following acetic
acid treatment [5]. Collagen films were prepared by solu-
tion casting onto glass plates. After solvent evaporation,
the samples were dried in vacuum at room temperature.

Air-dried collagen films were submitted to treatment
with UV irradiation for different time intervals, in air at room
temperature using a mercury lamp, Philips TUV-30, which
emits light of mainly 254 nm wavelength. The intensity of
radiation was 0.263 J/cm’min.
The IR spectra of

promieniowania UV byta
niskocignieniowa lampa %71 | \
rteciowa TUV 30 W (Phi- \ \
lips, Holandia), emitujg-
ca gtéwnie promieniowa-
nie A=254 nm o nateze-
niu 0,263 J/cm?min.
Widma filméw kolage-
nowych zarejestrowano
na spektrofotometrze Ge-
nesis Il FTIRTM firmy Mat-
tson. Pomiaréw dokony- 01 4
wano bezposrednio po na-

Absorbance

films were obtained us-
ing a Mattson Genesis

*5:‘: Il spectrophotometer. All
15 min spectra were recorded in
30 min absorption mode at 4 cm-*
om intervals and 16 scans.
90 min Irradiation experi-
120 min ments were carried out
) in a quartz cuvette at
\\> a distance of 3 cm from
TTTee————m— the light source. The UV—

VIS absorption spectra
of collagen, before and

Swietlaniu probek, w tem-

peraturze pokojowej i w at- #e 5 280

Wavelenght [nm]

immediately after UV ir-
radiation were recorded

330 355

mosferze powietrza.
Roztwdér kolagenu
umieszczony w kwarcowej

kuwecie poddano dziata- diation.

RYS. 1. Widma UV-VIS kolagenu rybiego przed i po naswietlaniu. With a Shimadzu spec-
FIG. 1. UV-VIS spectra of fish collagen before and after UV irra- trophotometer (Model

UV-1601PC). All meas-
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niu promieniowania UV, w od-
legtosci 3 cm od zrédta Swia-
tta. Widma UV-VIS przed i bez-
posrednio po napromienianiu
UV zostaty zarejestrowane za
pomocg spektrofotometru Shi-
madzu (Model UV-1601PC).
Wszystkie pomiary zostaty wy-
konane w tych samych warun-
kach temperatury i wilgotnosci.

Absorbance

Wyniki i dyskusja

urements were per-
formed in the same
conditions of temper-
ature and humidity.

Results and
discussion

UV-VIS spectra
of collagen are pre-
sented in FIG.1.

After UV irradia-

3500
Widma absorpcyjne w za-

3000

Wavenumber [em™]

2500 2000 1500 1000 tion of fish collagen

we observed an in-

kresie widzialnym i nadfiole-
towym roztworu kolagenu po
réznych czasach naswietlania
przedstawiono na RYS.1.

W wyniku napromienia-
nia roztworu kolagenu na-
stepuje wzrost absorbancji
w maksimum absorpcji przy
278 nm. Obserwowane zmia-

niu UV.

radiation.

RYS. 2. Widma FTIR kolagenu rybiego przed i po napromienia-

FIG. 2. FTIR spectra of fish collagen before and after UV- irradiation.

TABELA 1. Potozenie pasm amidowych w widmie kolagenu po réz-
nych czasach naswietlania UV.
TABLE 1. Amide band position for collagen before and after UV- ir-

crease of absorb-
ance at 278 nm due
to the conformational
alterations of colla-
gen and to photo-
chemical reactions
of aromatic amino
acids responsible for
this absorption. FTIR

ny spowodowane sg zmia-
nami konformacyjnymi kola-
genu oraz przemianami ami-
nokwaséw aromatycznych.

Widma FTIR kolagenu

Pasmo
amidowe

Band

Oh 1h

Potozenie pasm przed i po naswietlaniu UV [cm™]
Position of the band [cm-"] after UV- irradiation

2h

spectra of collagen
are shown in FIG.2.
We observed shift

4h of the position of the

8h 12h 24h

48h‘

. ' amide bands. Espe-
rybiego przedstawiono na A 3324|3320 | 3319 | 331833153314 | 3311 | 3305 | cially the amide band
RYS.2. Jak wida¢ Z RYSUN- A has been shifted
KU 2 pasma amidowe ulegty B 3081 | 3082 | 3081 | 3079|3078 |3078 | 3078 |3078 ||to lower frequencies
prze;un'lemu.pod wptywem (TABLE 1). This fact
promieniowania UV. W szcze- | 1658 | 1658 | 1658 | 1658 | 1659 | 1658 | 1658 | 1658 ||suggest the confor-
golnosci potozenie pasma ami- mational alterations
dowego A ulegto wyraznemu [ 1554 | 1552 | 1554 | 1550 | 1547 | 1545 | 1540 | 1540 || of collagen molecule
przesunieciu w kierunku niz- and the loss of water

szych czestosci (TABELA 1).
Swiadczy to o zmianach kon-
formacyjnych w czgsteczce
kolagenu oraz ubytku wody
z nim zwigzanej. Po ekspozy-
cji na promieniowanie UV za-
obserwowano zmniejszenie
pol powierzchni pasm amido-
wych (TABELA 2), co wskazu-

after UV- irradiation.

Pasmo
amidowe
Band

Oh

1h

TABELA 2. Pola powierzchni pasm amidowych w widmie kolage-
nu po réznych czasach naswietlania.
TABLE 2. Amide bands integral intensity for collagen before and

Pola powierzchni pasm przed i po naswietlaniu UV [cm]
The area of band after UV- irradiation

2h

bonded to collagen.
The drop of integral
intensity of all amide
bands in collagen
during UV irradia-
tion was observed
(TABLE 2). It is an
evidence of degra-
dation of collagen by

4h 8h 12h 24h 48h

je na zachodzgca fotodegrada- y e
cje kolagenu. A+B 138 129 118 | 98,1 | 89,1 | 88,4 | 77.6 | 69,3 UV-irradiation.
Whioski | | 438 | 428 | 424 | 412 | 403 | 309 | 384 | 37,5 | CONCluUsions
. . Fish collagen-
Materiaty na bazie kolagenu Il 216 | 21,2 [ 21,1 | 198 | 19,2 [ 17,9 | 15,0 | 10,7 || pased materials can
rybiego mogg by¢ sterylizowa-

ne i modyfikowane promienio-

waniem UV. Jednak, w wyniku dziatania tego promieniowa-
nia, nastepuje rozrywanie wigzan wodorowych stabilizujg-
cych strukture potrojnej helisy, co prowadzi do zmian konfor-
maciji i przejscia czasteczek kolagenu ze struktury helikalnej
w strukture kiebka statystycznego. Fotodegradacja kolagenu
wynika z rozrywania wigzan peptydowych, a takze z powsta-
wania nowych produktéw przemian fenyloalaniny i tyrozyny.
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be sterilized and
modified by UV-irradiation. However, UV radiation induces
destruction of the hydrogen bonds, which are formed be-
tween the helix of collagen molecule and leads to partial
destruction of the triple helix structure of collagen molecule
to the random coil structure. Photodegradation of fish col-
lagen results in the scission of peptide linkage and formation
of new photoproducts from tyrosine and phenyloalanine.
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Wstep

Austenityczna stal nierdzewna (SS) jest materiatem naj-
czesciej stosowanym do implantowania w organizmie ludz-
kim. Ze wzgledu na swoje wtasnosci chemiczne i mecha-
niczne, zdolnos¢ do nadawania ksztattoéw oraz relatywnie
niskg cene materiat ten stosowany jest gtéwnie do produk-
cji Srub, wkretow, ptytek stabilizujgcych, gwozdzi srodszpi-
kowych oraz do wytwarzania narzedzi chirurgicznych [1].
Stal nierdzewna posiada jednak réwniez kilka wad, z kt6-
rych najpowazniejszg jest mozliwos¢ wystgpienia korozji na
powierzchni. Obserwowane procesy korozyjne zwigzane sg
z procesem uwalniania toksycznych jonéw metali (zelazo,
chrom i nikiel), a w konsekwencji tego niszczeniem implan-
tu. Moze to powodowac wszelkiego rodzaju odczyny zapal-
ne oraz alergie. Dlatego tez, w celu zminimalizowania pro-
cesu uwalniania jonéw nalezy zastosowa¢ odpowiedni spo-
s6b modyfikacji powierzchni materiatéw implantacyjnych [2].
Obecne strategie badawcze skoncentrowane sg na zasto-
sowaniu ochronnych powtok polimerowych. Jednym z ro-
dzajéw polimerow, ktéry obecnie znalazt zainteresowanie
jest parylen C. Polimer ten wykazuje wysokg biokompatybil-
nosc¢ i mozliwos¢ wytworzenia cienkiej, ciggtej i inertnej po-
wioki [3]. Czesto tez, w celu polepszenia adhezyjnosci po-
wioki ochronnej do podtoza metalowego stosuje sie cienkg
warstwe kleju adhezyjnego (silan A174). Wiekszos$¢ badan
nad powtokami polimerowymi ma na celu zwiekszenie od-
pornosci korozyjnej powierzchni metalowych implantéw po-
przez ograniczenie procesu uwalniania jonéw metali. Inng
wazng cechg powtok na implantach jest odpornos$c¢ na zary-
sowanie czy zuzycie scierne. W celu monitorowania proce-
séw zachodzgcych na powierzchni implantéw metalowych
w $rodowisku biologicznym wykorzystywane sg testy in vi-
tro, za$ wiasciwosci mechaniczne powtok sg badane przy
uzyciu testéw zuzyciowych.

Celem przeprowadzonych badan byta analiza wtasciwo-
$ci ochronnych polimerowej powtoki silanowo+parylenowej
C, osadzonej na powierzchni stali implantacyjnej 316L,
z punktu widzenia wiasciwosci anykorozyjnych i mecha-
nicznych.

Materiaty i metodyka badan

Proébki stali nierdzewnej 316L byty przemyte, wytrawione
oraz pokryte 8 um powtokg parylenu C przy uzyciu metody
osadzania z fazy gazowej (CVD) (ParaTech) opisanej w [3].
Przed pokryciem prébek stali parylenem, zostata natozona
cienka warstwa silanu A 174 za pomocg metody zanurze-
niowej. Prébki stali bez powtok wykorzystywane byty jako
prébki referencyjne. Wszystkie probki analizowano pod
katem wiasciwosci ochronnych. Testy uwalniania jonow in
vitro wykonane byty przez r6zne okresy czasu (1 dzien - 28
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Introduction

Austenitic tainless steel (SS) is one of the most com-
monly used orthopedic implant material. Because of its
mechanical strength, the capability to bend and shape as
well as relatively low cost, it is used for production of the
screws, nails, plates and instrumentation [1]. However, SS
has some significant disadvantages; the most common
is surface corrosion. Observed corrosion is related to the
toxic metal ions release (iron, nickel and chromium) and
as a consequence, implant damage is observed. This in
turn may result in allergy and dangerous diseases. For
that reason, appropriate surface engineering of the metal
implant is of critical importance when attempting to limit the
metal ions release [2]. Nowadays, strategies of investigation
are focused on application of protective polymer coatings.
Nowadays, one of the polymers that draw the attention is
parylene C. This polymer exhibits excellent biocompatibility
and possibility to form continuous, thin layer [3]. However,
pre-treatment with the organic silane A174 as an adhesion
promoter of parylene coating is the recommended prepara-
tion of steel surface. Most investigations on coatings used
for medical devices aim to increase the corrosion resistance
while decreasing the release of metal ions into the body.
Another important characteristic of the coatings on metal
implants involves its mechanical properties, such as friction
and wear resistance. For monitoring the processes taking
place on metal implant surfaces in biological environments
the in vitro tests and wear tests are often used.

The aim of the present study was to evaluate protective
function of silane+parylene C coating on SS (316L) in terms
of mechanical and anticorrosion properties.

Experimental

Samples of SS 316L grade were cleaned, pickled and
coated with an 8 um of parylene C by means of Chemical
Vapour Deposition (CVD) (ParaTech) described in else-
where [3]. Prior to covering with parylene, the SS samples
were coated by adhesive glue, silane A174, via a dipping
method. Cleaned uncoated SS samples were used as refer-
ences. All analyzed samples were investigated for protective
properties. In vitro metal ion release tests were performed for
different period of time (1 day - 28 days) in darkness, using
a shaking incubator at a temperature of 37°C. All exposure
tests were performed in Hanks solution, which is an artificial
salts mixture (pH=7.4) with hydrogen peroxide addition.
Samples of the solution after the exposure period were
analyzed for the concentrations of the released metals (Fe,
Cr, Ni). by Atomic Absorption Spectrometer Perkin-Elmer
Model 3110Young modulus measurements and scratch test
were performed with the use of MicroCombi Tester (CSM).
For scratch test a Rockwell C spherical diamond stylus
with cone apex angle of 120° and tip radius of 200 ym was
used. Based on the obtained results, the static coefficient
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dni) w inkubatorze z wytrzgsaniem, w temperaturze 37°C.
Jako sztuczny ptyn fizjologiczny wykorzystano ptyn Han-
ksa, ktory jest mieszaning sztucznych soli fizjologicznych
(pH=7.4). Prébki ptyndw po testach byly analizowane pod
katem ilosci uwolnionych jonéw (Fe, Cr, Ni) z wykorzysta-
niem spektrometru absorpcji atomowej Perkin-Elmer Model
3110. Pomiary modutu Younga oraz scratch testy wykonano
z wykorzystaniem MicroCombi Tester (CSM). W pomiarach
zarysowania wykorzystano diamentowy wgtebnik Rockwella
C o kagcie 120° i $rednicy zaokraglenia 200 um. Na podstawie
wynikéw obliczono statyczny wspotczynnik tarcia. Badania
Scieralnosci przeprowadzono na tribotesterze typu kula-tar-
cza wg norm ASTM G 99-05. Do pomiaréw wykorzystano
polerowang kulke stalowg 100Cr6 o $rednicy 6 mm. Testy
prowadzono przez 5000 cykli, przy predkosci obrotowej 60
obr/min. Na podstawie otrzymanych wynikéw wyznaczono
wspotczynnik tarcia dynamicznego, profil otrzymanej bruzdy
oraz wskaznik zuzycia.

Wyniki i dyskusja

Typowe zdjecia mikroskopowe (SEM) powierzchni sta-

of friction was calculated. Wear tests were carried out with
a ball on disc tribotester according to ASTM G 99-05. For
this kind of measurements polished 100Cr6 steel ball with
a diameter of 6 mm was used. Tests were carried out for
5000 cycles at a speed of 60 rev./min. The results show the
dynamic friction coefficient, groove profile and wear index.

Results and discussion

The typical SEM pictures for uncoated (reference) and
silane-parylene C coated samples are presented in FIG.1.
From the microscopic observations it can be inferred that
the parylene coating composed a smooth uniform layer at
the SS surface. In FIG.2 the kinetic of the total metal ion re-
lease (Fe+Cr+Ni) for different kind of analyzed samples are
presented. Obtained results clearly show increase of metal
ions release rate in body fluid after longer experiment time. In
the case of uncoated samples, increase has been observed
since the beginning of the experiment time and was linear.
Such linear dependence results from the fact that at 37°C.
hydrogen peroxide reacts with the steel surface and cause
increased corrosion. However, for polymer coated samples

li implantacyjnej bez i z powtoka si-

lanowo-parylenowg C przedstawio- a)
no na RYS.1. Wykazujg one, ze za-
stosowany uktad polimerowy two-
rzy gtadka i jednorodng warstwe
ochronng na powierzchni stali nie-
rdzewnej. Na RYS.2 przedstawiono
sumaryczne stezenia uwolnionych
jonow metali (Fe+Cr+Ni) w zalez-
nosci od czasu inkubacji w ptynie
fizjologicznym dla probek niepokry-
tych i pokrytych powlokg ochronng.
Otrzymane wyniki badan wykazaty,

concentration
of ions in the
initial stage (14
days) was low.
Together with
the incubation
time exponen-
tial increase of
metal ions in
solution was ob-
served. These
illustrates the
complexity of

b)

ze wraz z czasem inkubacji wzra-
sta stezenie jondéw w badanych roz-
tworze. W przypadku probek nie-
pokrytych, wzrost ten byt obserwo-

wioka ochronna.

RYS. 1. Zdjecia SEM probki niepokrytej (a) i pokrytej (b) po-

FIG. 1. SEM pictures for uncoated (a) and coated (b) samples.

the processes
occurring during
the release of
metal ions to the

wany od poczatku czasu pomiaro-

body fluids. Ini-

wego i miat charakter liniowy. Taka tially, the kinet-
zaleznos¢ liniowa wynika z faktu, B prébka niepokryta ics of metal ions
ze w 37°C nadtlenek wodoru inten- ﬁ 50 ) transition are
sywnie reaguje z powierzchnig sta- o ®  prébka pokryta powloka related to the
li powodujac jej wzmozong korozje. 2 E 4 <1l process of dif-
Natomiast dla probek pokrytych po- § Ee) i fusion through a
wiokag polimerowg stezenie jonow 2 3‘ . protective layer.
w poczgtkowym etapie testéw (14 2 § 30 g After longer ex-
dni) byto nieznaczne. Wraz z upty- ‘g ¥ posure time in-
wem czasu inkubacji zaobserwowa- | © O 4 crease of metal
no eksponencjalny wzrost ich ilosci | @ ® [} ions release
w roztworze. Swiadczy to o zlozo-| § L rate was ob-
nosci proceséw wystepujgcych pod- | & 10 served.

czas procesu uwalniania jonéw me- I O Summary
tali do ptynéw ustrojowych. Poczat- oQ"! ----------------- @ o ® of mechanical
kowo kinetyka przechodzenia jonow 0 1 2 3 properties of the

metali zwigzana jest z procesem ich
dyfuzji przez warstwe ochronng. Do-

uncoated and

czas inkubacji/ 10° s silane-parylene

piero pézniej obserwuje sie zwiek-
szenie ilosci jonéw w roztworze.
Zestawienie badanych wiasciwosci
mechanicznych probek niepokry-
tych i pokrytych powtokg silanowo-
parylenowg C przedstawionow TAB.1.

Warto$¢ modutu Younga dla badanej powtoki byta 20-
krotnie nizsza od wartosci dla stali i zblizona do wartosci
modutu Younga dla kosci (ok.10 GPa). Jest to bardzo ko-
rzystne z punktu widzenia aplikacji medycznych. Warto$é

RYS. 2. Zaleznos¢ stezenia jonéw metali od czasu inkubacji
dla badanych probek.
FIG. 2. Total metal ion release after different incubation time
for analyzed samples.

C coated sam-
ples SS are
shown in TAB.1.
The value of the
Young modulus
for analyzed
coating was 20 times lower in compare to Young modulus
for steel and it was similar the value obtained for bone (10
GPa). This is very advantageous fro medical applications.
The value of the static friction coefficient obtained from
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TAB. 1. Zestawienie witasciwosci mechanicznych badanych prébek.

TAB. 1. Mechanical properties for analyzed samples.

Rodzaj probki

Wiasciwosci / Properties ‘

Sample Modut Younga Wspélozynnik tarcia Dynamiczny w§po}czynn|k tar-  Profil bruzdy Wskazmk. zuzycia
Young Modulus Friction coefficient cia Groove volume Wear index
(GPa) Dynamic friction coefficient (V) (mm?/Nm)
Bez powloki 200 025 0,87 37 37-10%
Uncoated
Z powtokg silanowo-
parylenowg C 7,8 0,20 0,14 22 2,2:10°

Silane-parylene C coated

wspotczynnika tarcia statycznego otrzymanego ze scratch
testéw dla badanych prébek stali niepokrytej i pokrytej po-
wiokg ochronng byta zblizona. Inaczej sytuacja przedsta-
wia sie w przypadku wyznaczania wspoétczynnika tarcia dy-
namicznego. Para tragca: kula stalowa — probka niepokryta
wykazywata wspotczynnik tarcia ok. 0.87, co byto spowo-
dowane zacieraniem niesmarowanego styku tarciowego.
Powtoka silanowo-parylenowa C wykazywata bardzo do-
bre wtasciwosci slizgowe w kontakcie ze stalowg kulg. Od-
pornos$¢ na zuzycie wyznaczono na podstawie pomiarow
wielkosci profili bruzd powstatych w wyniku tarcia kulg ba-
danego podtoza (ball on disc test). Zuzycie prébek niepokry-
tych byto gtownie wynikiem $cierania. Swiadczy o tym wyso-
ka wartos¢ wskaznika zuzycia oraz obecnosc¢ czgstek stali
oderwanych od badanego podfoza. Zuzycie prébek pokry-
tych byto wynikiem deformacji powtoki polimerowe;j i bruz-
dowania jej powierzchni. Wskaznik zuzycia dla tego rodza-
ju prébki byt o ok. 90 % nizszy w poréwnaniu do wartosci
wskaznika zuzycia dla probki niepokryte;j.

Whioski

Pomiary uwalniania jonéw metali oraz pomiary wtasci-
wosci mechanicznych sg uzupetniajgcymi i wlasciwymi me-
todami analizy odpornosci korozyjnej i wtasciwosci ochron-
nych powtok polimerowych na implantach stalowych. Otrzy-
mane wyniki badan wykazaty, ze zastosowana powtoka sta-
nowi dobrg bariere ochronng. Testy kinetyki uwalniania jo-
néw metali w sztucznych ptynach fizjologicznych wykazaty,
ze silanowo-parylenowa C powtoka polimerowa ogranicza
proces korozji stali nierdzewnej. Wyniki testéw mechanicz-
nych wykazaty, ze zastosowana powtoka ochronna zabez-
piecza powierzchnie stali przed procesem zuzycia $cierne-
go i wytwarzaniem produktéw $cierania. Dzieki zastosowa-
niu powtoki polimerowej zastata zmniejszona wartos¢ wspot-
czynnika tarcia dynamicznego oraz wspotczynnik zuzycia
badanej powierzchni.
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scratch tests for uncoated and coated steel samples were
similar. Different situation was determined in the case the
of dynamic friction coefficient. Pair: steel ball - uncoated
sample showed a coefficient of friction of about 0.87, which
was caused by friction induced degradation of non-lubricated
contact surfaces. Silane- parylene C coating showed very
good sliding properties in contact with a steel ball. Wear
resistance was determined by measuring the size of grooves
profiles obtained from wear test (ball on disc test). Damage
of uncoated samples was mainly due to abrasion as it was
proved with the high wear index and the presence of wear
particles from the tested substrate. The damage of the
coated samples was due to deformation of the polymer coat-
ing and pluging surface. Wear index for this type of sample
was about 90% lower compared to the values of the wear
index for the uncoated sample.

Conclusions

Metal ions release tests and mechanical tests are suitable
and complementary methods for investigations of the cor-
rosion resistance and protective properties of the polymeric
coating on SS implant surface. Long-term exposure tests in
simulated body fluid revealed that the parylene C coating
can be successfully used for corrosion protection of stainless
steel 316L. Obtained results indicated that tested coating
reduced steel surface corrosion. Results from mechanical
tests show that analyzed polymer coating protects steel
surface against wear damage and production of the wear
debris. Application of coating on steel surface reduced
dynamic friction coefficient and wear index.
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Streszczenie

Zainteresowanie biomateriatami, zwigzane z mozli-
woScig zastosowania ich na implanty, wywotuje z jed-
nej strony nieustanny wzrost wymagan stawiany tego
typu materiatom, z drugiej natomiast, poszukiwanie
nowych metod i technologii poprawiajgcych ich wia-
snosci uzytkowe [1-2].

W ciggu ostatnich 10 lat, znacznie wzrosto zasto-
sowanie magnezu i jego stopéw, szczegdlnie w za-
stosowaniach medycznych. Zjawisko to zwigzane jest
gtéwnie z bardzo korzystnymi wtasnos$ciami tych ma-
teriatow takich jak: niska gesto$c czy wysokie wiasno-
Sci wytrzymatoSciowe. Zainteresowanie stopami ma-
gnezu, jako biomateriatu skupia sie gtéwnie na za-
stosowaniach implantologicznych. Zwigzane jest to
gtdwnie z tym, ze materiat ten jest biokompatybilny
i bioresorbowalny. Ponadto, jego wtasciwo$ci mecha-
niczne sg bliskie naturalnej kosci w poréwnaniu z in-
nymi metalami wykorzystywanymi, jako biomateriaty
na implanty (np. stopy Tii Co-Cr) [1-4].

Magnez i jego stopy sg materiatami biodegradowal-
nymi w ludzkich ptynach organicznych, jednoczesnie
ich staba odporno$¢ na korozje moze doprowadzic¢ do
nagtej awarii implantow.

W ramach niniejszej pracy stop magnezu (AZ91)
pokryto metodg metalurgii proszkéw powtokg hydrok-
Syapatytu w celu poprawy jego biodegradacji.

Priorytetowym celem proponowanych w ramach
niniejszej pracy badan byta analiza wtasnosci wy-
trzymatosciowych na granicy powtoka-podtoze.
WitasnoSci te zostaty okreslone przy pomocy testu,
polegajgcego na zarysowaniu (Scratch Test) powfoki
ceramicznej. Okreslono ponadto sktad fazowy po-
wstatych powifok.

[Inzynieria Biomateriatow, 116-117, (2012), 42-45]

Wstep

Stopy magnezu w ostatnim czasie przyciggajg duzg uwa-
ge, jako potencjalny materiat biodegradowalny na implanty
kostne ze wzgledu na ich biodegradacje i brak toksyczne-
go wptywu na organizm ludzki. Jednakze, konieczna jest
obrébka powierzchni tych materiatow w celu ich ochrony
przed korozja, poniewaz Mg jest metalem o znacznej ak-
tywnosci w ludzkich ptynach ustrojowych oraz osoczu krwi.
Jednym ze sposobdéw poprawy wspomnianych wiasnosci
jest nanoszenie na powierzchnie stopéw magnezu powtok
ceramicznych [1-4].

Zainteresowanie powtokami hydroksyapatytowymi na
przestrzeni ostatnich lat w zastosowaniach medycznych
znacznie wzrosto. Hydroksyapatyt w medycynie (HA,
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Abstract

Growing interest in biomaterials, combined with
opportunities of their use for implants causes, on the
one hand, incessantly growing expectations imposed
on these materials. On the other hand, new methods
and technologies improving their functional properties
are required.

The industrial application of Mg has increased ra-
pidly in the last 10 years. The increased usage of Mg
is due to its lightweight, high specific stiffness and
strength. There has been interest in using Mg as a bio-
material for bone replacement as it is biocompatible
and bioresorbable.

Moreover, mechanical properties of magnesium
are closer to natural bones compared with other me-
tallic materials used as biomaterial implants (e.g. Ti
alloys, Co-Cr alloys). Magnesium and its alloys are
potential biodegradable implant materials due to their
attractive biological properties. However, their poor
corrosion resistance may result in a sudden failure
of the implants.

In this study, a magnesium alloy (AZ91) was coa-
ted with hydroxyapatite to improve its biodegradation
performance. A priority goal of the investigations
presented within this work was to improve mechanical
properties on the base material — coating interface.
These properties were determined by means of scra-
tch tests on the ceramic coating.

[Engineering of Biomaterials, 116-117, (2012), 42-45]

Introduction

Magnesium alloys has attracted much attention as po-
tential bone implant materials due to their biodegradability
and non-toxicity to the human body. However, the surface
treatment is necessary to protect against the severe corro-
sion because Mg is a considerably active metal in chlorides
containing solutions including human body fluid or blood
plasma. Bioactive coating on Mg alloys might be a way to
overcome the above problem [1-4].

Recently, an increased interest in hydroxyapatite coat-
ings used for medical applications has been observed.
Hydroxyapatite (HA, HAp) Ca,,(PO4)s(OH), implants have
been widely used in dentistry, facial surgery, orthopaedics
and otolaryngology. It is also used for coatings on other
materials, particularly on metals (e.g. coatings for stems
of femoral bone prostheses). The factors which impact on
quality of the coating include microstructure, chemical and
phase composition, adhesion force and solubility in physi-
ological solutions [1-7].
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HAp) Ca,(PO,)s(OH), stosuje sie
w formie powtok na materiatach,
gtéwnie metalach (np. pokrycia
trzpieni endoprotez stawu biodro-
wego). Czynnikami, ktére warun-
kuja i wptywajg na jako$¢ powtoki
sg miedzy innymi: mikrostruktura, |
stopieh amorficznosci, sktad che- b
miczny i fazowy, sita adhezji oraz
rozpuszczalnos¢ w roztworach fi-
zjologicznych [1-7].

Gtownym, stosowanym na
skale przemystowg sposobem
nanoszenia powtok HAp na po-
wierzchnie implantéw jest tech- §
nika plazmowa, wykorzystywa-
na od 1985 roku. Zastosowanie §
tej techniki (atrakcyjnej ze wzgle-
doéw ekonomicznych), prowadzi
do uzyskiwania warstw z hydrok-

The main meth-
od of manufactur-
ing of HA coatings
on an industrial
scale is plasma
technology, which
has been used
since 1985. The
application of this
technology (which
is attractive mainly
due to economic
freasons) leads
to obtaining hy-
droxyapatite lay-
|l ers with thickness
within the range of
|| 40-400 um [1,2,5-
|l 8]. The obtained
HA coatings form

syapatytu o grubosci w zakresie
od 40-400 pm [1,2,5-8]. Powtoki
tak otrzymane wykazujg wiekszg
przyczepnos¢ do podtoza i sg bar-
dziej spojne wewnetrznie [5-8].

Badania wlasne

RYS. 1. Struktura natryskiwanej powtoki.
FIG.1 . The structure of sprayed coating.

fixed bonds with
biological tissues
and, through the
processes of re-
sorption and osseointegration, they create opportunities for
bone regeneration based on the ceramic matrix.
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Investigations

The investigations en-
compassed hydroxyapa-
tite layers with thickness
of ca. 200 ym (FIG. 1) ob-
tained by means of plasma
spraying on the surface of
AZ91 alloy. The aim of this
study was to characterize
the structure (a scanning
electron microscope JOEL

00 10 1o 19 Y9 1SM 5400) and the adhe-

5400) oraz przyczepnosci
powtoki do podtoza stopu
magnezu AZ91 (Revetest
XPress Plus).

Badania strukturalne przeprowadzone na mikroskopie
skaningowym ujawnity typowg dla zastosowanej metody
nakfadania budowe powtoki hydroksyapatytowej (porowa-
tg i laminarna) (RYS. 1).

Z punktu widzenia szerszego wykorzystania biomateria-
téw, wydaje sie by¢ konieczne okreslenie stabilnosci fazo-
wej uzyskanych powiok na podtozu stopu AZ91 (RYS. 2).

Analiza fazowa zostata wykonana przy pomocy dyfrakto-
metru Seifert 3033 T-T przy uzyciu lampy kobaltowej. Analiza
ujawnita 100% krystaliczng faze HAp o komdrce heksago-
nalneji parametrach: a=b=0,9418 nm, c=0,6884 nm, P63/m.

Badania przyczepnosci wykonanych powtok przepro-
wadzono przy uzyciu penetratora Rockwella. Test wyko-
nano stosujgc nastepujgce parametry: zadane obcigze-
nie: 1 — 180 N, dtugos¢ rysy: 10 mm, predkos¢ zarysowa-
nia: 3,35 mm/min. Uzyskane wykresy przedstawia RYS.
3. Charakterystyke te wykonano poprzez analize sity ad-
hezji powtoki do podtoza, analize wystepujgcych peknie¢
i odksztatcen oraz obliczenie takich parametrow jak: sita
i wspotczynnik tarcia oraz sita krytyczna.

Gtebokos$¢ ,zarysowanego” obszaru (jego wymiary linio-
we) byty Scisle uzaleznione od zadanych parametréw testu.
Wraz ze wzrostem zadane;j sity, nastepowata zmiana pro-
filu linii zarysowania. Stykajgce sie powierzchnie (penetra-

FIG. 2. Dyfraktogram natryskiwanej powtoki.
FIG. 2. Diffractogram for coatings.

sion of the coating (Revet-
est XPress Plus) to the
surface of the magnesium
alloy. Microscopic obser-
vations of the sprayed coatings revealed a structure typical
of the employed method of manufacturing. These coatings
were characterized by laminarity and porosity between
individual layers of the solidifying material.

It seems to be necessary, from the standpoint of wider
use of composite materials, to determine phase stability
in the obtained composites. Phase analysis was carried
out using Seifert 3003 T-T X-ray diffractometer (XRD) with
radiation wavelength of A.,, K,=0,17902 nm. The XRD
qualitative analysis of hydroxyapatite coatings revealed its
100% crystallinity and presence of hexagonal phase of HA
with the following parameters of the cell: a=b=0,9418 nm,
¢=0,6884 nm, space group P63/m.

The purpose of the investigations was to characterize
mechanical properties of the coating — implant interface.
The adhesion force of the coating to the base material,
cracks and deformations were analysed. Then, the follow-
ing parameters were calculated: force and a coefficient of
friction as well as critical force.

Adhesion tests for the coatings were carried out by means
of Revetest XPress Plus device with Rockwell indenter.
The tests were carried out using the following parameters:
load of 1 — 180 N, scratch length: 10 mm, scratch rate:
3,35 mm/min. The obtained results are presented in FIGS. 3, 4.
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RYS. 3. Wykresy powstate w wyniku zarysowania powtoki hydroksyapatytowe;j.

FIG. 3. Charts obtained as a result of scratching.
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RYS. 4. Geometria powstatej linii zarysowania.
FIG. 4. Scratch line geometry.

tor-powtoka) znajdujac sie w ztozonym stanie naprezen i od-
ksztatcen, prowadzity do osiggniecia wartosci krytycznych
dla poszczegdlnych badanych powtok.

Zautomatyzowane obserwacje mikroskopowe pozwoli-
ty na analize linii zarysowania na catej zadanej dtugosci.
Przyktadowy wykres geometrii zarysowania przedstawio-
no na RYS. 4.

Podsumowanie

» Znana bioaktywnos$¢ ceramiki hydroksyapatytowej suge-
ruje, ze powtoka wykonana z tego materiatu powinna by¢é
skutecznym sposobem na poprawe bioaktywnosci po-
wierzchni stopu magnezu.

* W wyniku napylania plazmowego otrzymano 200 pm po-
wioke hydroksyapatytu na podtozu stopu magnezu AZ91.

» Natryskiwane powtoki wykazaty laminarnos¢ oraz poro-
watos¢ ulokowang pomiedzy poszczegdlnymi warstwa-
mi krzepngcego materiatu.
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The depth of the scratched area (its linear dimensions)
was closely dependent on the adopted test parameters. An
increase of the applied force caused change in the scratch
line profile. The adjacent surfaces (i.e. indenter — coating)
were in a complex state of stresses and deformations, lead-
ing to reaching critical values for each of the investigated
coatings.

Automated microscope observations enabled analysis of
the scratch line throughout the whole length. An example of
scratch geometry chart is presented in FIG. 4.

Conclusions

» The bioactivity of the hydroxyapatite ceramic suggested
that the HA coating should be an effective way to improve
the surface bioactivity of Mg alloy.

 As aresult of plasma spraying, the 200 pm thick hydroxya-
patite coating was obtained.



» Analiza sktadu fazowego potwierdzita wysokg stabilnos¢

termiczng ceramiki hydroksyapatytowej podczas natry-
skiwania.
Przeprowadzone badania przyczepnosci powtok bioce-
ramicznych, pozwolity na charakterystyke uktadu powto-
ka/podtoze [HAp/AZ91] poprzez wartosci takich parame-
tréw jak: wspétczynnik tarcia, sita tarcia, krytyczna sita ob-
cigzenia powiok, przy ktérej ulegaty one rozwarstwieniu
(L,=120N).
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[Inzynieria Biomateriatow, 116-117, (2012), 46-48]

Ze wzgledu na rosngcg potrzebe szybkiej i wiarygod-
nej weryfikacji biozgodnosci nowych materiatéw prze-
znaczonych do implantacji, zastosowanie technik biolo-
gii molekularnej w obszarze inzynierii biomateriatéw na-
biera coraz wiekszego znaczenia. Wiadomo, ze wsz-
czepiony biomateriat nie pozostaje obojetny wobec kon-
taktujgcych sie z nim komérek i moze by¢ postrzega-
ny jako potencjalne zrédto stresu. Efektem mogg byé
zmiany w ekspresji genow i biatek, przejawiajgce sie
w zréznicowanej odpowiedzi metabolicznej komoérek, co
z kolei moze mie¢ przetozenie na ostateczng akceptacje
implantu przez tkanki i organizm biorcy. Powyzsze obser-
wacje skfaniajg do sformutowania nastepujgcej tezy: Za-
réwno sktad chemiczny biomateriatu, jak i struktura jego
powierzchni, wywierajg mierzalny wptyw na metaboliczng
odpowiedz komorek kontaktujgcych sie z tg powierzchnig.

Badaniem aktywnosci gendw ulegajgcych ekspresji w ko-
morce zajmuje sie transkryptomika, wykorzystujgca rézno-
rodne techniki biologii molekularnej (QRT-PCR, Northern
blotting, mikromacierze cDNA). Celem naszej pracy jest
analiza zmian w ekspresji genéw cyklu komoérkowego w ko-
morkach ludzkich osteoblastéw linii Saos-2 (ATCC, Manas-
sas, USA) hodowanych na polerowanych i piaskowanych
powierzchniach stopéw tytanu Ti6Al4V (ISO 5832-3) oraz
Ti6AI7NDb (ISO-5832-11), z wykorzystaniem zestawu mikro-
macierzy cDNA (Cell Cycle Oligo GEArray-Human, SABio-
sciences). Pomimo wieloletniej i bardzo szerokiej aplikaciji
tytanu i jego stopédw w obszarze implantologii i medycyny,
nadal nie w petni poznano molekularny aspekt interakc;ji ty-
tan/stop tytanu-komoérka.

Probki stopow tytanu o wymiarach 3 mm grubosci
oraz 20 mm $rednicy szlifowano na wodnych papierach
Sciernych o malejgcej gradacji ziaren, a nastepnie polero-
wano zawiesing tlenkowg na bazie koloidalnego roztworu
krzemionki (Struers). Cze$¢ krgzkéw poddano nastepnie
piaskowaniu ziarnem Al,O, o wielkosci 110 ym, padajg-
cym pod katem 45° przy cisnieniu 4,5 Bar. Prébki myto
w myjce ultradzwiekowej w acetonie przez 10 min i w wodzie
dejonizowanej przez kolejne 10 min.

Hodowle osteoblastéw na polerowanych i piaskowanych
powierzchniach Ti6Al4V i Ti6AI7Nb poprzedzono sterylizacjg
parowg badanych krgzkdéw. Po sterylizacji probki inkubowa-
no przez 48h z zawiesing osteoblastow w petnym medium
hodowlanym (McCoy’s 5a Modified Medium z dodatkiem
15% ptodowej surowicy bydlecej (FBS), penicyliny i strep-
tomycyny) w temperaturze 37°C, przy wilgotnosci wzgled-
nej 100%, w obecnosci 5% CO,. Réwnolegle przygotowa-
no proby kontrolne, ktére stanowity komorki nie poddane
kontaktowi z biomateriatem (kontrola) oraz komorki podda-

ANALYSIS OF CHANGES IN CELL
CYCLE GENE EXPRESSION IN
OSTEOBLASTS CULTURED ON
THE SURFACES OF TITANIUM
ALLOYS
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[Engineering of Biomaterials, 116-117, (2012), 46-48]

Due to the increasing need for rapid and reliable verifica-
tion of biocompatibility of new materials intended for implan-
tation, the application of molecular biology techniques in the
field of biomaterials engineering is becoming extremely im-
portant. It is commonly known that implanted material is not
neutral for cells contacting its surface and can be considered
as the potential source of stress for these cells. As a result
of implant-cell interaction changes in genes and proteins’
expression, manifested in metabolic cell response, can be
observed, and they may be related with the final implant
acceptation by the patient’s tissues. Above observations
have lead to the formulation of the following thesis: Both the
biomaterial composition and its surface topography, have
a measurable impact on the metabolic response of cells
being in contact with the surface of biomaterial.

The discipline that enables to evaluate the activity of
genes undergoing expression in cells is transcriptomics,
using various techniques of molecular biology (QRT-PCR,
Northern blotting, cDNA microarrays). The aim of our study
is to analyze changes in cell cycle gene expression in human
osteoblasts line Saos-2 (ATCC, Manassas, USA) cultured
on polished and sandblasted surfaces of titanium alloys
TiBAI4V (1ISO 5832-3) and TiBAI7Nb (ISO-5832-11), with the
use of cDNA microarrays (Cell Cycle Oligo GEArray-Human,
SABiosciences). Despite the long and very broad applica-
tions of titanium and its alloys in the field of implantology and
medicine, the molecular aspect of titanium/titanium alloy-cell
interaction is still not well understood.

Disc-shaped samples of titanium alloys, 20 mm in diam-
eter and 3 mm thick, were grinded on abrasive papers of
decreasing grain grit and polished with silica-based paste
(Struers). Additionaly, some samples of each alloy were
sandblasted with Al,O; grains 110 ym in size, hitting the
surface at a 45° angle and a pressure of 4,5 Bar. Then the
samples were cleaned in an ultrasonic bath in acetone for
10 minutes and in deionised water for the next 10 minutes.

The culture of Saos-2 cells on polished and sandblasted
surfaces of Ti6Al4V and Ti6Al7Nb alloys was preceded with
steam sterilization of the samples. After autoclaving the sam-
ples were incubated for 48h with suspension of osteoblastic
cells Saos-2 in full medium (McCoy’s 5a Modified Medium
supplemented with 15% fetal bovine serum (FBS), penicillin
and streptomycin) at 37°C, in the atmosphere of 5% CO,
and relative humidity 100%. Control samples were prepared
as well: cells that were not in contact with any examined
material (control) and cells that were grown on the surface
of polished medical steel AISI 316L (reference sample). Af-
ter 48h the cells on the examined surfaces were lysed with
a solution of phenol and guanidine isothiocyanate (TRIzol
Reagent) and RNA isolation procedure was performed.
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ne kontaktowi z polerowang
powierzchnig stali medycz-
nej AISI 316L (tzw. probka
referencyjna). Po uptywie
48h komoérki na badanych
powierzchniach lizowano
za pomocg roztworu fenolu
i izotiocyjanianu guanidyny
(TRIzol Reagent) i przepro-
wadzano procedure izolacji
RNA. Nastepnie czgstecz-
ki RNA amplifikowano i zna-
kowano biotyng przy uzyciu
zestawu MessageAmpTM
lI-Biotin Enhanced Kit (Am-
bion). Membrany mikroma-
cierzy poddane wczesniej-
szej prehybrydyzacji inku-
bowano z préb-kami RNA
przez 12h w 60°C, nastep-
nie blokowano wolne miej-
sca buforem blokujgcym i
inkubowano z kompleksem
streptawidyna-fosfataza al-
kaliczna. Dodatek CDP-Star
umozliwiat uzyskanie obra-
zu transkryptomu metodg
chemiluminescencyjng na
filmie rentgenowskim. Do
analizy densytometrycznej
obrazéw mikromacierzy wy-
korzystano program Image-
Quant TL (GE Healthcare).
Przyktadowe obrazy mikro-
macierzy dla polerowanych
stopow Ti6AI4V i Ti6AI7Nb
przedstawia RYS.1.

Na podstawie przeprowa-
dzonych badan sformutowa-
no nastepujgce wnioski:

* Analiza transkrypto-
mu osteoblastéw hodowa-
nych na powierzchniach ba-
danych stopow tytanu oraz
prébce referencyjnej wyka-
zata liczne, znaczgce zmia-
ny w ekspresji gendw w sto-
sunku do hodowli kontrolne;j.

» Kontakt osteoblastéw
z powierzchnig V pol, Nb
piask i Nb pol spowodo-
wat wigczenie trzech ge-
néw (100% nadekspresja).
Sg to dwa geny odpowie-
dzialne za punkty kontrolne
i zatrzymanie cyklu komor-
kowego oraz gen odpowie-
dzialny za prawidtowy prze-
bieg fazy G2 i przejscia fazy
G2 w faze M.

* Istotne zmiany w eks-
presji dotyczg od 23 do 40
gendéw cyklu komérkowego,

przy czym najwiekszg ilos¢ zmian zaobserwowano dla po-
lerowanego stopu Ti6Al4V, a najmniejszg - dla referencyj-
nej probki stalowej (RYS.2.).

* Najczestszym mechanizmem zmian w komodrkach
osteoblastéw poddanych kontaktowi z badanymi sto-

N pol

Nb pol

RYS. 1. Obrazy mikromacierzy cyklu komérkowego po hybry-
dyzacji z transkryptomem osteoblastow hodowanych na po-
wierzchniach polerowanych stopow tytanu, kontroli i prébce
referencyjnej: K - kontrola, S - stal AlSI 316 L, Nb pol - polero-
wany Ti6AlI7Nb, V pol - polerowany Ti6Al4V.

FIG. 1. Images of the cell cycle microarray after hybridiza-
tion with the transcriptome of osteoblasts cultured on poli-
shed titanium alloys, control and reference sample: K - control,
S - stainless steel AISI 316 L, Nb pol - polished Ti6AI7Nb,
V pol - polished Ti6AI4V.
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RYS. 2. Liczba i rodzaj zmian w ekspresji genéw cyklu komoér-
kowego w komorkach osteoblastéw hodowanych na powierzch-
niach badanych biomateriatéw. Za nadekspresje genéw przyjeto
wartos¢ ilorazu intensywnosci zaczernienia spotu badanego do
spotu kontrolnego wieksza lub réwna 1,25; za supresje — war-
tos¢ iloraz intensywnosci zaczernienia spotu badanego do spo-
tu kontrolnego mniejsza lub réwna 0,75; zmiany w ekspresji
genoéw o mniejszej intensywnosci, nieistotne statystycznie wy-
szczegolniono jako + ns (nadekspresja ns) lub - ns (supresja
ns), natomiast brak zmian oznaczono jako bz;

Nb piask — piaskowany Ti6Al7Nb,

V piask — piaskowany Ti6AIl4V.

FIG. 2. The number and type of changes in cell cycle gene expres-
sion in osteoblast cells cultured on the surfaces of tested bio-
materials. Genes overexpression is determined for test to con-
trol spot volume ratio greater than or equal to 1.25, the suppres-
sion — for test to control spot volume ratio less than or equal to
0.75, changes in gene expression of a lower intensity, not stati-
stically significant are listed as + ns (ns overexpression) or - ns
(ns suppression), whereas no changes were determined as bz;
Nb piask - sandblasted Ti6Al7Nb,

V piask - sandblasted Ti6Al4V.

sample (FIG.2).

Then the molecules
of RNA were ampli-
fied and biotin-labeled
with the use of Mes-
sageAmpTM II-Biotin
Enhanced Kit (Ambi-
on). Microarray mem-
branes subjected to
a previous hybridization
were incubated with the
RNA samples for 12h at
60°C, then blocked with
blocking buffer and in-
cubated with a complex
of streptavidin-alkaline
phosphatase. Addition
of CDP-Star allowed
to obtain an image of
transcriptome on X-ray
film by the chemilumi-
nescence method. For
densitometric analysis
of microarrays Image-
Quant TL program (GE
Healthcare) was used.
Microarrays images for
polished Ti6Al4V and
Ti6AI7Nb alloys are
shown in FIG.1

Based on our study
the following conclu-
sions are made:

* Analysis of the
transcriptome of oste-
oblasts cultured on pol-
ished and sandblasted
surfaces of titanium
alloys and the refer-
ence sample indicated
numerous, significant
changes in gene ex-
pression compared to
control culture.

+ Contact of osteob-
lasts with the surface
of V pol, Nb pol and
Nb piask resulted in
the turning on of three
genes (100% overex-
pression). These are
two genes responsi-
ble for the cell cycle
checkpoints and cell
cycle arrest and one
gene responsible for
G2 phase and G2/M
phase transition.

« Significant chang-
es in gene expression
include 23 to 40 genes
of the cell cycle, with
the largest number of
changes observed for

polished Ti6AI4V alloy, and the lowest - for the reference

» The most common mechanism of changes in osteoblas-

tic cells cultured in the presence of examined titanium alloys,
regardless of their surface modification, is overexpression
(the increase of gene expression).
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pami tytanu, niezaleznie od ich modyfikacji powierzch-
niowej, jest nadekspresja (wzrost ekspresji genéw).
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Streszczenie

W artykule przedstawiono wptyw metody wytwarza-
nia kompozytu metaliczno — ceramicznego Ti+HAp na
Jego wtasnosci strukturalne. Badania zostaty wykona-
ne na prébkach o osnowie tytanu zawierajgcych od 20
do 50% HAp uzyskanych metodg metalurgii proszkéw,
spiekanych w prézni o wartosci 10 Pa oraz atmos-
ferze argonu. Podczas badan dokonano analizy mi-
krostrukturalnej otrzymanych probek, okre$lono sktad
fazowy wystepujgcy w badanym materiale, oznaczo-
no gesto$¢ pozorng kompozytéw przed i po spieka-
niu. Dodatkowo wyznaczono zmiane liniowg i objeto-
Sciowsg, jaka towarzyszyta kompozytom.

Stowa kluczowe: kompozyty, tytan, hydroksyapa-
tyt, metalurgia proszkéw

[Inzynieria Biomateriatow, 116-117, (2012), 48-51]

Wprowadzenie

Tytan posiadajgc dobre wtasnosci mechanicznych,
wysokg odpornos¢ korozyjng oraz najlepszg wsrod bioma-
teriatow obojetnos¢ biologicznag, jest stosowany w réznych
dziedzinach medycyny [1,2]. Stosowanie tytanu ogranicza
jednak zjawisko metalozy, jak réwniez niska odpornosc na
Scieranie [3,4]. Pomocne w tym przypadku moze by¢ wy-
tworzenie kompozytéw Ti+HAp, fgczacych zalety materiatow
metalicznych, uzupetnianych unikalnymi wtasnosciami ma-

METHOD OF OBTAINING
METALLIC-CERAMIC
COMPOSITES OF Ti + HAp AND
ITS EFFECT ON STRUCTURAL
PROPERTIES

MacpALENA KLiMAS*, AGATA DuDEK
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THE FAcULTY oF MATERIALS PROCESSING TECHNOLOGY AND
APPLIED PHysIcs, INSTITUTE OF MATERIALS SCIENCE,
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Abstract

The paper presents the effect of a method of ob-
taining a metallic-ceramic composite Ti+HAp on its
structural properties. The examinations were carried
out on the samples with titanium matrix which con-
tained from 20 to 50% of Hap obtained by means of
powder metallurgy, sintered in vacuum with pressure
of 10~ Pa and in argon atmosphere. The microstruc-
tural analysis of the obtained samples was carried out
and phase composition was determined for the ma-
terials studied. Furthermore, the authors determined
bulk density of composites before and after sintering
as well as linear and volumetric changes observed
for the composites.

Keywords: composites, titanium, hydroxyapatite,
powder metallurgy

[Engineering of Biomaterials, 116-117, (2012), 48-51]

Introduction

Titanium, famous for its excellent mechanical properties,
high resistance to corrosion and best biological compatibility
among biomaterials, has been used in different areas of
medical applications [1,2]. The use of titanium, however, is
limited by the phenomenon of metallosis and exhibits low
resistance to wear [3, 4]. In such cases, obtaining compos-
ites of Ti+HAp that combine the advantages of metallic ma-
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teriatéw ceramicznych [1,5]. Jedng z metod otrzymywania
materiatéw tytanowych jest metalurgia proszkéw pozwala-
jaca na uzyskanie jednorodnej, drobnoziarnistej struktury
o lepszych wtasnosciach uzytkowych niz w przypadku
otrzymywania tych materiatéw inng metodg. Dodatkowo
umozliwia ona wprowadzenie do czystego proszku tytanu
czy jego stopu dodatkowych skfadnikow, pozwalajgc w ten
sposo6b na modyfikacje sktadu chemicznego uzyskiwanych
materiatow implantacyjnych [5]. Dodatkowa zaletg uzyskiwa-
nia tytanu, jego stopéw jak rowniez kompozytéw metaliczno
— ceramicznych jest mozliwos¢ uzyskiwania materiatow
porowatych, co ma szczegoélne znaczenie w implantologii,
poniewaz umozliwia szybkie a zarazem gtebokie narasta-
nie tkanki kostnej powodujgc lepsze umocnienie implantu
w organizmie cztowieka [1,3,4].

Materialy i metody

Materiatem do badan byty prébki wykonane metodg me-
talurgii proszkéw. Do wytworzenia kompozytéw metalicz-
no — ceramicznych wykorzystano proszki HAp (Ca,,(PO-
4)s(OH),) oraz Ti o udziale hydroksyapatytu zmieniajgcym
sie w zakresie 20-50%wag. Po ujednorodnieniu mieszanin
odpowiednich kompozycji proszki zostaty sprasowane jed-
noosiowo przy obcigzeniu 270 MPa oraz wysuszone w su-
szarce laboratoryjnej. Cze$¢ wyprasek poddano proceso-
wi spiekania w atmosferze argonu w temperaturze 1100°C
przez czas 1 godziny. Druga cze$¢ wyprasek o identycz-
nym sktadzie masowym jak wczesniejsze zostata podda-
na procesowi spiekania w prozni rowniez w temperaturze
1100°C przez czas 1 godziny.

Otrzymane metodg metalurgii proszkéw kompozyty
metaliczno — ceramiczne poddano badaniom mikrostruk-
turalnym, rentgenowskiej analizie jakosciowej, ocenie
gestosci oraz analizie zmian liniowych i objetosciowych po
procesie spiekania.

Wyniki i dyskusja

Otrzymane metodg metalurgii proszkéw kompozyty pod-
dano badaniom mikrostrukturalnym stosujgc mikroskop
optyczny Axiovert. Otrzymane mikrostruktury przedstawio-
no na RYS. 1.

Obserwacje mikroskopowe ujawnity rownomierne
rozmieszczenie poszczegoélnych faz, w ilosci zalezne jod
dodatku objetosciowego poszczegdlnych faz. Ciemne pola
na widocznych mikrostrukturach to faza hydroksyapatytu
natomiast jasne to tytan. W tytanie podczas spiekania
ujawniono nieliczne mikropekniecia.

W celu okreslenia struktury otrzymanych kompozytow
metaliczno - ceramicznych badane probki poddano rentge-
nowskiej analizie jakosciowej Seifert 3003 T - T. Uzyska-
ne dyfraktogramy wraz z pikami pochodzgcymi od ujawnio-

terials with unique properties of ceramics [1,5] can be very
useful. One of the methods of obtaining titanium materials
is powder metallurgy that allows for obtaining homogene-
ous, fine-grain structure with improved functional proper-
ties compared to the material obtained by means of other
methods. Furthermore, this method offers opportunities for
introducing, to pure titanium powder or its alloy, additional
components which in consequence make it easy to modify
chemical composition of implantation materials [5]. An ad-
ditional advantage of using titanium, its alloys and metallic-
ceramic composites is obtaining porous materials, which is
of essential importance in implantology as it facilitates very
fast and deep osseointegration, causing better fixation of
the implant within human body [1,3,4].

Materials and methods

The materials used in the study were samples made
by means of powder metallurgy. In order to obtain metallic
and ceramic composites, the authors used powders of HAp
(Ca,o(PO,4)s(OH),) and Ti with hydroxyapatite fraction which
ranges from 20wt% to 50wt%.After homogenization of the
mixtures of particular compositions, the powders were axially
compressed at the load of 270 MPa and dried in a labora-
tory drier. A part of moulded pieces were sintered in argon
atmosphere at the temperature 1100°C for the time of 1 hour.
The other part of the moulded pieces, with identical mass
composition, was also sintered in vacuum at temperature
of 1100°C for 1 hour.

The metallic and ceramic composites obtained by means
of powder metallurgy were then used for microstructural
examinations, X-ray quality analysis, determination of den-
sity and analysis of linear and volumetric changes after the
process of sintering.

Results and discussion

The composites obtained by means of powder metal-
lurgy were used for microstructural examinations using
Axiovert optical microscope. The microstructures obtained
are presented in FIG. 1.

Microscopic observations revealed even distribution of
individual phases, with amount which depended on volu-
metric addition of individual phases. Black fields in visible
microstructures represent hydroxyapatite whereas blank
ones are titanium. Sparse microcracks were observed in
titanium after sintering.

In order to determine the structure of metallic-ceramic
composites, an X-ray quality analysis was carried out on
the samples using Seifert 3003 T - T. The obtained dif-
fractograms with peaks from phases found for the samples
heated in argon atmosphere and in vacuum are presented
by FIG. 2.

49

RYS. 1. Mikrostruktury probek kompozytéw: a) 20% HAp + 80% Ti, b) 50% HAp + 50% Ti po spiekaniu w prozni
c) 20% HAp + 80% Ti, d) 50% HAp + 50% Ti po spiekaniu w atmosferze argonu.

FIG. 1. Microstructure in composite samples: a) 20% HAp + 80% Ti, b) 50% HAp + 50% Ti after sintering in vacu-
um c) 20% HAp + 80% Ti, d) 50% HAp + 50% Ti after sintering in argon atmosphere.
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RYS. 2. Dyfraktogramy prébek 50% HAp + 50% Ti po wygrzewaniu a) w prézni, b) w atmosferze argonu.
FIG. 2. Sample diffractograms 50% HAp + 50% Ti after annealing a) in vacuum, b) in argon atmosphere.

nych faz dla prébek wygrzewanych w atmosferze argonu
i w prézni przedstawia RYS. 2.

W przypadku probek wygrzewanych w prézni na dyfrak-
togramach zidentyfikowano refleksy pochodzgce od tytanu
a i HAp oraz dodatkowo takie fazy jak CaO, TCP o wzorze
chemicznym Ca,(PQO,), i TTCP (Ca,(PO,),0), ktére powstaty
w wyniku dekompozycji fazy HAp, ktéra to zachodzi w wy-
niku wygrzewania probek.

Dyfraktogramy prébek z niskg zawartoscig hydroksyapa-
tytu, wygrzewanych w atmosferze argonu, sktadajg sie z pi-
koéw pochodzgcych od faz Ti a oraz HAp. Dopiero zawartosé
HAp na poziomie 50% powoduje pojawienie sie podobnie
jak w przypadku probek wygrzewanych w prozni faz TCP
oraz CaO. Nie mozna réwniez wykluczy¢, ze w przypadku
mniejszej zawartosci HAp (<50%) obecnos$¢ faz CaO i TCP
bedacych dowodem na dekompozycje fazy HAp znajduje sie
ponizej granicy wykrywalnosci metodg rentgenograficzng.

Dla kompozytéw metaliczno — ceramicznych wyznaczo-
no gestos¢ pozorng przed i po spiekaniu. Na RYS. 3 przed-
stawiono odpowiednio zmiane gestosci pozornej kompozy-
téw na bazie tytanu przed i po spiekaniu w atmosferze ar-
gonu oraz prozni.

Okreslono rowniez zmiane liniowg i objetosciows, jaka
towarzyszyta prébkom po spiekaniu w réznych atmosfe-
rach, co przedstawia RYS. 4.

Wyniki gestosci pozornej dla probek wygrzewanych w at-
mosferze argonu zmieniaty sie od 3,48 g/cm® dla proébki
z czystego tytanu do 1,68 g/cm? dla prébek zawierajgcych
40% HAp. W przypadku probek wygrzewanych w prozni ge-
stosc¢ spiekdéw zmienia sig od 2,03 g/cm? dla prébek zawiera-
jacych 80% Tido 1,95 g/cm? dla prébek zawierajgcych 50%
Ti. W przypadku prébek wygrzewanych w atmosferze argo-
nu nastepuje wzrost gestosci spieku w poréwnaniu z uzy-

In the case of the samples annealed in vacuum, the
diffractograms exhibited reflexes from titanium a and HAp
and such phases as CaO, TCP with chemical formula of
Cay(PO,), and TTCP (Ca,;(PO,),0), which were formed as a
result of decomposition of HAp phase that occurs as a result
of sample annealing.

Sample diffractograms with low content of hydroxyapatite,
annealed in the atmosphere of argon, are composed of the
peaks from phases Ti a and HAp. It is only the content of
HAp at the level of 50% that causes presence of TCP and
CaO phases observed in the samples annealed in vacuum.
It cannot be excluded that in the case of lower content of
HAp (<50%), presence of CaO and TCP phases, which
confirm decomposition of HAp phase, is below the detection
threshold using X-ray method.

Bulk density for metallic and ceramic composites was
determined before and after sintering. FIG. 3 presents
a change in bulk density in composites based on titanium
before and after sintering in the atmosphere of argon and
in vacuum.

Linear and volumetric changes which were observed for
the samples after sintering in different atmospheres were
also determined, which is presented by FIG. 4.

The results obtained for bulk density for samples an-
nealed in argon atmosphere ranged from 3.48 g/cm? for the
sample of pure titanium to 1.68 g/cm? for the samples with
40% HAp. In the case of the samples annealed in vacuum,
sinter density ranged from 2.03 g/cm?® for the samples con-
taining 80% Ti to 1.95 g/cm? for the samples with 50% Ti.
In the case of the samples annealed in the atmosphere of
argon, an increase in sinter density was observed compared
with the obtained moulded pieces, whereas in the samples
sintered in vacuum, a decline in sinter density occurs com-
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RYS. 3. Gestos¢ pozorna kompozytéw Ti+HAp przed i po spiekaniu w a) atmosferze argonu b) prézni.
FIG. 3. Bulk density of Ti+HAp composites before and after sintering in a) argon atmosphere, b) vacuum.
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a)

b)

RYS. 4. Zmiana liniowa po wysokos¢ i zmiana objetosciowa dla kompozytéw Ti+HAp spiekanych w a) atmosfe-
rze argonu, b) prézni.
FIG. 4. Linear changes in height and volumetric changes for Ti+HAp composites sintered in: a) argon atmosphe-
re, b) vacuum.

skanymi wypraskami, natomiast w przypadku probek spie-
kanych w prozni nastepuje spadek gestosci spiekdw w po-
réwnaniu z gestoscig uzyskanych wyprasek az do zawar-
tosci HAp na poziomie 40%, kiedy to gesto$¢ spieku zaczy-
na by¢ wyzsza od gestosci wypraski.

W przypadku probek wygrzewanych w prézni obserwuje
sie ekspansje spieku w stosunku do uzyskanej wypraski,
natomiast w przypadku probek wygrzewanych w atmosferze
argonu obserwuje sie ich kontrakcje.

Zaroéwno dla probek wygrzewanych w atmosferze argo-
nu jak i wygrzewanych w proézni zmiana objetosciowa jak
i liniowa po wysokosci wzrasta wraz z dodatkiem hydrok-
syapatytu. Odstepstwem od tej reguty sg probka zawiera-
jace 30% HAp, kiedy to nastepuje spadek zaréwno zmiany
objetosciowej jak i liniowej po wysokosci.

Whnioski

Zastosowany szeroki wachlarz wariantow wytworzonych
kompozytéw Ti+HAp jak réwniez dobér réznych atmosfer
spiekania uzyskanych wyprasek pozwolit na ocene wptywu
tych czynnikéw na uzyskany gotowy kompozyt metalicz-
no — ceramiczny. Przeprowadzone badania mikrostruktural-
ne i fazowe przy uzyciu analizy rentgenowskiej, umozliwity
okreslenie sktadu fazowego uzyskanych kompozytéw. Wni-
kliwa analiza zmian geometrycznych kompozytéw pozwo-
lita na wyciggniecie daleko idgcych wnioskow dotyczgcych
braku stabilnosci wymiarowej uzyskanych kompozytéw.
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pared to the density of the moulded pieces, until it reaches
the content of HAp of 40%, when sinter density is higher
than the density of a moulded piece.

In the samples annealed in vacuum, the authors ob-
served expansion of the sinter with respect to the moulded
piece, whereas the samples annealed in argon atmosphere
exhibited contraction.

Both volumetric and linear (height) increments observed
in both samples annealed in argon atmosphere and an-
nealed in vacuum increase with concentration of hydroxya-
patite. This pattern was exceptionally absent in the samples
containing 30% HAp, when a decline in both volumetric
changes and linear changes in height is observed.

Conclusions

Awide variety of variants of Ti+HAp composites obtained
in the study and choice of different atmospheres of sinter-
ing used for moulded pieces allowed for assessment of the
effect of these factors on the metallic-ceramic composites.
The microstructural and phase examinations using X-ray
analysis allowed for determination of phase composition
in the composites obtained. A thorough analysis of geo-
metrical changes in composites helped drawing far-reach-
ing conclusions of the lack of dimensional stability of the
composites.
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Streszczenie

W ramach pracy probki ze stopu tytanu Ti6AI4V ELI
poddano procesom utleniania chemicznego, termicz-
nego i elektrochemicznego (anodowego). W celu okre-
Slenia wptywu réznego rodzaju utleniania na wystepu-
jgce fazy, dokonano badania sktadu fazowego meto-
dg dyfrakcji rentgenowskiej przed i po procesach utle-
niania. Ponadto przeprowadzono obserwacje mikro-
struktur oraz wykonano badania geometrii powierzch-
ni — chropowatosci. W wyniku zastosowania utlenia-
nia stopu tytanu wytworzono zmodyfikowang war-
stwe tlenkéw o szczegoinych, z punktu widzenia za-
stosowania w medycynie wtasnosciach uzytkowych.
Z przeprowadzonych badari wynika, ze wariant zasto-
sowanego utleniania (chemiczne, termiczne i elektro-
chemiczne) wptywa na rodzaj uzyskanych faz na po-
wierzchni stopu tytanu. Dodatkowo przeprowadzone
badania geometrii powierzchni — chropowato$ci wyka-
zafy, ze rodzaj zastosowanego utleniania wptywa na
stopien rozwiniecia powierzchni, co ma znaczenie przy
stosowaniu tego rodzaju materiatow w implantologii.

Stowa kluczowe: biomateriaty, utlenianie, stop
tytanu, uszlachetnianie powierzchni stopu tytanu

[Inzynieria Biomateriatow, 116-117, (2012), 52-54]

Wprowadzenie

Celem poprawy jednorodnosci warstewki tlenku tytanu,
jak rowniez zwiekszenia odpornosci na oddziatywanie bio-
logiczne Srodowiska stosuje sig procesy uszlachetniajgce,
do ktérych miedzy innymi nalezy utlenianie chemiczne,
termiczne i anodowanie [1,2].

W medycynie stopy tytanu jako biomateriaty sg stosowa-
ne od wielu lat, ze wzgledu na dobrg odpornosc¢ na korozje,
a przede wszystkim zgodnos$c¢ tkankowg — nietoksycznosé
i niewywotywanie odczyndéw alergicznych. Niestety posia-
dajag one réwniez wady: niskg odpornos¢ na zuzycie przez
tarcie oraz przechodzenie sktadnikéw stopu do otaczajacych
wszczep tkanke (tytanoza) [3].

Najwiekszym problemem podczas zastosowan implan-
tologicznych jest uzyskanie trwatego potgczenia implan-
tu z tkankg kostna, ktory nie ulegtby obluzowaniu po dtuz-
szym okresie uzytkowania. Pozgdanym jest wiec uzyska-
nie powierzchni o odpowiedniej topografii i bioaktywnosci
umozliwiajgcej stabilny przyrost tkanki z implantem [4,5].

Materialy i metody

Probki badawcze, w ksztatcie walcow o wysokosci 5 mmii
Srednicy 25 mm zostaty wyciete z preta stopu tytanu Ti6AI4V
ELI. W pierwszym etapie probki poddano polerowaniu na po-
tysk lustrzany, co jest zasadniczym i polecanym zabiegiem
obroébki powierzchniowej dla stopow tytanu w implantologii.

SURFACE REFINEMENT OF
TITANIUM ALLOY Ti6AI4V ELI

JusTYNA KLiMAS*, AGATA DuDEK, MAGDALENA KLIMAS

CzeEsTocHOWA UNIVERSITY MOF TECHNOLOGY

THE FAcULTY oF MATERIALS PROCESSING TECHNOLOGY AND
APPLIED PHysIcs, INSTITUTE OF MATERIALS SCIENCE,

19 Armil KRAJOWEJ AVE., 42-200 CzESTOCHOWA, POLAND
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Abstract

This study presents the results obtained after the
processes of chemical, thermal and electrochemical
(anode) oxidation of titanium alloy Ti6Al4V ELI. In
order to determine the effect of different types of
oxidation on individual phases, the authors examined
phase composition by means of the method of X-ray
diffraction before and after the oxidation processes.
Furthermore, the microstructure examinations and
surface geometry (roughness) testing were also car-
ried out. Oxidation of titanium alloys caused formation
of a modified layer of oxides with specific functional
properties that make these materials useful for medical
applications. The study showed that the variant of oxi-
dation (chemical, thermal or electrochemical) impacts
on the type of phases obtained on titanium surface.
The examinations of surface geometry (roughness)
demonstrated that the type of oxidation used impacts
on the degree of surface development, which is impor-
tant when using these materials in implantology.

Keywords: biomaterials, oxidation, titanium alloy,
surface refinement in titanium alloys

[Engineering of Biomaterials, 116-117, (2012), 52-54]

Introduction

The refinement processes, such as chemical and thermal
oxidation and anodizing, have been used for improvement
in homogeneity of titanium oxide layer and for increasing
resistance to biological impact of the environment [1,2].

The titanium alloys have been used for years as bioma-
terials because of their high resistance to corrosion and
high biocompatibility (it is non-toxic and does not give
allergic reactions). Unfortunately, they also have some
disadvantages: low resistance to friction wear and transfer
of alloy components to tissues that surround the implant
(titanosis) [3].

The major problems when using these materials as im-
plants is obtaining a stable connection between the implant
and bone tissue which would not be loosened after a longer
period. Therefore, it is desirable to obtain the surface with
suitable topography and bioactivity that allow for stable
integration of tissues with an implant [4,5].

Materials and methods

Cylindrical samples with height of 5 mm and 25 mm in
diameter were cut out from a bar of titanium alloy Ti6AI4V
ELI. At the first stage, the samples were polished until bright
finish, which is a typical and recommended surface treat-
ment for titanium alloys used in implantology. The next stage
was passivation in 30% solution of HNO; acid at room tem-
perature and at the temperature of 60°C, thermal oxidation
at temperatures: 400°C, 500°C, 600°C and electrochemical
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Probki zostaty poddane: pasywacji w 30% roztworze kwasu
HNO, w temperaturze pokojowej oraz w temperaturze 60
°C, utlenianiu termicznemu w temperaturach: 400°C, 500°C,
600°C oraz utlenianiu elektrochemicznemu (anodowaniu)
przy nastepujgcych parametrach: elektrolit 0,3 M H,PO, 2
pH, 10 mAscm-.

Prébki poddane zostaty analizie mikroskopowej, rent-
genowskiej analizie jakosciowej oraz ocenie topografii
powierzchni.

Wyniki i dyskusja

Prébki poddano badaniom mikrostrukturalnym stosu-
jac mikroskop optyczny Axiovert. Otrzymane mikrostruktu-
ry przedstawiono na RYS. 1.

Obserwacje mikrostrukturalne warstw tlenkowych przy
pomocy mikroskopu swietlnego pozwolity na stwierdzenie,
ze im wyzsza temperatura utleniania, tym wieksza ilos¢
tlenkéw wystepuje na powierzchni. W przypadku utlenia-
nia elektrochemicznego mozna zauwazy¢ znaczny wzrost
ilos¢ tlenkow oraz ich wieksze zageszczenie.

Wytworzone warstwy tlenkowe poddano rentgenowskiej
analizie jakosciowej, w celu okreslenia sktadu fazowego.

oxidation (anodizing) at the following parameters: electrolyte
0.3 M H;PO, 2 pH, 10 mA-cm™.

Microscope X-ray analysis, quality analysis and assess-
ment of surface topography were also carried out.

Results and discussion

The microstructural examinations were carried out by
means of Axiovert optical microscope. The microstructures
obtained are presented in FIG.1.

Microstructural examinations of oxide layers using light
microscope found that higher oxidation temperatures cause
an increase in oxide concentration on the surface. In the
case of electrochemical oxidation, a considerable increase
in the amount of oxides and its higher concentration can
be observed.

The obtained oxide layers were then analysed by means
of X-ray quality analysis in order to determine the phase
composition. Graphical representation of X-ray examinations
is presented by the diffractograms below.

After oxidation of titanium alloy Ti6AI4V ELI, the authors
obtained oxide layers with the following phases: Ti a, Ti B
and oxides: TiO, TiO.,.

RYS. 1. Mikrostruktura stopu tytanu Ti6Al4V ELI: A) w stanie wyjsciowym (polerowana na potysk lustrzany),
B) po pasywacji chemicznej w 30% roztworze kwasu HNO; w temperaturze pokojowej, C) po utlenianiu termicz-
nym w temperaturze 500 °C przez 1h, D) po procesie utleniania elektrochemicznego przez 1h przy gestosci pra-

du 10 mAecm=.

FIG. 1. Microstructure of titanium alloy Ti6Al4V ELI: A) initial state (bright polish), B) after chemical passivation
in 30% solution of HNO, acid at room temperature, C) after thermal oxidation at 500 °C for 1h, D) after electro-

chemical oxidation for 1h at current density 10 mAscm.
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RYS. 2. Dyfraktogram stopu tytanu Ti6Al4V ELI: A) po pasywacji chemicznej w 30% roztworze kwasu HNO, w tem-
peraturze pokojowej, B) po procesie utleniania elektrochemicznego przy gestosci pradu 10 mA-cm2.

FIG. 2. Diffractogram for titanium alloy Ti6Al4V ELI: A) after chemical passivation in 30% solution of HNO, acid
at room temperature, B) after electrochemical oxidation at current density 10 mA-cm2.

TABELA 1. Zestawienie parametru chropowatosci R, powierzchni prébek.
TABLE 2. Comparison of roughness parameter R, on sample surface.

Utlenianie chemiczne
Chemical oxidation
EEREE]
Passivation
Temperatura pokojowa
Room temperature
0,04

Wyjsciowa
Initial

60°C
0,04

0,05

Utlenianie
elektrochemiczne
Electrochemical
oxidation

Utlenianie termiczne
Thermal oxidation

400°C
0,03

500°C
0,03

600°C

0,027 0,05

®© 0 00000 0000000000000 000000000000000000000°0° ==

53

1]



54

Graficzne przedstawienie przeprowadzonych badan rent-
genowskich przedstawiajg dyfraktogramy.

W wyniku zastosowanego utleniania stopu tytanu Ti6AI4V
ELI otrzymano warstwy tlenkowe, sktadajgce sie z nastepu-
jacych faz: Ti a, Ti B oraz tlenkéw: TiO, TiO,.

Celem okreslenia topografii powierzchni oraz jej pa-
rametrow przeprowadzono badania z wykorzystaniem
profilometru Hommel T1000. Wyznaczenie parametru chro-
powatosci powierzchni R, wykonano w kontakcie z badang
powierzchnig przez sprzezenie igty z réznicowym uktadem
pomiarowym. Uzyskane wyniki parametru chropowatos$ci
R, przedstawiono w TABELI 1.

Analizujgc srednie arytmetyczne rzednych profilu R,,
otrzymane podczas badan geometrii powierzchni mozna
stwierdzi¢, ze najmniejszg chropowato$¢ wykazuje probka
poddana utlenianiu termicznemu przez czas 1h w tempe-
raturze 600°C. Nieznaczng chropowatoscig odznaczajg sie
réwniez prébki po utlenianiu w temperaturach 400°C i 500°C
przez czas 1h, odpowiednio 0,03. Dla probki utlenianej
elektrochemicznie chropowato$¢ wyniosta 0,05.

Whioski

Obserwacje mikrostrukturalne warstw tlenkowych przy
pomocy mikroskopu $wietlnego pozwolity na analize mor-
fologii wytworzonych na powierzchni stopu tlenkéw. Wraz
ze wzrostem temperatury utleniania, wzrasta ilos¢ tlenkéw
wystepujgcych na powierzchni. W wyniku utleniania elek-
trochemicznego uzyskano na powierzchni znaczng ilos¢
tlenkéw o zwartej strukturze.

Badania rentgenowskiej analizy jako$ciowej pozwolity na
stwierdzenie obecnosci w badanych prébkach faz tytanu
Tia oraz tytanu Tif. Ujawnione zostaty rowniez nastepujgce
tlenki: TiO, TiO,, charakteryzujgce sie duzg biozgodnoscia,
biokompatybilnoscig i nietoksycznoscig dla tkanek ludzkich.
Zastosowana obrobka powierzchniowa polegajgca na utle-
nianiu powierzchni stopu Ti6AI4V ELI wptywa na rodzaj oraz
ilos¢ powstatych tlenkéw.

Ocena topografii powierzchni pozwolita na stwierdzenie,
iz wytworzona na powierzchni stopu tytanu Ti6AI4V ELI war-
stwa tlenkowa po procesie utleniania elektrochemicznego
charakteryzuje sie najwyzszg chropowatoscig powierzch-
ni, co z punktu widzenia procesu zespalania implantu z
tkankami zywego organizmu jest zjawiskiem niezmiernie
korzystnym.
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Hommel T1000 roughness tester was used in order to
determine surface topography and its parameters. Determi-
nation of surface roughness parameter R, was carried out in
contact with the surface through coupling the indenter with
differential measurement system. The obtained results of
roughness parameter Ra are presented in TABLE 1.

Analysis of arithmetic means of R, profile ordinates ob-
tained during examinations of surface geometry revealed
that the lowest roughness can be found after thermal oxida-
tion for 1h at the temperature 600°C. Insignificant roughness
was also found in the samples after oxidation at tempera-
tures 400°C and 500°C for 1h (0.03). The roughness for the
sample oxidized electrochemically was 0.05.

Conclusions

Microstructural examinations of oxide layers by means
of the light microscope allowed for the analysis of morphol-
ogy of the oxides obtained on the surface of the alloy. The
increase in oxidation temperature causes an increase in the
amount of oxides present on the surface. A considerable
amount of oxides with compact structure was obtained on
the surface after electrochemical oxidation.

The X-ray quality analysis revealed presence of titanium
phases Tia and Tif in the samples studied. The oxides
TiO, TiO, were also found. They are characterized by high
biocompatibility and non-toxicity for human tissues. The
surface treatment, which consisted in oxidation of the sur-
face of titanium alloy Ti6AI4V ELI, impacts on the type and
amount of oxides.

Surface topography analysis found that the oxide layer
created on the surface of titanium alloy Ti6Al4V ELI after
the process of electrochemical oxidation is characterized by
the highest surface roughness, which from the standpoint of
the process of integration of an implant with living tissues is
a very advantageous phenomenon.
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Wprowadzenie

Opracowano metode badan spektroskopowych ztozo-
nego ukfadu wolnych rodnikéw powstajgcych w wybranych
lekach glikokortykosteroidowych podczas sterylizacji ter-
micznej. Glikokorytkosteroidy sg sklasyfikowane wedtug
rodzaju czynnej chemicznej substancji lub drogi podania
[1,2]. Sg stosowane w leczeniu konkretnej choroby prze-
ciwzapalnie, immunosupresyjnie lub przeciwobrzekowo.
Glikokortykosteroidy sg jednymi z kortykosteroidéw (sterydy
kory nadnerczy) uwalnianych z nadnercza. Fizjologicznym
bodzcem pobudzajgcym wydalanie glikokortykosteroidow
jest kortykotropina z przedniego ptata przysadki [1,2]. Gli-
kokortykosteroidy sg syntetyzowane i uwalniane w miare
potrzeb. Glikokortykosteroidy, np. kortyzol i kortyzon, sg
niezbedne dla wykorzystania weglowodanow, ttuszczow
i biatek przez organizm, a do prawidtowej odpowiedzi na
stres [1,2]. Sposrdd lekdéw glikortykosteroidowych do badan
wybrano deksametazon, predniozolon i acetonid flucinolonu.
Struktura chemiczna testowanych lekéw jest pokazana na
RYSUNKU 1 [3].

Materialy i metody
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[Engineering of Biomaterials, 116-117, (2012), 55-56]

Introduction

The method of spectroscopic studies of complex system
of free radicals formed in the glucorticosteroides during ther-
mal sterilization was proposed. Glucocorticosteroid drugs
are classified by the chemical type of the active ingredient
or by the way [1,2]. Drugs are used to treat a particular
condition as a anti-inflammatory, immunosuppressive or
anti-swelling. Glucocorticosteroids are one of the corticos-
teroids (adrenal cortical steroids) released from the adrenal
gland. The physiological stimulus for glucocorticosteroids
release is corticortiotropin from the anterior pituitary [1,2].
Glucocorticosteroids are synthesized and released as
needed. Glucocorticosteroids e.g. cortisol and cortisone, are
essential for the utilization of carbohydrate, fat and protein
by the body and for normal response to stress [1,2]. The
dexamethasone, prednisolone nad flucinolone acetonide
drugs from the glucorticosteroides group were chosen to
examination. Chemical structure of these drugs is presented
in FIGURE 1 [3].

Materials and method

The drugs

Leki stery-f CH.OH N
lizowano ter- ' —0 )
; ; . CH
micznie su HOo o~ ] 2L oH
chym gora- . o
cym powie- . H

trzem zgodnie

were sterilized
at dry hot air
according to
the Farmako-
pea Norms [4]
at the following

z wymogamif - temperatures
farmakopeal- I (T) and heat-
nymi [4] W na- RYS. 1. Struktura chemiczna lekéw a) deksametazonu, b) prednizolonu, c) acetoni- 'ng tl_mes (1):
stepujagcych . a) T=160 °C,
temperatu- CIE) TEhE I [ t=120 minutes;
rach (T) i cza- FIG. 1. Chemical structure of a) dexamethasone, b) prednisolone, c) flucinolone b) T=170 °C.

sach ogrze- acetonide [3].

wania (t): a)
T=160 °C, t=120 minut; b) T=170 °C, t=60 minut; c) a)
T=180 °C, t=30 minut. Sterylizacje wykonano w suszar-
ce z termoobiegiem z wykorzystaniem wskaznikow ter-
micznych i biologicznych dla kontroli parametrow i sku-
tecznosci procesu. Suszarke z taSma TGP (Special Tapes)
i wskaznikami Spore Strip z zarodnikami Bacillus atropha-
eus (RAVEN LABSS) umieszczonymi wewnagtrz steryli-
zatora, pomiedzy lekami przedstawiono na RYSUNKU 2.
Prébki lekéw w postaci proszku umieszczono w cien-
kosciennych rurkach szklanych o $rednicy wewnetrznej 3

t=60 minutes;

c)a) T=180°C,
t=30 minutes. Sterilization was performed in hot air oven
with air circulation, and the thermal and biological control
factors were used. The oven with these control factors TGP
(Special Tapes) and indicators Spore Strip with bacterial
Bacillus atrophaeus is presented in FIGURE 2.

The powdered drug samples were placed in thin walled
Glass tubes with the inner diameter of 3 mm. For the tested
drugs the first derivative electron paramagnetic resonance
(EPR) spectra were measured by the spectrometer of Ra-
diopan Firm (Poznan). The measurements were done by the

55
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mm. Dla badanych lekéw rejestrowano widma elektrono-
wego rezonansu paramagnetycznego (EPR) Firmy Radio-
pan (Poznan) w postaci pierwszej pochodnej. Pomiary wy-
konano z wykorzystaniem spektrometru EPR na pasmo X

o czestotliwosci promieniowania mikrofalowego wynosza- |

cej 9.3 GHz wspotpracujgcego z ukladem numeryczne;j re-
jestracji Rapid Scan Unit Firmy Jagmar (Krakéw). Zasto-
sowano modulacje pola magnetycznego 100 kHz. Catko-
wita moc mikrofalowa wytwarzana przez klistron wynosita

70 mW. Zmieniano tlumienie i uzyskano moce mikrofalowe

use of an X-band EPR spec-
trometer with microvawes of
9.3 GHz frequency and the
numerical detection system
Rapid Scan Unit of Jagmar
Firm (Krakéw). The modula-
tion of magnetic field was
100 kHz. The total microwave
Power produced by klystron
was 70 mW.The attenuation

z zakresu 2.2-70 mW. Dla widm EPR analizowano naste-
pujgce parametry ksztattu: A,/A,, A,-A,, B,/B,, B,-B,. Wiel-
kosci A,, A,, B,, B,pokazano na RYSUNKU 3.

RYS. 3. Parametry A1, A2, B1, B2 stosowane do ana-
lizy ksztattu widm EPR.

FIG. 3. A1, A2, B1, B2 parameters used to shape
analysis of EPR spectra.

Wyniki i dyskusja

Stwierdzono zaleznos$¢ parametrow ksztattu widm EPR
od mocy mikrofalowej, RYS.4. Efekt ten jest charakterystycz-
ny dla probki ze ztozonym uktadem wolnych rodnikow [5].

Wypadkowe widmo EPR leku zmienia ksztatt wraz
Z mocg, poniewaz kazda linia sktadowa zmienia sie wraz
ze wzrostem mocy mikrofalowej w innych sposéb. Propo-
nowana metoda moze by¢ stosowana réwniez dla probek
biologicznych oraz biomateriatow, w ktérych czesto wyste-
puje kilka rodzajow wolnych rodnikéw.
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was changed and the mi-
crowave power in the range
2.2-70 mW were obtained. For
the EPR spectra the following
parameters of shape were
analysed: A,/A,, A-A,, B./B,,
B;-B,. The values of A, A,,
B;, B, are show in FIGURE 3.

RYS. 2. Suszarka do steryli-
zacji termicznej z wskaznika-
mi fizycznymi i biologicznymi.
FIG. 2. The hot oven with the
physical and biological con-
trol factors.

081
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RYS. 4. Zaleznos¢ parametru A1/A2 widma EPR
acetonidu flucinolonu sterylizowanego termicz-
nie w temperaturze 180°C przez 30 minut od mocy
mikrofalowe;j.

FIG. 4. The influence of microwave power A1 and
A2 parameters of EPR spectra flucinolone aceto-
nide thermally sterilized at 1800C by 30 minutes.

Results and discussion

It was stated that all the tested parameters of lineshape
of EPR spectra depend on micorwave power (FIG.4). This
efect is characteristic for samples with complex system of
free radicals [5].
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IN VITRO POLIMEROW
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Streszczenie

Celem badan byta ocena biozgodno$ci w testach
in vitro polimeréw konstrukcyjnych polskiej poza-
ustrojowej pulsacyjnej pompy wspomagania serca
Religa Heart EXT. Badaniu poddano probki polime-
row Bionate® Il 90A, Bionate® Il 55D i ChronoFlex®
AR-LT przygotowane po procesach przetworstwa,
odpowiadajgcych wytworzeniu pompy Religa Heart
EXT. Przedmiotem badan byta ocena oddziatywania
polimeréw na wybrane elementy komérkowe, takie jak:
erytrocyty, ptytki krwi i fibroblasty. Przeprowadzono te-
sty hemolizy, trombogennoS$ci, cytotoksycznosci oraz
struktury chemicznej polimeréw. Badania wykonano
zgodhnie z polskg normg PN-EN ISO 10993. Rezultaty
wykazaty, ze polimery konstrukcyjne po przetworstwie
nie oddziatywaty negatywnie na elementy morfotyczne
krwi, nie aktywowaty ptytek krwi i leukocytow oraz
nie oddziatywaty toksycznie na komorki fibroblastow.
Ponadto, nie stwierdzono istotnych zmian w strukturze
chemicznej polimeréw konstrukcyjnych po procesie
przetworstwa technologicznego.

Stowa kluczowe: biozgodnosc, poliweglan ureta-
nowy PCU, pulsacyjne pompy wspomagania serca.

[Inzynieria Biomateriatow, 116-117, (2012), 57-61]

Wprowadzenie

Biomateriaty konstrukcyjne wyrobéw medycznych prze-
znaczonych do diugoterminowego kontaktu z krwig, takich
jak urzadzenia wspomagajgce prace serca, muszg ozna-
czac sie najwyzszg klasg biozgodnosci. Powierzchnia bio-
materiatu protezy serca kontaktujgc sie z krwig i okoliczny-
mi tkankami wptywa bezposrednio na elementy morfotyczne
krwi i sgsiadujgce tkanki oraz posrednio na pozostate tkanki
i narzady organizmu. Dlatego brak biozgodnosci biomate-
riatu moze prowadzi¢ do negatywnych ogodlnoustrojowych
reakcji organizmu. W programie ,Polskie Sztuczne Serce”
opracowano nowg konstrukcje polskiej pozaustrojowej pul-
sacyjnej pompy wspomagania serca Religa Heart EXT, prze-
znaczonej do wspomagania serca przez okres kilku miesie-
cy [1]. Elementy konstrukcyjne pompy sg zbudowane z no-
woczesnych biozgodnych poliuretanéw poliweglanowych.
Polimery te podczas wytwarzania pompy poddawane sg
procesom przetworstwa technologicznego metodg wirysku
wysokocisnieniowego lub metodg laminowania z roztworu.
Istotny etap opracowania konstrukgcji i technologii wytwa-
rzania wyrobu medycznego stanowig badania biologiczne
oceny jego biozgodnosci. Wytyczne dotyczgce doboru ba-

BIOCOMPATIBILITY IN VITRO
INVESTIGATIONS OF RELIGA
HEART EXT VENTRICULAR
ASSIST DEVICE STRUCTURAL
POLYMERS, TREATED WITH
TECHNOLOGICAL PROCESS

MAGDALENA KoScIELNIAK-ZIEMNIAK'*, PIOTR WILCZEK 2,
RomaN Kustosz'!, MALGoRzATA GoONsIOR'

FouNbATiON oF CARDIAC SURGERY DEVELOPMENT,
345 WoLNoscl STR., 41-800 ZaBRzE, POLAND
'ARTIFICIAL HEART LABORATORY,

’BIOENGINEERING L ABORATORY

*MAILTO: MKOSCIELNIAK_ZIEMNIAK@FRK.PL

Abstract

The aim of the investigations was in vitro biocom-
patibility evaluation of Polish extracorporeal pulsatile
ventricular assist device Religa Heart EXT structural
polymers. Samples of polymers: Bionate® Il 90A,
Bionate® 55D and ChronoFlex® AR-LT were tested,
had been treated before with technological processes
matching the conditions of Religa Heart EXT pump
manufacturing. The subject of the investigation was
the interaction between polymers and cellular ele-
ments (erythrocytes, platelets and fibroblasts). The
following tests were performed: haemolysis, throm-
bogenicity, cytotoxicity and chemical structure analy-
ses. The tests were performed according to Polish
standard PN-EN ISO 10993. The results revealed: no
negative interaction between blood cells and structural
polymers, after technological process; no activation of
platelets and leukocytes, and no fibroblasts toxicity.
Furthermore, no essential changes in the chemical
structure of the examined polymers after technological
process were observed.

Keywords: biocompatibility, PCU polycarbonate-
urethane, pulsatile ventricular assist device.

[Engineering of Biomaterials, 116-117, (2012), 57-61]

Introduction

Structural biomaterials of medical devices designed for
long-term contact with blood, such as heart assist devices,
must be characterized by the highest class of biocompat-
ibility. The biomaterial surface of heart prosthesis, contacting
with blood and local tissues, influences directly on blood
cells and surrounding tissues, as well as indirectly on the
rest of human body tissues and organs. Therefore the lack of
biomaterials biocompatibility can lead to negative systemic
reactions. Within the “Polish Artificial Heart” project a new
construction of Polish extracorporeal pulsatile ventricular
assist device (Religa Heart EXT) was developed, dedicated
to long term heart assistance for several months [1]. The
structural pump elements are built with high-tech biocom-
patible polycarbonate polymers. The polymers are treated
with technological processes (including: high-pressure
injection either solution dipping), during pump manufactur-
ing. The essential part of medical device construction and
manufacturing process development are the biological
tests of biocompatibility evaluation. Directives concerning
tests selection and tests methods are described in Polish
standard PN-EN ISO 10993-1-18. the new heart assist de-
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dan oraz metodyki ich prowadzenia okresla polska norma
PN-EN ISO 10993-1-18. Przed przystgpieniem do badan in
vivo oraz wprowadzeniem nowej pompy wspomagania ser-
ca do praktyki klinicznej niezbedne jest wykonanie badan in
vitro potwierdzajgcych dobre wiasciwosci biologiczne mate-
riatbw konstrukcyjnych nowego wyrobu medycznego. Ce-
lem przeprowadzonych badan in vitro byta ocena wiasciwo-
Sci biologicznych i chemicznych polimeréw konstrukcyjnych
pompy Religa Heart EXT po ich przetwdrstwie.

Materialy i metody

Prébki do badan przygotowano zgodnie z wymoga-
mi okreslonymi dla zastosowanej techniki badawczej oraz
w sposob reprezentatywny dla gotowego wyrobu medycz-
nego. Prébki polimeréw po przetwoérstwie wykrojono z goto-
wych elementéw konstrukcyjnych pompy Religa Heart EXT.
Materiat badawczy kolejno ptukano w wodzie destylowane;j,
suszono i wyjatowiono tlenkiem etylenu [2].

Badania hemolizy wykonano metodg bezposrednig [2-
3]. Krew poddawano oddziatywaniu polimeréw konstruk-
cyjnych na specjalnym stanowisku badawczym, sktadajg-
cym sie z cieplarki i rolkowego mieszadta hematologiczne-
go. Badane polimery kontaktowano ze Swiezg krwig ludzkg
konserwowang CPDA. Celem nasilenia zjawisk oddziatywa-
nia polimeru na krew, probéwki krwi z badanymi materiata-
mi inkubowano w cieplarce, w podwyzszonej temperatu-
rze (37°C) przez okres 8 i 24 godzin.

Badania wptywu polimeréw konstrukcyjnych na ptytki
krwi przeprowadzono z uzyciem analizatora Impact-R [2,4].
Badane polimery kontaktowano z krwig ludzkg w warun-
kach oddziatywania sit Scinajgcych. Krew po kontakcie z
powierzchnig badanych biomateriatéw w tescie Impact-R
badano metodg cytometrii przeptywowej. Powierzchnie
badanych polimeréw po kontakcie z krwig oceniano z uzy-
ciem mikroskopu fluoryscencyjnego. Aktywnos¢ i agregacije
leukocytow oraz ptytek krwi oceniano przy uzyciu przeciwciat
monoklonalnych CD 45 (leukocyty) i CD 62 (P selektyna
ptytek krwi).

Badania cytotoksycznosci polimeréw wykonano metodg
bezposrednig. W testach cytotoksycznosci badane polimery
poddano 24 godzinnemu kontaktowi z fibroblastami mysimi.
Nastepnie fibroblasty barwiono jodkiem propidyny i zliczano
w mikroskopie fluoryscencyjnym [2].

Badaniu sktadu chemicznego poddano dwa biomateriaty:
Bionate® Il 90A oraz Bionate® Il 55D. Polimery poddano
analizie w postaci surowcéw (przed procesem przetworstwa)
oraz w postaci fragmentéw z elementéw konstrukcyjnych
pompy Religa Heart EXT, pozyskanych jako probki materiatu
po przetworstwie [2]. Wykonano analizy: magnetycznego
rezonansu jgdrowego NMR, spektroskopii w podczerwieni
z transformacjg Fouriera FTIR, réznicowej kalorymetrii
skaningowej DSC oraz chromatografii zelowej GPC. Celem
badan byto zidentyfikowanie zmian w strukturze chemicznej
polimerdw, wywotanych procesem przetworstwa.

Wyniki i dyskusja

Rezultaty badan hemolizy - potwierdzajg, ze polimery
konstrukcyjne po przetwoérstwie: Bionate® Il 90A, Biona-
te® Il 55D oraz ChronoFlex® AR-LT, badane w kontakcie
z petng krwig ludzka, nie wywotujg dziatania hemolityczne-
go, nie zmieniajg obrazu morfologicznego erytrocytéw oraz
nie wptywajg istotnie na wartosci parametréw ukfadu czer-
wonokrwinkowego, TABELA 1. Stopien hemolizy okreslo-
no na podstawie normy ASTM F 756 — 00 [3].

Badane polimery po przetwdrstwie nie wykazywaty
istotnych cech trombogennych i aktywacji uktadu ptytko-

vice, Itis necessary, to perform the in vitro examinations, to
confirm the good biological properties of new medical device
structural materials, before beginning of in vitro tests and
introducing the device to clinical trials. The aim of performed
in vitro examinations was the evaluation of biological and
chemical properties of Religa Heart EXT pump structural
polymers, treated with technological process.

Material and methods

Samples for tests were prepared according to certain
requirements of applied tests technique. It were prepared
in the way representative for final medical device manufac-
turing. The samples of polymers treated with technological
process were cut out from routinely produced constructional
elements of Religa Heart EXT pump. Material samples were
washed in distilled water, dried, and sterilized with ethylene
oxide, respectively [2].

Haemolysis tests were performed applying the direct
method [2-3]. The interaction between the structural poly-
mers and blood was evaluated on the special experimental
stand, consisted of an incubator and roller haemolytic mixer.
Tested polymers were contacted with fresh human blood,
preserved with CPDA. In order to intensify the phenomena
of polymers and blood interaction, the test-tubes filled in
blood and tested materials were incubated in the increased
temperature (37°C) for period of 8 and 24 hours.

The examination of the polymers influence on blood
platelets was performed utilizing Impact-R analyser [2,4].
Tested polymers were contacted with fresh human blood in
shear stress conditions. The blood, after contact with tested
polymers surface during the Impact-R test, was examined
applying flow cytometry. The surface of tested polymers
after contact with blood was analyzed utilizing fluorescent
microscope. The activity and aggregation of leukocytes and
platelets were evaluated utilizing monoclonal antibodies CD
45 (leukocytes) and CD 62 (blood platelets P-selectin).

Cytotoxicity tests were performed applying the direct
method. The investigated polymers as the raw materials
(before technological process) were exposed to mice fibrob-
lasts. Then fibroblast were stained with propidium iodide and
counted utilizing fluorescent microscope [2].

The chemical characteristic of two biomaterials: Bion-
ate® Il 90A and Bionate® Il 55D were tested. The polymers
were analyzed in form of raw material (before technological
process) and in form of Religa Heart EXT structural element
parts, obtained as small material samples, after techno-
logical process. The following analyses were done: nuclear
magnetic resonance NMR, Fourier transform infrared spec-
troscopy FTIR, differential scanning calorimetry DSC and
gel permeation chromatography GPC.

Results and discussion

Results of heamolysis tests indicate, that the investigated
structural polymers: Bionate®Il 90A, Bionate®Il 55D and
Chronoflex® AR-LT, examined in the contact with human
blood, did not cause heamolytic effects, did not affect eryth-
rocyte morphology and did not significantly influence on red
cells system parameters, TABLE 1. Heamolysis degree was
determinate on the basis of standard ASTM F756-00 [3].

The investigated polymers treated with technological
process did not present significant thrombogenicity proper-
ties or platelet-leukocyte system activation (in the receptors
systems: platelet CD 62P and leukocyte CD 45), FIGs. 1
aand b. The examination was carried on standing blood (not
exposed to shear-stress conditions - blank), and on blood ex-
posed to shear-stress conditions - caused by reference ma-
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wo-leukocytar-
nego (w ukta- ate

dach recepto- ested

rowych: CD62P
ptytkowym i

CD45 leukocy-

tarnym), RYS.1

a i b. Badania

przeprowadzo-
no dla krwi wol-

nostojgcej, nie

- perime 0 aemo . de oo e
Bionate® 11 90A 0,08% Niehemolityczny / nonhaemolytic
Bionate® Il 55D 0,11% Niehemolityczny / nonhaemolytic

ChronoFlex ®AR-LT 0,20% Niehemolityczny / nonhaemolytic
Bionate® Il 90A 24 0,16% Niehemolityczny / nonhaemolytic
Bionate® Il 55D 24 0,04% Niehemolityczny / nonhaemolytic

ChronoFlex ®AR-LT 24 0,03% Niehemolityczny / nonhaemolytic

poddanej eks-
pozycji do na-
prezenh $cinaja-
cych - préba $le-
pa oraz dla krwi
poddanej ekspo-

zycji do naprezen $cinajgcych wywotanych przez materiat re-
ferencyjny - polistyren oraz badane biomateriaty, RYS. 1aib.

Badania cytotoksycznosci wykazaty, ze badane polimery
konstrukcyjne po przetwérstwie: Bionate® Il 90A, Bionate®

Il 55 D i ChronoFlex® AR-LT nie sg cytotoksyczne. llo$¢

komorek nekrotycznych byta niska i miescita sie w prze-
dziale od 7 do 105 komoérek w polu badania, RYS. 2. Ko-
morki zywe cechowaly sie prawidtowg morfologig, RYS. 3.

Struktura chemiczna materiatu Bionate® Il 90A i Biona-

te® Il 55D, badanych
w postaci surowca wyj-
Sciowego i po przetwor-
stwie, nie wykazata zad-
nych zmian pod wzgle-
dem grup funkcyjnych,
sktadu pierwiastkowego
i rodzaju wystepujgcych
wigzan chemicznych,
RYS. 4. Roznice wysta-
pity w strukturze bada-
nego zwigzku. Polime-
ry konstrukcyjne przed
procesem przetworstwa
byly czesciowo (w nie-
wielkim stopniu) krysta-
liczne (uporzgdkowa-
ne). Najmniej krystalicz-
ny (uporzgdkowany) byt
materiat Bionate® |1 90A
po przetworstwie. Probki
surowcow wyjsciowych
charakteryzowaty sie
nizszymi temperaturami
zeszklenia niz probki po
przetworstwie. Polimer
Bionate® Il 90A przed i
po przetwérstwie tatwo
krystalizowat, w przeci-
wienstwie do materiatu
Bionate® 11 55D.
Polimery Bionate® Il
90A i Bionate® Il 55D
przed i po przetwor-
stwie réznity sie dystry-
bucjg wigzan wodoro-
wych, réowniez na po-
wierzchni. Po przetwor-
stwie zmniejszyta sie
masa molowa i dysper-
sja (Mw/Mn) w poréw-
naniu do polimeréw wyj-
Sciowych obu rodzajow

TABELA 1. Zestawienie indeksu hemolitycznego i stopnia hemolizy dla badanych
biomateriatow [3].
TABLE 1. Haemolysis Index and haemolitic grade for tested biomaterials [3].

terial (polysty-
rene -negative
control) and
tested bioma-
terials, FIGs.1
a and b.
Cytotoxicity
test confirmed,
that investigat-
ed structural
polymers (Bi-
onate® Il 90A,
Bionate® Il
55D and
Chronoflex®
AR-LT) treated
with the tech-

nological process, are not cytotoxic. The number of necrotic
cells was low, and observed in the range from 7 to 105 cells
on the examination field area, FIG.2. The vivid cells were
characterized by proper morphology, FIG.3.

The chemical structure of materials (Bionate® Il 90A

60

50 A
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o

15,1

M receptor

systemplatelet
cD62P

24,6

245 receptor

6,1

0,4 1,2
blanck reference
material

Bionatell

0,9 1

90A 55D

Bionatell ChronoFlex

and Bionate® Il 55D), tested as a raw material as well as
material after technological process, did not change, in
terms of functional groups, elemental composition, and types
of existing chemical bonds, FIG.4. The differences of the
polymers structure were
observed. The structural
polymers before techno-
logical process were par-
tially (in a small degree)
crystalline (organized).
Bionate®Il 90A after tech-
nological process was the
least crystalline material.

system Samples of raw materi-

— ':[;':;CV“ als were characterized

B platelet. by lower glass transition

| leukocyte temperature, comparing
system to samples of materials

01l 4 after technological proc-

AR/LT

M receptor system
plateletCD62

receptor system
leukocyte CD45P

M platelet-

materiaf
referencyjny

Bionate Il 90A

Bionatell 55D

leukocyte system

ChronoFlex AR/LT

RYS. 1. Wartosci median komérek CD62P, CD45 oraz agregatow
leukocytarno-ptytkowych po kontakcie z badanymi polimerami
konstrukcyjnymi a) w cytomertii przeptywowej, b) w mikrosko-
pie fluorescencyjnym.

FIG. 1. Media values of CD62P, CD45 cells and platelet-leukocyte

ess. The Bionate®Il 90A
polymer before and af-
ter technological proc-
ess crystallized easily,
opposite to the polymer
Bionate®I| 55D.
Polymers (Bionate®lII
90A and Bionate®Il 55D)
before and after techno-
logical process varied
in the distribution of hy-
drogen bounds, on the
polymer surface, as well.
After technological proc-
ess the molar mass and
dispersion (Mw/Mn) de-
creased, in comparison
to raw polymers of both
types. The observed dif-
ferences were insignifi-
cant, however to confirm
these effects additional
polymer tests of strength

and elasticity properties

aggregates after contact with the investigated structural poly-
mers, a) flow cytometry, b) fluorescence microscope.

should be performed.
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badanych polimeréw. Obserwowane
réznice byly niewielkie, jednak celem
potwierdzenia zmian, planowane jest

Necrosis

120
wykonanie dodatkowych badan wia-
snosci wytrzymatosciowych i sprezy-
stych polimeréw. 100 -

Whioski a0 |

Przeprowadzone badania biolo-
giczne biomateriatéw, zgodnie z pol- § 60 -
ska normg PN-EN ISO 10993 wyka-
zaty, ze badane polimery konstruk-
cyjne po przetworstwie nie oddziaty- | 40
waty negatywnie na elementy morfo-
tyczne krwi, nie aktywowaty w kon-
takcie powierzchniowym ptytek krwi
i leukocytéw, nie powodowaty cyto-
toksycznosci komoérek. Ponadto, nie 0 -
stwierdzono istotnych zmian w struk-
turze chemicznej polimeréw konstruk-

Bionate Il 90A

Bionate II 55 D

Chronoflex AR/LT

cyjnych przed i po procesie przetwor-
stwa technologicznego. Celem pet-
nego potwierdzenia wtasnosci bio-
zgodnych polimeréw konstrukcyj-
nych pompy Religa Heart EXT zo-
stang przeprowadzone badania re-
akcji zapalnej i uczuleniowej oraz badania toksycznosci in
vivo, w doswiadczeniach na zwierzetach.

RYS. 3. Ocena mikroskopowa badanych polime-
row w tescie cytotoksycznosci bezposredniej.Ob-
raz mikroskopowy komoérek zywych dla AR-LT, B Il
55D i B 11 90A.

FIG. 3. Microscopic assessment of the investigated
discs in direct cytotoxicity test. Microscopic ima-
ge of vivid cells for Chronoflex® AR-LT, Bionate®
11 55D and 90A.

RYS. 2. Wartosci bezwzgledne liczby komérek nekrotycznych w tescie cyto-
toksycznosci bezposredniej.
FIG. 2. Absolute values of necrotic cells in direct cytotoxicity test.

Conclusions

The performed biological tests of biomaterials, according
to Polish Standard PN- EN 10993, proved that the investi-
gated structural polymers did not influence negatively on the
blood elements, did not activate the platelets and leukocytes
in the surface contact, did not cause the cell cytotoxicity,
being treated with technological process. Moreover, no
significant changes in the polymers chemical structure were
found, before and after technological process. In order to
confirm completely the biocompatibility properties of Religa
Heart EXT structural polymers, the inflammatory and allergic
reaction in vivo tests as well as in vivo toxicity tests will be
carried out.

a)

b)

RYS. 4. Poréwnanie sygnatéw IR poliuretanéw a) przed i po przetworstwie (b).
FIG. 4. Comparison of polyurethane IR signals a) before and b) after technological processing.
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Streszczenie

W niniejszej pracy zostat omoéwiony sposob pla-
zmo-chemicznej modyfikacji napetniaczy do foto-bio-
degradowalnych materiatbw kompozytowych. W tych
materiatach polimer syntetyczny bedzie stanowit ma-
tryce, natomiast napetniaczami bedg polimer natu-
ralny (skrobia) oraz ditlenek tytanu (TiO,), ktore majg
za zadanie znacznie przy$pieszy¢ proces degradacji
matrycy. Ponadto zatozono, ze w okresie uzytkowa-
nia taki kompozyt bedzie wykazywat wiasciwosci fo-
tokatalityczne wzbudzane $wiattem z zakresu UV-B.
W pracy zostat opisany wptyw modyfikacji powierzch-
niowej napetniaczy na ich wtasciwosci fizyko-chemicz-
ne. Do oceny zwilzalno$ci skrobi wykorzystano zjawi-
sko kapilarnego wniesienia wody. W celu okre$lenia
zmian stopnia usieciowienia zostata wykonana anali-
za spektroskopii w podczerwieni z transformacjg Fo-
uriera (FTIR).

Stowa kluczowe: metoda RF PECVD, modyfikacja
powierzchniowa napetniaczy, fotodegradacja, biode-
gradacja, materiaty kompozytowe

Inzynieria Biomateriatow, 116-117, (2012), 62-65]

Wprowadzenie

W Polsce w poréwnaniu do najbardziej rozwinietych kra-
jow UE, odsetek recyklingu odpadéw komunalnych, a tak-
ze zakres ich selektywnej zbiérki jest zdecydowanie niewy-
starczajgcy. Unia Europejska wymusza na Polsce podjecie
staran w celu poprawy gospodarki odpadami komunalnymi
poprzez: rozwdj efektywnego systemu selektywnej zbiorki
i segregacji odpadow, zwiekszenie ilosci recyklingu i reali-
zacji wymogow prawnych dotyczacych produkcji i stoso-
wania opakowan podlegajgcych biorozktadowi, co umozli-
wi ich szybkg neutralizacje.

Identyczna sytuacja ma miejsce w gospodarowaniu
odpadami medycznymi. Czesto odpady medyczne bez od-
powiedniego zabezpieczenia trafiajg na wysypiska odpadéw
komunalnych lub spalane sg w kottlowniach szpitalnych.
Problematyka prawidlowego usuwania i unieszkodliwiania
odpaddéw medycznych stanowi aktualnie jeden z istotnych
problemoéw dostrzeganych przez stuzby sanitarno-epide-
miologiczne i ochrony srodowiska [1].

Polimery pod wptywem takich czynnikéw jak: ciepto,
woda, promieniowanie stoneczne, naprezenia, tlenki siarki
i azotu, tlen, metale, mikroorganizmy ulegajg samodegra-
dacji, ale ten proces w wyniku stosowania stabilizatoréw
jest bardzo dtugi, co skutkuje rozktadem siegajagcym setek
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Abstract

A method of plasma chemical modification of
fillers for photo-bio-degradable composite materials
is described. In these materials, a synthetic polymer
constitutes a matrix, with the fillers being natural po-
lymer (starch) and titanium dioxide (TiO,), both aimed
at a substantial quickening of the matrix degradation
process. It has been assumed that such a composite
will exhibit photocatalytic properties, stirred by the
irradiation with the UV-B light. In this work, the effect
of surface maodification of the filler on its physical and
chemical properties is described. For the determina-
tion of starch wettability, the effect of water capillary
elevation was used. An assessment of the degree of
cross-linking was made on the basis of the Furrier
transform infrared (FTIR) absorption analysis.

Keywords: RF PECVD method, surface modifi-
cation of fillers, photodegradation, biodegradation,
composite materials

[Engineering of Biomaterials, 116-117, (2012), 62-65]

Introduction

Compared to the most developed EU countries, the
extent of the selective collection of communal wastes and
the percentage of their recycling in Poland is definitely not
sufficient. The European Union coerces efforts aimed at the
improvement of communal waste management through:
a development of an effective system of selective waste
collection and segregation, an increase of recycling percent-
age and a reinforcement of legal requirements concerning
manufacture and use of biodegradable packaging materials
allowing their quick neutralization.

Similar situation concerns a management of medical
wastes. Too often, medical wastes are either directed to
communal waste depositories without any protection or they
are burned in hospital heating appliances. The question of
appropriate removal and neutralization of medical wastes
constitutes nowadays one of the serious problems of coun-
try’s sanitary and medical services as well as authorities
responsible for environmental issues [1]. Under the effect
of such factors as heat, water, sun radiation, stress, sulphur
and nitrogen oxides, oxygen, metals, microorganisms, poly-
mers undergo spontaneous degradation but, due to the use
of stabilizing additives, the process is very slow and it results
in centuries long decomposition. The synthetic biodegrad-
able polymers are, on the other hand, very expensive [2].

This is a reason why one of the preffered directions of
research and development is comprised of combining two
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lat. Z kolei syntetyczne biodegradowalne polimery sg nadal
bardzo drogie [2].

Dlatego tez jednym z rozwijanych kierunkéw badan jest
taczenie dwdch typdw polimeréw polimeru syntetycznego
(trudno ulegajagcego biodegradaciji) z polimerami biodegra-
dowalnymi (tatwo ulegajgcym temu procesowi). Obecnie
rozwijane technologie najczesciej dotyczg wykorzystania
skrobi i celulozy oraz polilaktydu [3]. Obecnos¢ biodegra-
dowalnego napetniacza ktéry szybko ulega procesowi bio-
degradacji prowadzi do zmniejszenia spoistosci materiatu,
co prowadzi do ostabienia i rozdrobnienia catego materiatu.
Niestety ten sposob wytwarzania napotyka pewne trudnosci.
Polimery naturalne posiadajg ugrupowania silnie polarne, co
prowadzi do probleméw w mieszalnosci z polimerami trady-
cyjnymi, ktére posiadajg ugrupowania niepolarne. Objawia
sie to niedostatecznym zwilzaniem polimeru naturalnego
przez ciekly polimer syntetyczny w procesie wytwarzania
kompozytu. Prowadzi to do aglomerac;ji ziaren polimeru na-
turalnego co ma ogromny negatywny wptyw na wtasciwosci
mechaniczne otrzymanego kompozytu [4].

Kolejng prébg rozwigzania problemu degradacji polime-
réw, opisywanym coraz czesciej w hajnowszej literaturze jest
tworzenie materiatdbw kompozytowych na bazie polimeru
syntetycznego z ditlenkiem tytanu (TiO,) [5]. TiO, znajduje
szerokie zastosowanie ze wzgledu na swojg unikatowg ak-
tywnosc fotokatalityczng [6]. Niestety podczas wytwarzania
kompozytéw z zastosowaniem TiO, obserwuje sie podobne
zjawisko aglomeracji fotoaktywnego napetniacza. Powstaja-
ce aglomeraty mogg majg rozmiary kilkunastu mikrometréw.
Spowodowane jest to znaczng réznicg w wielkosci energii
powierzchniowej napetniacza w matrycy weglowej [5].

W niniejszej pracy oméwiono modyfikacje napetniaczy
takich jak skrobia oraz TiO, z wykorzystaniem techniki RF
PECVD (radio frequency plasma enhanced chemical vapo-
ur deposition). Modyfikacja ta ma na celu zmiane energii
powierzchniowej ziaren napetniacza, w szczegolnosci zas
zmiane sktadnikéw polarnego i despersyjnego tej energii.
W pézniejszym etapie badan zmodyfikowane napetniacze
zostang wykorzystane do wytworzenia mieszanek z po-
limerami syntetycznymi takimi jak polichlorek winylu czy
polistyren, ktére majg w trakcie uzytkowania wykazywac
wiasciwosci samoczyszczgce, a po uptywie tego czasu
majg ulega¢ szybszej degradacji niz sam polimer stano-
wigcy matryce.

Materialy i metody

Jednym z zastosowanych napetniaczy jest skrobia ziem-
niaczana Superior Standard wytwarzana przez Zaktady
Przemystu Ziemniaczanego w Pile ZETPEZET o wielkosci
ziarna od 5+12 nm. Drugim jest komercyjny proszek ditlenku
tytanu o nazwie handlowej Aeroxide P25 wyprodukowany
przez firme Evonik Degussa GmbH o S$redniej wielkosSci
ziarna 21nm .

Proces modyfikacji byt przeprowadzany w obrotowym
reaktorze RF PECVD przedstawionym na RYSUNKU 1.
W sktad niniejszej aparatury wchodzg nastepujgce uktady:
obrotowa komora reaktora w.cz, uktad zasilania polem
elektrycznym w.cz., uktad zasilajgcy reaktor w gaz roboczy,
uktad prézniowy wraz z systemem rejestracji cisnienia.

Jako gaz roboczy zostat wykorzystany metan, ktérego
przeptyw byt zmieniany w zakresie od 2+10sccm. Cisnienie
wyjsciowe przed modyfikacjg (bez gazu) wynosito 0.15Torr.
Moc wytadowania jarzeniowego byta zmieniana w zakresie
od 10+100W. Optymalny czas trwania procesu modyfikacji
zostat ustalony na poziomie 2 minut.

Do oceny zwilzalnosci skrobi wykorzystano zjawisko
kapilarnego wniesienia wody. W tym celu uzyta zo-

types of polymers: a synthetic polymer (difficult to degrade)

and a biodegradable polymer (easy to degrade). Asfaras ® @ e e @ o o

the latter material is concerned, the technologies developed
contemporarily make use of such polymers as starch, cel-
lulose and polylactide [3]. The presence of a biodegradable
filler, which decomposes relatively quickly, results in a loss
of material’s density, and, consequently, it leads to its disin-
tegration. This process certainly accelerates a degradation
of the matrix synthetic polymer as well.

Unfortunately, there are certain issues of complicatedness
regarding a realization of the above idea. Natural polymers
contain strong polar moieties, which results in difficulties with
their mixability with synthetic polymers, usually built of non-
polar constituents. Low mixability is due to the insufficient
wetting of the filler particles with the melt of synthetic polymer
during the manufacture of a composite material, and it leads
to filler particle agglomeration thus substantially worsening
the composite’s mechanical properties [4].

Another attempt to address the question of polymer quick-
ened degradation, found in the latest literature, comprises
designing composite materials with synthetic polymer as
matrix and titanium dioxide (TiO,) as a filler [5].. Due to its
unique photocatalytic properties, the presence of TiO, in the
material should enhance the process of its photodegrada-
tion [6]. Unfortunately, the manufacture process of such
composites encounters the same difficulties comprising
agglomeration of the photoactive filler. Due to substantial
differences in surface energy of filler particles in the carbon
matrix [5], the resulting agglomerates may have dimensions
as large as several micrometers.

In the present work, a surface modification of such
particulate fillers as starch and TiO, with the help of radio
frequency plasma enhanced chemical vapor deposition (PE
CVD) technique is described. The modification is aimed
at a substantial change of the filler’s surface energy, and
of the polar and dispersive components of this energy, in
particular. At subsequent stages of the research, such sur-
face modified fillers will be used to form blends with such
synthetic polymers as poly(vinyl chloride) and polystyrene.
Composite materials, produced in this way, are supposed to
exhibit self-cleaning properties and following their designed
performance period, they should rapidly decompose.

Materials and methods

One of the fillers used in this work is potato starch Su-
perior Standard, manufactured by ZETPEZET company in
Pita, of grain size in the range of from 5+12um. The other
one is Aeroxide P25 commercial titanium dioxide powder
of an average grain size of 21nm, produced by Evonik
Degussa GmbH.

The filler surface modification process was carried out in
a PE CVD tumbler reactor, presented in FIGURE 1. The ele-
ments of this reactor comprise: rotating reactor chamber, RF
field supply system, gas supply system and vacuum system
equipped with pressure control and recording. Methane was
used as working gas, with its flow rate varying between 2
and 10sccm. The background pressure was 0.15Torr and
the RF power was varied in the range of 10+100 Watt. The
optimum modification time of 2 minutes was selected.

Capillary elevation of water was used to assess the
filler's wettability. For that purpose, a @1,8mm capillary was
filled, to the height of 80mm, with either starch or titanium
dioxide, immersed at one end in water and water capillary
elevation was measured. In both cases unmodified filler
was used as reference.

Samples of starch and titanium dioxide, both unmodified
and modified, were subjected to infrared spectroscopic
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stalla szklana rurka o Urednicy
wewnctrznej,1,8mm jednym kon-
cem zanurzona w wodzie. Rurka
ta do wysokouci wynoszfcej 80 mm
napeuniana byla skrobif i TiO,.
Proébki skrobi oraz ditlenku tytanu
niemodyfikowanych oraz modyfiko-
wanych poddane zostaty analizie

spektroskopowej w podczerwieni. | ‘

Do tego celu uzyto spektrometru
FTIR firmy BioRad, model 175C
wyposazonego w przystawke firmy
Harric Sci. do badan powierzchni
prébek w postaci sproszkowane;.

Wyniki i dyskusja

Modyfikacja plazmochemiczna
ma na celu doprowadzi¢ do zmiany
charakteru oddziatywan powierzch-
niowych na granicy faz matryca-na-
petniacz co umozliwia otrzymanie
homogenicznych kompozytow.
Modyfikacja skrobi i ditlenku tytanu
doprowadzita do zmian wiasciwosci
powierzchniowych, polegajgca na
wzroscie hydrofobowos$ci poszcze-
goInych ziaren.

Na RYSUNKU 2 przedstawiono
przyktadowg zalezno$¢ wzniesie-
nia kapilarnego w funkcji mocy
wytadowania jarzeniowego dla
przeptywu metanu rownego 6
sccm. Otrzymane wyniki wykazu-
ja zaleznos¢ malejgcg w catym
zakresie zastosowanej mocy od
10+100W. Zastosowanie wartosci
mocy przekraczajgcych 100 W
byto niemozliwe ze wzgledu na
postepujgcg degradacje termiczng
ziaren skrobi w trakcie procesu
modyfikacji. Ponadto otrzymane
wyniki dowodzg takze, ze zwiek-
szanie przeptywu gazu roboczego
wptywa na intensyfikacje efektu
hydrofobowego modyfikowanych
materiatow.

Efekt zmian jakie zaszty po mo-
dyfikacji skrobi w plazmie metano-
wej widoczne sg takze w przykfa-
dowym widmie FTIR przedstawio-
nym na RYSUNKU 3. Pokazane sg
na nim zmiany jakie zaszty przed
i po modyfikacji przy dwoch zasto-
sowanych skrajnych mocach wyta-
dowania. Jedyne widoczne zmiany
w widmie transmisyjnym zarejestro-
wane zostaty w zakresie liczb falo-
wych 2800+3000 cm™', odpowiada-
jacym drganiom rozciggajgcym wig-
zania C—H. Pasmo transmisji przy
2972 cm™ przypisane jest asyme-
trycznym drganiom rozciggajgcym
wigzania C-H w grupach metylo-
wych. Z kolei pasma transmisji przy
2940 cm™ i 2927 cm™' odpowiada-
jg asymetrycznym drganiom rozcig-
gajacym tego wigzania w grupach

E
¢

RYS. 1. Zdjecie stanowiska do plazmo-chemicznej
modyfikacji materiatéw sypkich: 1-obrotowa ko-
mora reaktora, 2-generator w.cz., 3-uktad dopaso-
wania mocy, 4-uktad zasilania gazami, 5-regulator
przeptywu gazoéw, 6-przeptywomierze, 7-pompa,
8-zawor gtéwny, 9-mechanizm obrotowy, 10-sonda
do pomiaru cisnienia, 11-panel odczytu cisnienia,
12 - zawor zapowietrzajacy, 13 - linia doprowadza-
jaca gaz do komory reaktora.

FIG. 1. Picture of the apparatus of plasma-chemi-
cal modification of bulk materials: 1-rotary reac-
tor chamber, 2-RF generator, 3-matching system,
4-gas supply system, 5-gas flow regulator, 6-flow-
meters, 7-pump , 8-main valve, 9-rotary mechanism,
10-pressure gauge, 11-pressure panel, 12—aeration
valve, 13-gas supply line.

25
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Wzniesienie kapilarne/
Water capillary elevation [mm]
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Moc wytadowania w.cz./RF power [W]

RYS. 2. Wzniesienie kapilarne wody dla skrobi mo-
dyfikowanej metanem w funkcji mocy wytadowa-
nia jarzeniowego.

FIG. 2. Water capillary elevation for modified starch
as a function of glow discharge power.
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absorption measurements
using BioRad FTIR, model
175C, spectrometer equipped
with the Harric Sci. unit for
particulate specimens.

Results and
discussion

The aim of the plasma
chemical surface modification
of the filler particles was to
change the nature of inter-
face matrix-filler interactions
and, therefore, to enable a
manufacture of homogeneous
composite materials. In both
cases, those of starch and
titanium dioxide, the modi-
fication led to a change of
surface properties, consisting
in an increase of the particles’
hydrophobicity.

An example of a depend-
ence of water capillary el-
evation of starch modified
in methane plasma on the
RF Power of discharge, for
methane flow rate of 6 sccm,
is presented in FIGURE 2.
The results show a decreasing
relationship in the entire range
of power, namely between 10
and 100 Watt. An application
of power values higher than
100 Watt resulted in a degra-
dation of starch particles dur-
ing the modification process.
In addition, the results show
that an increase of the flow
rate of methane working gas
brings about an intensification
of the hydrophobic effect.

The effects of surface
starch modification with meth-
ane plasma are also evident
when examined with the
FTIR spectroscopy. Figure
3 presents the FTIR spectra
of starch before and after
modification under condi-
tions of two substantially
differing RF power levels. All
the recorded changes take
place in the wavenumber
range of 2800+3000 cm™,
corresponding to the stretch-
ing vibrations of aliphatic
C-H bonds. The absorption
band at 2972 cm™ is due to
stretching vibrations of C— H
bond in methyl groups, while
the bands at 2940 cm™ and
2927cm™ correspond asym-
metric vibrations of this bond
in methylene groups. Finally,
the 2906 cm™ and 2883cm’



are due to stretching vibra-
| Q tions of C-H bond in methine
7 groups.

/ Conclusions

The results acquired show
\ that surface modification of a
filler with the help of methane

K plasma results in its increasing
' | [hydrophobicity and should,
[ " therefore, lower the polar com-
| ponent of its surface energy.
p This allows one to formulate
/ an assumption that this kind
of modification of filler parti-
cles will help to manufacture,
from a matrix of synthetic
0 polymer such as polystyrene or
poly(winyl chloride), composite

metylenowych, za$ pasma przy

2906 cm™ i 2883 cm™ jego drga- 91,54,/

niom rozciggajagcym w grupach \\ 1

metinowych. 914

. . 90,5

WhniosKki '
Otrzymane wyniki dowodza, ze | R 907

procesy plazmochemicznej mo- % b 89 54

dyflkaF)jI nap§+n|aczy wp%ywqjq- = E

ca zwigkszenie hydrofobowosci, = £ g

a przez to prawdopodobnie na ob- % 5,

nizenie sktadowej polarnej. Pozwa- E § 88,54 N

la to zformutowanie zatozenia, ze j— —

tak zmodyfikowane napetniacze 88

bedg charakteryzowaty sie wyso-

kim stopniem zdyspergowania ich 87,5

w matrycy polimeru syntetyczne-

go takiego jak polistyren czy poli- 87-

chlorek winylu. ’
Otrzymane zmiany w zapisie 3000

widma FTIR pomiedzy niemody-

fikowanym, a modyfikowanym na-

2950
Liczba falowa/ Wavenumber [cm™]

2900 2850 2800  f materials of high dispersity.

The changes in FTIR spec-
tra between unmodified and

petniaczem swiadczg o wzrastaja-
cej liczbie zaréwno grup metylo-
wych jak i tréjfunkcyjnych ugrupo-
wan metinowych w odniesieniu do
ilosci grup metylenowych. Podczas
gdy szczepienie grup metylowych
na powierzchni prowadzi bezpo-
Srednio do wzrostu hydrofobowosci
modyfikowanego materiatu, to zwiekszenie stosunku licz-
by grup metinowych do liczby grup metylenowych swiad-
czy o istnieniu zjawiska powierzchniowego sieciowania.
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RYS. 3. Widmo absorpcyjne IR dla skrobi: 1—niemo-
dyfikowanej, 2-modyfikowanej przy 10W, 3—-mody-
fikowanej przy 100 W.

FIG. 3. IR absorption spectrum for starch: 1-unmo-
dified, 2-modified at 10W, 3-modified at 100 W.

modified fillers, recorded in
this work, reveal an enrich-
ment of both methyl groups
and three-functional methine
functions, compared to meth-
ylene groups. While surface
grafting of methyl groups leads
to material’s increased hydro-
phobicity, a growth of methine/methylene ratio is a result of
its surface cross-linking.
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Streszczenie

Celem ponizszych badan byto poréwnanie witasci-
wosci mechanicznych wtékien kompozytow polimero-
wo-ceramicznych na osnowie polikaprolaktonu (PCL)
jako potencjalnego materiatu do wytworzenia ruszto-
wan do regeneracji ubytkow tkanki kostnej w organi-
zmie cztowieka. Jako napetniacz wykorzystano mi-
kro- czgstki tréjfosforanu wapnia (TCP). Wytworzono
réwniez kompozyt potréjny zawierajgcy dodatkowo
kopolimer kwasu mlekowego i glikolowego (PLGA).
Przeprowadzono prébe rozciggania oraz obserwacje
na skaningowym mikroskopie elektronowym. Wpro-
wadzenie mikroczgstek TCP do osnowy PCL tylko
w matym stopniu poprawito wia$ciwosci mechanicz-
ne kompozytéw. Dopiero dodatek PLGA spowodowat
znaczy wzrost sztywnosci oraz podwyzszenie grani-
cy plastycznosci.

Stowa kluczowe: PCL, PLGA, trojfosforan wapnia
(TCP), metoda szybkiego prototypowania, wiasciwosci
mechaniczne.

[Inzynieria Biomateriatow, 116-117, (2012), 66-68]

Wprowadzenie

Inzynieria tkankowa to alternatywa dla tradycyjnych te-
rapii leczenia ubytkéw tkanek. Wykorzystuje sie w niej ma-
teriaty biodegradowalne. Materiaty te nie mogg wywotywac
stanoéw zapalnych w organizmie, powinny by¢ mozliwe do
przetwarzania w sposéb powtarzalny oraz posiada¢ wia-
sciwosci mechaniczne dopasowane do danej aplikacji [1].
PCL to biozgodny oraz biodegradowalny poliester alifatycz-
ny [2], ktory spetnia wiekszo$¢ z wyzej wymienionych wy-
magan. PCL dzieki niskiej temperaturze topnienia (~60°C)
oraz wysokiej stabilnosci termicznej jest dodatkowo bardzo
fatwy do przetwarzania. Polimer ten, ze wzgledu na swo-
ja hydrofobowos¢ oraz wysoka krystalicznosc¢, wolno ulega
degradacji. Wprowadzenie do osnowy PCL czgstek bioak-
tywnego napetniacza powoduje zmiane profilu degradacji,
wiasciwosci mechanicznych oraz biozgodnosci osnowy [3].
Stezenie napetniacza jest jednak ograniczone ze wzgledu
na wzrost kruchosci kompozytéw polimerowych przy jego
wyzszych stezeniach. Dlatego, w celu polepszenia wtasci-
wosci mechanicznych PCL, podjeto probe wytworzenia kom-
pozytu potrojnego zawierajgcego dodatkowo frakcje poli-
meru o lepszych od PCL wtasciwosciach mechanicznych.

Jako zbrojenie kompozytéw w prezentowanych bada-
niach wykorzystano bioaktywny tréjfosforan wapnia (TCP).
Kompozyt potrdjny zawierat dodatkowo poli(D,L-laktyd-ko-
glikolid), PLGA.

Celem niniejszej pracy byto wytworzenie metodg szybkie-
go prototypowania widkien kompozytowych na osnowie PCL
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Abstract

The aim of present study was to compare the me-
chanical properties of binary and ternary composite
fibers fabricated by means of combined solvent casting
and fused deposition modeling techniques. The tested
composites were composed of polycaprolactone
(PCL) matrix and tricalcium (TCP) micro-particles
(binary composite) and additionally poly(D,L-lactide-
co-glycolide), PLGA, (ternary composite). TCP and
PLGA were used as a reinforcement of the composi-
tes. Tensile test was conducted in order to determine
the effect of TCP and PLGA on mechanical properties
of the composites. Introduction to TCP particles had
slight effect of the Young’s modulus. However, addition
of TCP and PLGA to PCL matrix significantly improved
the mechanical properties of the ternary composite.

Keywords: PCL, PLGA, tricalcium phosphate(TCP),
rapid prototyping, mechanical properties.

[Engineering of Biomaterials, 116-117, (2012), 66-68]

Introduction

Tissue engineering (TE) is an alternative to traditional
therapies for treatment of tissue defects. The biodegradable
polymers used for TE applications should not induce any
permanent inflammation, be processable on a repetitive ba-
sis, and exhibit mechanical properties suitable for a targeted
application [1]. PCL is a biocompatible and biodegradable
aliphatic polyester [2], which meets most of the above
mentioned requirements. PCL, due to its low melting point
(~60°C) and high thermal stability is also very easy to proc-
ess. This polymer, because of its hydrophobicity and high
crystallinity, undergoes very slow degradation. Introduction
of bioactive filler, for example tricalcium phosphate (TCP),
to the PCL matrix changes the degradation profile of the
polymer, its mechanical properties and biocompatibility of
the matrix [3]. The concentration of the filler is, however,
limited due to embrittlement of the material. Therefore we
decided to introduce a third phase to the binary composite:
a polymer with better than PCL mechanical properties.

The goal of this study was to produce binary (PCL-TCP)
and ternary (PCL-PLGA-TCP) composite fibers by means
of fused deposition modeling (FDM) technique and examine
their tensile properties.

Materials and methods

The following materials were used: PCL (PCL, Sigma-
Aldrich, UK), PLGA (RESOMER ® RG 504 H, Boehringer-In-
gelheim, Germany), TCP (nanoXIM-TCP201, FLUIDINOVA,
Portugal). The composites were prepared by solvent casting
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oraz zbadanie wtasciwosci mechanicznych wytworzonych
materiatow.

Materiaty i metody

Do wytworzenia kompozytéw uzyto PCL (PCL, Sigma-
Aldrich, Wielka Brytania), PLGA (RESOMER® RG 504 H,
Boehringer-Ingelheim, Niemcy), oraz mikro- czgstek TCP
(nanoXIM-TCP201, FLUIDINOVA, Portugalia). Kompozyty
polimerowo-ceramiczne przygotowano metodg odlewania
z roztworu. Do wytworzenia widkien uzyto techniki FDM
(Fused Deposition Modeling), ktéra polega na przyrostowym
formowaniu, np. rusztowania, uplastycznionym polimerem.
Wibkna wydrukowano przy pomocy urzadzenia Bioscaffol-
der (SYSENG, Niemcy).

Wytworzono wiékna o kompozyciji i parametrach procesu
podanych w TABELI 1.

Nastepnie przeprowadzono statyczng probe rozciggania
widkien na maszynie wytrzymatosciowej Tytron 250 (MTS,
USA). Probki rozciggano z szybkoscig V=15mm/min.

Dodatkowo przeprowadzono obserwacje mikroskopowg
na skaningowym mikroskopie elektronowych TM 3000 (Hi-
tachi, Japonia). Zdjecia wykonywano przy napieciu 15keV
oraz przy réznych powiekszeniach.

Wyniki i dyskusja

Wyniki obserwacji mikroskopowych wytworzonych mate-
riatbw zamieszczono na zdjeciach SEM (RYS. 1).

W przypadku czystego PCL (RYS.1a) obserwowano gtad-
ka, jednolitg powierzchnie widkna. Dla kompozytéw zbro-
jonych mikroczgstkami TCP (RYS.1b+1d) obserwowano
réwnomierne roztozenie czgstek w osnowie. Nie zauwazo-
no skupisk aglomeratéw. Wytworzone materiaty posiadaty
powtarzalne wymiary. Na podstawie wykresoéw rozcigga-
nia (krzywe naprezenie-odksztatcenie) wyznaczono mo-
dut Younga (RYS. 2) oraz granice plastycznosci (RYS.3)
wytworzonych kompozytéw. Czysty PCL uzyto jako mate-
riat referencyjny. Analizujgc wptyw napetniacza na modut
Younga (RYS. 2) wytwo-
rzonych materiatéw stwier-
dzono nieznaczne zwigk-
szenie sztywnosci kom-
pozytu PCL-TCP w po-
rownaniu do czystego
PCL. Natomiast w przy-
padku dodania do osno-
wy 20% wag. PLGA za-
uwazono znaczny wzrost
sztywnosci kompozytu do
wartosci 417 MPa. Grani-
ca plastycznosci (RYS. 3)
dla materiatu referencyj
nego wynosita 12 MPa.
W przypadku dodania do
PCL 10% czgstek TCP
zaobserwowano niewielki
wzrost granicy plastyczno-
Sci do 13MPa. Wzrost byt &
prawdopodobnie spowo-
dowany obecnoscig twar-

2012-05-21 16:34 NL D44 x500 200um TM3000_1045

M3000_1043

20120521 17:13 NL D42 x500 200um TM3000_1025

TABELA 1. Skiad wytworzonych materiatéw oraz
temperatura procesu.

TABLE 1. Composition of the prepared materials
and temperature of the FDM process.

Nazwa / RO . TCP

. Temp. procesu
/ Temp. of the
process [°C]

[wag.% / [wag.% /

Name Wi%] Wi%]

[wag.% /
wt%

PCL 100 = 100
PCL-TCP 90 = 10 100
PCL-PLGA-TCP 70 20 10 105

technique. A Fused Deposition Modeling device (Bioscaf-
folder; SYSENG, Germany) was used to fabricate fibers.
The FDM is an extrusion-based process, which enables
fabrication of porous three-dimensional structures layer by
layer. The composition of produced fibers and temperature
of fabrication process are given in TABLE 1.

Static tensile test of the fibers was carried out using
a mechanical testing machine Tytron 250 (MTS, USA) at
a cross-head speed of 15mm/min. The Young’s modulus
was determined as the slope of the linear range of stress-
strain curve. The yield strength was calculated as a stress
at 1% strain.

In addition, a scanning electron microscope (TM 3000;
Hitachi, Japan) observation were carried out in order to
observe surface morphology of the fibers. The images
were taken at acceleration voltage of 15 keV and at various
magnifications.

Results and discussions

The results of microscopic observations are presented
on FIG. 1.

In the case of pure PCL (FIG. 1a) a smooth, uniform
surface of the fiber was observed. Composites reinforced
with microparticles (FIG. 1b-1c) showed uniform distribution
of particles in the matrix. The resulting composite fibers had
repeatable geometry.

The results of tensile
test are presented in FIG.
2 (Young’s modulus) and
in FIG. 3 (yield strength).

Neat PCL was used as
reference material. Ad-
dition of TCP increased
only a slightly stiffness
ill of the binary composite,
if compared to PCL. How-
ever, in case of addition
of 20 wt% of PLGA a sig-
nificant increase of the
stiffness was observed
(E=417 MPa). The yield
strength (FIG. 3) for the
reference material was
12 MPa. Addition of 10%
|l TCP particles resulted in
a small increase of yield
strength to 13MPa. The

2012-05-21 40 NL D43 x500 200 um

=] e
2012-0521 16:37 NL D44 x1,0k 100 um

dych czastek napetniacza.
W przypadku kompozy-
tow w osnowie z PLGA do-
strzezono wzrost granicy
plastycznosci do 16 MPa.
Powyzsze wyniki wykazu-
ja, ze kompozyty z czast-

(x1000).

GA-TCP (x1000).

RYS. 1. Obrazy SEM wytworzonych materiatéw: a) PCL (x500),
b) PCL-TCP (x500), c) PCL-PLGA-TCP (x500), d) PCL-PLGA-TCP

FIG. 1. SEM micrographs of the prepared materials: a) PCL
(x500), b) PCL-TCP (x500), c) PCL-PLGA-TCP (x500), d) PCL-PL-

increase was probably
due to the presence of
hard particles of the filler.
In case of the ternary
composite presence of
PLGA in the PCL matrix
increased yield strength
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Modul Young'a / Young's modulus
400
300
£
=
o 200
100
0
Material /Material
uPCL W PCL-TCP B PCL-PLGA-TCP

Granica plastyaznosd / Yield strength
20

15

w

Material / Material
W PCL-TCP

o PCL M PCL-PLGA-TCP

RYS. 2. Wartosci modutu Younga dla badanych kom-
pozytow.

FIG. 2. The values of Young’s Modulus of the tested
composites.

kami TCP i obecnoscig w osnowie PLGA majg witasci-
wosci mechaniczne zblizone do kosci beleczkowej [4].

Whioski

Na podstawie przeprowadzonych badan stwierdzono, ze
dodatek mikroczgstek TCP oraz PLGA znaczaco zwiekszyty
sztywnos¢ i granice plastycznosci badanych materiatow.
Proces wytwarzania kompozytéw o osnowie PCL metodg
szybkiego prototypowania jest powtarzalny i moze by¢ sto-
sowany jako metoda produkcji rusztowan do zastosowan
w inzynierii tkankowej.

Podziekowania

Praca zostata zrealizowana w ramach projektu ,Bioim-
planty dla potrzeb leczenia ubytkow tkanki kostnej u chorych
onkologicznych” finansowanego z Programu Operacyjnego
Innowacyjna Gospodarka (Nr projektu POIG.01.01.02-00-
022/09).
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RYS. 3. Wartosci granicy plastycznosci dla badanych
kompozytow.

FIG. 3. The values of yield strength of the tested com-
posites.

up to 16 MPa. These results show that composites rein-
forced with TCP particles and PLGA inclusions present
in PCL exhibit mechanical properties similar to trabecular
bone [4].

Conclusions

Based on presented results it can be concluded that ad-
dition of TCP microparticles and PLGA to the PCL matrix
significantly increased the stiffness and yield strength of the
PCL. The fabrication process of the PCL-based composites
by means of combined solvent casting and rapid prototyp-
ing method is repeatable and can be used as a method for
fabrication of scaffolds for tissue engineering applications.
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SUPERSPREZYSTE ZACHOWANIE
DRUTOW NiTi PODCZAS
ZGINANIA
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Streszczenie

W pracy przedstawiono supersprezyste wtasciwo-
Sci drutow NiTi badane w testach rozciggania i zgina-
nia. Druty te uzyto do przygotowania klamer do ze-
spolen ztaman kosci twarzy oraz sprezyn do plastyki
czaszki. Przy projektowaniu implantoéw zastosowano
modelowanie odksztatcania metodg elementéw skori-
czonych. Uzyskano dobrg korelacje krzywych symu-
lowanych przy uzyciu programu Adina z krzywymi
eksperymentalnymi uzyskanymi podczas cykliczne-
go, tréjpunktowego zginania drutéw oraz dystrakto-
réow czaszkowych. Wprowadzenie do programu od-
powiednich parametrow charakteryzujgcych badane
materiaty umozliwi obliczanie wielko$ci naprezen zre-
dukowanych i odksztatcen oraz utatwi projektowanie
wymaganych wtasno$ci implantéw o bardziej ztozo-
nych ksztattach.

Stowa kluczowe: druty NiTi, supersprezystosc,
MES, tréjpunktowe zginanie, implanty NiTi

[Inzynieria Biomateriatow, 116-117, (2012), 69-72]

Wprowadzenie

Zjawisko superprezystosci wystepujace w stopach NiTi
jest wykorzystywane w wielu urzadzeniach medycznych,
takich jak: druty ortodontyczne, klamry do osteosyntezy,
stenty, druty -prowadniki medyczne, instrumenty endo-
dontyczne i inne [1,2]. Druty NiTi wykazujgce wtasciwo-
Sci superprezyste uzyto w badaniach wtasnych do przy-
gotowania prototypowych implantéw, ktére zastosowa-
no w badaniach klinicznych jako klamry do zespolen zta-
man kosci twarzy oraz sprezyny wspomagajgce modelo-
wanie czaszki w leczeniu kraniostenoz u dzieci [3,4]. Prze-
prowadzono badania w testach cyklicznego rozciggania
i tréjpunktowego zginania. Uzyskano krzywe modelowe
z symulacji programem Adina i poréwnano je z ekspery-
mentalnymi krzywymi z testow trojpunktowego zginania.
W modelowaniu numerycznym petli supersprezystego
zachowania drutu NiTi podczas cyklicznego rozciggania
lub zginania wazne jest wprowadzenie do programu od-
powiednich parametrow charakteryzujgcych analizowany
materiat [5,6].

Celem tych badan byta optymalizacja wtasciwosci drutow
dla przygotowania super-sprezystych klamer do zespolen
ztaman kosci oraz sprezyn dla plastyki czaszki.

Materiat i metody

W badaniach uzyto druty o srednicach 1,0 mm, 1,1 mm,
1,2 mmii 1,3 mm ze stopu o sktadzie chemicznym Ti-50,8%
at. Ni. Supersprezyste wiasnosci drutéw mierzono w proé-
bach rozciggania na maszynie wytrzymatosciowej Instron
4469 oraz w prébach trojpunktowego zginania na mini

SUPERELASTIC BEHAVIOR OF
NiTi WIRES IN BENDING

ZpzistAW LEksTON'*, P10TR LAcCKI?

TUNIVERSITY OF SILESIA, INSTITUTE OF MATERIALS SCIENCE,
12 BANKOWA STR., 40-007 KATowICE, POLAND
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Abstract

The paper presents the superelastic properties of
NiTi wires tested in tensile and bending tests. These
wires were used to prepare staples for fixation bone
fracture of the face and skull springs. In implants’ de-
signing the finite element modeling method was used
for determining the deformation. A good correlation
between simulated curves taken from ADINA System
and experimental curves received in cyclic three-point
bending wires was obtained. Making modifications
to the ADINA system connected with relevant para-
meters, which characterize the investigated material,
will enable establishing the size of reduced stresses
and strains and facilitate the required properties of
implants designing.

Key words: NiTi wires, superelasticity, FEM, three
- point bending, NiTi implants

[Inzynieria Biomateriatow, 116-117, (2012), 69-72]

Introduction

The superelastic behaviour of NiTi is applied in several
medical devices, such as: orthodontic wires, osteosynthesis
staples, stents, guide wires, endodontic instruments and
other [1,2]. The prototype implants made from superelasic
NiTi wires were used in the present study. The implants were
clinically tested. They were used as the staples stabilizing
bone fractures of the face or the springs supporting modeling
of the skulls in craniostenosis treatment [3,4]. The tensile
tests and three point bending tests of wires were carried out.
The model curves obtained by Adina software simulation
were compared with experimental curves from three-point
bending tests. Using the proper parameters which charac-
terize the analysed material are very important in numerical
simulation, especially in behavior simulation of NiTi wire loop
during the cyclic tension or bending [5,6].

The main aim of these studies was properties optimiza-
tion of wires for preparing the superelastic bone staples and
springs for cranioplasty.

Material and methods

The NiTi wires with the chemical composition Ti-50.8
at.%Ni of diameters 1.0 mm, 1.1 mm, 1.2 mm and 1.3 mm
were used in these studies. The superelastic properties of
wires were measured by tensile tests on the Instron 4469
machine and by three-point bending tests on the mini
strength machine TM 2. From above-mentioned wires
the superelastic staples for osteosynthesis and springs for
cranioplasty were prepared. Compression forces of staples
and skulls distractors were measured by the usage of the
TM2 machine. The simulated curves for superelastic ef-
fects under pure three-point bending tests were carried out
by using the finite element analysis in the Adina System v.
8.7.3. software.
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maszynie wytrzymatosciowej TM 2. Z drutéw przygotowano
supersprezyste klamry do osteosyntezy oraz sprezyny do
plastyki czaszki. Sity oddziatywan sprezyn i klamer mierzono
réwniez przy uzyciu maszyny TM 2.

Symulowane krzywe supersprezystego zachowania
drutdow podczas tréjpunktowego zginania uzyskano na
podstawie analizy metodg elementéw skonczonych przy
uzyciu programu Adina 8.7.3.

Wyniki i dyskusja

Testy rozciggania wykazaty dobre wtasno$ci mechanicz-
ne badanych drutéw [3]. Krzywe naprezenie-odksztatcenie
zarejestrowane podczas cyklicznego rozciggania i odcigza-
nia drutu o $rednicy 1,2 mm w zakresie deformacji do okoto
8% pokazano na RYSUNKU 1. Na krzywych widoczne jest
gorne i dolne plateau naprezen Swiadczgce o superspre-
zystych wiasciwosciach badanego drutu.

Charakterystyczne petle supersprezystosci obserwo-
wano réwniez na krzywych zmian sity w funkcji strzat-
ki ugiecia zarejestrowanych w prébach cyklicznego, troj-
punktowego zginania drutow. Na RYSUNKU 2 pokaza-
no zmiany sit podczas zginania drutéw o réznych sred-
nicach na podporach w odlegtosci 50 mm. Na krzywych
widoczne jest plateau sit w szerokim zakresie deforma-

Results and discussion

The tensile tests showed good mechanical properties of
studied wires [7]. The stress-strain curves recorded during
wire’s loading and unloading during the cyclic tensile tests
in the strain range up to about 8% are shown in FIG.1. The
upper and lower stress plateau, which are visible on the
presented curves, show the superelastic properties of the
tested wires.

A characteristic loops of superelastic behavior of these
wires were also observed on the force-deflection curves
recorded by three-point bending tests. In FIGURE 2 the
force changes during bending of the wires with different
diameters on the supports which were located at a distance
of 50 mm, are shown. On the presented curves there is
visible the plateau of forces in wide range of deformation,
as well as during loading and unloading. The level of gen-
erated forces during martensitic transformation induced by
bending are strongly depended on the wire’s diameter. For
the wires chosen for preparing the superelastic staples for
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RYS. 1. Krzywe “naprezenie-odksztatcenie” zareje-
strowane podczas cyklicznego rozciggania i odcigza-
nia drutu NiTi.

FIG. 1. The tensile stress-strain curves recorded during
cyclic loading and unloading of NiTi wire.
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RYS. 3. Wygiety drut NiTi podczas proby tréjpunkto-
wego zginania.

FIG. 3. The NiTi wire bended on the mini strength ma-
chine TM2.
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RYS. 2. Krzywe “sita-ugiecie” zarejestrowane podczas
tréjpunktowego zginania drutow.

FIG. 2. The curves “force-deflection” recorded
during three-point bending tests of wires.

RYS. 4. Klamra NiTi rozciagana w uchwycie mini ma-
szyny wytrzymatosciowej TM 2.

FIG. 4. NiTi staple tensioned in the suports

of mini strength machine TM2.
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cji zarbwno podczas naprezania jak i odcigzania. Wiel-
kos¢ ge-nerowanych sit podczas odwracalnej przemia-
ny martenzytycznej indukowanej przez zginanie zalezy
od srednicy drutu. Dla drutéw wybranych do przygotowa-
nia supersprezystych klamer do osteosyntezy oraz spre-
zyn do dystrakcji czaszki wielko$¢ generowanych sit pod-
czas odcigzania miescita sie w zakresie od kilku do 15 N.
Po-=zgdana, stata sita oddziatywania podczas odcigzania
utrzymuje sie w szerokim zakresie odksztatceh 5-7 mm.

Drut zginany w uchwycie mini maszyny wytrzymatoscio-
wej pokazano na RYSUNKU 3. Zmiany sit podczas rozcia-
gania supersprezystych klamer do osteosyntezy mierzo-
no na tym samym stanowisku pomiarowym wyposazonym
w odpowiednie uchwyty do zaczepienia klamer (RYS.4).

Przy projektowaniu supersprezystych implantéw NiTi
celowe jest wykorzystanie dostepnych programéw, ktére
umozliwiajg modelowanie krzywych odksztatcania metodag
elementéw skonczonych. W tej pracy obliczenia wykonano
w programie ADINA 8.7.3., w ktérym stosuje sie metode
elementow skonczonych dla modelowania materiatéw z pa-
miecig ksztattu. Zastosowany w programie model umozliwia
symulowanie efektow supersprezystosci i pamieci ksztattu.
W symulacji wykorzystano elementy typu 3-D solid do mo-
delowania zginania belki. Na RYS 5a i 5b pokazano poréw-
nanie krzywych uzyskanych z obliczen dla tréjpunktowego
zginania w poréwnaniu z eksperymentem.

Z wykresu histerezy mozna odczyta¢ zmiany sit pod-
czas przemiany martenzytycznej indukowanej naprezeniem
i przemiany odwrotnej oraz catkowity odzysk ksztattu. Jak

osteosynthesis and springs for cranial distraction, the level
of generated forces during unloading was between several
and 15 N. The desirable constant force during unloading was
kept at a wide range of deformation, about 5-7 mm.

FIGURE 3 shows the deformation three-point bending of
the wire in the mini testing machine. Force changes during
tensile of the superelastic staples for osteosynthesis were
measured on the same test stand equipped with the suitable
grips to attach the staples (FIG.4).

During designing the superelastic implants of NiTi it is
advisable to use available softwares that which allows on
modeling the deformation curves by the usage of finite
element method. In this work the calculations were carried
out with the ADINA System v. 8.7.3. using a shape memory
alloy (SMA) material's model. This kind of model allows
on simulation the superelastic and shape-memory effects
in shape-memory alloys. In the simulations the 3-D solid
elements were used for modeling the bending beam. The
FIGURES 5a and 5b demonstrate comparison of calcula-
tion results with the experimental curves from three-point
bending tests.

From the hysteresis results’ graph the stress induced
martensite transformation, the reverse transformation and
the complete recovery of deformation can be seen. Moreo-
ver, on the basis of the following graph, there is reasonable
agreement between experimental data and those obtained
from Adina System.

This software enables also to obtain the austenite and
martensite fractions in deformed material. FIGURE 6 shows
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FIG. 5. Modelowe i eksperymentalne krzywe zginania drutéw o srednicach 1,0 (a) and 1,2 mm (b).
FIG. 5. The model and experimental curves for NiTi wires of 1.0 mm (a) and 1.2 mm (b) diameters.
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FIG. 6. Analiza MES tréjpunktowego zginania drutu NiTi o $rednicy 1,2 mm.
FIG. 6. Adina FEM analysis of NiTi wire with 1.2 mm diameter deformed by three-point bending test.
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wynika z rysunku zachodzi rozsgdna zgodnos¢ miedzy wy-
nikami obliczen i danych eksperymentalnych.

Program umozliwia réwniez okreslenie udziatu austenitu
i martenzytu w deformowanym materiale. RYSUNEK 6 po-
kazuje mapy frakcji martenzytu, frakcji austenitu i naprezen
zredukowanych przy maksymalnym ugieciu.

Podsumowanie

Testy cyklicznego rozciggania i trojpunktowego zginania
wykazaty, ze badane druty wykazujg bardzo dobre wtasno-
Sci supersprezyste. Wielkosci sit generowanych podczas
odcigzania rozcigganych lub zginanych drutéw zalezg
od ich $rednicy. Sity oddziatywania drutéw wybranych do
przygotowania supersprezystych klamer do osteosyntezy
oraz sprezyn do dystrakcji czaszki podczas odcigzania po
wygieciu miescity sie w zakresie od kilku do 15 N.

Symulowane krzywe zaleznosci sit w funkc;ji strzatki ugie-
cia podczas obcigzania i odcigzania zginanych drutéw sg w
dobrej korelacji z eksperymentalnymi krzywymi uzyskanymi
w testach trojpunktowego zginania.

Uzyskane symulacje wykazaty przydatno$¢ zastosowa-
nego programu w modelowaniu supersprezystych wiasciwo-
Sci drutéw i implantéw medycznych z pamiecig ksztattu.
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a band plot of the detwinned martensite fraction, austenite
fraction and effective stress at maximum deflection.

Summary

The cyclic tensile and three-point bending tests showed
that the analyzed wires had very good superelastic proper-
ties. The values of forces generated during unloading of
stretched or bend wires depended on their diameters. The
impact of wires selected to prepare superelastic staples
and springs for the skull distraction during unloading after
bending were in the range from several to 15 N.

The simulation results for the loading and unloading force
versus displacement were superimposed with the experi-
mental results obtained from three-point bending tests.

This simulation showed the suitability of the numerical
tools for modeling the superelastisity behavior of shape
memory wires and medical implants.
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Fosforany wapnia (Calcium Phosphates - CaPs),
stosowane z powodzeniem w regeneracji i rekonstruk-
¢ji tkanki kostnej, nalezg do grupy bioaktywnych mate-
riatéw zdolnych do bezposredniego wigzania z koScig.
Interesujgcymi materiatami implantacyjnymi w postaci
tatwo formujgcych sie past cementowych sg materia-
ty dwufazowe na bazie HA (hydroksyapatytu) i a-TCP
(a-fosforanu tréjwapniowego) oraz HA i CSH (pétwod-
nego siarczanu (VI) wapnia). Wprowadzenie do struk-
tury hydroksyapatytu réznych jonéw np. srebra lub
magnezu wptywa na zmiane jego wtasciwosci fizyko-
chemicznych jak rowniez biologicznych. Potgczenie
hydroksyapatytu i pétwodnego siarczanu (VI) wapnia
(ten drugi stosowany jest w medycynie od wielu lat
pod nazwg Plaster of Paris) prowadzi do wytworze-
nia materiatdw o wysokiej poreczno$ci chirurgicznej
i kontrolowanej biodegradacji.

Celem pracy byto wytworzenie oraz ocena poten-
cjatu bioaktywnego in vitro nowych materiatow ko-
Sciozastepczych typu cementowego na bazie CaPs
i CSH. W sktad wyjsciowych proszkéw cementowych
wchodzity: zsyntezowany na wydziale Inzynierii Ma-
teriatowej i Ceramiki— AGH hydroksyapatyt dotowany
srebrem (AgHA), weglanowy hydroksyapatyt dotowa-
ny magnezem (MgCHA), a-TCP oraz CSH (Acros Or-
ganics). Jako ptyny do zarabiania proszkéw cemen-
towych zastosowano 1% roztwér chitozanu w 0,3%
kwasie octowym oraz 0,75% roztwér metylocelulozy
w 2% Na,HPO,. Opracowane materiaty implantacyj-
ne poddano badaniom czasu wigzania, sktadu fazo-
wego oraz wytrzymato$ci mechanicznej. Wytworzo-
ne preparaty kosciozastepcze przetrzymywano w sy-
mulowanym ptynie fizjologicznym (SBF) przez okres
14 dni. Oznaczono zmiany stezenia pierwiastkéw: Ag,
Ca, K, Mg, Na, S, P w ptynie SBF w czasie trwania
inkubacji wykorzystujgc technike emisyjnej spektro-
metrii optycznej z indukcyjnie sprzezong plazma (IC-
P-OES). Przeprowadzono przy pomocy skaningowe-
go mikroskopu elektronowego obserwacje morfologii
powierzchni uzyskanych materiatow po 7 i 14 dniach
przetrzymywania ich w symulowanym ptynie fizjolo-
gicznym. Badania SEM potwierdzity narastanie war-
stwy apatytowej na powierzchniach badanych prepa-
ratow, co wskazuje na ich charakter bioaktywny. Mate-
riaty implantacyjne, w ktérych zastosowano pétwodny
siarczan (VI) wapnia, w zwigzku z ich duzg podatno-
Scig do dezintegracji i biodegradacji, wykazywaty od-
mienng morfologie powierzchni w poréwnaniu do pre-
paratéw, w ktorych sktadnikiem wigzgcym byt a-TCP.
Wzrost zawarto$ci: Ca i S w ptynie SBF podczas trwa-
nia inkubacji badanych cementow z udziatem CSH po-

Calcium Phosphates (CaPs), used successfully in
the regeneration and reconstruction of bone tissue,
belong to the group of bioactive materials, capable to
form a direct bond with natural bone. Biphasic mate-
rials (bone substitutes) based on HA (hydroxyapatite)
and a-TCP (a-tricalcium phosphate) as well as HA and
CSH (calcium sulfate hemihydrate) in the form of easily
shapeable cement pastes are very interesting implant
materials. Introduction of different ions such as silver
or magnesium into the structure of hydroxyapatite
changes its physicochemical and biological properties.
The combination of hydroxyapatite and calcium sulfate
hemihydrate (the last one has been used in medicine
for many years under the name of Plaster of Paris)
leads to the fabrication of materials with high surgical
handiness and controlled biodegradation.

The aim of this study was development and eva-
luation of the bioactive potential in vitro of the new
cement type bone substitutes based on CaPs and
CSH. Initial cement powders consisted of synthesized
at the Faculty of Materials Science and Ceramics
— AGH-UST silver doped hydroxyapatite (AgHA),
magnesium doped carbonated hydroxyapatite (Mg-
CHA), a-TCP and CSH (Acros Organics). 1 wt.%
chitosan solution in 0.3 wt.% acetic acid as well as
0.75 wt.% methylcellulose solution in 2 wt.% Na,HPO,
were applied as liquid phases. Setting time, phase
composition and mechanical strength of developed
implant materials were examined. Obtained bone
substitutes were incubated in simulated body fluid
(SBF) for 14 days. Changes in the concentration of
the following elements: Ag, Ca, K, Mg, Na, S, Pin SBF
were determined by simultaneous inductively coupled
plasma optical emission spectrometry (ICP-OES).
Observations of the surface morphology of obtained
materials after 7 and 14 days of incubation in simulated
body fluid were carried out using scanning electron
microscopy. SEM studies confirmed the growth of an
apatite layer on the surfaces of tested materials, what
indicates on their bioactivity. Implant materials based
on calcium sulfate hemihydrate, due to their high
susceptibility to disintegration and biodegradation,
showed a different surface morphology compared to
the materials based on a-TCP as a binding agent. The
increase in the content of Ca and S elements in SBF
during the incubation of studied bone cements with
CSH confirmed their gradual degradation in vitro.

Keywords: calcium phosphate, calcium sulfate,
bioactivity

[Engineering of Biomaterials, 116-117, (2012), 73-74]
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twierdzito ich stopniowg degradacje in vitro.
Stowa kluczowe: fosforany wapnia, siarczan (VI)
wapnia, bioaktywno$c¢
[Inzynieria Biomateriatow, 116-117, (2012), 73-74]
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Streszczenie

Istnieje wiele metod sterylizacji wyrobéw medycz-
nych. Jednak najbardziej uzytecznymi metodami ste-
rylizacji syntetycznych, bioresorbowalnych polime-
réow wydajg sie by¢ promieniowanie gamma oraz na-
promienianie wigzkg elektronéw (EB). Celem tej pra-
cy byto okreslenie wptywu wspomnianych metod na
trzy rodzaje matryc — zawierajgcych 3%, 5% paklitak-
selu oraz matryc bez leku. Badane matryce otrzyma-
no z dwoch rodzajow poli(L-laktydo-ko-weglanu tri-
metylenu) zsyntezowanych w 150°C (P1) oraz 120°C
(P2). Nie zaobserwowano znaczgcych réznic w skta-
dzie komonomerow matryc sterylnych i niesterylnych,
zawierajgcych paklitaksel, jak i matryc bez leku. Spa-
dek temperatury zeszklenia, T,, wynikat ze zmniejsze-
nia sie $redniej dtugo$ci blokéw laktydylowych oraz
weglanowych, a takze utraty M, po procesie steryli-
zacji. Zauwazalne byty niewielkie roznice we wiasci-
wosciach fizykochemicznych matryc napromienianych
promieniowaniem gamma oraz wigzkg elektronéw.
Otrzymane wyniki pokazujg, iz lepszg metodg stery-
lizacji poli(L-laktydo-ko-weglanu trimetylenu) wydaje
sie by¢ napromienianie wigzkg elektronéw.

Stowa kluczowe: poli(L-laktydo-ko-weglan trime-
tylen), paklitaksel, promieniowanie gamma, napromie-
nianie wigzkg elektronow, sterylizacja

[Inzynieria Biomateriatow, 116-117, (2012), 74-78]
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Abstract

There are many methods of sterilization appro-
ved for medical devices. However, the most usable
methods of synthetic, bioresorbable polymers ste-
rilization seem to be gamma radiation and electron
beam irradiation (EB). The aim of this work was to
determine the impact of mentioned methods on three
types of matrices - containing 3%, 5% of paclitaxel
and also drug free matrices. The studied matrices were
obtained from two poly(L-lactide-co-trimethylene-car-
bonates) synthesized at 150°C (P1) and 120°C (P2).
No significant differences of comonomers’ composi-
tion were observed in sterile and non-sterile matrices
containing paclitaxel as well as drug free matrices.
The decrease of the glass transition temperature, T,
resulted from decrease of the lactidyl and carbonate
units’ content and the M, loss after radiation. Small
dissimilarities of physicochemical features between
gamma and EB radiated matrices were noticeable.
Thus, the obtained data showed that better method of
sterilization poly(L-lactide-co-trimethylene carbonates)
seems to be electron beam radiation.

Keywords: poly(L-lactide-co-trimethylene carbo-
nate), paclitaxel, gamma irradiation, electron beam
radiation, sterilization

[Engineering of Biomaterials, 116-117, (2012), 74-78]
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Wprowadzenie

Paklitaksel (PTX), znany od okoto 40 lat, posiada wiele
mechanizmow dziatania. Zatrzymuje mitoze komaérek mies-
ni gtadkich $cian naczyn krwionosnych (SMCs) poprzez
taczenie sie z B-tubuling, przez co stabilizuje mikrotubule,
ale moze tez wptywaé na komoérki uktadu immunologicz-
nego (komoérki ‘naturalni zabojcy’, komérki dendrytyczne,
makrofagi). [1] Paklitaksel wykazuje antyneoplastycze oraz
antyrestenotyczne wtasciwosci i dlatego hamuje proliferacje
oraz migracje SMCs. [2]

Postep medycyny i farmacji przyczynia sie do poszukiwa-
nia nowych zastosowan dla materiatéw polimerowych, ktére
sktadajg sie gtéwnie z laktydu, glikolidu, weglanu trimetylenu
oraz e-kaprolaktonu. Sg one szeroko stosowane jako nici
chirurgiczne, zszywki chirurgiczne, sruby kostne, skafoldy
w inzynierii tkankowej czy systemy uwalniania lekéw. [3] Sy-
stemy kontrolowanego uwalniania paklitakselu mogg stuzy¢
jako catkowicie bioresorbowalne stenty tetnic wiencowych
oraz przeciwnowotworowe implanty.

Istnieje wiele metod sterylizacji wyrobéw medycznych
m.in. cieplne (suche gorgce powietrze lub gorgca para
wodna np. autoklawowanie), chemiczne (np. tlenek etylenu),
cis$nieniowe oraz napromienianie (promieniowanie gamma,
promieniowanie X, wigzka elektronoéw, wigzka jonéw). [4]
To zrozumiate, ze wyroby otrzymane z bioresorbowalnych
polimeréw nie powinny by¢ sterylizowane w wysokiej tem-
peraturze ze wzgledu na obnizenie sie ich mechanicznych
wiasciwosci. Tlenek etylenu réwniez nie jest zalecany ze
wzgledu na swoje pozostatosci. Najbardziej uzytecznymi
dla syntetycznych polimeréw wydajg sie by¢ metody stery-
lizacji wykorzystujgce promieniowanie gamma oraz wigzke
elektronéw (EB).

Materialy i metody

Dwa rodzaje poli(L-laktydo-ko-weglanu trimetylenu)
(PLATMC) zostaty zsyntezowane w Centrum Materiatow
Polimerowych i Weglowych PAN w Zabrzu. Zr(Acac), uzyto
jako niskotoksycznego inicjatora kopolimeryzacji z otwar-
ciem pierscienia. Reakcja byta przeprowadzona w 150°C
(P1)orazw 120°C (P2), stosunek inicjatora do monomerow
(I/M) wynosit 1/1000. Paklitaksel (PTX) zakupiono w LC
Laboratories®.

Odpowiednig ilos¢ kopolimeru i paklitakselu rozpusz-
czono osobno w chlorku metylenu (DCM). Nastepnie te
dwa roztwory zmieszano, odgazowano pod zmniejszonym
cis$nieniem i wylano na teflonowe formy. Filmy wysuszono
w temperaturze pokojowej i pod zmniejszonym cisnieniem.
10mm kragzki zostaty wyciete z filmow. Matryce bez leku
zostaty rowniez przygotowane, zgodnie z procedurg opi-
sang powyzej.

Kazdy rodzaj matrycy: 0%, 3% oraz 5% PTX byt her-
metycznie zamkniety i napromieniany przy uzyciu wigzki
elektronéw oraz promieniowania gamma.

Probki sterylizowano wigzkg wysokoenergetycznych
elektronéw o energii 10MeV generowang przez akcelerator
elektronowy. ®°Co stanowit Zrédto promieniowania gamma,
moc dawki wynosita 8,28kGy/h. Oba zrédta promieniowania
dostarczyly dawke 25kGy.

Sterylne i niesterylne matryce zbadano z wykorzystaniem
magnetycznego rezonansu jgdrowego (NMR), roznicowej
kalorymetrii skaningowej (DSC) oraz chromatografii zelowej
(GPC).

Chromatografia zelowa (GPC, Physics SP 8800) postuzy-
ta do zbadania liczbowo $rednich mas czgsteczkowych (M,)
oraz rozrzutu mas czgsteczkowych (D). Rozpuszczalnikiem
byt chloroform.

Introduction

Paclitaxel (PTX), well known for almost 40 years, possess
many sites of action. It inhibits mitosis of smooth muscle
cells through binding the B-tubulin and though stabilizes mi-
crotubules but can also influence the immune cells (natural
killer cells, dendritic cells, macrophages).[1] Paclitaxel has
anti-neoplastic as well as anti-restenotic abilities for as much
it inhibits smooth muscle cells proliferation and migration. [2]

Advance in medicine and pharmacy contributes to search
new applications of polymer materials, that are mostly
composed of lactide, glycolide, trimethylene carbonate and
e-caprolactone. They are widely used as sutures, staples,
bone screws, scaffolds in tissue engineering or drug deliv-
ery systems. [3] Controlled delivery systems of paclitaxel
may serve as totally bioresorbable coronary artery stents
or anticancer implants.

There are many methods of sterilization approved for
medical devices as heat (dry heat or moist heat such as auto-
claving), chemicals (e.g. ethylene oxide), pressure or irradia-
tion (gamma rays, X rays, electron beam, ion beams).[4] It
is understood, that devices made of bioresorbable polymers
should not be sterilized at high temperature because of
decrease of their mechanical properties. Ethylene oxide is
also not recommended due to its residues.[5] The most us-
able methods for synthetic polymers sterilization seem to be
gamma radiation and electron beam irradiation (EB).

Materials and methods

Two types of poly(L-lactide-co-trimethylene carbonate)
(PLATMC) were synthesized at the Centre of Polymer and
Carbon Materials, PAScs in Zabrze. Zr(Acac), was used as
a low toxic initiator of the ring-opening copolymerization. The
reaction was performed at 150°C (P1) and 120°C (P2) with
the initiator to monomer molar ratio (I/M) of 1/1000. Paclit-
axel (PTX) was purchased from LC Laboratories®.

Appropriate amount of copolymer and paclitaxel were
dissolved separately in methylene chloride (DCM). Then
the two solutions were mixed, degassed under reduced
pressure and cast on teflon forms. The films were dried
at ambient temperature and under reduced pressure af-
terwards. 10mm discs were cut from the films. Drug-free
matrices were also prepared, according to the procedure
described above.

Each kind of matrix: 0%, 3% and 5% of PTX was hermeti-
cally sealed and irradiated with the use of electron beam as
well as gamma rays.

The samples were sterilized by an electron beam with
the accelerating voltage of 10MeV generated in the electron
accelerator. ®°Co constituted the source of gamma rays and
the dose rate equalled 8,28kGy/h. Both sources of radiation
delivered the radiation dose of 25kGy.

Sterilized and non-sterilized matrices were studied by
means of nuclear magnetic resonance (NMR), differential
scanning calorimetry (DSC) and gel permeation chroma-
tography (GPC).

Gel permeation chromatograph (GPC, Physics SP 8800)
was employed to study the number average molecular
weight and (M,) and molecular mass dispersity (D). Chlo-
roform was used as the solvent.

Thermal properties such as glass transition temperature,
T,, melting temperature, T, and melting enthalpy, AH,, were
estimated with the use of differential scanning calorimeter
(TADSC 2010, TA Instruments, New Castle, DE). The ma-
trices were scanned twice in the range of -50°C to 200°C
(heating rate of 20°C/min). The samples were quenched
to -100°C in liquid nitrogen in order to obtain amorphous
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Termiczne wiasciwosci, takie jak temperatura zeszkle-

® o o o 00 o nig, T, temperatura topnienia, T, oraz entalpia topnienia,

AH,, oznaczono za pomocg skaningowego kalorymetru
réznicowego (TADSC 2010, TA Instruments, New Castle,
DE). Matryce skanowano dwukrotnie w zakresie -50 do
200°C (szybkos¢ ogrzewania 20°C/min). Prébki szybko
schtadzano do -100°C w cieklym azocie w celu otrzymania
amorficznych kopolimeréw. DSC kalibrowano standardami
galu i indu. T, oraz AH,, wyznaczono z pierwszego skanu,
natomiast T, z drugiego.

Zmiany w sktadzie komonomerow, $redniej dtugosci
blokéw laktydylowych (l¢,) i weglanowych (I°;) okreslo-
no na podstawie widm 'H NMR zarejestrowanych przez
nadprzewodzacy spektrometr magnetycznego rezonansu
jadrowego wysokiej rozdzielczosci — 600MHz (AVANCE I
Ultra Shield Plus, Bruker). CDCI; byt rozpuszczalnikiem,
tetrametylosilan (TMS) — standard wewnetrzny.

Wyniki i dyskusja

copolymers. DSC was calibrated using high purity gallium
and indium standards. T,, and AH,, was obtained from the
first scan while T, from the second scan.

The changes of copolymers composition, the average
length of lactidyl (I°,,) and carbonate (I°;) units were deter-
mined from 'H NMR spectra recorded at superconducting
high-resolution nuclear magnetic resonance spectrometer
— 600 MHz (AVANCE Il Ultra Shield Plus, Bruker). CDClI,
was the solvent, tetrametylsilane (TMS) — the internal
standard.

Results and discussions

The aim of this study was to compare the influence of
ionizing methods of sterilization on paclitaxel-containing
bioresorbable matrices. Two kinds of poly(L-lactide-co-
trimethylene carbonates) (PLATMC) synthetized at differ-
ent temperatures: 150°C — P1 (75LA:25TMC) and 120°C
— P2 (74LA:26TMC) were applied to prepare matrices
with 3% and 5%

Celem niniejszej pracy byto
poréwnanie wptywu jonizacyj-
nych metod sterylizacji na bio-
resorbowalne matryce zawie-
rajgce paklitaksel. Dwa rodza-
je poli(L-laktydo-ko-weglanu tri-
metylenu) (PLATMC) zsyntezo-
wane w réznych temperaturach: o
150°C - P1 (75LA:25TMC) oraz 400
w 120°C - P2 (74LA:26TMC) Mn oo
wykorzystano do przygotowa-f P2

60,0

nia matryc z 3% oraz 5% pakli-

20,0
takselu, a takze matryc nieza- 10,0 l | l \ l I
wierajgcych leku. Oba kopoli-

0,0
mery skfadaty sie z laktydylo-

0% PTX
wych, jak i weglanowych jedno-

m przed sterylizacja/ before sterilization
promieniowanie elektronowe/ electron - beam radiation
promieniowanie gamma/ gamma irradiation

3% PTX

P1 of PTX as well as
drug free matrices.
Both copolymers
consisted of lacti-
dyl and carbonate
units but differed
in physicochemical
properties such as
the average molar
mass, dispersity in-
dex, glass transition
temperature, T, and
melting tempera-
ture T,.. The copoly-
mers characterized
almost the same
comonomeric ratio

5% PTX

stek, lecz roznity sie wtasciwo-
Sciami fizykochemicznymi, ta-
kimi jak liczbowo $rednia masa
czgsteczkowa (M,), rozrzut mas
czgsteczkowych (D), tempera-
tura zeszklenia, T, tempera-
tura topnienia, T,. Kopolimery
posiadaty niemalze identyczny

RYS. 1. Poréwnanie srednich liczbowo mas czasteczkowych (M,)
matryc P1 (0%, 3% oraz 5% PTX) niesterylnych oraz poddanych
sterylizacji wigzka elektronéw i promieniowaniu gamma.

FIG. 1. Comparison of the number average molecular weight (M,)
of non-sterile P1 matrices (0%, 3% and 5% PTX) and matrices
after electron beam radiation as well as gamma radiation.

and the average
length of carbonate
units before irradia-
tion, while they var-
ied in the average
lengths of lactidyl
units. It was con-

stosunek komonomeréw oraz
Srednig dtugo$¢ blokéw wegla-
nowych, podczas gdy $rednia
dtugos¢ blokoéw laktydylowych
byta odmienna. Dowiedziono,
iz mikrostruktura tancucha ma
wptyw na degradacje hydroli- 60,0
tyczng polimerow, ale réwniez
na profil uwalniania leku. [6,7]
RYS.1. i 2. prezentujg licz-

=]

=}

o

50,0

40,0

bowo $rednie masy czgstecz- (,Z'J'L, 300
kowe (M,) kazdego typu matry- 200
cy przed i po procesie steryli- o~
zacji za pomocg wigzki elektro- '
(

néw oraz promieniowania gam- 00
ma. Wszystkie badane materia-
ty wykazywaty spadek liczbowo

0% PTX

m przed sterylizacja/ before sterilization
promieniowanie elektronowe/ electron - beam radiation
promieniowanie gamma/ gamma irradiation

firmed that chain
P2 microstructure has
an impact on hydro-
lytic degradation of
polymers but also
on drug release
profile. [6,7]
FIGURES 1. and
2. present chang-
es of the number
average molecu-
lar weight (M,) of
each kind of matrix
before and after
sterilization with the
use of accelerated
electrons and gam-

3% PTX 5% PTX

Sredniej masy czgsteczkowej,
bez wzgledu na zawartos¢ pa-
klitakselu i metode napromie-
niania. Jakkolwiek, nie zaob-
serwowano znaczgcych zmian
W rozrzucie mas czgsteczko-
wych (D). Matryce napromienia-

RYS. 2. Poréwnanie srednich liczbowo mas czasteczkowych
(M,)) matryc P2 (0%, 3% oraz 5% PTX) niesterylnych oraz podda-
nych sterylizacji wiazkg elektronéw i promieniowaniu gamma.
FIG.2 . Comparison of the number average molecular weight
(M,) of non-sterile P2 matrices (0%, 3% and 5% PTX) and matri-
ces after electron beam radiation as well as gamma radiation.

ma rays. All of the
studied materials
showed decrease
of the number av-
erage molecular
weight, regardless
paclitaxel content
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ne promieniami gamma charakteryzowaty sie nieznacznie
nizszymi masami czgsteczkowymi niz matryce sterylizowa-
ne EB. Wyzszg utrate M, obserwowano w przypadku ma-
tryc P2 (74LA:26 TMC). Spadek liczbowo $redniej masy cza-
steczkowej moze wynika¢ z degradacji gitéwnych tancuchéw
spowodowane;j radiacjg [8]. Wszystkie matryce byly herme-
tycznie zamkniete, dlatego tez wyklucza sie wptyw rodni-
kow tlenowych na degradacje. Ponadto, spadek Mn matryc
bez paklitakselu byt nieco wyzszy niz w matrycach z lekiem.

Analizy DSC ujawnity, iz matryce wykonane z P1 oraz
P2 byty semikrystaliczne, poniewaz wszystkie wykazywa-
ty endotermy topnienia i temperatury zeszklenia. Termicz-
na charakterystyka sterylnych i niesterylnych matryc pre-
zentowana jest w TABELI 1. Jako rezultat utraty M,,, napro-
mieniane matryce miaty nieco nizsze T, niz matryce przed
napromienianiem. Ten efekt byt bardziej widoczny w ma-
trycach przygotowanych z P2. Temperatury topnienia ma-
tryc P1 oraz P2 byty nizsze po procesie radiacji. Catkowita
AH,wzrosta w matrycach P2 zawierajgcych paklitaksel po
obu typach promieniowania, podczas gdy sposréd matryc
P1 najwyzszg AH,, obserwowano w matrycach napromie-
nianych promieniami gamma (wynikow nie pokazano), bez
wzgledu na zawartos¢ leku.

Widma 'H NMR nie pokazaty réznic w udziale jednostek
komonomerycznych

and methods of radiation. However, no significant changes
of dispersity index (D) were observed. The gamma irradi-
ated matrices characterized slightly lower molecular mass
than matrices sterilized with EB. Higher loss of molecular
mass observed in case of P2 matrices (74LA:26TMC). The
decrease of the average molecular mass can result from
main-chains degradation caused by the radiation [8]. All of
the matrices were hermetically packed thus the impact of
free oxygen radicals on chain degradation was excluded.[9]
Furthermore, decrease of M, of matrices without paclitaxel
was slightly higher than drug-containing matrices.

DSC analysis showed that P1 and P2 matrices were semi-
crystalline since all of them exhibited melting endotherms
and glass transition temperatures. Thermal characteristic
of sterile and non-sterile matrices is presented in TABLE 1.
As a result of M, decrease, the radiated matrices showed
slightly lower T, than non-radiated materials. This effect
was more significant in the case of matrices obtained from
P2. The melting temperatures of P1 and P2 matrices were
lower after irradiation. Total AH,, of P2 matrices increased in
drug-free matrices and decreased in matrices with paclitaxel
after both types of radiation, while among P1 matrices the
highest AH,, were observed in gamma irradiated matrices
(data not shown), regardless drug loading.

The '"H NMR

pomiedzy matryca-
mi P1 przed i po ste-
rylizacji. Napromie-
niane matryce P2
wyrdzniaty sie wzro-

Przed sterylizacja/

) Before sterilization
Rodzaj matrycy/

Type of matrice

T, (°C)

Tn(°C)

T,(°C)

Po sterylizacji/
After sterilization
EB

Ta(°C)  T,(°C)

gamma

Tn(°C)

spectra revealed
no differences in
comonomer mo-
lar ratio between
all of the P1 ma-

stem ilosci jednostek trices before and
laktydylowych i ubyt- ||P1 0% PTX 44,0 94,0 43,7 90,0 43,3 91,0 after sterilization.
kiem jednostek we- 3% PTX 43,4 101,0 42,0 93,0 42,4 86,0 The P2 matrices
glanowych, warto$ci 5% PTX 44,4 111.0 43.9 93.9 432 101.9 distinguished lac-
f;’ g;’?’e"(;‘?;”ri(;;“i P2 0%PTX | 450 [1480 1620 | 430 |147,0 1586 | 42,5 |147.0 1581 :fg':euan;t: g?";in;
y . . Y 3% PTX 46,5 [143,0 158,6 | 44,2 [ 143,9 158,6 | 44,0 | 1476 158,0 .
po sterylizacji pro- 5% PTX | 46,2 |140,8 1593 | 44.0 | 1563 156,3 | 45,8 | 1420 1570 ||C@rbonate units
mieniowaniem gam- content decrease

ma. Matryce P1i P2
cechowaty sie spad-
kiem $redniej dtugo-
Sci blokéw laktydy-
lowych I, oraz we-
glanowych I¢; (TA-
BELA 2.). Srednie

TABELA 1. Termiczna charakterystyka sterylnych i niesterylnych matryc
(T,—temperatura zeszklenia, T,,—~temperatura topnienia).
TABLE 1. Thermal characteristic of sterile and non-sterile matrices
(T, -glass-transition temperature, T,—melting temperature)
T,-drugi skan DSC/second DSC scan; T -pierwszy skan DSC/first DSC scan.

dtugosci blokéw byty

mniejsze po promieniowaniu
gamma, co korespondowato
z ubytkiem masy czastecz-
kowej. Doniesiono, ze pro-
mieniowanie gamma powo-
duje rozerwanie tancuchéw,

Rodzaj matrycy/

Type of matrice

Przed ste-
rylizacja/
Before sterili-
zation

Po sterylizac;ji/
After sterilization

gamma

|e

|e
LL T

after radiation and
these values were
slightly higher for
matrices irradiated
with gamma rays.
P1 and P2 matrices
showed decrease
of the average
length of lactidyl units I°, af-
ter sterilization as well as the
average length of carbonate
units I°; (TABLE 2). The aver-
age block lengths were more
reduced after gamma irra-

przez co wptywa réwniez na diation, which corresponded
fizykochemiczne witasciwo- || P1 0% PTX 3,11 1,04 | 260 | 087 | 2,42 | 0,81 || tothe molecular mass loss of
$ci napromienianych polime- 3% PTX 3,12 1,04 2,05 0,68 2,00 [ 0,67 || the studied matrices. It has
réw. [9] Matryce zawierajg- 5% PTX 3,11 1,04 | 215 | 0,72 | 2,10 | 0,70 | been reported that gamma
ce lek byty bardziej wrazliwe rays induce chain-scission
na radiacje poniewaz $rednie and thus influence physi-
diugosci blokow 15, i I¢; byty || P2 0% PTX 365 | 1,28 | 3,62 | 127 | 342|114 cochemical properties of
mniejsze niz matryc bez leku. 3% PTX 3,39 1,19 1.80 | 0,60 1,56 | 049 | radiated polymers. [9] Drug-
Jakkolwiek, czgsteczka leku 5% PTX 5,42 1,20 1.99 | 066 143 | 045 loading matrices were more

nie ulegta zmianie w czasie
sterylizacji.

Nie obserwowano znacza-
cych roznic w sktadzie jed-
nostek komonomerycznych
matryc sterylnych i niesteryl-
nych, zawierajgcych lek i ma-
tryc bez leku. Obnizenie sie

and P2 matrices.

TABELA 2. Srednie diugosci blokéw laktydylowych i wegla-
nowych (¢, ilI*;,c) przed i po sterylizacji matryc P1 oraz P2.
TABLE 2. The average lengths of lactidyl and carbona-
te units (I°,,_ and I¢;,.) before and after sterilization of P1

susceptible to radiation since
the average block lengths
were lower than [°, and
le; of drug free matrices.
However, the drug molecule
did not changed after steri-
lization.

No significant differences
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temperatury zeszklenia, T,, wynikato ze spadku sredniej
dtugosci blokéw laktydylowych i weglanowych oraz utraty
M, po procesie sterylizacji. Otrzymane wyniki pokazujg, iz
oba kopolimery byly bardziej odporne na radiacje wigzka
elektronowg. Mimo to, zauwazalne byly niewielkie réznice
we wiasciwosciach fizykochemicznych matryc sterylizowa-
nych promieniami gamma i EB.

Whioski

Dwa rodzaje kopolimeréw wykorzystano do otrzymania
matryc z 3% i 5% zawartoscig paklitakselu oraz matryc bez
leku, ktére sterylizowano z uzyciem wigzki elektronéw oraz
promieniowania gama. Dawka promieniowania wynosita
25kGy. Wigzka elektronéw oraz promieniowanie gamma
wplynety na $rednig liczbowo mase czgsteczkowg (M,),
wiasciwosci termiczne oraz $rednie diugosci blokéw lakty-
dylowych i weglanowych (I¢, I°;). Obie metody sterylizaciji
spowodowaty spadek wspomnianych parametréw. Mato
istotne zmiany w stosunku komonomeréw obserwowano
jedynie w przypadku matryc P2. Zawarto$c¢ paklitakselu spo-
wodowata nieznacznie mniejszy ubytek masy czasteczkowe;j
i wiekszy spadek sredniej dlugosci jednostek laktydylowych
(I°..) w poréwnaniu z matrycami bez leku. Uzyskane wyniki
pokazujg, iz lepszg metodg sterylizacji poli(L-laktydo-ko-
weglanu trimetylenu) wydaje sie by¢ napromienianie wigzkg
elektronowg.

Przeprowadzone badania wskazujg na koniecznos¢
wyboru odpowiedniej metody sterylizacji materiatéw polime-
rowych, poniewaz podczas procesu sterylizacji moze dojsé
do zmian w ich wtasciwos$ciach fizykochemicznych. To z
kolei determinuje zmiany w procesie degradaciji i posrednio
wplywa na profil uwalniania substancji lecznicze;.

Podziekowania

Prace zrealizowano w ramach badan finansowanych
przez Slgski Uniwersytet Medyczny w Katowicach (KNW-
1-027/D/2/0) oraz Narodowe Centrum Nauki (NN 405 682
340).
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of comonomers’ composition were observed in sterile and
non-sterile matrices containing paclitaxel as well as drug
free matrices. The decrease of the glass transition tem-
perature, T, resulted from decrease of the average lactidyl
and carbonate block length and the M, loss after radiation.
The obtained data showed that both copolymers were more
resistant to EB radiation. Nevertheless, small dissimilarities
of physicochemical features between gamma and EB radi-
ated matrices were noticeable.

Conclusions

Two kinds of copolymers were used to obtain matrices
with 3%, 5% of PTX and drug free matrices that were steri-
lized with the use of electron beam as well as gamma rays.
The radiation dose was 25kGy. Electron beam radiation
and gamma rays influenced the number average molecular
weight (M,), thermal properties and the average length of
lactidyl and carbonate units (1., I%;). Both methods of sterili-
zation caused decrease in all of the mentioned parameters.
The insignificant changes of comonomeric ratios were ob-
served only in P2 matrices. Paclitaxel content caused less
significant molecular mass decrease and higher decrease
of the average length of lactidyl units (I, ) in comparison
to matrices without drug. Obtained data showed that better
method of sterilization poly(L-lactide-co-trimethylene car-
bonates) seems to be electron beam radiation.

Research has indicated the necessity of selecting an
appropriate method of sterilization of polymeric materials,
since during the sterilization process some changes in their
physicochemical properties may occur. This in turn deter-
mines the changes in the degradation process and indirectly
affects the drug release profile.
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WYTWARZANIE POROWATYCH
RUSZTOWAN Z POLI(3-HYDRO-
KSYMASLANU-KO-3-HYDROKSY-
WALERIANU) ZA POMOCA
TECHNIKI SZYBKIEGO
PROTOTYPOWANIA

ZANETA KUBLIK, JOANNA IDASZEK, WoJCIECH SWIESZKOWSKI*

PoLiTEcHNIKA WARsZAWSKA, WYDZIAL INZYNIERI MATERIALOWEJ,
WaRszAwA, PoLska
*MAILTO: WoJCIECH.SWIESZKOWSKI@)INMAT.PW.EDU.PL

Streszczenie

Poli(3-hydroksymaslan-ko-3-hydroksywalerian)
(PHBYV) jest polimerem biodegradowalnym nalezg-
cym do grupy poliestréw alifatycznych. Polimer ten
jest termoplastem o wysokim wskazniku szybko$ci
plyniecia, co utrudnia jego przetwarzanie za pomocg
wyttaczania. W przedstawionych badaniach wytwo-
rzono mieszanke PHBV z PLGA oraz wyznaczono
Jjej masowy wskaznik szybkosci ptyniecia (MFR). Do-
datek PLGA obnizyt MFR, co umoZzliwito wytworzenie
tréjwymiarowego rusztowania za pomocg techniki
szybkiego prototypowania.

Stowa kluczowe: PHBYV, PLGA, wskaznik szybko-
Sci plyniecia , inzynieria tkankowa, technika szybkiego
prototypowania

[Inzynieria Biomateriatow, 116-117, (2012), 79-81]

Wprowadzenie

Uzycie biodegradowalnych rusztowan do uzupetnia-
nia ubytkéw tkanek pozwala unikng¢ reoperacji zwigza-
nej z usuwaniem tradycyjnych implantéw. Poli(3-hydroksy-
maslan-ko-3-hydroksywalerian) (PHBV) jest biopolimerem
cieszgcym sie obecnie duzym zainteresowaniem jako po-
tencjalny materiat do wytwarzania bioresorbowalnych rusz-
towan do inzynierii tkankowej. PHBV jest biozgodny z tkan-
kg kostng, chrzestng, krwig oraz z wieloma typami komé-
rek (np. fibroblastami, komérkami srodbtonka, hepatocyta-
mi) [1,2]. Dodatkowo produkty rozktadu PHBV majg pH wyz-
sze od produktéw hydrolizy np. poliglikolidu (PGA). Mniej
kwasne pH produktéw degradacji zmniejsza ryzyko wystg-
pienia stanéw zapalnych w miejscach uzupetnianych ubyt-
kow. PHBV, ze wzgledu na te zalete oraz dobre wiasciwo-
$ci mechaniczne, wydaje sie by¢ odpowiednim materiatem
do regenerac;ji tkanki kostnej. PHBV po stopieniu wykazu-
je wysokg ptynnosc, przez co jest trudny do przetwarzania
metodg wyttaczania [3].

Celem prezentowanych badan byto zmodyfikowanie
PHBV w sposéb pozwalajgcy na wytworzenie porowatych
rusztowan za pomocg jednej z technik szybkiego prototy-
powania, tzw. osadzania topionego materiatu (ang. FDM
- Fused Deposition Modeling).

Materialy i metody

Do badan uzyto nastepujgcych materiatéw: Poli(3-hy-
droksymaslan-ko-3-hydroksywalerian) (PHBV, zawartos¢
HV 12% wagowych, Sigma-Aldrich, USA) i poli(L-laktyd-ko-
glikolid) (PLGA, Resomer 855S, zawarto$¢ GA 15% molo-
wych, lepkos¢ 2.5 - 3.5 dl/g, Boehringer Ingelheim, Niem-
cy). Chlorek metylenu (cz.d.a.; Chempur; Polska).

FABRICATION OF POROUS
POLY (3-HYDROXYBUTYRATE-
CO-3-HYDROXYVALERATE)
SCAFFOLDS USING A RAPID
PROTOTYPING TECHNIQUE

ZANETA KuBLIK, JOANNA IDASZEK, WOJCIECH SWIESZKOWSKI*
WaRsAW UNIVERSITY OF TECHNOLOGY, FACULTY OF MATERIALS
SCIENCE AND ENGINEERING, WWARSAW, POLAND

*MAILTOL: WOJCIECH.SWIESZKOWSKI@INMAT.PW.EDU.PL

Abstract

Poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBYV) is a biodegradable polymer which belongs to
a group of aliphatic polyesters. PHBV is a thermoplast
with a relatively high melt flow index. This property
makes it difficult to process by means of extrusion. In
the present study we have prepared PHBV blended
with PLGA and determined its melt flow rate (MFR).
The addition of PLGA decreased MFR, which enabled
fabrication of three-dimensional scaffold by means of
Fused Deposition Modeling (FDM).

Keywords: PHBV, PLGA, melt flow index, MFR,
tissue engineering, rapid prototyping

[Engineering of Biomaterials, 116-117, (2012), 79-81]

Introduction

The use of biodegradable scaffolds to treat tissue losses
allows to avoid removal of a non-biodegradable implant. Poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a bi-
opolymer, which has been widely investigated as a potential
material for fabrication of bioresorbable scaffolds for tissue
engineering. PHBV is biocompatible with bone, cartilage,
blood and various cells, such like fibroblasts, endothelium
cells or hepatocyte [1,2]. In addition, degradation products
of PHBV have a pH higher than the hydrolysis products of
polymers like e.g. polyglycolide (PGA). Less acidic pH of the
degradation products reduces risk of an inflammation in sup-
plemented tissue losses [3]. PHBV, due to abovementioned
advantages, as well as its good mechanical properties,
seems to be a suitable material for bone tissue regenera-
tion. The molten PHBYV exhibits relatively high fluidity, which
makes it difficult to process by means of an extrusion [4].

The aim of present study was to modify PHBV to enable
fabrication of 3D porous scaffolds using one of the rapid
prototyping techniques, namely Fused Deposition Modeling
(FDM).

Materials and methods

The following materials were used: Poly (3-hydroxybu-
tyrate-co-3-hydroxyvalerate) (PHBV, HV content of 12 wt%,
Sigma-Aldrich, USA); poly (L-lactide-co-glycolide) (PLGA,
Resomer 855S, GA content of 15 mol%, inherent viscosity of
2.5-3.5dl/g, (Boehringer Ingelheim, Germany); methylene
chloride (Chempur, Poland).

The polymeric blend was prepared by solvent casting
technique. The PHBV and PLGA were dissolved in methyl-
ene chloride and then cast into a Petri dish. The resulting
films were dried in a vacuum dryer and cut into small pieces.
The such prepared blend was used for measurements of
the MFR and fabrication of the scaffolds.
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80 MFR was determined by means of

ecoco0o0o o0 T_ABELA 1. Warunki wyznaczania masowego wskaznika szybkosci ptynie- a plastometer (Modular Line Melt Flow,
cia. Ceast, Italy). Conditions of measure-
TABLE 1. Conditions of determination of the mass melt flow index. ments are shown in TABLE 1. The melt
flow rate, expressed as g/10min, was
Materiat / orBy PHBV/ oA calculated from formula 1:
Material PLGA MFR(T,m,om) =600 m / t (1)
Temperatura pomiaru / where:
Temperature of the test 165 165 190 T - temperature of the test, in °C
[°C] Moom - NOMiNal load, in kg
Czas grzania wstepnego probki bez obcigzenia / m - average mass of the extrudates,
Time of pre-heating of a sample without load 300 180 180 ing

[s] t - time interval between cuts, in s
Czas grzania wstepnego probki z obcigzeniem / 600 - conversion factor from grams
Time of pre-heating of a sample with load (2.16kg) 0 120 | 120 || persecond to grams per 10 minutes.
[s] Three-dimensional scaffolds were
ObciaZenie podczas pomiaru / fabricated on a FDM-device BioScaf-
Load during the measurement 2,16 2,16 2,16 Eolcc:ier (EVEIENE, Cemen) e 1.67
and a pressure of 0.2 MPa. Bio-
[kg] Scaffolder enables formation of three-
Wskaznik szybkosci ptynigcia / dimensional scaffolds by deposition
ks FIOV‘{ it 12,58 6,00 565 of molten polymer (extrusion) layer

[g/10m|n] by layer.

Mieszanka byta przygotowana przez odlanie z roztwo- Microscopic observation of scaf-
ru. PHBV i PLGA rozpuszczono w chlorku metylenu a na- folds was performed on scanning electron microscope
stepnie wylano na szalke Petriego. Powstate filmy, po ich TM3000 (Hitachi, Japan). Micrographs were taken in BSE
wysuszeniu w suszarce prézniowej (40°C, 100mbar), po- mode at an acceleration voltage of 15keV and variety of
cieto i uzyto do badan wiasciwosci reologicznych i wytwa- magnifications.

rzania rusztowan.

Masowy wskaznik szybkosci (MFR) ptyniecia wy- I
znaczono na plastometrze Melt Flow Modular Line |
(Ceast, Italy). Warunki wyznaczania MFR dla po-
szczegolnych materiatow przedstawiono w TABE-
LI 1. Wiasciwy pomiar polegat na odcinaniu probek &
w réwnych odstepach czasowych. Wskaznik szyb-
kosci ptyniecia, wyrazony w g/10 min, obliczono ze

wzoru (1):

MFR(T’mnom) =600 m/t (1) mcc-a 1566 2012.08.12 2036 NL D1 x80  1mm TM3000_1557 20120612 2015 NL D38 x100 1 mm|
gdzie:
T - temperatura badania, w °C RYS.1. Mikrofotografie SEM wytworzonych rusztowan z PHBV/
M, - NOMinalne obciazenie, w kg PLGA: a) W|d_ok z gory; b) widok z boku. :
m - $rednia masa wyttoczek, w g FIG._1 SE!VI micrographs of PHBV/PLGA scaffolds: a) top view;
t - odstep czasu odcinania, w s b) side view.

600 - wspotczynnik do przeliczania gramow na se-
kunde na gramy na 10 minut.
Trojwymiarowe rusztowania wytworzono metodg szyb-

kiego prototypowania na urzadzeniu BioScaffolder (SY- Results and discussions
SENG,Niemcy) w temperaturze 167°C i pod ci$nieniem

0,2 MPa. Bioscaffolder umozliwia przyrostowe formowanie Addition of 30 wt% of PLGA resulted in over a triple de-
tréjwymiarowych rusztowan za pomoca uplastycznionego crease of MFR if compared to neat PHBV. The decrease of
polimeru (wyttaczanie). the index was due to presence of PLGA, which exhibits MFR
Obserwacje mikroskopowg wytworzonych rusztowan lower than PHBV (MFR (190°C, 2,16kg) = 5,65 g/10min)
przeprowadzono na skaningowym mikroskopie elektrono- and hardly flows at 165 °C (temperature of measurement
wym TM3000 (Hitachi,Japonia). Zdjecia wykonano w trybie of MFR for PLGA/PHBYV blend). This addition allowed to
b (f) BSE przy napieciu 15keV oraz réznych powiekszeniach. produce 3D scaffolds. Microscopic observation confirmed
@) 1 the potential of PHBV/PLGA blend for FDM applications.
ilei i : SEM micrographs of fabricated scaffolds of PHBV/PLGA are
o < Wymkl ! dySKUSja shown in FIGURE 1. It can be seen that the scaffolds made
- o eret. of blend had completely interconnected, open pores and
pzd Dodatek 30% wagowych PLGAspowodowat okolo 3-krot uniformly distributed fibers. In addition, SEM observations

ne obnizenie wskaznika szybkosci ptyniecia w poréwnani . X )
— LlJ do czystego PHBV. Spadek wskaznika byt wynikiem dodat- of surfa_ce morphology 9onf|rmed presence of inclusions of
o I_ ku PLGA, ktory wykazuje znacznie mniejszg ptynnos¢ niz PLGA (in the form of microspheres).

1] PHBV (MFR (190°C, 2,16kg) = 5,65 g/10min), a w tempe-

w raturze wyznaczania MFR dla mieszanki PHBV/PLGA prak-

tycznie nie ptynie (badanie wtasne). Obserwacje mikrosko-

powe potwierdzity, iz zmniejszenie ptynnosci PHBV pozwoli-
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fo na wytworzenie tréjwymiarowych. Na RYS.1 przedstawio-
no mikrofotografie SEM rusztowan wytworzonych z PHBV/
PLGA, ktére posiadaty otwarte i wzajemnie ze sobg pota-
czone pory oraz rbwnomierne roztozone wtdkna. Dodatko-
wo obserwacje morfologii powierzchni pozwolity stwierdzi¢
obecnos¢ inkluzji PLGA (w postaci mikrosfer).

Whioski

Przedstawione w tej pracy wyniki sugerujg, ze mieszanka
PHBV/PLGA jest obiecujgcym materiatem do wytwarzania
trojwymiarowych i porowatych rusztowan dla inzynierii
tkankowej. Dalsza praca skupi sie na badaniach wtasciwo-
$ci mechanicznych, profilu degradacji oraz biozgodnosci
opisanych rusztowan.

Podziekowania

Praca zostata zrealizowana w ramach projektu ,Bioim-
planty dla potrzeb leczenia ubytkéw tkanki kostnej u chorych
onkologicznych” finansowanego z Programu Operacyjnego
Innowacyjna Gospodarka (Nr projektu POIG.01.01.02-00-
022/09).
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Streszczenie

W pracy przedstawiono wyniki badarn nad modyfi-
kacjg powierzchni tytanu Ti Grade 2 warstwami a-C:
H i a-C:N:H oraz warstwami wegloazotku krzemu
SiC,N,(H) przy zastosowaniu metody chemicznego
osadzania z fazy gazowej ze wspomaganiem pla-
zmowym MWCVD (2kW, 2.45GHz) oraz RFCVD
(400W, 13.45MHz). W roli prekursoréw gazowych
zastosowano NH;, N,, CH,, H,, SiH, oraz Ar. Okre$lo-
no zachowanie korozyjne w roztworze sztucznej sliny
otfrzymanych uktadéw warstwa-podfoze metaliczne w
poréwnaniu z niemodyfikowanymi metalami.

Stowa kluczowe: warstwy SiC,N,(H), PACVD, Ti
Grade 2, biomateriaty tytanowe

[Inzynieria Biomateriatow, 116-117, (2012), 82-85]

Wprowadzenie

Wsréd obszernej grupy technik ksztattowania wtasci-
wosci materiatdéw drogg modyfikacji ich powierzchni czoto-
we miejsce zajmuje chemiczne osadzanie z fazy gazowe;j
wspomagane plazmg PACVD (Plasma Assisted Chemi-
cal Vapor Deposition) pozwalajgce na wytworzenie jedno-
rodnej, dobrze przyczepnej do podtoza warstwy o okreslo-
nej grubosci i zatozonym wczesniej sktadzie chemicznym
[1]. Wykorzystanie tej metody do modyfikacji powierzch-
ni tytanu daje nadzieje na wytworzenie materiatu o odpo-
wiednich wiasciwosciach umozliwiajgcych dtugoterminowy
kontakt z zywym organizmem i z powodzeniem wpisuje sie
w najnowsze kierunki rozwoju biomateriatéw metalicznych.
Gtéwnym celem takiej zmiany powierzchni, przy zachowa-
niu zalet tytanu, miedzy innymi dobrych wtasciwosci biolo-
gicznych, jest eliminacja lub ograniczenia jego wad (niskiej
odpornosci na Scieranie, niewystarczajgcej odpornosci na
korozje) [2]. W pracy autorzy skupili sie na analizie wtasci-
wosci korozyjnych podtozy tytanu Ti Grade 2 zmodyfikowa-
nego amorficznymi warstwami weglowymi a-C:H, weglowy-
mi dotowanymi azotem a-C:N:H oraz warstwami zawiera-
jacymi wegiel, azot, krzemu i wodor. Wegloazotek krzemu
taczy korzystne wiasciwosci weglika krzemu SiC i azotku
krzemu Si;N,, a tym samym wykazuje duzg odpornos¢ na
utlenianie w wysokich temperaturach, wysoki modut spre-
zystosci oraz niski wspétczynnik tarcia [3,4]. Co wiecej taki
,haturalny” sktad pierwiastkowy jest bezpieczny dla zywego
organizmu. Nalezy przypuszczac, ze potgczenie zalet pod-
toza tytanowego i warstw SiC,N,(H) wytworzonych metoda-
mi MWCVD pozwoli otrzymaé materiat o bardzo dobrych
wiasciwosciach korozyjnych i biologicznych.

Technologia i metody badan

Warstw a-C:H, a-C:N:H i SiC,N,(H) na podtozu tytanu Ti
Grade 2 drogg osadzania warstw metodg PACVD z zastoso-

SURFACE MODIFICATION
OF TITANIUM WITH
PLASMOCHEMICAL METHODS

MARTA JANUS*, JADWIGA KONEFAL-GORAL, ANNA MALEK,
StANIsStAWA KLUSKA, STANISLAWA JONAS

AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY,
FacuLTY oF MATERIALS SciENCE AND CERAMICS,
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Abstract

The paper presents results of research on titanium
Ti Grade 2 surface modification with a-C:H, a-C:N:H
and silicon carbonitride SiC,N,(H) layers synthesis by
plasma assisted chemical vapour deposition method
MWCVD (2kW, 2.45GHz) and RFCVD (400 W,
13.45MHz). As a gas precursors NH,, N,, CH,, H,, SiH,
and Ar were used. Corrosion behaviour of obtained
systems in the solution of artificial saliva determined
in comparison with the unmodified metal.

Keywords: SiC,N (H) layers, PACVD, Ti Grade 2,
titanium biomaterials

[Engineering of Biomaterials, 116-117, (2012), 82-85]

Introduction

Among the extensive group of techniques allowing on
formation materials with appropriate properties by modifying
their surface special place has a plasma-assisted chemical
vapour deposition PACVD method by synthesis homoge-
neous layer with well adhesive to the substrate and with
tailored thickness and chemical composition [1]. Using this
method for titanium surface modification gives possibility for
producing a material with adequate properties for long-term
contact with a living organism and successfully entered into
the latest developments of metallic biomaterials. The main
purpose of the modification, while retaining the advantages
of titanium, for example the good biological properties, is
to eliminate or reduce the titanium disadvantages (low
resistance for abrasion, insufficient corrosion resistance)
[2]. In this work the authors concentrate on the analysis of
the corrosion properties of titanium Ti Grade 2 substrates
modified by amorphous diamond-like carbon a-C:H lay-
ers, nitrogenated diamond-like carbon a-C:N:H layers and
layers containing carbon, nitrogen, silicon and hydrogen.
Silicon carbonitride combines the properties of silicon
carbide SiC and silicon nitride Si;N,, and thus exhibit very
good mechanical properties, such as high hardness and
mechanical strength, as well as good thermal and chemical
stability, especially high temperature oxidation resistance
[3,4]. Moreover, “natural” composition of this layer is safe
for the living organism. It is assumed that combination of
the advantages of titanium substrate and SiC,N,(H) layers
obtained by MWCVD methods will get the material with very
good corrosion and biological properties.

Technology and methods

The a-C:H, a-C:N:H and SiCxNy(H) layers were obtained
using chemical vapour deposition techniques where plasma
is generated by microwave (MWCVD, 2kW, 2.45GHz) and
radio wave (RFCVD, 400W, 13.45 MHz). As gaseous pre-
cursors CH,, NH;, N,, H,, SiH, and Ar were used. Before
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waniem plazmy ge- each depo-
nerowanej mikrofa- TABELA 1. Parametry procesu RFCVD-MWCVD podczas osadzania warstw na sition proc-
lami (MWCVD, 2kW, | Podiozu Ti Grade 2. : : : ess, for the
2.45GHz) oraz ra- TABLE 1. RFCVD-MWCVD process parameters applied during layers deposi- initial clean-
diofalami (RFCVD, tion on Ti Grade 2 substrate. ing, the sub-
400W, 13.45MHz). strates were
W roli reaktywnych eria/Serie arstwa P p Przeptyw ga as flo chemically
prekursoréw gazo- aye ° a 4 Mlcleaned,
wych zastosowano RFCVD 1 a-C:H 80 0,4 25 1 80 - - 10 | 20 - and then
. . : RFCVD | 2 a-C:N:H 80 0,4 25 1 75 85 - 10 - - PR .
mieszanine zawie- |-GuAuR ST Sic Ny | 400 | 0.3 [ 600 | 0.5 [ 225 | -~ [ 430 [ 20 [ = | 3 || ‘°"-etehing
rajgcg: CH,, NH;, N,, " — in argon
H. SiH. Ar. Przed P- moc plazmy/plasma generator power, p- ciSnienie/vacuum pressure, plasma to
K ;’2 dy ;’1 p roce- t- czas osadzania/time deposition, T- temperatura osadzania/temperature deposition TG e
sem osadzania po- ides such as

wierzchnie metalu przemywano w acetonie oraz poddawa-
no procesowi trawienia w plazmie argonowej celem usu-
niecia z powierzchni tlenkéw typu TiO,. Warunki procesow
zestawiono w TABELI 1.

Sktad chemiczny, mikrostrukture oraz strukture atomo-
wg otrzymanych materiatéw badang za pomocg technik
SEM/EDS oraz FTIR przedyskutowano we wczesniejszych
publikacjach autoréw [5].

W pracy przedstawiono wyniki badan nad odpornoscig
korozyjng w roztworze sztucznej sliny (0,84g/I NaCl, 1,2g/l
KClI, 0,069/l CaCl,, 0,349/l Na,HPO,, 0,15g/l MgCl,) ocenio-
ng na podstawie przyspieszonych technik polaryzacyjnych.
Pomiary polaryzacyjne wykonano w uktadzie tréjelektrodo-
wym, w ktérym elektrodg badang byty kolejno otrzymane
metodg PACVD probki, elektrodg pomocniczg elektroda
platynowa, elektrodg odniesienia elektroda chloro-srebrowa
Ag/AgCI/CI-. Badania polaryzacyjne wykonano technikami
woltamperometrycznymi (z szybkoscig 50 mV/s) oraz chro-
noaperometrycznymi (E=E,+100mV). Technikg atomowej
spektroskopii masowej z plazmg wzbudzong indukcyjnie
ICP MS oceniono zmiany sktadu chemicznego roztworow
po ekspozycji probek badajac ilo$¢ pierwiastkéw z podtoza
metalicznego w roztworze ,pokorozyjnym”.

Wyniki

Poréwnujgc wartosci potencjatéw korozyjnych czyste-
go podtoza tytanowego oraz podtoza po modyfikacji war-
stwami odpowiednio weglowymi a-C:H, weglowymi do-
towanymi azotem a-C:N:H oraz warstwami wegloazotku
krzemu SiC,N,(H), podczas korozji w roztworze sztucznej
Sliny (RYS.1), nalezy zauwazy¢ wzrost wartosci potencja-

TiO, from surfaces. Process condition of MWCVD-RFCVD
is given in TABLE 1.

The chemical composition, microstructure and atomic
structure of the materials were studied by SEM/EDS and
FTIR techniques in the authors previous publications [5].

This paper presents results of research on samples cor-
rosion resistance in artificial saliva solution (0.84g/I NaCl,
1.2g/I KCI, 0.06g/I CaCl,, 0.34g/l Na,HPO,, 0.15g/l MgCl,)
determined on the basis of polarization techniques. Polariza-
tion measurements were performed in the system in which
the test electrode were obtained by PACVD samples. Ag/
AgCI/CI- and platinum electrode were also applied as refer-
ences and auxiliary, respectively. Polarization studies were
performed in voltamperometric ( rate of polarization 50 mV/s)
and chronoamperometric (E=E_,+100mV) techniques. After
corrosion process the “post corrosion” saliva solutions were
exanimate with application ICP MS methods to determine
the number of titanium in this medium. The solutions analysis
were done for unmodified surfaces and samples covered
by a-C:H, a-C:N:H and SiC,N,(H) layers.

Results

Comparing the corrosion potential for unmodified tita-
nium and metal after surface modification with diamond-like
carbon a-C:H, nitrogenated diamond-like carbon a-C:N:H
and silicon carbonitride layers SiC,N,(H), after the corrosion
process in an artificial saliva solution (FIG.1) should be noted
that corrosion potential for unmodified titanium increase
because of presence in this solution phosphate compounds.
This fact is caused by the progressive passivation and
chemical equilibria between forming titanium oxides and

tu korozyjnego czystego tytanu
w roztworze zawierajgcym fos-
forany bedgcy wynikiem praw-
dopodobnie stopniowej pasy-
wacji zwigzanej z rbwnowagami
pomiedzy tworzgcymi sie tlenka-
mi, a fosforanami tytanu. War-
stwe a-C:H cechujg jeszcze niz-
sze wartosci potencjatow beda-
ce najprawdopodobniej wyni-
kiem utrudnionej pasywaciji tlen-
kowej. By¢ moze jej mocniejsza
aktywacja jest wynikiem tworze-

0,0 4

0,1

0,2 4

-0,3

0,4

Potencjat/Potencial [mV]

0,5

W a-C:N:H/Ti

titanium phosphates. The a-C:H
layers are characterized even
by lower corrosion potentials
which are probably the result of
difficulties in oxide passivation.
Perhaps it is due to stronger ac-
tivation of the phosphates forma-
tion for which chemical equilibria
occurs under lower corrosion
potential. Oscillations observed
on the surfaces covered with ni-
trogenated diamond-like carbon
layer (a-C:N:H) show unstable

SIC N (H)/Ti
Ti

a-C:H/Ti

nia sie fosforanéw, ktérym towa- 02
rzyszg rownowagi ustalajgce sie

o4
N
S -
=]

T T T T T
400 600 800
Czas/Time [s]

character of this films. The high

1
1000 . c
value of the corrosion potential

przy nizszych wartosciach poten-
cjatu korozyjnego. Oscylacje ob-
serwowane na powierzchni po-
krytej warstwg weglowg dotowa-
ng azotem a-C:N:H wskazujg na
jej niestabilny stan powierzchni,
a wysoka wartos¢ potencjatu na

wanego tytanu.

RYS. 1. Potencjat korozyjny w roztworze sztucz-
nej sliny dla badanych warstw i dla niemodyfiko-

FIG. 1. Corrosion potential in artificial saliva solu-
tion for unmodified titanium and for studied layers.

indicates the stronger tendency
to oxidation. In the case of the
silicon carbonitride layers phos-
phates formed on the surface
stimulate the redox processes
into layer ingredients oxidation.
Polarization curves, presented
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RYS. 2. Krzywe voltamperometryczne dla badanych
warstw oraz dla niemodyfikowanego tytanu (szyb-
kos$¢ polaryzacji 50mV/s).

FIG. 2. Voltamperometric curves for unmodified ti-
tanium and for studied layers (rate of polarization
50 mV/s).

wiekszg tendencje do utlenia-
nia. W przypadku warstwy we-
gloazotku krzemu powstajgce
fosforany stymulujg procesy
redoksowe w kierunku utlenia-
nia sktadnikéw warstwy. Krzy-
we polaryzacji przedstawione
na RYS.2 wskazujg wyraz-

TABELA 2. Analiza ICP MS roztworéw po korozji w sztucz-
nej slinie.
TABLE 2. ICP MS analysis of artificial saliva after corro-
sion process.

1

0,0030

0,0025

0,0020

a-C:N:H/Ti
0,0015

0,0010

. a-C:H/Ti

SiC N (H)/Ti
PR y
0,0000 - Ti

0,0005

Gestos¢ pradu/Current density [A/cm

-0,0005

T T T T T T T T 1
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Czas/Time [s]

RYS. 3. Krzywe chronoamperometryczne dla bada-
nych warstw i dla niemodyfikowanego podtoza ty-
tanowego (E=E,+100 mV).

FIG. 3. Chronoamperometric curves for or unmodi-
fied titanium and for studied layers (E=E_,,+100 mV).

in FIG.2, clearly shown that
the silicon carbonitride lay-
ers deposited on titanium
surfaces do not degraded
the titanium structure and
does not impair on titanium
corrosion resistance. Much

nie, ze osadzony wegloazotek

krzemu nie narusza struktury tytanu i nie pogarsza jego od-
pornosci korozyjnej. Zdecydowanie wyzsze gestosci pradu
anodowego obserwowane na powierzchniach z warstwami
a-C:Hia-C:N:H wskazuja, ze proces anodowego utleniania
sktadnikow powierzchni warstw przebiega znacznie szyb-
ciej anizeli na czystym tytanie lub na warstwie SiCxNy(H).
Co wiecej warstwy weglowe wykazujg korozje lokalng. Wy-
niki badan krzywych polaryzacyjnych wykonanych technikg
LSV (ang. linear sweat voltameprometry) znajdujg potwier-
dzenie w przebiegach krzywych chronoamperometrycznych
(RYS. 3). Jedynie warstwa SiC,N,(H) jest skuteczng barierg
hamujgca roztwarzanie tytanu. Pozostate warstwy stymulu-
ja procesy utleniania. W przypadku warstw a-C:Hia-C:N:H
naturalna warstewka tlenkowa wystepujgca na powierzch-
ni niemodyfikowanego podioza (tytanu), trwata termodyna-
micznie, skuteczniej niz warstwy weglowe zabezpiecza me-
tal w czasie polaryzaciji.

Powyzsze badania uzupetniono poprzez pomiary sktadu
chemicznego najbardziej agresywnego dla tytanu roztworu
sztucznej sliny, ktore przedstawiono TABELI 2. Jak widaé
otrzymane warstwy ograniczajg przechodzenie tytanu do
roztworu, przy czym najskuteczniej warstwa wegloazotku
krzemu, ktoéra pieciokrotnie obniza ilos¢ Ti w roztworze
pokorozyjnym.

Whioski

Zamieszczone wyniki badan elektrochemicznych wska-
zuje, ze jedynie warstwa wegloazotku krzemu nie pogarsza
wiasciwosci elektrochemicznych powierzchni tytanowych,
a biorgc pod uwage fakt ich synergizmu z wiasciwosciami
tribologicznymi stanowi perspektywiczng metode modyfika-
cji powierzchni tego metalu [5].

Podziekowania

Praca wykonana w ramach dziatalno$ci statutowej AGH
nr11.11.160.603.

higher anodic current density
observed on the surfaces
with a-C:H and a-C:N:H layers indicate that the process
of anodic oxidation of this surface performed much faster
than on unmodified titanium or on the SiC,N,(H) - titanium
systems. What is more carbon layers exhibit local corrosion.
The results from LSV polarization curves are confirmed
by the chronoamperometric measurements (FIG.3). Only
SiC,N,(H) layer is an effective barrier preventing the tita-
nium dissolution. Other layers (diamond-like carbon a-C:H
and nitrogenated diamond-like carbon a-C:N:H) stimulate
the oxidation process on modified surfaces. In the case of
a-C:H and a-C:N:H layers, the natural oxide on unmodified
substrate (titanium), thermodynamically stable, more ef-
fectively protects this metal at the time of polarization than
tested carbon layer.

This study was supplemented by measurements of
chemical composition of the post-corrosion artificial saliva
- the most aggressive biological solution for titanium materi-
als. The results are given in TABLE 2. This analysis shown
that all studied layers limit titanium transition to the artificial
saliva solution, but the best results achieved for layers con-
taining silicon. For this layer Ti concentration in the corrosive
solution is five times lower than for unmodified titanium.

Conclusions

Electrochemical test results show that only silicon car-
bonitride layer does not deteriorate the electrochemical
properties of titanium surface, and taking into account
the synergism with the tribological properties, this way of
obtaining such systems is prospective method for effective
metallic surface modification [5].
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Streszczenie

W przypadku wykorzystania hydrozeli w inzynierii
tkanki kostnej wskazane jest takie ich zmodyfikowanie
aby zawieraty w swoim skifadzie sktadniki mineralne
i/lub mogty ulega¢ samoistnej mineralizacji. W ni-
niejszej pracy podjeto probe wytworzenia kompozy-
téw hydrozelowych z gumy gellan i réznej zawartosci
(0,756%, 1,5%, 3%) szkta bioaktywnego (BG) uzyska-
nego uprzednio metodg zol-zel. Kompozyty dodatko-
wo wzbogacono w enzym sprzyjajgcy mineralizacji
(fosfataza alkaliczna — ALP) oraz poddawano je in-
kubacji w roztworze glicerofosforanu wapnia (CaGP)
przez czas 1, 3i 7 dni. Oceniono wtasciwosci mecha-
niczne kompozytéw w probie Sciskania oraz dokona-
no pomiarow ich masy po wysuszeniu, ktére $wiad-
czyty o obecnosci BG oraz tworzeniu sie fazy mine-
ralnej. Morfologie probek po wysuszeniu analizowa-
no za pomocg mikroskopu stereoskopowego zas$ ich
mikrostrukture za pomocg mikroskopu skaningowego
elektronowego (SEM). Przeprowadzono tez badania
za pomocg mikroanalizy rentgenowskiej (EDS). Ba-
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Abstract

When using hydrogels in bone tissue engineering it
is desirable to modify them to include in their structure
mineral particles and/or induce their spontaneous
mineralization. In this study attempts to prepare
gellan gum hydrogel/bioactive glass composites with
various contents (0.756%, 1.5%, 3%) of sol-gel derived
bioactive glass (BG) were undertaken. Composites
were additionally enriched with an enzyme which
promotes mineralization (alkaline phospatase — ALP)
and incubated in calcium glycerophosphate solution
(CaGP) for 2, 4 and 7 days. Mechanical properties
were evaluated on the basis of the results of compres-
sion tests and mass measurements of dried samples
indicated the presence of BG and formation of mine-
ral phases. Morphology and microstructure of dried
samples were analyzed by stereomicroscopy and
scanning electron microscopy (SEM), respectively.
Studies using X-ray microanalysis (EDS) were also
performed. It was found that in composites without
ALP mineralization did not occur or only to a very small
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dania wykazaty, ze w kompozytach bez dodatku ALP
mineralizacja nie zachodzita lub zachodzita w bardzo
niewielkim stopniu. Obserwacje SEM i analiza EDS
wykazaty tworzenie sie fosforanéw wapnia w prob-
kach kompozytowych zawierajgcych ALP po inkuba-
cji w CaGP. Najkorzystniejsze wtasciwosci mecha-
niczne wykazywaty kompozyty wzbogacone w ALP
i zawierajgce najmniej BG (0.75%) poddane 7-dnio-
wej inkubacji w CaGP.

Stowa kluczowe: hydrozele, mineralizacja, ALP,
inzynieria tkanki kostnej

[Inzynieria Biomateriatow, 116-117, (2012), 85-88]

Wstep

Guma gellan jest polisacharydem produkowanym przez bak-
terie Sphingomonas paucimobilis i znalazta juz zastosowa-
nie jako rusztowanie do regeneracji tkanki chrzestnej [1].
Aby mozna jg byto zastosowa¢ do odbudowy tkanki kost-
nej, bardzo pozgdana jest jej mineralizacja [2]. Nasze wcze-
$niejsze badania wykazuja, ze dodatek enzymu — fosfatazy
alkalicznej (ALP) i pozniejsza inkubacja w roztworze glice-
rofosforanu wapnia (CaGP) wywotujg tworzenie wydzielen
mineralnych (fosforandéw wapnia) na powierzchni jak i w ob-
jetosci probek hydrozelowych [3]. Celem niniejszej pracy
byto sprawdzenie czy dodatek bioaktywnego szkta otrzyma-
nego metodg zol-zel wptywatby korzystnie na mineraliza-
cje enzymatyczng gumy gellan. Otrzymane kompozyty ba-
dano pod katem stopnia mineralizacji, skladu chemiczne-
go wytworzonych mineratow oraz wtasciwosci mechanicz-
nych w probie Sciskania.

Materialy i metody

Probki zostaty przygotowane przez ogrzewanie roztworu
GG (0.7%, GelzamTM CM, Sigma) przez 30 min w 90°C, a
nastepnie po ochtodzeniu do 50°C dodano ALP (0.5 mg/ml,
Sigma), CaCl, (0.03%) oraz bioszkto (0,75% 0.5% lub
3.0% masalobj.) i mieszanine odlano na szklang szalke
Petriego. Do przygotowania probek uzyto bioaktywnego
szkta otrzymanego metodg zol-zel o sktadzie molowym:
80%Si0,—16%Ca0—-4%P,0; i wielkosci ziaren ponizej 5 um.
Nastepnie za pomocg stempla uzyskano cylindryczne préb-
ki o srednicy 8 mm i grubosci 5 mm. Mineralizacje prowa-
dzono poprzez inkubacje probek w roztworze 0.1 M CaGP
(Aldrich) przez 2, 4 oraz 7 dni; roztwér zmieniano codzien-
nie. Po zakonczeniu mineralizacji probki zostaty wyptukane
w wodzie Milli-Q (3x) a nastepnie w niej inkubowane przez
1 dzieh w celu wyptukania pozostatosci CaGP.

Pozostatos¢ suchej masy byta wyliczona jako (masa
probek po inkubacji i po suszeniu/masa prébek po inkubac;i
przed suszeniem)*100%. Wiasnosci mechaniczne probek
byly badane za pomoca testu $ciskania na uniwersalnej ma-
szynie wytrzymatosciowej Zwick 1435 (predkos$¢ obcigzania
2 mm/min, odksztatcenie 50%). W celu obserwacji morfologii
kompozytéw wykonano zdjecia przy uzyciu mikroskopu
stereoskopowego (StereoDiscovery, Carl Zeiss, Niemcy)
oraz skaningowego mikroskopu elektronowego (NOVA
NANOSEM 200, FEI, USA) wyposazonego w przystawke
do mikroanalizy rentgenowskiej EDS (Link, USA).

Wyniki i dyskusja

Tworzenie sie fazy mineralnej w materiatach wykazano
posrednio poprzez badania suchej masy oraz modutu Youn-
ga kompozytow GG/BG. Natomiast bezposrednio efekt tego

degree. SEM observation and EDS analysis showed

formation of calcium phosphate in samples containing

ALP. The best mechanical properties were exhibited

by composites enriched with ALP and with the lowest

amount of BG (0.75%), incubated 7 days in CaGP.
Key words: hydrogels, mineralization, ALP, bone

tissue engineering.

[Engineering of Biomaterials, 116-117, (2012), 85-88]

Introduction

Gellan gum is a polysaccharide produced by the bacteria
Sphingomonas paucimobilis and has already been used
as a scaffold for cartilage regeneration [1], but for bone
tissue engineering applications its mineralization would be
very advantageous [2]. Our previous studies have shown
that the addition of the enzyme — alkaline phosphatase
(ALP) and subsequent incubation in a solution of calcium
glycerophosphate (CaGP) induce formation of mineral
(calcium phosphate) on the surface and the bulk of hydro-
gel samples [3]. The aim of this study was to determine
whether the addition of bioactive glass obtained previously
by a sol-gel method affects the enzymatic mineralization
of gellan gum positively. Composites were evaluated with
respect to amount and nature of mineral formed, the chemi-
cal composition of minerals and the mechanical properties
in compression tests.

Materials and methods

Samples were prepared by dissolving GG (0.7%, Gel-
zamTM CM, Sigma) in Milli-Q water for 30 min at 90°C. After
cooling it to 50°C ALP (0.5 mg / ml, Sigma), CaCl2 (0.03%)
and bioglass (BG) were added and the mixture was cast
onto a glass Petri dish. For sample preparation BG obtained
by sol-gel with composition: SiO, 80%-16%Ca0-4%P,05
and grain size below 5 ym was used. BG content was 0.75%
0.5% 3.0% (w/vol.). GG/BG hydrogel cylinders of diameter
8 mm and thickness 5 mm were prepared by cutting them
out with a hole punch. Mineralization was performed by
incubation of the samples in 0.1 M CaGP (Aldrich) for 2,
4 and 7 days; the solution was changed every day. After
conclusion of mineralization, gels were rinsed three times
in Milli-Q water and subsequently incubated in Milli-Q for 1
day with the aim of removing residual CaGP.

The dry mass percentage was calculated as: (weight after
incubation and subsequent drying/weight after incubation
before drying)+100. Mechanical properties of the samples
were studied in compression tests on the universal testing
machine Zwick 1435 (loading speed of 2 mm/min, strain
50%). Morphology of the composites was observed under
a stereomicroscope (StereoDiscovery, Carl Zeiss) while
microstructure was observed under a scanning electron
microscope (NOVA NANOSEM 200, FEI, USA) equipped
with an EDS microanalyzer (Link, USA).

Results and discussion

Formation of mineral phase was demonstrated directly
by dry mass and Young’s modulus measurements of GG/
BG composites. The effect of this process was confirmed
indirectly by microscopic observations and EDS microa-
nalysis.

Analysis of dry mass percentage results for samples
without ALP shows its higher values in the case of higher
BG content, and that it does not change with incubation
time in CaGP (FIG.1A; samples 0 ALP). In the case of the
sample without BG, but containing only ALP, an increase of
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procesu stwierdzono za pomo-
cg badan mikroskopowych i mi-
kroanalizy EDS.

Analiza wynikéw suchej po-
zostatosci w przypadku prébek
kompozytowych nie zawierajg-
cych ALP wykazuje jej wieksze
wartosci w przypadku wieksze-
go udziatu BG oraz to, ze nie
zmienia sie ona w funkgji cza-
su inkubacjiw CaGP (RYS.1A;
probki 0 ALP). W przypadku
prébki nie zawierajgcej BG ale
zawierajgcej tylko ALP wyste- A
puje wzrost suchej pozostato-

sucha masa/dry mass [%]

OALP  OALP

nhnﬂﬂ m

OALP 0.5ALP O0.5ALP O0.5ALP 0.5ALP
0.75BG 1.5BG 3BG

dry residue with time
is noted, which is
caused by forma-
tion of mineral phase
(FIG.1A; sample 0.5
ALP 0 BG). For the
m2d Jthree additional sets
of samples , i.e.
containing 0.5 ALP
and different con-
centrations of BG, a
significant increase
of dry residue as a
function of time and

0BG 0.75BG 1.5BG 3BG BG concentration

$ci w funkcji czasu inkubagii, co 11

jest spowodowane tworzeniem 10 -
sie fazy mineralnej (RYS.1A, 09 |
prébka 0.5 ALP 0 BG). Nato- 08 |
miast dla trzech pozostatych 07
zestawow probek, tj. zawie-
rajacych 0,5 ALP i rézng za-

— 0,5 -
wartos¢ BG, wystepuje istotny | =, | m4d
wzrost suchej pozostatosci za- 03 | m . _ m7d
réwno w funkcji czasu inkuba- 02 4
cji jak i stezenia BG, co Swiad- 01 4
czy o tworzeniu sie fazy mine- 0,0

OALP O.5ALP O.5ALP O0.5ALP O0.5ALP
0.75BG 1.5BG 3BG

ralnej indukowanej przez obec-
nos¢ ALP. B
Badania wytrzymatosciowe

OALP OALP

occurred, which is
proof of mineral for-
mation induced by
ALP.

Mechanical tests
demonstrated that
®2d Nthe presence of BG
itself at all analyzed
concentrations, and
incubation times
does not influence
Young’s modu-
lus of the samples
(FIG.1B; samples 0
ALP). The highest

0BG 0.75BG 1.5BG 3BG

wykazaty, ze obecnos¢ same-
go BG w zadnym z analizowa-
nych stezen jak i tez czas in-
kubacji nie wptywajg na modut
Younga probek (RYS.1 B; prob-
ki 0 ALP). Najwiekszy wzrost
modutu Younga obserwuije sie
dla prébek zawierajgcych ALP
i 0.75% BG i inkubowanych
przez 7 dni w CaGP. Moze to
by¢ spowodowane lepszym i bardziej homogenicznym roz-
prowadzeniu czgstek BG w matrycy hydrozelowej, przez co
réwniez enzym jest rozprowadzony bardziej homogenicz-
nie na granicach miedzyfazowych. W konsekwenciji grani-

RYS. 1. Zmiany masy (A) i modutu Younga (B) probek z gumy
gelan o réoznej zawartosci bioszkta (0,75%, 1,5%, 3%) bez ALP
(0 ALP) i z zawartoscig 0.5 mg/ml ALP (0.5 ALP) po inkubacji
w CaGP przez 2,4 7 dni.

FIG. 1. Mass changes (A) and Young’s modulus (B) of gellan
gum/bioglass samples with various contents of bioglass (0.75%,
1.5%, 3%) without ALP (0 ALP) and with ALP (0.5 ALP) after in-
cubation in CaGP for 2, 4 and 7 days.

increase of modulus
is observed for the
samples containing
0.5 ALP and 0.75%
BG and incubated
for 7 days in CaGP.
Itis probably caused
by better and more
homogeneous dis-
tribution of BG parti-
cles in the hydrogel matrix, and as a result, the enzyme is
more homogeneously distributed at the interface hydrogel

0.75% BG 3% BG

1.5% BG

O ALP

0.5 mg/ml
ALP

B pierwiastek/ St
element
c 40.6
o 53%5
Si 3.4
P 0.9
Ca 1.5
Ca/P=1.7
D[Rl
(o 275
0O 503
Si 0.1
P 9.5
Ca 126
Ca/P=13

RYS. 2. Morfologia prébek gumy gellan/bioszkio o
réznej zawartosci bioszkta (0,75%, 1,5%, 3%) bez ALP
(0 ALP) i z zawartoscig 0,5 mg/ml ALP po inkubacji
w CaGP przez 7 dni.

FIG. 2. Morphology of gellan gum/bioglass samples
with various content of bioglass (0.75%, 1.5%, 3%) wi-
thout ALP (0 ALP) and with 0.5 mg/ml ALP after incu-
bation in CaGP for 7 days. Images from stereomicro-
scope. Size of images 5 mm x 5 mm.

RYS. 3. Obrazy SEM (A, C) i analiza EDS (B, D) probek
z gumy gellan o zawartosci 0,75% bioszkta bez ALP (A,
B) oraz z zawartosciag 0,5 mg/ml ALP (C, D) po inkuba-
cji w CaGP przez 7 dni.

FIG. 3. SEM pictures (A, C) and EDS analysis (B, D) of
gellan gum/bioglass samples with bioglass content of
0.75% without ALP (A, B) and with 0.5 mg/ml ALP (C,
D) after incubation in CaGP for 7 days.
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ce miedzyfazowe stanowig drogi szybszej dyfuzji dla jonéw
wapniowych i fosforanowych i wptywajg korzystniej na indu-
kowanie mineralizacji. Hipoteza ta znajduje swoje potwier-
dzenie réwniez w obserwacjach w mikroskopie stereosko-
powym: tylko probki zawierajgce ALP zachowuijg ksztatt wal-
cOw po wysuszeniu, natomiast te zawierajgce tylko BG sg
nieforemne (RYS.2). Obserwacje SEM i analiza EDX wska-
zujg, ze kompozyty GG/BG bez ALP sg tylko mieszaning
GG i bioszkta. Swiadczy o tym niska zawarto$é Ca (1,5%)
i P (0,9%) i dos¢ wysoka wartos¢ Ca/P (RYS.3A). W przy-
padku probki kompozytowej wzbogaconej w ALP obserwu-
je sie kilkakrotny wzrost zawartosci Ca (12,6%) i P (9,5%)
a warto$¢ Ca/P jest znacznie nizsza. Swiadczy to réwniez
o mineralizacji enzymatycznej GG, ktdra jest wspomagana
przez obecnos¢ BG.

W podsumowaniu mozna stwierdzi¢, ze obecnos$¢ nie-
wielkiej ilosci szkta bioaktywnego w matrycy hydrozelowe;j
wzbogacanej w ALP wptywa korzystnie na parametry me-
chaniczne otrzymanego kompozytu oraz na zachowanie
ksztattu probek po procesie mineralizacji. Uzyskane wyni-
ki sg obiecujgce i wskazujg, ze opracowane materiaty po
przeprowadzeniu badan biologicznych bedg mogty w przy-
sztosci by¢ rozwazane jako rusztowania do leczenia ubyt-
kow tkanki kostnej.
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/ BG grain boundaries. Consequently, the interfaces act
as paths of faster diffusion of calcium and phosphate ions
and positively influence the mineralization induction. This
hypothesis is also confirmed by the stereoscopic microscope
observations: only samples containing ALP preserve their
cylindrical shape after drying, whereas those containing
only BG are irregular (FIG.2). SEM observations and EDS
analysis show that the composites GG/BG without ALP are
simply mixtures of GG and BG. This is evidenced by the
low content of Ca (1.5%) and P (0.9%) and relatively high
value of the Ca/P ratio (FIG.3A). In the case of composite
samples enriched with ALP, a several fold increase of Ca
(12.6%) and P (9.5%) is observed and the value of Ca/P
is much lower. It is also proof of the process of enzymatic
mineralization GG, which is supported by the presence of
BG particles.

In summary it can be concluded that the presence of small
amount of bioactive glass in the hydrogel matrix enriched
with ALP positively affected mechanical properties and
shape stability of the composite samples after mineraliza-
tion process. The mineralized GG/BG composite materials
developed may be in the future considered as scaffolds to
treat bone tissue defects, after biological testing.
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BIOLOGICZNA OCENA
WARSTW WEGLOWYCH
DOMIESZKOWANYCH SREBREM

W.Jakueowski'*, P.Komorowski', D.Bociaca?, D.BATORY?,
P.NiEDzIELSKI?, B.WALKOWIAK'

POLITECHNIKA £.ODZKA, INSTYTUT INZYNIERI MATERIALOWEJ
1 ZAKeAD BIOFIZYKI
2 ZAKtAD INZYNIERI BIOMEDYCZNEJ

Postep w naukach biologicznych i medycznych jest
obecnie coraz silniej uzalezniony od gromadzenia i podda-
wania analizie informacji o wzajemnych relacjach miedzy
komérkami zywych organizmdow a powierzchniami materia-
téw abiotycznych. Szczegdlnie istotne jest to w dziedzinach
zwigzanych z wykorzystaniem biomateriatow, ale taka
zaleznos¢ jest tez silnie widoczna w obszarze obejmu-
jacym przemyst przetwdrczo-spozywczy. Oddziatywania
materiat - komoérka zywa, w znacznej mierze wykraczajg
poza dotychczas postrzegany zakres standardowego wy-
korzystania biomateriatow, a odkrycia na polu interakcji
powierzchni materiatbw z komdérkami majg coraz wieksze
znaczenie w prawidtowym uzytkowaniu nowoczesnych
systemow dystrybucji wody pitnej, a takze przemystowych
systemow chtodzenia i obiegu cieczy.

Wspomniany postep stawia kolejne wyzwania przed in-
Zynierig materiatowg, ktéra odpowiada za opracowywanie
nowych technologii i materiatdbw majgcych spetniac¢ coraz
bardziej rygorystyczne oczekiwania uzytkownikéw. Lepsze
zrozumienie zalezno$ci w jakich pozostaje uktad Srodowi-
sko - organizmy zywe - materiat inzynierski prowadzg do
wyeliminowania materiatow stwarzajgcych potencjalnie
zagrozenie, z jednoczesnym wprowadzeniem nowych
materiatow, lepiej spetniajgcych swoje funkcje.

W procesie opracowania materiatdbw o wysokiej bio-
zgodno$ci uwage naukowcoéw w duzej mierze skupia
grupa probleméw zwigzanych z zasiedlaniem powierzchni
abiotycznych przez mikroorganizmy. Ograniczenie lub
wyeliminowanie procesu kolonizacja powierzchni bioma-
teriatéw, zwykle prowadzgcego do rozwiniecia sie trudno
zwalczanego biofilmu, stanowi istotne wyzwanie dla no-
woopracowywanych biomateriatow. W literaturze fachowej
dostrzegane sg niekorzystne efekty, obserwowane przede
wszystkim w praktyce klinicznej, do jakich doprowadza
rozwiniecie sie biofilmu na powierzchniach implantow.
Opisywany jest takze efekt wzrostu opornosci takich kolonii
bakteryjnych na dziatania uktadu immunologicznego oraz
farmakoterapie.

Jedng z mozliwych modyfikacji powierzchni, pozwa-
lajgcych na ograniczenie zasiedlania ich przez mikroor-
ganizmy, jest wprowadzenie elementéw o dziataniu bak-
terio- i grzybobdjczym. W Instytucie Inzynierii Materiato-
wej opracowany zostat materiat, wytwarzany metodg hy-
brydowg RF PACVD/MS, tgczgcy bioinertny charakter
warstw weglowych z bakteriobdjczymi wtasciwosciami
jonéw srebra. Powfoka tego typu pozwala na znaczgce
ograniczenie adhezji bakterii prowadzgcej do rozwoju bio-
filmu na powierzchni materiatu, przy jednoczesnej zniko-
mej cytotoksyczno$ci dla komérek organizmoéw wyzszych.

Wyniki eksperymentéw prowadzonych z wykorzysta-
niem modelowych hodowli bakterii E.coli (DH5a) oraz
komorek ludzkich osteoblastéow (Saos 2) i komdérek
$rédbtonka (EA.hy 926) w petni potwierdzity zaktadane
wtasciwosci nowego materiatu.

[Inzynieria Biomateriatow, 116-117, (2012), 89]
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Progress in biological sciences and medicine is today
increasingly dependent on collecting and examining in-
formation on the relationship between the cells of living
organisms and abiotic surfaces of different materials.
This is especially important in areas related to the use of
biomaterials, and this dependence is particularly evident
in certain areas such as the food industry. Interactions
between material - living cells, has until recently been
largely considered outside the scope of the standard use of
biomaterials. The discovery of cell interactions with mate-
rial surfaces are of growing importance in the proper use
of modern drinking water distribution systems, industrial
cooling systems and fluid circulation.

This progress poses new challenges for materials
engineering, which is responsible for the development of
new technologies and materials that must meet increas-
ingly stringent standards. With a better understanding of
relationships present in such a system: environment - living
cells - material engineering, it will be possible to eliminate
any materials that poses a potential threat, and introduce
new materials, that perform their functions more efficiently.

In the process of developing materials with high
a degree of biocompatibility, much of the research has
focused on the problem of abiotic surface colonization
by different microorganisms. One of the most significant
challenges in developing new biomaterials is the reduction
or elimination of biomaterial surface colonization, which
usually leads to the development of a biofilm. In the lit-
erature the adverse effects of such interactions have been
observed, primarily in clinical practice and the development
of biofilms on the surface of implants. Increased resistance
of these bacterial colonies to the human immune system
and drug therapy has also been described.

One possible material surface modification, which
could reduce microorganism colonization, is the introduc-
tion of elements that exhibit bactericidal and fungicidal ac-
tivity. The Institute of Materials Engineering has developed
a material produced using a hybrid method RF PACVD/MS,
which combines the bioinert nature of carbon layers and
the bactericidal properties of silver ions. Such a coating
can significantly reduce the degree bacterial adhesion,
which results in the development of a biofilm on the surface
materials, whilst having a negligible cytotoxic effect on the
cells of higher organisms.

Results of experiments conducted using the model
bacterium E. coli culture (DH5a) together with human
osteoblastic (Saos 2) and endothelial cells (EA.hy 926)
have fully confirmed the assumed properties of this new
material.

[Engineering of Biomaterials, 116-117, (2012), 89]
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Abstrtact

Fosforany wapnia (CaPs) ze wzgledu na ich
mineralogiczne podobienstwo do nieorganicznego
sktadnika koSci oraz zdolno$¢ do tworzenia bezpo-
Sredniego wigzania z tkankg kostng stanowig obiecu-
jaca grupe biomateriatéw kosciozastepczych. W celu
sprawdzenia cytozgodnosci potencjalnych materiatéw
implantacyjnych stosuje sie wiele réznych testéw ana-
lizujgcych zmiany w integralnosci bfony komérkowey,
aktywnosci enzymow zwigzanych z metabolizmem
komorki czy tez zdolnosci do proliferacji. Pozytywny
wynik cytozgodno$ci in vitro pozwala na dopuszczenie
materiatu do dalszych badari in vivo. Celem niniejszej
pracy byta ocena cytozgodnoSci in vitro cementow
kostnych opartych na fosforanie wapnia w odmianie
krystalograficznej a (a-TCP).

Wykonano badania cytozgodnos$ci nastepujgcych
materiatbw ceramicznych typu cementowego ozna-
czonych jako: T-AP (na bazie a-TCP), TK-APi TK-CM
(na bazie a-TCP i kalcytu) oraz AHT-M i CHMT-M
(opartych na a-TCP i hydroksyapatycie dotowanym
odpowiednio srebrem lub magnezem).

Do badania cytotozgodnosci materiatow wykorzy-
stano linie komérek MG-63. Komorki te posiadajg fe-
notyp osteoblastéw we wczesnej fazie roznicowania
i stanowig model komérek kostnych w badaniach in
vitro. Wszystkie rodzaje probek zasiedlono komorka-
mi MG-63, a po 48 godz. hodowli oznaczono aktyw-
no$¢ metaboliczng komoérek za pomocg testu XTT.
Czesc probek ceramicznych poddano przed zasie-
dleniem godzinnej preinkubacji w pozywce hodowla-
nej. Ponadto wykonano pomiar stezenia jonéw wap-
nia w pozywce pobranej z hodowli komérek na prob-
kach ceramicznych oraz w pozywce, w ktorej przez
24 godz. ekstrahowane byty materiaty.

Komérki MG-63 hodowano w obecno$ci wyciggéw
z materiatow ceramicznych o stezeniu 100% (peten
wycigg), 50%, 25%, 12,5% i 0% (czysta pozywka ho-
dowlana). Aktywno$¢ metaboliczng komoérek zbadano
po 24 i 48 godzinach hodowli za pomocg testu XTT.
Komorki poddano takze obserwacji mikroskopowey.

Przeprowadzono ciggta obserwacje mikroskopo-
wg komdrek w kontakcie z kazdym z materiatow. Ko-
morki wysiano do 48-studzienkowej ptytki hodowla-
nej, a nastepnie w studzienkach umieszczono prob-
ki ceramiczne i przez 72 godziny rejestrowano obraz
w hodowli kombrek.

Materiaty oznaczone jako T-AP, TK-AP, AHT-M,
CHMT-M obnizaty zawarto$¢ jonow wapniowych w po-

Due to their mineralogical similarity to the inorganic
component of bone and the ability to bond with bone
tissue phosphates of calcium (CaPs) are a promising
group of bone substitutes. In order to investigate cy-
tocompatibility of potential implant materials there are
a wide range of tests analyzing changes in cell mem-
brane integrity, activity of enzymes associated with
cell metabolism or the ability of cells to proliferation.
A positive outcome of in vitro cytocompatibility allows
to perform in vivo study of tested materials. The aim
of this work was to evaluate in vitro cytocompatibility
of bone cements based on calcium phosphate with
a crystal structure (a-TCP).

Cytocompatibility of the following cement materi-
als has been tested: T-AP (based on a-TCP), TK-AP,
TK-CM (based on a-TCP-calcite) AHT-M, CHMT-M
(based on a-TCP and hydroxyapatite with addition of
silver or magnesium)

MG-63 cell line has been used to investigate cyto-
toxicity of ceramics. MG-63 is human osteosarcoma
cell line with phenotype of osteoblasts at an early
stage of differentiation. All types of ceramic materials
were seeded with MG-63 cells and after 48h of in vitro
culture metabolic activity has been tested with XTT
test. Some ceramic samples were also pre-incubated
for 1 hour in the culture medium before seeding. In
addition, media from culture and extracts from ceram-
ics were collected and calcium ion concentration was
measured.

MG63 cells were cultured with different concentra-
tions of ceramic extracts (100% - complete extract ,
50%, 25%, 12,5%, 0% - pure medium). After 24 and
48h metabolic activity of cells has been investigated
with XTT test. Cells were also observed in light mi-
croscopy.

To investigate influence of ceramic materials on
MG-63 cells continuous microscopic observation was
performed. Cells were seeded into 48-well culture
plates, then ceramic samples have been placed into
wells and photos of wells were captured during 72
hours long cell culture.

Materials designated as T-AP, TK-AP, AHT-M and
CHMT-M diminished calcium ion concentration in the
culture medium, while TK-CM did not alter the calcium
concentration.

MG-63 cells cultured directly on samples exhibited
low metabolic activity in all cases. Pre-incubation of
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zywce hodowlanej. TK-CM nie zmieniat stezenia tych
Jjonéw w medium hodowlanym.

Komorki MG-63 hodowane bezposrednio na
probkach ceramicznych wykazaty niskg aktywno$c
metaboliczng na wszystkich zbadanych materiatach.
Jednak preinkubacja materiatow w pozywce hodow-
lanej czesciowo poprawita przezywalno$¢ komorek.
Aktywnos$c¢ metaboliczna komérek hodowanych na
materiatach T-AP, TK-AP i TK-CM poddanych
preinkubacji wzrosta kilkukrotnie w stosunku do nie-
inkubowanych materiatow.

Wyciggi z badanych materiatbw ceramicznych
cechowaly sie wysokg cytozgodnoscig we wszystkich
rozcienczeniach badanych roztworéw.

Obserwacja w czasie rzeczywistym komorek MG-
63 hodowanych w obecnosci materiatbw ceramicznych
pokazata, ze badane probki nie miaty negatywnego
wplywu na zachowanie sie i morfologie komorek.

Cytozgodno$c¢ wszystkich badanych materiatow
w hodowli komérek z ekstraktami z probek ceramicz-
nych pokazata, iz obnizenie stezenia jonéw wap-
nia w pozywce hodowlanej nie miato negatywnego
wplywu na przezywalno$c i zachowanie sie komo-
rek MG63. Niska aktywno$c¢ metaboliczna komorek
w hodowli w bezposrednim kontakcie w poréwnaniu
Z obserwacjg w czasie rzeczywistym moze wynikac
Z mniejszej objetoSci pozywki hodowlanej, a przez to
wigkszej ekspozycji komorek na nierbwnowage jono-
wg w medium hodowlanym. Przezywalno$¢ komdrek
in vitro w kontakcie z materiatami ceramicznymi byta
znamiennie wyzsza w ukfadach eksperymentalnych
w wiekszej objetosci medium. Ponadto preinkubacja
przebadanych prébek poprawita aktywnos$¢ metabo-
liczng komérek hodowanych na materiatach, co na-
suwa mozliwosci optymalizacji warunkéw hodowli in

materials in the medium partially enhanced cell sur-
vival. Extracts made of the examined materials are
characterized by high cytocompatibility in all dilutions
of tested solutions. Real-time observation of MG-63
cells cultured in the presence of ceramic materials did
not reveal any negative impact of the samples on cell
behavior and morphology.

We observed the difference between the results
of cytotoxicity tests performed on direct and indirect
contact in vitro culture. Cytocompatibility of extracts
made of the tested ceramics showed that decreasing
of the calcium ion concentration in the culture medium
did not have negative influence on survival and the
behavior of MG63 cells. Lower metabolic activity of
cells cultured directly on materials in comparison with
the real-time observation of culture may be due to
a smaller volume of culture medium, and thus greater
exposure of cells to an ionic imbalance in the culture
medium. Cell survival in contact with the ceramic
materials was significantly higher in the experimental
system with a larger volume of medium. In addition,
preincubation of tested samples improved the meta-
bolic activity of cells cultured on the materials. Positive
effect of sample pre-incubation in medium enables the
possibility to optimize the culture conditions in vitro.
The results of culture on the preincubated materials
showed that cells seeded on the samples based on
a-TCPand a-TCP and calcite exhibited higher survival
compared to cells cultured on materials based on
a-TCP and hydroxyapatite.

[Engineering of Biomaterials, 116-117, (2012), 90-91]
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vitro. Na podstawie wynikow hodowli w bezpo$red-
nim kontakcie z materiatami po wcze$niejszej prein-
kubacji zauwazono, ze komorki hodowane na prob-
kach na bazie a-TCP oraz a-TCP i kalcytu charakte-
ryzowaty sie wiekszg przezywalno$cig w poréwnaniu
z komérkami wysianymi na materiatach opartych na
a-TCP i hydroksyapatycie.
[Inzynieria Biomateriatow, 116-117, (2012), 90-91]
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Streszczenie

Celem pracy byta ocena cytozgodnoS$ciin vitro
tworzyw ceramicznych, opracowanych jako materiat
do wypetnienia ubytkéw kostnych.Okreslono wptyw
warunkéw hodowli na efekt testow cytozgodno$ciin
vitro.Badania przeprowadzono namateriatach ozna-
czonych jako:SH, SPR(komercyjne preparaty handlo-
we), TC-C oraz TC-MP (materiaty oparte na a-TCP),
KMC-C (substytuty kostne na bazie hydroksyapatytui
siarczanu(VI) wapnia)orazHCM, HMPM (materiaty na
bazie MgO,NH H,PO,, hydroksyapatytu oraz siarcza-
nu (VI) wapnia lub pirofosforanu sodu).

Do badan cytozgodno$ciwykorzystano ludzkie ko-
morkiwyizolowane z tkanki kostnej (humanbone-de-
rivedcells - hBDC). Zastosowano trzy rézne sposoby
hodowli in vitro: hodowle komoérek bezpos$rednio na
powierzchni probek ceramicznych, hodowle w pozyw-
ce wzbogaconej w wyciggi z materiatdbw ceramicznych,
a takze hodowle komorek na TCPS w sgsiedztwie pro-
bek ceramicznych. Hodowle komérek na powierzch-
ni prébek przeprowadzono w dwoéch réznych warun-
kach: przy objetosci 1 ml pozywki lub 0,2 ml pozywki.
Pomiar aktywnosci metabolicznej komdérekwykonano
za pomocay testéw XTT i Alamar Blue.Zywe i martwe
komorkizostaty uwidocznione przez barwienie zesta-
wem Live/Dead i obserwacje w mikroskopie fluore-
scencyjnym. Przeprowadzono takze mikroskopowg
obserwacje komoérek oraz przyzyciowg mikroskopo-
wg obserwacje z dokumentacjg fotograficzna w trybie
poklatkowym. W wyciggach z materiatow ceramicz-
nych oznaczono stezenie jonédw wapnia.

Materiaty SPR, HCM i KMC-C zwigkszyty stezenie
jonéw wapnia w medium hodowlanym, a takze ulegty
najsilniejszej degradacji w czasie inkubacji. Materiaty
SH, HMPM, TC-C i TC-MP obnizyty zawarto$¢ wapnia
w DMEM.

Jedynie wyciggi z materiatu HCM byty cytotoksycz-
ne w kazdym z badanych stezen (3,13%-100%). Po-
nadto petne (100%) wyciggi z materiatéw SH, HMPM,
KMC-C i TC-C bytytoksyczne dla komorek. Pozostate
rozcienczenia wyciggéw nie wykazaty wtasciwosci
cytotoksycznych. Komorki byty liczne i miaty prawid-
towg morfologie ludzkich osteoblastéw we wszystkich
badanych stezeniach wyciggow.

Dla czesci materiatéow (SH, HMPM, TC-C, TC-MP)
zywotnos$¢ komdérek hodowanych na ich powierzchni
znajduje sie na poziomie kontroli (TCPS) przy obje-
tosci pozywki réwnej 1 ml, natomiast przy objetosci
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Abstract

Analysis of biocompatibility in vitro of ceramic ma-
terials, projected as substitutes for bone tissue was
the aim of the work. Influence of culture conditions on
the materials cytocompatibility was also examined.
Tests were performed on the materials descripted as:
SH, SPR (commercial materials), TC-C and TC-MP
(materials based ona-TCP), KMC-C (bone substitutes
based on hydroxyapatite and calcium sulfate) and
HCM, HMPM (materials based on MgO, NH,H,PO,,
hydroxyapatite and calcium sulfate or sodium pyro-
phosphate).

Human bone-derived cells (hBDC) were used
for cytotoxicity assays. Three procedures of in vitro
culture were applied: cell culture directly on the sam-
ples’ surface, culture in the medium supplemented
with extracts made of the materials, and cell culture
on tissue culture-treated polystyrene (TCPS) next
to ceramic samples. Culture of cells directly seeded
on samples was performed in two ways: with 1 ml of
culture medium (24-well culture plate) or 0,2 ml of
medium (96-well plate). Metabolic activity of cells was
measured by XTT test and Alamar Blue test. Cells
were visualized by Live/Dead staining and cell fluo-
rescence was observed in microscope. Microscopic
observation of cells and long-term observation with
time-lapse picture acquisition were also performed.
Calcium ion concentration was measured in extracts.

Materials: SPR, HCM and KMC-C upgradecalcium
concentration in culture medium and undergo the most
intensive degradation. Materials: SH, HMPM, TC-C
and TC-MP lower calcium concentration in DMEM.

Only HCM extracts were toxic in all dilutions (3,13-
100%). Moreover, full extracts (100%) made of SH,
HMPM, KMC-C and TC-C were cytotoxic. Other dilu-
tions were nontoxic. hBDC were numerous and well
spread in all examined dilutions of extracts.

For some materials (SH, HMPM, TC-C, TC-MP)
viability of hBDC cultured on their surface in 1 ml of
medium equals the control (TCPS), but in 0,2 ml of
culture medium cell viability reach 31% of control in
the extreme. Living as well as dead cells are present
on the materials surface. hBDC cultured on TCPS
next to ceramic samples adhere, migrate, proliferate
and maintain the regular morphology.

Volume of culture medium is crucial factor for sur-
vival of cell cultured in vitro in contact with biomaterials
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0,2 ml zywotno$¢ komérek nie przekraczata 31%
kontroli. Uwidoczniono obecnos$¢ zaréwno zywych,
Jak i martwych komérek na powierzchni materiatow.
Komérki hodowane na TCPS w sgsiedztwie ceramiki,
przylegajg do podtoza, migrujg i proliferujg zachowujgc
prawidtowg morfologie.

Wykazano, ze objeto$¢ pozywki hodowlanej ma
decydujgce znaczenie dla przezywalno$ci komorek
w hodowli. Cytotoksyczne oddziatywanie materiatu
Jest szczegdlnie intensywne w przypadku hodowli ko-
morek w bezposrednim kontakcie na jego powierzchni,
podczas gdy w hodowli z wyciggami z badanych ma-
teriatbw komorki zachowujg wysokg przezywalno$c.
Zaden z badanych materiatéw nie stanowi dobrego
podfoza do hodowli komoérek w warunkach bezposred-
niego zasiedlania powierzchni materiatu. Warunki ho-
dowli stosowane przy ocenie cytozgodnosci wywierajg
znaczny wptyw na wynik badania, zatem dla uzyska-
nia wiarygodnych wynikéw sugerowane jest zastoso-
wanie kilku wariantéw hodowli in vitro.

[Inzynieria Biomateriatow, 116-117, (2012), 92-93]

Podziekowania

Praca wspoétfinansowana ze Srodkow Unii Europejskiej
w ramach Programu Operacyjnego Innowacyjna Gospodar-
ka, projekt nr POIG.01.03.01-00-005/09.

that change the calcium concentration. Cytotoxic im-
pact of ceramic is especially intensive for cell cultured
in direct contact with its surface. In the culture with
extracts of the examined materials cells maintain high
viability. None of examined materials is proper support
for cell culture in direct contact. Results of cytotoxicity
estimation depends on the conditions used forin vitro
culture. Using various variants of in vitro culture is
suggested to gain reliably results.

[Engineering of Biomaterials, 116-117, (2012), 92-93]
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Wstep

Biomateriaty na bazie ceramiki hydroksyapatytowej sg
szeroko wykorzystywane jako materiaty implantacyjne
w uzupetnianiu ubytkéw kostnych oraz jako podioza w in-
zynierii tkankowej. Celem tej pracy byta modyfikacja ukta-
du eksperymentalnego, umozliwiajgca hodowle ludzkich
komorek osteogennych na podtozu mikroporowatej bioce-
ramiki hydroksyapatytowej (HAp/M) o wysokiej porowato-
Sci otwartej (64%) i Sredniej wielkosci poréow w zakresie od
0,05 do 0,12 pm.
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Introduction

Biomaterials based on hydroxyapatite ceramics are
widely used as implant materials in the regeneration of bone
defects and also in the field of tissue engineering.

The aim of this study was optimization of the experimen-
tal system that allows culture of the human osteogenic cells
on the surface of the microporous hydroyapatite bioceramic
(HAp/M) with high open porosity (64%) and average pore
size ranging from 0,05 to 0,12 pm.
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Materiaty i metody

W pierwszym eksperymencie probki HAp/M inkubowano
przez dwa dni w roztworach PBS zawierajgcych rézne steze-
nia jonéw wapniowych, czes¢ z tych roztworéw dodatkowo
zawierata 10% FBS (Fetal Bovine Serum/surowica bydle-
ca). Lacznie testowano pie¢ uktadéw doswiadczalnych. Na-
stepnie na probki wysiano ludzkie komorki izolowane z tkan-
ki kostnej (hBDC) i hodowano je przez 48h. Hodowle pro-
wadzono w standardowych warunkach i medium hodowla-
nym, w jednym z wariantéw doswiadczalnych zastosowano
medium zmodyfikowane dodatkiem jonéw wapniowych. Na
podstawie obserwacji morfologicznych (wykorzystujgc bar-
wienia oceniajgce obecnos¢ zywych i martwych komorek)
oraz poziomu wapnia w supernatancie wytypowano ukfad
doswiadczalny do dalszych analiz. W kolejnym ekspery-
mencie preinkubacje materiatéw wydtuzono do 4 dni, a ho-
dowle komorek prowadzono przez 7 kolejnych dni. Dodat-
kowo wykonano testy oceniajgce aktywnos¢ metaboliczng
komorek (test XTT), liczebnos¢ (test PicoGreen) oraz oce-
ne morfologiczng komérek. Komérki hodowane na standar-
dowej powierzchni hodowlanej (TCPS — tissue culture po-
lystyrene) traktowano jako kontrole.

Wyniki i dyskusja

W pierwszym eksperymencie, po dwoch dniach hodow-
li hBDC na badanym materiale stwierdzono, ze w czterech
z pieciu testowanych wariantéw doswiadczalnych komorki
przylegajg do badanej powierzchni, ale nie rozptaszczajq sie
na niej. W tych wariantach stwierdzono istotne obnizenie ste-
zenia jonow wapnia w medium. Natomiast w hodowli z dodat-
kiem jonoéw wapnia do medium hodowlanego obserwowano
rozptaszczone komérki na powierzchni materiatéw. Ich mor-
fologia byta poréwnywalna z komoérkami kontrolnymi. W ko-
lejnym eksperymencie komarki nie tylko przylegaty i rozptasz-
czaly sie na powierzchni probki, ale takze charakteryzowaty
sie prawidtowym obrazem morfologicznym. Po 7 dniach ho-
dowli nadal obserwowano zywe, prawidtowo rozptaszczone
komorki na powierzchni materiatu HAp/M. Stwierdzono row-
niez, ze komorki zasiedlity catg dostepng powierzchnie, osig-
gajac petng konfluencje. Prawidtowo rozptaszczone komorki
obserwowano réwniez na spodniej stronie probki. Wyniki te-
stu XTT potwierdzity wysokg aktywnos¢é metaboliczng tych
komorek, aich liczebnos¢ byta poréwnywalna z kontrolg (test
PicoGreen). Stwierdzono rowniez wyrazny wzrost liczebno-
$ci komorek pomiedzy 2 a 7 dniem hodowli.

Podsumowanie

Wykazana we wstepnych eksperymentach negatywna re-
akcja komorek na hodowle w kontakcie z materiatem HAp/M
nie oznacza, ze materiat ten jest cytotoksyczny. Powoduje
on natomiast istotne zmiany w sktadzie jonowym medium
hodowlanego, ktére negatywnie wptywajg na zachowanie
komoérek hBDC. Odpowiednia modyfikacja uktadu ekspe-
rymentalnego umozliwia hodowle komérek osteogennych
w bezposrednim kontakcie z materiatem HAp/M. Na pod-
stawie przeprowadzonych doswiadczeh mozna stwierdzic,
ze materiat ten jest biozgodny i dobrze tolerowany przez
ludzkie komérki osteogenne pod warunkiem zachowaniu
odpowiednich warunkéw hodowlanych.

Podziekowanie

Praca wspotfinansowana ze srodkow Unii Europejskiej
w ramach Programu Operacyjnego Innowacyjna Gospodar-
ka, projekt nr POIG.01.03.01-00-005/09

Materials and methods

In the first experiment, the HAp/M samples were in-
cubated for two days in the PBS solution, with a different
calcium ion concentration. Part of the PBS solutions was
additionally supplemented with 10% of FBS (Fetal Bovine
Serum). Totally it was 5 different experimental settings.
Next, human bone derived cells (hBDC) were seeded on
the HAp/M samples and cultured for a 48h. The cells were
cultured at standard conditions (37°C, 5% CO2 in humidified
atmosphere) and in a standard culture medium, except one
case where culture medium was modified by adding calcium
ions. Based on the morphological observation (fluorescent
live/dead staining) and calcium concentration in the super-
natant, one experimental setup was chosen to the future
analysis. In the following experiment the preincubation time
was extended to four days and the cells were cultured for
up to 7 days. Additionally, the XTT test (metabolic activity),
PicoGreen test (DNA content/cell number) and cell morphol-
ogy were analyzed. The cells culture on the tissue culture
polystyrene (TCPS) were used as a control.

Results and discussion

In the first experiment, after two days of hBDC culture
on the HAp/M surface, in four experimental settings cells
adhered to the culture surfaces but didn’'t spread. In this
cases the significant decreasing of calcium ions concentra-
tion was observed in the culture medium. However, in the
experimental setting where culture medium was modified
by adding calcium ions the hBDC cells were spread on
the HAp/M surface. Their morphology was similar to the
control cells. In the next experiment the hBDC adhered,
spread on the HAp/M surface and their morphology was
typical for hBDC. After 7 days of cell culture we could still
observe live cells spread on the surface of HAp/M samples.
Spread cells were observed even on the bottom side of
examined samples. The results of the XTT test confirmed
normal metabolic activity of the cells and the cell number
was comparable with the control (PicoGreen test). Moreover
we observed significant increase in cell number between
day 2 and 7 of culture.

Conclusions

Even though preliminary experiment showed negative
response of cells in contact with HAp/M it does not indicate
its cytotoxic properties. The material significantly changes
the ionic composition of culture medium and in consequence
negatively influences on behavior of hBDC. Proper modifi-
cation of the experimental system allows the culture of the
osteogenic cells in a direct contact with the HAp/M material.
It can be concluded that the HAp/M material is biocompatible
and well tolerated by human osteogenic cells but only after
proper modification of the culture conditions.
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Streszczenie

Zastosowanie hydrozeli jako skafoldow dla inzy-
nierii tkanki kostnej umozliwia integracje substan-
¢ji bioaktywnej takiej jak enzym fosfataza alkaliczna
(ALP), ktory sprzyja mineralizacji. W niniejszej pracy,
hydrozele z gumy gellan (GG) zawierajgce ALP pod-
dano mineralizacji z wytworzeniem fosforanow wap-
nia (CaP) i magnezu (MgP) przez inkubacje w ptynach
mineralizujgcych zawierajgcych glicerofosforan wap-
niowy (CaGP) i magnezowy (MgGP). Poréwnano pie¢
réznych stosunkoéw stezenn CaGP:MgGP, mianowicie
0.1:0, 0.075:0.025, 0.05:0.05, 0.025:0.075 and 0:0.1
(mol dm®). Tworzenie CaP i MgP potwierdzono za po-
mocg FTIR, spektroskopii Ramana, SEM, EDS, IC-
P-OES, XRD, TGA oraz poprzez wyznaczanie zmian
suchej masy. Stwierdzono, ze wapn ulega integracji
w fazie mineralnej w znacznie wiekszym stopniu niz
magnez. Wzrost ilosci magnezu spowodowat zmia-
ny w morfologii otrzymanej fazy mineralnej. Badania
mechaniczne oraz reometryczne wykazaty, ze modut
Younga oraz skitadowa rzeczywista modutu reome-
trycznego hydrozeli ulegajgcych mineralizacji przy
stosunkow stezen CaGP:MgGP 0:0.1 byty przynaj-
mniej trzy razy wieksze w poréwnaniu do wszystkich
innych probek. Obecnos¢ MgP w probkach zminerali-
zowanych sprzyjata adhezji oraz zywotnosci komorek
osteoblastycznych MC3T3-E1 i nie wptyneta negatyw-
nie na ich cytozgodnosc. Wyniki dowodzg, ze mozna
indukowac mineralizacje hydrozeli z gumy gellan za
pomocg CaGP oraz MgGP i tym samym wptywac na
sktad mineralny oraz wtasciwosci mechaniczne kom-
pozytéw hydrozelowych-ceramicznych przez zmody-
fikowanie stosunkéw stezen CaGP:MgGP.

Stowa ktuczowe: hydrozel, kompozyt, mineraliza-
cja, enzym
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ENZYMATIC MINERALIZATION

OF GELLAN GUM HYDROGELS
WITH CALCIUM AND MAGNESIUM
PHOSPHATE FOR BONE TISSUE
ENGINEERING

TimoTtHy E.L. DoucLAs'*, GRzEGORzZ KRAWCZYK?,

EvrzeieTa PamuLa?, Heipi A. DEcLERCQ®, DAVID SCHAUBROECK®,
MirosLAW M. Bucko?, LIEve BALCAEN®, PAsCAL VAN DER
VooRrTé, FRANK VANHAECKE®, RIA CORNELISSEN?,

PETER DuBRUEL'

"PoLYMER CHEMISTRY AND BIoMATERIALS (PBM) GRourP, GHENT
UNIVERSITY, KRIJGSLAAN 281 S4, 9000 GENT, BELGIUM

2 DEPARTMENT OF BIOMATERIALS, FACULTY OF MATERIALS SCIENCE
AND CeErAMICS, AGH UNIVERSITY, KRAKOW, POLAND

3 DEPARTMENT OF Basic MEDICAL SciENCE, GHENT UNIVERSITY,
De PinTELAAN 185 (6B3), 9000 GHENT, BELGIUM

4CENTER FOR MicrosysTEMS TecHNoLogy (CMST), ELIS,
IMEC, TECHNOLOGIEPARK 914A, 9052 GHENT, BELGIUM

5 DEPARTMENT OF ANALYTICAL CHEMISTRY, GHENT UNIVERSITY,
KRiJGSLAAN 281 S12, 9000 GHENT, BELGIUM

8 DEPARTMENT OF INORGANIC CHEMISTRY, GHENT UNIVERSITY,
KRiuGsLAAN 281 S3, 9000 GHENT, BELGIUM

*MAILTO: TimoTHY.DouGLAs@UGENT.BE

Abstract

The use of hydrogels as bone tissue engineering
(TE) scaffolds enables incorporation of bioactive sub-
stances such as the mineralization-promoting enzyme
alkaline phosphatase (ALP). In this study, gellan gum
(GG) hydrogels containing ALP were mineralized with
calcium phosphate (CaP) and magnesium phosphate
(MgP) by incubation in mineralization solutions of calci-
um and magnesium glycerophosphate (CaGP, MgGP).
Five different CaGP:MgGP concentration ratios were
compared, namely 0.1:0, 0.075:0.025, 0.05:0.05,
0.025:0.075 and 0:0.1 (all values mol dm?). CaP and
MgP formation was confirmed by FTIR, Raman, SEM,
EDS, ICP-OES, XRD, TGA and monitoring dry mass
percentage changes. Ca was incorporated into mineral
to a greater extent than Mg. Incorporation of increasing
amounts of Mg into mineral formed led to changes in
mineral deposit morphology. Mechanical and rheomet-
ric testing revealed that Young’s modulus and storage
modulus of hydrogels mineralized at a CaGP:MgGP
concentration ratios of 0:0.1 were at least three times
higher than those of all other samples. The presence
of MgP in mineralized samples promoted attachment
and vitality of osteoblastic MC3T3-E1 cells and did not
negatively impact cytocompatibility. The results prove
the principle of enzymatic mineralization with CaP and
MgP and adjusting the composition and mechanical
properties of hydrogel-ceramic composites by altering
the CaGP:MgGP concentration ratio.

Keywords: hydrogel, composite, mineralization,
enzyme

[Engineering of Biomaterials, 116-117, (2012), 95-98]
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Wstep

Mineralizacja hydrozeli jest bardzo pozgdana w przy-
padku zastosowan zwigzanych z regeneracjg tkanki kost-
nej, gdyz poprawia ona bioaktywnos$¢ hydrozeli, tzn. sprzy-
ja tworzeniu sie wigzan chemicznych z otaczajgca tkankag
kostng [1]. Ten cel daje sie osiagng¢ przez dodanie enzy-
mu fosfatazy alkalicznej (ALP) [2], kt6ry indukuje minerali-
zacje hydrozeli z wytworzeniem fosforanéw wapnia (CaP)
po inkubacji w roztworach zawierajgcych wapn i glycero-
fosforan wapnia (CaGP) [3]. Mineralizacja enzymatycz-
na z wytworzeniem fosforanu magnezu (MgP) jest do tej
pory mato przebadana, aczkolwiek MgP wykazuje porow-
nywalng cytozgodnos$¢ oraz zdolnos¢ do sprzyjania adhe-
zZji oraz zréznicowania osteoblastéw [4]. W niniejszej pracy
indukowano mineralizacje enzymatyczng hydrozeli z gumy
gellan (GG), aby w przysztosci zastosowac je jako hydro-
zelowe skafoldy dla inzynierii tkankowej [5]. Mineralizacje
z wytworzeniem CaP, MgP i kombinacjami CaP i MgP in-
dukowano przez inkubacje w roztworach CaGP i glycero-
fosforanu magnezu (MgGP) o réznych stosunkach stezen
CaGP:MgGP. Zmineralizowane hydrozele poddano anali-
zie fizykochemicznej odnosnie ilosci i skladu chemicznego
wytworzonego mineratu, zbadano ich wiasciwosci mecha-
niczne, oraz scharakteryzowano ich wtasciwosci biologicz-
ne w kontakcie z osteoblastami.

Metodyka

Hydrozele GG zawierajgce ALP przygotowano przez
ogrzewanie roztworu GG do 90°C i dodanie CaCl, jako
srodka sieciujgcego [5]. Po ochtodzeniu do 50°C doda-
no ALP i roztwér odlewano w temperaturze pokojowej na
szalki Petriego i po zzelowaniu wycinano probki hydroze-
lowe w ksztatcie walcéw za pomocg wykrojnika. Minerali-
zacje zeliindukowana przez inkubacje przez 7 d w ptynach
mineralizujgcych o réznych stezeniach CaGP i MgGP. Po-
réwnano pie¢ roznych stosunkéw stezen CaGP:MgGP, mia-
nowicie 0.1:0, 0.075:0.025, 0.05:0.05, 0.025:0.075 i 0:0.1
M. Ptyn mineralizujgcy wymieniano codziennie. Po zakon-
czeniu mineralizacji, zele przemyto trzykrotnie w wodzie
Milli-Q i nastepnie inkubowano w wodzie MilliQ przez 1 d
aby usungc¢ pozostatosci CaGP lub/i MgGP. Suchg mase,
to znaczy czes¢ zelu nie zawierajgcg wody, obliczono we-
diug nastepujacego wzoru: (masa po inkubaciji i liofilizacji/
masa po inkubacji przed liofilizacjg)*100. Parametr ten stu-
zytjako miara ilosci wytworzonej fazy mineralnej. llos¢ fazy
mineralnej w probkach zliofilizowanych okreslono w bada-
niach TGA. Tworzenie CaP oraz MgP wykazano za pomo-
cg FTIR, spektroskopii Ramana, XRD, SEM oraz ICP-OES.
Wiasciwosci mechaniczne zmineralizowanych hydrozeli
przebadano w probie Sciskania oraz za pomocg reometrii.

Cytozgodnos$¢ oceniono przez okreslenie zywotnosci
ludzkich komaérek fibroblastycznych HFF-1 hodujac je w eks-
trakcie z probek hydrozelowych za pomocg testu MTT. Ad-
hezje i proliferacje oceniono uzywajgc komoérek linii oste-
oblastycznej MC3T3-E1 (100000 komérek/probke). Liczbe
komorek oceniono 1 d i 11 d po zasiedlaniu za pomocg te-
stu MTT. Przyleganie komodrek oceniono przez barwienie
komorek zywych i martwych (live/dead).

Wyniki i dyskusja

Tworzenie sie fazy mineralnej w hydrozelach w obec-
nosci ALP wykazano bezposrednio przez badania FTIR,
spektroskopii Ramana, XRD, SEM, EDS i ICP-OES, oraz
posrednio przez wzrost suchej masy w prébkach zawiera-
jacych ALP oraz wzrost proporcji masy przypisanej do mi-

Introduction

In order to promote hydrogels’ bioactivity, i.e. the for-
mation of a chemical bond with surrounding bone tissue
after implantation [1] mineralization is desirable for bone
regeneration applications. This can be achieved by add-
ing the enzyme alkaline phosphatase (ALP) [2], which has
induces hdyrogels’ mineralization with calcium phosphate
(CaP) after incubation in solutions containing calcium and
glycerophosphate (GP) [3]. Enzymatic mineralization with
magnesium phosphate (MgP) remains unexplored, although
MgP has comparable cytocompatibility and ability to support
osteoblast adhesion and differentiation [4]. In this study,
enzymatic mineralization of gellan gum (GG) hydrogels,
which has been applied in hydrogel form as a tissue engi-
neering (TE) scaffold [5], with CaP, MgP and combinations
thereof was induced by incubation in solutions of CaGP and
magnesium glycerophosphate (MgGP) and variation of the
CaGP:MgGP concentration ratio. Mineralized gels were
characterized physicochemically with respect to amount
and nature of mineral formed and mechanical properties,
as well as cell biologically using osteoblasts.

Materials and methods

GG hydrogels containing ALP were prepared by heating
GG solution to 90°C and addition of CaCl, as crosslinker [5].
After cooling to 50°C ALP was added, the solution was cast
at room temperature and cylindrical hydrogels samples were
cut out with a hole punch. Gel mineralization was induced
by incubation in mineralization medium for 7 d containing
different concentrations of CaGP and MgGP. Five different
CaGP:MgGP concentration ratios were compared, namely
0.1:0, 0.075:0.025, 0.05:0.05, 0.025:0.075 and 0:0.1 M.
Mineralization medium was changed every day. After conclu-
sion of mineralization, gels were rinsed three times in Milli-Q
water and subsequently incubated in Milli-Q for 1 d with the
aim of removing residual CaGP and MgGP. The dry mass
percentage, i.e. the gel weight percentage not consisting
of water, was calculated as: (weight after incubation and
subsequent freeze-drying/weight after incubation but before
freeze-drying)*100. This served as a measure of the extent
of mineral formation. Amount of mineral in freeze-dried
samples was determined by TGA. Formation of CaP and
MgP was demonstrated by FTIR, Raman, XRD, SEM, EDS
and ICP-OES. Mechanical properties were investigated by
compressive testing and rheometry.

Cytocompatibility was evaluated by determining the vi-
ability of human fibroblastic cells HFF-1 after culture in eluate
from hydrogel samples using the MTT Assay. Adhesion and
proliferation were assessed using cells of the osteoblastic
cell line MC3T3-E1 (100000 cells/sample) Cell number was
evaluated 1 d and 11 d post-seeding using the MTT Assay.
Cell attachment was evaluated using live/dead staining.

Results and discussions

The formation of mineral in hydrogels in the presence
of ALP was demonstrated directly by FTIR, Raman, XRD,
SEM, EDS and ICP-OES, and indirectly by the increases
in dry mass percentages in samples containing ALP and
increases in the mass fraction attributable to mineral
measured by TGA, and increased Young’'s Modulus and
rheometric storage modulus.

EDS and ICP-OES measurements, as well as compari-
son of dry mass percentages and TGA data indicated that
more Ca was incorporated into mineral formed than Mg.
This was supported by the fact that morphology visualized
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i XRD (RYS.a). W dy-
fraktogramach XRD
zaobserwowano cha-
rakterystyczne reflek-
sy dla apatytu przy 26°
i 32° w grupach 0.1:0
i 0.075:0.025 (A, B).
W grupach 0.05:0.05
i 0.025:0.075 (C, D),
zaobserwowano tyl-
ko refleks przy 32°. Dyfraktogram grupy 0:0.1 (E) znacz-
nie sie roznit: refleksy charakterystyczne dla bobierytu
Mg,(PO,),8H,0 zaobserwowano przy 11°i 13°.

Badania wiasciwosci mechanicznych w prébie Sciskania
hydrozeli zawierajgcych ALP (RYS/.b) po 7 d inkubacji w pty-
nie mineralizujgcym wykazaty wzrost modutu Younga. Modut
Younga prébek zawierajgcych ALP zalezat od skfadu pty-
nu: grupy 0.1:0i 0.075:0.025 byty znacznie sztywniejsze niz
grupy 0.05:0.05i0.025:0.075. Modut Younga prébek w gru-
pie 0:0.1, inkubowanej w czystym MgGP, byt przynajmniej
trzy razy wiekszy niz moduty prébek we wszystkich innych
grupach. Barwienie live/dead oraz testowanie zywotnosci
wykazaty, ze mineralizacja GG prowadzita do znacznie po-
lepszonego przylegania zywych komoérek (RYS.c). Obec-
nos¢ fazy mineralnej na powierzchni zmineralizowanego GG
umozliwia adsorpcje biatek z surowicy a wiec sprzyja ad-
hezji komérek. Po 1 d, zaobserwowano najwyzszg zywot-
nos¢ na probkach zmineralizowanych w stosunku stezen
CaGP:MgGP 0:0.1 i najnizszg w stosunku 0.1:0. Po 11 d, zy-
wotnos¢ byta podobna na wszystkich probkach z wyjgtkiem
grupy zmineralizowanej w stosunku stezen CaGP:MgGP
0.1:0. W tej grupie zywotnos¢ byta znacznie nizsza (okoto
50-60% zywotnosci w odniesieniu do innych zmineralizo-
wanych grup). Wyzsza proliferacja na probkach zawieraja-
cych Mg spowodowana byta stymulujgcym dziataniem ma-
gnezu, co zostato juz stwierdzone dla hydroxyapatytu za-
wierajgcego matg ilos¢ magnezu [6].

show standard deviation.

Whioski

Tworzenie CaP i MgP w hydrozelach GG indukowano
przez wprowadzenie ALP i nastepnie inkubacje w roztwo-

RYS. Analiza GG hydrozeli zmineralizowanych w réznych stosunkach stezen CaGP:
MgGP : 0.1:0 (A), 0.075:0.025 (B), 0.05:0.05 (C), 0.025:0.075 (D) i 0:0.1 (E) M. (a) Analiza
XRD. Zaznaczono charakterystyczne refleksy dla apatytu (*) i bobierytu (#). (b) Wartosci
modutu Younga w probie sciskania. *: p < 0.001 w odniesieniu do wszystkich innych
grup; *: p < 0.01. (c) Zywotnos$é komérek MC3T3-E1 hodowlanych przez 1 i 11 d. GG bez
ALP-a stuzyt jako kontrola negatywna zas polistyren stuzyt jako kontrola pozytywna.
FIG. Analysis of GG gels mineralized at different CaGP:MgGP concentrations: 0.1:0 (A),
0.075:0.025 (B), 0.05:0.05 (C), 0.025:0.075 (D) and 0:0.1 (E) M. (a) XRD analysis. Characteristic
peaks are marked for apatite (*) and bobierrite (#). (b) Determination of Young’s Modulus
by compressive testing. A: p < 0.001 relative to all other groups; *: p < 0.01. Error bars
show standard deviation. (c) Viability of MC3T3-E1 cells cultured for 1 d and 11. ALP-free
GG served as a control. Tissue culture polystyrene served as a positive control. Error bars

by SEM and FTIR, Raman and XRD spectra (FIG.a) of min-
eral formed in samples incubated in mineralization solutions
containing CaGP resembled CaP more strongly than MgP.
In XRD spectra, the 0.1:0 and 0.075:0.025 groups (A, B),
peaks characteristic for apatite were observed at 26° and
32° In the 0.05:0.05 and 0.025:0.075 groups (C, D), only
the peak at 32° was observed. The diffractogram of the 0:0.1
group (E) was markedly different. Peaks characteristic for
bobierrite Mg,(PO,),"8H,0 were seen at 11° and 13°.

Compressive testing of hydrogels (FIG.b) after 7 d in-
cubation in mineralization solution revealed an increase in
Young’s modulus due to ALP incorporation. For samples
containing ALP, Young's modulus was dependent on the
medium composition. The 0.1:0 and 0.075:0.025 groups
were significantly stiffer than the 0.05:0.05 and 0.025:0.075
groups. The Young’s modulus of samples in the 0:0.1 group,
incubated in pure MgGP, was at least three times higher
than that of all other groups.

Enzymatic mineralization of GG led to far superior adhe-
sion of viable cells, as demonstrated by live/dead staining
and cell vitality testing (FIG.c). The presence of mineral on
the surface of mineralized GG may enable serum protein
adsorption and thus aid adhesion. After 1 d, viability was
highest on samples mineralized at a CaGP:MgGP concen-
tration ratio of 0:0.1 and lowest for the ratio 0.1:0. After 11 d,
viability was similar on all samples except for the group min-
eralized at a CaGP:MgGP concentration ratio of 0.1:0, which
displayed markedly lower viability (approximately 50-60% of
viability for other mineralized groups). Higher proliferation
on samples containing Mg might be caused by a stimula-
tory effect of Mg, reported for Mg-doped hydroxyapatite [6].
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928 rach CaGP i MgGP, przy czym tworzyto sig relatywnie wigcej
® o o o o o o fosforandw wapnia niz magnezu. Mineralizacja prowadzita
do wzrostu sztywno$ci hydrozeli, a najwiekszy jej wzrost
stwierdzono w przypadku probek inkubowanych w czystym
roztworze MgGP. Obecno$¢ MgP w zmineralizowanych
prébkach wptywata korzystnie na przyleganie i proliferacje
osteoblastow.
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Abstract

Najnowsze badania dotyczgce nanomateriatow we-
glowych dla zastosowar w medycynie ujawnity, ze mo-
dyfikowane nanoproszki weglowe sg o wiele bardziej
biozgodne niz wiele innych nanomateriatow. Ich nie-
toksyczny charakter oraz witasciwosci przeciwzapal-
ne czynig je atrakcyjnymi dla réznych zastosowarn za-
réwno w farmacji, jak i w kosmetologii. W naszej pra-
cy przedstawilismy jedng z wazniejszych wtasciwosci

proszkow weglowych otrzymywanych metodami: MW/

RF PACVD, RF PACVD oraz detonacyjng, mianowicie:
Sposob rozproszenia w przygotowanych podfozach do
podania na skére oraz doustnie. Sprawdzilismy, czy
istnieje mozliwo$¢ zastosowania ich nie tylko w pre-
paratach majgcych wptyw na ptaszcz hydro — lipidowy
Skory, ale rowniez w preparatach do podania doustne-
go jako no$niki lekow. Przygotowano odpowiednie ro-
dzaje podtoza, w ktérych umieszczono poszczegdlne
proszki weglowe. Uzyskane wyniki badan wiasciwo-
Sci proszkow weglowych otrzymanych réznymi meto-
dami $wiadczg o ich szerokich mozliwosciach aplika-
cyjnych. Wtasciwosci te w gtdwnej mierze ksztattowa-
ne sg poprzez metode syntezy. Hydrofobowe proszki
wytwarzane metodami CVD i hydrofilowy proszek wy-
twarzany metodg detonacyjng mogg w rézny sposob
wptywac na ptaszcz hydro-lipidowy skory. Hydrofilowy
proszek osiada na dno w badanym podfozu, a hydro-
fobowy wystepuje na powierzchni podtoza. W podtozu
z 1 % roztworem metylocelulozy przeznaczonym do
podania doustnego, proszek tworzy jednolitg zawie-
sine. Istnieje zatem mozliwo$¢ szerszego zastosowa-
nia proszkow weglowych w przemys$le farmaceutycz-
no - kosmetycznym w preparatach mogacych oddzia-
tywac na ptaszcz hydro-lipidowy skoéry i do podawa-
nia doustnego jako nosniki lekéw.
[Inzynieria Biomateriatow, 116-117, (2012), 99]

Pismiennictwo

[1] P. Niedzielski, Wytwarzanie i zastosowanie proszkéw diamen-
towych, Wydawnictwo Politechniki t-6dzkiej, £6dz 2011.

Recent studies on carbon nanomaterials for biome-
dical applications revealed that modification carbon
powders are much more biocompatible than most
other carbon nanomaterials. Noncytotoxic nature of
carbon powders and their anti — inflammatory pro-
perties makes carbon powders attractive for various
pharmaceutical and cosmetic applications. In the study
we present one of the most important properties of
carbon powders produced by detonation, RF PACVD
and MW/RF PACVD methods, namely: a distraction
in the prepared surfaces to give “per os” and on the
skin. We checked whether it is possible to use them
not only in the preparations of the skin affecting the
functions of the hydro-lipid skin coat, but also in the
‘per os” preparations as delivery drugs. Prepared the
types of substrates, in which each placed carbon po-
wders. On the basis of obtained research results it can
be stated that carbon powders obtained by different
methods of synthesis show their broad application
possibilities. Different properties of carbon powders
are mainly shaped by the method of synthesis and
process parameters. The hydrophobic powders pro-
duced by CVD methods and the hydrophilic powder
produced by detonation method may differently affect
the hydro-lipid skin coat. The hydrophilic powder
sefttles to the bottom in the test substrate, and the
hydrophobic surface of the substrate occurs. In the
substrate with 1% methylcellulose solution intended
for oral administration, the powder forms a uniform
suspension. Therefore there is a possibility of wider
application of carbon powders in the pharmaceutical-
cosmetic industry in the new group of preparations
affecting the hydro-lipid skin coat properly matched to
the particular skin type and condition and in the ‘per
0s” preparations as delivery drugs.

[Engineering of Biomaterials, 116-117, (2012), 99]
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MONDS. Applications in Biology and Nanoscale Medicine, D. Ho
(red.), Springer, New York 2010.

29

®© 0 00000 0000000000000 000000000000000000000°0° ==

L



100

MODYFIKOWANE
PREKURSOROWE WELOKNA
POLIAKRYLONITRYLOWE DO
ZASTOSOWAN MEDYCZNYCH

MAGDALENA BRzEZINSKA*, PAULINA KROL, MACIEJ BoGuUN

PoLiTECHNIKA £ODzKA, WYDZIAL TECHNOLOGI MATERIALOWYCH
I WZORNICTWA TEKSTYLIOW, KATEDRA MATERIALOZNAWSTWA,
TowAROZNAWSTWA | METROLOGI WEOKIENNICZE,

UL. ZEROMSKIEGO 116, 90-924 t bz, PoLskA

*MAILTO: KoPEC.MAGDA.84@ONET.PL

Streszczenie

Opracowano warunki wytwarzania prekursorowych
wtdkien poliakrylonitrylowych z nanododatkiem w po-
staci biokompatybilnego materiatu wspomagajgcego
odbudowe tkanki kostnej. Wiasciwosci biokompaty-
bilne uzyskuje sie poprzez wprowadzenie do tworzy-
wa widknotwodrczego, wollastonitu CaO-SiO,, w eta-
pie sporzgdzania roztworu przedzalniczego. Zbada-
no wptyw podstawowych parametréw procesu formo-
wania na wtasciwosci wytrzymatoSciowe wtdkien, wy-
znaczono wydtuzenie przy zerwaniu. Okreslono cat-
kowitg objeto$¢ poréw, wyznaczono sorpcje i reten-
cje otrzymanych widkien.

Stowa kluczowe: PAN, wollastonit, nanododatek,
widkna

[Inzynieria Biomateriatow, 116-117, (2012), 100-103]

Wprowadzenie

Obecnie bardzo preznie rozwijajgcy sie dziedzing nauki
jest bioinzynieria. Stanowi ona potaczenie wiedzy zlokali-
zowanej na pograniczu nauk technicznych, medycznych
i biologicznych. Jednym z kierunkéw badan prowadzonych
przez wiele osrodkéw badawczych jest wykorzystywa-
nie materiatéw o specjalnych wtasciwosciach w nowocze-
snej medycynie. Do takich materiatow zalicza sie wollasto-
nit, ktéry wprowadzony do tworzywa polimerowego nadaje
mu funkcje bioaktywne, wspomagajgc leczenie. Dobér pa-
rametrow procesu wytwarzania wtokien z poliakrylonitry-
lu pozwala na modyfikowanie tworzywa polimerowego, tak
aby mozna byto uzyska¢ witékna o krancowo réznych wia-
sciwosciach. Wynika to z powigzan i zaleznosci jakie wy-
stepujg na poziomie i pomiedzy poszczegdlnymi etapami
procesu technologicznego. Masa czgsteczkowa polimeru,
rodzaj rozpuszczalnika uzytego do sporzadzania roztworu
przedzalniczego, jego stezenie, warunki procesu zestalania,
uksztattowanie etapu rozciggu, stabilizacji termicznej i su-
szenia, wszystkie te czynniki wptywajg na przebieg proce-
su formowania i w konsekwenciji okreslajg strukture i konco-
we witasciwosci widkien. Zastosowanie nanododatku w po-
staci wollastonitu pozwala rowniez na modyfikacje witokien,
nadajgc im dodatkowe, inne wtasciwosci.

W wyniku pirolizy z wtdkien poliakrylonitrylowych
otrzymywane sg wtokna weglowe [1]. W Polskim paten-
cie PL121830 autorzy opisali dwie metody otrzymywania
widkien weglowych z poliakrylonitrylu [2]. Na wiasciwosci
uzyskanych widkien weglowych ma wptyw wiele czynni-
kow, wsrad ktorych znajdujg sie m.in. wtasciwosci widkien
prekursorowych zalezne od warunkéw technologicznych
procesu formowania, struktury witdkien [3] i charakteru
wyjsciowego kopolimeru. Literatura na ten temat podaje,
ze uzyskanie odpowiednich widkien weglowych [4] o wy-

MODIFIED PRECURSOR
POLYACRYLONITRILE FIBRES
FOR MEDICAL APPLICATIONS
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Abstract

Manufacturing conditions for precursor polyacry-
lonitrile fibres with a nanoadditive (a biocompatible
material which facilitates bone tissue regeneration)
have been developed. Biocompatibility is obtained
by incorporating wollastonite CaO-SiO, into the
fibre-forming material during the preparation of the
spinning solution. The effect has been investigated of
basic spinning process parameters on fibre strength;
elongation at break has been determined. Total pore
volume, water sorption and retention of the resulting
fibres have been determined.

Keywords: PAN Wollastonite, nanoparticles, fibers

[Engineering of Biomaterials, 116-117, (2012), 100-1038]

Introduction

Bioengineering is currently a field which is growing
very dynamically. It combines knowledge at the border of
technical, medical and biological sciences. The application
of materials with special properties in modern medicine is
one of research directions pursued by a number of research
groups. Wollastonite is one of such materials; when incor-
porated into a polymer material, it makes it bioactive and
supports therapies. Appropriate selection of the polyacrylo-
nitrile fibore manufacturing process enables the modification
of the polymer material, and fibres with extremely different
properties can be formed. This results from relationships at
the level of and between respective manufacturing process
stages. Polymer molecular weight, type of solvent used for
the spinning solution, its concentration, coagulation process
conditions, drawing, thermal stabilisation and drying stage
conditions: all these factors affect the spinning process;
in consequence, they determine fibre structure and final
properties. When wollastonite as a nanoadditive is used,
fibres can be modified and take on additional and distinct
properties.

Carbon fibres are obtained by the pyrolysis of polyacry-
lonitrile fibres [1]. Polish patent PL121830 discloses two
manufacturing processes for carbon fibres from polyacry-
lonitrile [2]. A number of factors influence the properties of
resulting carbon fibres, such as precursor fibre properties
which depend on spinning process technological conditions,
fibre structure [3] and the nature of the starting copolymer.
According to relevant literature, a polymer with higher mo-
lecular weight and appropriate polymolecularity has to be
used to obtain required carbon fibres [4] with high tensile
strength and suitable Young’s modulus.

A number of research groups in Poland and abroad are
currently involved in the investigation of the application of
specific properties of natural substances which may fa-
cilitate the regeneration of damaged bone. An example is
wollastonite, a silicate mineral composed of SiO,—51.71%,
Ca0-48.29% with minor impurities (iron, manganese and
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sokich wiasciwosciach wytrzymato$ciowych na rozrywanie
i odpowiednim module Younga wymaga stosowania poli-
meru o wyzszych masach czgsteczkowych i odpowiedniej
polimolekularnosci.

Obecnie wiele osrodkéw naukowych w kraju i za grani-
cg prowadzi badania nad wykorzystaniem specyficznych
wiasciwosci naturalnych substanciji, ktére moga przyczynic
sie do odbudowy uszkodzonych kosci. Przykladem moze
by¢ wollastonit, ktéry jest mineratem z rodziny krzemia-
néw, zbudowany z SiO,—51,71%, Ca0-48,29% z niewielki-
mi zanieczyszczeniami w postaci tlenkéw zelaza, manganu
i magnezu. Z wprowadzeniem do tworzywa prekursorowe-
go PAN niewtdéknotwoérczego nanododatku moze by¢ zwig-
zane zmniejszenie podatnosci na deformacije [5,6]. Skutko-
wac to moze obnizeniem wtasciwosci wytrzymatosciowych
widkien i zmniejszeniem podatnosci na deformacje w eta-
pie rozciggu plastyfikacyjnego.

Rozcigg plastyfikacyjny typowy dla widkien poliakrylo-
nitrylowych realizowany jest przewaznie dwuetapowo, po-
niewaz plastyfikator wnika gtéwnie do obszaréw amorficz-
nych przez co nie osigga sie w pierwszym etapie gtebokiej
przebudowy struktury. Zdolno$¢ do przebudowy jest silnie
zwigzana ze strukturg nadmolekulalng wytworzong w po-
przednich etapach. Istotny jest wiec stan agregacji pier-
wotnego widkna [7]. W przedzeniu widkien poliakrylonitry-
lowych z wollastonitem zastosowano dwuetapowy rozcigg,
dazac do jego maksymalnej wartosci .Uzyskany efekt zmian
wiasciwosci wigze sie réwniez z rodzajem wprowadzone-
go nanododatku i oddziatywaniem z polimerem. Nanodo-
datki majg tendencje do aglomeryzac;ji, co réwniez wptywa
na koncowg wytrzymatos¢ produktu. Chcac zapobiec aglo-
meryzacji nanododatku mozna zastosowac¢ jedng z metod
rozbijania czgstek np. przy pomocy sondy ultradzwigkowe;j.
W zwigzku z tym witdkna zawierajgce wollastonit wymagajg
odpowiedniego dobrania parametrow procesu wytwarza-
nia, oraz dobrania odpowiednich parametréw obrobki kon-
cowych wtokien.

Celem pracy byto modyfikowanie prekursorowych wito-
kien PAN poprzez wprowadzenie do matrycy polimerowej
wollastonitu i otrzymanie widkien o wysokich wtasciwosciach
wytrzymatosciowych. Zbadany zostat wptyw podstawowych
parametrow procesu formowania na wtasciwosci i strukture
makroskopowg otrzymanych wiékien.

Materialy i metody

Do sporzadzenia roztworu przedzalniczego PAN w DMF
stosowano kopolimer trojsktadnikowy zawierajgcy 93-94%
wag. merow akrylonitrylu, 5-6% wag meroéw akrylanu me-
tylu oraz 1% wag. merdéw alilosulfonianu sodowego pro-
dukcji wegierskiej firmy Zoltek. Lepkos¢ istotna kopolime-
ru wyznaczona w temp. 20°C w DMF-ie wynosita1,29 dl/g.
Polidyspersyjno$¢ wyznaczono metodg chromatografii ze-
lowej i wyniosta M,,/M,=3,1. Jako nanododatek stosowano
Ca,Si;04AGH Krakéw. Nanododatek wprowadzono do roz-
tworu przedzalniczego w ilosci 3% w przeliczeniu na poli-
mer, po uprzednim dziataniu ultradzwiekami na jego zawie-
sine w rozpuszczalniku w czasie 15-30 minut w temp. 20°C.
Do tego celu uzyto sonde ultradzwiekowg Bandelin Sono-
plus 2200 HD o mocy 200W.

Wiasciwosci reologiczne roztworu PAN w DMF zawiera-
jacego Ca,Si;O, 0znaczono za pomocg reowiskozymetru
Rheotest RV, przy szybkosci scinania do 146,8 1/s, w tem-
peraturze 20°C przy uzyciu cylindra ,H”.

Widkna formowano metodg z roztworu na mokro przy
zastosowaniu przedzarki wielkolaboratoryjnej z mozliwo-
Scig stabilizacji zatozonych parametréw technologicznych
i mozliwosci ich ciggtej kontroli. Zastosowano dysze prze-

magnesium oxides). Reduced susceptibility to deformation
may occur when a non-fibre-forming nanoadditive is incor-
porated into the PAN precursor material [5,6]. This may
lead to reduced fibre strength and reduced susceptibility to
deformation at the plasticization drawing stage.

Plasticization drawing typical of polyacrylonitrile is usually
carried out in two stages, because the plasticiser penetrates
mainly amorphous areas; therefore, deep structure rear-
rangement does not occur in the first stage. The rearrange-
ment potential is strongly related to the supramolecular
structure formed in previous stages. Therefore, the aggre-
gation of the original fibre is crucial [7]. Two-stage drawing
at the maximum value possible was used for spinning poly-
acrylonitrile fibres with wollastonite. The resulting effect of
modified properties also depends on the type of nanoadditive
used and interactions with the polymer. Nanoadditives tend
to agglomerate, which also affects final product strength.
To prevent nanoadditive agglomeration, one of methods
for separating particles can be used, e.g. by an ultrasonic
probe. Therefore, appropriate manufacturing process condi-
tions and suitable final fibre processing parameters have to
be selected for wollastonite-containing fibres.

The objective of the investigation has been to modify
precursor PAN fibres by incorporating wollastonite into the
polymer matrix and to obtain high-strength fibres. The effect
was studied of basic spinning process parameters on the
properties and macroscopic structure of resulting fibres.

Materials and methods

A three-component copolymer was used to prepare the
PAN spinning solution in DMF which contained 93-94 w/w%
of acrylonitrile mers, 5-6 w/w% of methyl acrylate mers and
1 w/w% of sodium allylsulfonate mers from Zoltek, Hungary.
Copolymer intrinsic viscosity at 20°C in DMF was 1.29 dl/g.
Polydispersity determined by gel chromatography was
M,/M,=3.1. Ca,Si;0, from the Krakéw University of Sci-
ence and Technology was used as the nanoadditive. The
nanoadditive was added to the spinning solution in an
amount of 3% as per the polymer; polymer suspension in
the solvent was previously sonicated for 15-30 minutes
at 20°C. A Bandelin Sonopuls 2200 HD ultrasonic probe
(power: 200W) was used.

Rheological properties of the PAN solution in DMF with
Ca2Si;0, were determined using a Rheotest RV viscometer
ata shear rate of up to 146.8 1/s at 20°C using the H cylinder.

Fibres were formed by a wet spinning process using
a large laboratory spinning machine with a feature of sta-
bilised set manufacturing conditions and their continuous
monitoring. A 240-hole spinning nozzle with a 0.08 mm
diameter was used. The process of fibre coagulation was
carried out in a bath which contained 60-70% aqueous DMF
solution. The drawing process involved two stages: in the co-
agulation bath and in superheated steam at approx. 135°C.
Two versions of draw distribution were used: maximum and
optimum. Subsequently, the fibres were continuously rinsed
and dried at approx. 20-40°C in isometric conditions.

The tenacity at break was determined for a fibre bundle
according to Polish Standard PN-EN-ISO-268:1997 using
an Instron tester.

Fibre porosity was determined by mercury porosimetry
using a Carlo-Erba porosimeter coupled with a computer
system which can determine total pore volume, percentage
of up to 1000 nm pores and total internal pore area.

The sorption of water vapour by the fibres was determined
according to Polish Standard PN-71/P-04653 at 65% and
100% relative air humidity.

Water retention was determined using a laboratory centri-
fuge at an acceleration of 10,000 m/s2. The retention value
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dzalniczg o 240 otworkach o $rednicy 0,08mm. Proces ze-
stalania wtokien prowadzony byt w kapieli sktadajacej sie
z wodnego roztworu DMF-u o stezeniu 60-70%. Proces
rozciggu realizowano dwuetapowo w kapieli plastyfikacyj-
nej oraz w przegrzanej parze wodnej o temp. okoto 135°C.
Zastosowano dwa warianty rozktadu rozciggéw: maksymal-
ny i optymalny. W dalszej kolejnosci prowadzony byt proces
ptukania w sposéb ciggly i suszenie w temperaturze okoto
20-40°C w warunkach izometrycznych.

Wytrzymatos¢ witasciwg przy zerwaniu wyznaczono dla
wigzki wiokien wedtug Normy Polskiej PN-EN-1ISO-268:1997
uzywajgc maszyny typu Instron.

Porowatos$¢ wiékien oznaczono za pomocg metody poro-
zymetrii rteciowej stosujgc porozymetr Carlo-Erba potgczony
z systemem komputerowych, dajgcy mozliwos¢ oznaczenia
catkowitej objetosci poréw, udziatu procentowego poréw do
1000nm oraz catkowitej powierzchni wewnetrznej poréw.

Sorpcja pary wodnej zostata oznaczona zgodnie z Polskg
Norma PN-71/P-04653 w warunkach 65% i 100% wilgotno-
Sci wzglednej powietrza.

Retencj¢ wody oznaczono wykorzystujfc wiréwk¢ labo-
ratoryjnf z przyldpieszeniem 10tys. m/s2. Warto$¢ retenc;ji
wyznaczono poprzez odniesienie masy wody pozostatej we
widknie po odwirowaniu do masy widkna wysuszonego.

Wyniki i dyskusja

Chcac uzyska¢ podwyzszone wtasciwosci wytrzyma-
tosciowe widkien PAN z udziatem nanododatku Ca,Si;O,,
proces zestalania prowadzony byt w fagodnych warunkach
przy zmiennej zawartosci rozpuszczalnika w kapieli
w zakresie 60-70% w temperaturze rzedu 15-20°C.
Zestalanie przebiegato wedtug mechanizmu dyfuzyj-
nego co pozwolito na uzyskanie struktury o niskim
stopniu zdeformowania. Przyjete parametry techno-
logiczne byly wyznaczone we wczesniejszych pra-
cach [6,7]. Dla poszczegoélnych wiékien z poliakry-
lonitrylu proces zestalania prowadzony byt tak, aby
uzyska¢ maksymalne wiasciwosci wytrzymatosci,
przy podwyzszonych wiasciwosciach sorpcyjnych.

W tym celu zostaty zaproponowane rézne wyciagi
filerowe (od -40% do +10%). Poréwnujgc poszcze-
golne prébki widkien formowane przy tej samej war-

was determined by referring the water mass which remained
in the fibre after centrifugation to the mass of dry fibre.

Results and discussions

To obtain improved strength of PAN fibres with the
Ca,Si;0, nanoadditive, the coagulation process was con-
ducted in mild conditions at a variable solvent content in
the bath (range: 60-70% at 15-20°C). The coagulation was
carried out according to the diffusion mechanism; therefore,
a low-deformation structure was obtained. The assumed
manufacturing conditions were as determined earlier [6,
7]. The coagulation process for respective polyacrylonitrile
fibres was conducted so as to obtained maximum strength
at elevated sorption properties.

Therefore, various as-spun draw ratios were used
(-40% to +10%). It is noted when comparing respective fibre
samples formed at the same as-spun draw ratio and with
a variable stretch distribution that an optimum draw distribu-
tion (R-coded samples) yields higher total draw ratio values.
A similar tendency is observed when testing fibre tenacity.
When the optimised draw distribution is used, tenacity is
higher than for fibres spun at the maximum draw distribu-
tion. Higher values were also seen for Young’s modulus and
elongation at break (TABLE 1).

Slightly reduced values, within the measurement error,
are seen for the PWR3 sample only. Pores, scratches and
fissures in the pore polymer material slightly improve sorp-
tion properties by the possibility of water molecule bind-
ing on the surface through adhesion forces and capillary

TABELA 1. Warunki formowania i wtasciwosci wytrzymatosci
wiékien PAN otrzymanych z roztworu o 3% udziale Ca,Si,O, .
TABLE 1. Strenght properties of PAN fibres obtained wet from
solution witch 3% of Ca,Si,0,.

tosci wyciagu filerowego, a przy zmiennym rozkia- || PW1 -40 683,01 | 31,80+1,17 | 7,57+0,39 | 13,50+0,65
dzie rozciggéw zauwazy¢ mozna, ze optymailny roz- || PWR1 -40 750,89 41,94+1,25 | 7,57+0,46 | 14,33+0,51
ktad rozciggéw (probki z symbolem R) pozwala na || PW2 -30 661,52 30,37+1,11 | 7,89+0,48 | 14,32+1,79
uzyskanie wyzszych wartosci rozciggu catkowitego. || PWR2 -30 680,47 31,19+0,92 | 8,08+0,46 | 13,44+0,56
Podobng tendencje mozna zaobserwowac badajgc || PW3 -10 552,81 26,19+0,98 | 7,77+0,41 | 13,93+0,63
wytrzymato$¢ wlasciwg wiokien. Stosowanie zopty- || PWR3 -10 606,07 26,84+0,89 | 7,50+0,47 | 13,13+0,67
malizowanego rozktadu rozciggéw skutkuje wyzszg ||__PW4 +10 520,11 | 20,42+1,18 | 6,95+0,47 | 11,74+0,60
warto$cig wytrzymatosci wiasciwej, niz w przypadku ||_PWR4 +10 523,64 | 23,77+0,91 | 7,66+0,47 | 11,96+1,07

widkien formowanych z maksymalnym rozciggiem.
Wzrost wartosci parametréw obserwowany jest tak-
ze w przypadku Modutu Younga i wydtuzenia przy
zerwaniu (TABELA1).

Jedynie w przypadku probki PWR3 widzimy nie-
znaczny spadek tych wartosci, znajdujacy sie w gra-
nicy btedu pomiarowego. Wystepowanie w tworzy-
wie polimerowym pordéw, rys, oraz szczelin poprawia

Probki z indeksem R oznaczaja, iz proces rozciggu realizowany byt przy roz-
ktadzie rozciggéw R,=0,7 max; R,=max

Prébki bez indeksu R oznaczajg, iz proces rozciggu realizowany byt przy mak-
symalnym rozkfadzie rozciggow.

R-coded samples denote drawing processes carried out at a draw distribution
of R,=0.7 max; R,=max.

Non-R-coded samples denote drawing processes carried out at the maximum
draw distribution.

nieznacznie wtasciwosci sorpcyjne, poprzez mozli-

wos$¢ powierzchniowego przytgczenia czgsteczek wody si-
tami adhezji i na zasadzie zjawiska kondensacji kapilarne;.
W zaleznosci od wielkosci poréw mozliwy jest wzrost para-
metru sorpcji badz retencji. W przypadku stosowania opty-
malnego rozktadu rozciggdéw catkowita objetos¢ poréw do
1000 nm ulega zmniejszeniu w poréwnaniu do witdkien for-
mowanych przy rozktadzie rozciggéw. Analizujgc sorpcje wil-
goci w 65% RH wartosci wahajg sie w zakresie od 1,21 do

condensation. Water sorption or retention parameters may
increase depending on the pore size.

When the optimum draw distribution is used, the total
pore volume up to 1000 nm is reduced compared to fibres
spun at the maximum draw distribution. The analysis of
water sorption at 65% RH proves that the values are be-
tween 1.21 and 1.83% (TABLE 2). However, for sorption at
100% RH, the values are between 6.3 and 9.59%. Water
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1,83% (TABELA 2). Natomiast
w przypadku sorpcjiw 100% RH
wartosci zawierajg sie w prze-
dziale od 6,3 do 9,59%. Wiasci-
wosSci sorpcyjne zwigzane sg
z hydrofobowym charakterem
tworzywa. Rozpatrujgc parametr
retencji wody zmiana wartosci
jest niewielka i wynosi 7,44-
13,83%. Najwyzsze wtasciwo-
Sci wytrzymatosciowe uzysku-
je sie przy stosowaniu skrajnie
ujemnego wyciggu filerowego
(-40%) i wynosi ona 31,80 cN/
tex. Wprowadzenie do tworzy-
wa nanododatku nie wptyne-
to na zmiane ksztattu przekro-
ju poprzecznego otrzymanych
widkien. Odznaczajg sie one, ty-
powym dla tego tworzywa cha-
rakterystycznym fasolkowym
ksztattem (RYSUNEK 1).

Whioski

1. Stosowanie zoptymalizo-
wanego rozktadu rozciggéw po-
zwala na uzyskanie wyzszych
wartosci rozciggu catkowitego,
tym samym skutkujac wyzszg
podatnoscig na deformacje for-
mowanych wtdkien, co przekta-
da sie na ich wiasciwosci wytrzy-
matosciowe.

2. Stosowanie dwueta-
powego rozktadu rozcig-
gow o rozciggu zoptymali-
zowanym, wynoszgcym 0,7
max, pozwala na uzyskanie
widkien o wyzszych wiasci-
wosciach wytrzymatoscio-
wych niz w przy analogicz-
nie prowadzonym procesie
przy maksymalnych warto-
Sciach rozciggu.

3. Witdkna o najwyzszej
wytrzymatosci wtasciwej

rzedu 41,94 cN/tex uzyskuje sie stosujgc skrajnie ujemng

RYSUNEK.1. Zdjecia z mikroskopu skaningowego, widok wzdtuz-
ny i przekroj poprzeczny.

FIGURE.1. SEM images from Canning electron microscopy
longitudinal view and cross-section.

sorption values are related
to the hydrophobic nature
of the material. With the
water retention parameter,
the change in the value is
minor: 7.44-13.83%. The
highest tenacity of 31.80
2 S cN/tex is achieved with
- an extremely negative as-
spun draw ratio (-40%).
The nanoadditive incorpo-
rated into the material did
S o 5 not lead to a changed cross
d = = section of the resulting
S fibres. They have a charac-
teristic bean shape typical
7 of the material (FIGURE 1).

TABELA 2. Udziat procentowy por, wartosci sorpcji, reten-
cji widkien PAN zawierajacych nanododatek Ca,Si,O,.
TABLE 2. The porous structure and sorption properties
of PAN fibers containing Ca,Si,O, nanoparticles.

bol prob
bo

d 0D|elo DO

por do 1000

or pores ra

S Conclusions

distribution was used, high-
er total draw ratio values
were achieved, which led
to higher susceptibility to
deformation of the fibres
spun and, therefore, im-
proved tenacity.

2. With a two-stage
draw distribution with an
optimised draw of 0.7 max,
fibres with higher tenacity
were obtained than for a
similar process at the
maximum draw value.

3. Fibres with the
highest tenacity of 41.94
cN/tex are obtained with
the extremely negative
as-spun draw ratio of
-40%.

4. The fibres have
low porosity and low
water sorption proper-
ties related mainly to the
nature of the material

and the porous charac-

PWR1 | 0,1657895 | 0,08686 | 17,798 | 1,58 | 6,14

PW2 | 0,2758621 | 0,09653 | 23,521 | 1,69 | 7,61

PWR2
PW3
PWR3

0,2630769
0,9583333
0,2631579

0,08618
0,19793
0,06050

19,774
21,441
10,039

1,31
1,87
1,21

6,97
7,82
8,38

PW4 | 0,4523256 | 0,20435 | 26,974 1,4 7,83

PWR4 | 0,4609756 | 0,18051 | 23,545 | 1,83 | 9,59

ter of obtained fibres.

wartos¢ wyciggu filerowego wynoszacg -40%.

4. Uzyskane widkna odznaczajg sie niewielkg porowa-
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Streszczenie

Celem pracy byta ocena wptywu modyfikacji po-
wierzchni oraz odksztafcenia zadawanego w procesie
ciggnienia na wiasciwos$ci korozyjne drutéw ze stali
X2CrNiMo 17-12-2 przeznaczonych dla kardiologii
inwazyjnej. Odpornos¢ na korozje elektrochemiczng
oceniano w oparciu o rejestracje krzywych polaryzacji
anodowej metodg potencjodynamiczng. Krétkotrwate
testy potencjodynamiczne, jak rowniez testy po 30.
dniowej ekspozycji realizowano w sztucznym oso-
czu symulujgcym $rodowisko uktadu krwionosnego.
Kolejne etapy modyfikacji powierzchni polegaty na
szlifowaniu drutéw po technologicznym procesie
ciggnienia, ich elektrochemicznym polerowaniu oraz
chemicznej pasywacji. Testy potencjodynamiczne
w roztworze sztucznego osocza wykazaty zrézni-
cowang odporno$¢ na korozje elektrochemiczng
drutéw ciggnionych z odksztatceniem w zakresie
£=0+2,99. Stwierdzono, ze najwyzszg odpornoscig
korozyjng charakteryzuje sie walcowka w stanie wy-
zarzonym. Wraz ze wzrostem odksztatcenia nastepu-
je obnizenie charakterystyk korozyjnych drutu. Zaob-
serwowano, ze z kolei zabiegi modyfikacji powierzch-
ni poprawiajg wiasciwo$ci korozyjne drutéw. Dodatko-
we polepszenie odpornosci drutéw na korozje elek-
trochemiczng spowodowata 30. dniowa ekspozycja
w sztucznym osoczu.

Stowa kluczowe: druty ze stali nierdzewnej
X2CrNiMo 17-12-2, korozja elektrochemiczna, testy
potencjodynamiczne w sztucznym osoczu, modyfika-
cja powierzchni

[Inzynieria Biomateriatéw, 117-118, (2012), 104-108]

Wprowadzenie

Badania zjawisk korozyjnych zachodzacych na in-
strumentarium i implantach przeznaczonych do kontaktu
z krwig wykazaty, ze prawidtowa ich biotolerancja zwigza-
na jest bezposrednio z wysokg odpornoscig korozyjng ma-
terialdbw metalowych. Wiasciwosci drutu i wyrobéw z dru-
tu zalezg gtéwnie od jakosci metalurgicznej stali uzytej do
ich produkcji, umocnienia odksztatceniowego zachodzg-
cego w procesach przerobki plastycznej na zimno, struk-
tury i wtasciwosci uzytkowych oraz wiasciwosci fizykoche-
micznych powierzchni. Metody ksztattowania prawidtowych
wihasciwosci fizykochemicznych powierzchni w istotny spo-
s6b ograniczajg niekorzystne zjawiska zachodzace na gra-
nicy faz: biomateriat — Srodowisko tkankowe. Modyfikacja
powierzchni powinna powodowac¢ minimalizacje ilosci pro-
duktow korozji przenikajgcych do srodowiska tkankowego

POTENTIODYNAMIC TESTS OF
STEEL WIRES FOR CARDIOLOGY

JoANNA Przonbpziono!, WitoLb WALKE2, MALGORZATA FILIPEK',
PioTR WRONA'

'SILESIAN UNIVERSITY OF TECHNOLOGY,
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Abstract

The study was aimed at evaluation of the impact
of surface modification and strain applied in draw-
ing process on corrosion characteristics of wires
made of X2CrNiMo 17-12-2 steel used in invasive
cardiology. Resistance to electrochemical corrosion
was evaluated on the ground of anodic polarisa-
tion curves registered by means of potentiodynamic
method. Short-term potentiodynamic tests as well
as tests after 30-day exposure were performed in
artificial blood plasma simulating blood vascular sys-
tem. Further steps of surface modification comprised
grinding wires that have been subject to technologi-
cal drawing process, their electrochemical polishing
and chemical passivation. Potentiodynamnic tests
in artificial blood plasma solution showed differenti-
ated resistance to electrochemical corrosion of
wires drawn with strain applied within the range of
£=0+2,99. It was proved that annealed wire rod fea-
tured the highest corrosion resistance. With increasing
strain, wire corrosion properties decrease. Next, it was
observed that surface treatment increases wire cor-
rosion characteristics. Additional improvement of wire
resistance to electrochemical corrosion was brought
forth by 30-day exposure to artificial blood plasma.

Key words: wires made of stainless steel
X2CrNiMo 17-12-2, electrochemical corrosion, po-
tentiodynamic tests in artificial blood plasma, surface
modification

[Engineering of Biomaterials, 116-117, (2012), 104-108]

Introduction

Tests of corrosion phenomena that take place on instru-
ments and implants intended to contact blood showed that
their proper biotolerance is directly related to high corrosion
resistance of metallic materials. Properties of wires and wire
products mainly depend on metallurgical quality of steel
used for their production, work hardening that takes place
in the process of cold working, structure and functional
characteristics as well as physical and chemical charac-
teristics of the surface. Methods how to achieve proper
physical and chemical surface characteristics limit to a great
extent unfavourable phenomena that take place on phase
boundary: biomaterial — tissue. Surface modification should
minimize the amount of corrosion products penetrating to
the tissue. Surface layer is shaped through application of
various surface engineering technologies, among other
things: electrochemical polishing and passivation.

Steel X2CrNiMo 17-12-2, popular in cardiology, is used
among other things for production of guide wires and stents
[1-4]. The study presents analysis of surface modification
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Warstwa powierzchniowa ksztattowana jest poprzez zasto-
sowanie roznych technologii inzynierii powierzchni, m. in.
elektrochemicznego polerowania oraz pasywaciji.

W kardiologii zastosowanie znajduje stal X2CrNiMo
17-12-2 stosowana m. in. do wytwarzania drutéw prowa-
dzacych i stentéw [1-4]. W pracy dokonano analizy wptywu
modyfikacji powierzchni oraz odksztatcenia zadawanego
w procesie przerobki plastycznej na wtasciwosci korozyjne
drutow ze stali X2CrNiMo 17-12-2 przeznaczonych dla
kardiologii inwazyjnej. Testy potencjodynamiczne realizo-
wano w sztucznym osoczu symulujgcym srodowisko uktadu
krwionosnego.

Materiat i metodyka

Materiatem wyjsciowym do badan byta walcéwka wyko-
nana ze stali X2CrNiMo 17-12-2 $rednicy 5,58 mm w sta-
nie wyzarzonym. Walcéwke ciggniono do $rednicy 1,25 mm.
W trakcie realizacji procesu ciggnienia odcinano prébki dru-
tu do badan korozyjnych. Druty poddano nastepnie zabie-
gom modyfikacji powierzchni, ktére polegaty na szlifowaniu,
elektrochemicznym polerowaniu oraz chemicznej pasywacii.

Odpornos¢ na korozje elektrochemiczng oceniano
w oparciu o rejestracje krzywych polaryzacji anodowej me-
todg potencjodynamiczng z wykorzystaniem systemu do
badan elektrochemicznych VoltaLab® PGP 201 firmy Ra-
diometer [5-8]. Wykonano krotkotrwate testy ko-
rozyjne oraz badania po 30. dniowej ekspozycji
drutéw w roztworze sztucznego osocza. Sktad
chemiczny osocza podano w TABLICY 1. Bada-
nia realizowano zgodnie z zaleceniami normy
EN-ISO 17475:2008. Podstawe do wyznacze-
nia charakterystycznych wielkosci opisujgcych
odpornos¢ na korozje wzerowg stanowity krzy-
we polaryzacji anodowe;j.

Przed przystgpieniem do badan wszystkie
probki oczyszczono w 96 % alkoholu etylowym

TABLICA 1. Skiad chemiczny roztworu sztuczne-
go osocza.

TABLE 1. Chemical composition of artificial blood
plasma solution.

Chemical compound

influence and strain applied in plastic working on corrosion
characteristics of wires made of X2CrNiMo 17-12-2 steel for
invasive cardiology. Potentiodynamic tests were performed
in artificial blood plasma simulating blood and vascular
system environment.

Material and methodology

Annealed wire rod of X2CrNiMo 17-12-2 steel with di-
ameter of 5,58 mm was used as stock material for tests.
Wire rod was drawn to the diameter of 1,25 mm. During
drawing process wire samples were cut off for corrosion
tests. Next, wire was subject to surface modification, which
included grinding, electrochemical polishing and chemical
passivation.

Resistance to electrochemical corrosion was evaluated
on the ground of anodic polarisation curves registered with
potentiodynamic method with application of electrochemical
testing system VoltaLab® PGP 201 by Radiometer [5-8].
Short-term corrosion tests as well as tests after 30-day wire
exposure to artificial blood plasma solution were performed.
Chemical composition of the solution is presented in TABLE
1. The tests were performed in accordance with recommen-
dations of EN-ISO 17475:2008. Anodic polarisation curves
enabled to determine typical factors describing resistance
to pitting corrosion.

Prior to test
commencement,
all samples were
cleaned in 96 %
ethanol in ultra-
sonic washer.
The tests started
with determina-
tion of corrosion
potential, which

llos¢ wody destylowanej,
Zwigzek chemiczny gll

Amount of distilled water,

w ptuczce ultradzwiekowej. Badania rozpoczyna-

no od wyznaczenia potencjatu korozyjnego, a na-

stepnie zarejestrowano krzywe polaryzacji ano-

dowej. Na podstawie zarejestrowanych krzywych

wyznaczono charakterystyczne wielkosci opisu-

jace odpornos¢ na korozje wzerowa, tj.: poten-

was followed by

NaCl 6,8 . .

CaCl, 0.2 registration of

KCl 0,4 anodic polarisa-
MgSO, 0,1 tion curves. Reg-
NaHCO, 2,2 istered curves
Na,HPO, 0,126 enabled to deter-
NaH,PO, 0,026 mine the follow-

cjat przebicia, opér polaryzacyjny, gestos¢ pra-

du korozyjnego. Badania realizowano osobno dla probek
szlifowanych, osobno dla szlifowanych, a nastepnie pole-
rowanych oraz probek szlifowanych, polerowanych i che-
micznie pasywowanych. Dla wyznaczenia oporu polaryza-
cji zastosowano metode Sterna.

Testy potencjodynamiczne realizowano w temperaturze
T=37+1°C, a pH=7,040,2. Elektrodg odniesienia byta nasy-
cona elektroda kalomelowa (NEK) typu KP-113, natomiast
elektrodg pomocniczg - elektroda platynowa typu PtP-201.
Badania rozpoczynano od wyznaczenia potencjatu otwarcia
Eoce- W dalszej kolejnosci rejestrowano krzywe polaryzaciji
anodowej, rozpoczynajgc pomiary od potencjatu o wartosci
E=E,c-—100 mV. Zmiana potencjatu nastepowata w kierun-
ku anodowym z szybkos$cig 1 mV/s. Po osiggnieciu gestosci
pradu anodowego 10 mA/cm? zmieniano kierunek polaryza-
cji. W ten sposéb rejestrowano krzywg powrotng. Potencjat
otwarcia E,¢e badanych prébek ustalat sie po 60 minutach.

Wyniki i dyskusja
Zrealizowane badania potencjodynamiczne w sztucznym

osoczu pozwolity na ustalenie, jak zmienia sie odpornos¢ na
korozje elektrochemiczng drutéw zaréwno w zaleznosci od

ing typical fac-
tors describing resistance to pitting corrosion: breakdown
potential, polarisation resistance, corrosion current density.
The tests were performed separately for ground samples, for
ground and then polished samples and finally for samples
that were ground, polished and chemically passivated. Stern
method was used to determine polarisation resistance.
Potentiodynamic tests were performed at the temperature
of T=37+1°C, and pH=7,0+0,2. Saturated calomel electrode
(NEK) of KP-113 type served as the reference electrode,
whereas platinum electrode of PtP-201 type served as
auxiliary electrode. The tests started with determination
of opening potential E,c.. Next, anodic polarisation curves
were registered, the measurement starting with potential
E=E,c—100 mV. Potential changed in anodic direction
at the rate 1 mV/s. When anodic current density reached
10 mA/cm?, polarisation direction was reversed. Thus, re-
turn curve was registered. Opening potential E of tested
samples stabilised after 60 minutes.

Results and review

Performed potentiodynamic tests in artificial blood
plasma enabled to determine changes to wire resistance
to electrochemical corrosion, depending both on strain ap-
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TABLICA 2. Wyniki krotkotrwatych testow korozyjnych
TABLE 2. Results of short-term corrosion tests

Srednica Sieh! Odksztatcenie POtenC.Ja* Opor . Gestosc. pradu .
drutu d. mm owierzchni W brocesie korozyjny polaryzacyjny korozyjnego Potencjat
o P W proce E.. mV R, kQcm? i, pA/cm? przebicia E,, mV
Wire drutu ciggnienia, ¢ : o :
. o . o Corrosion Polarisation Corrosion current Breakdown
diameter d, Condition of Strain applied in ) ) . .
mm wire surface drawing process. & potential E,, resistance density potential E,, mV
ap ’ R,, kQcm? i oo » MA/CM?
szlifowany -179 791 0,033 +490
5,68 polerowany 0 -28 341 0,076 +371
pasywowany -19 1030 0,025 +1159
szlifowany -193 406 0,064 +408
2,12 polerowany 1,94 -82 230 0,113 +344
pasywowany -61 2350 0,011 +940
szlifowany -224 145 0,179 +380
1,25 polerowany 2,99 -122 126 0,206 +126
pasywowany -40 779 0,033 +639

odksztatcenia zadawanego w procesie ciggnienia, jak i od
sposobu przygotowania powierzchni drutu.

W TABLICY 2 przedstawiono wyniki krotkotrwatych te-
stéw potencjodynamicznych, a w TABLICY 3 wyniki badan
korozyjnych drutéw wybranych $rednic po 30. dniowej
ekspozycji w roztworze sztucznego osocza.

plied in drawing process as well as the way of wire surface
preparation.

TABLE 2 presents the results of short-term potentiody-
namic tests, and TABLE 3 shows the results of corrosion
tests of wires with specified diameter after 30-day exposure
to artificial blood plasma solution.

TABLICA 3. Wyniki testéw korozyjnych po 30. dniowej ekspozycji w sztucznych osoczu
TABLE 3. Results of corrosion tests after 30-day exposure to artificial blood plasma

Srednica Stan Odksztatcenie Esrt:;(?f f oIaOEZ:: in ij:c?zsc‘f:éagu Potencjat
drutu d, mm powierzchni W procesie A polaryzacyiny . yineg przebicia E,,
) R Eyor mV R,, kQcm? i or» MA/CM?
Wire drutu ciggnienia, € . A . mV
. " . . Corrosion Polarisation Corrosion current
diameter d, Condition of Strain applied in ) ) ) Breakdown
wire surface drawing process potential B, resistance CEEL otential E,, mV
gp & mv R,, kQcm? i s HAICM? P b
szlifowany -129 135 0,193 +440
5,58 polerowany 0 -274 80 0,325 +776
pasywowany +120 337 0,077 +1198
szlifowany -116 398 0,065 +377
2,75 polerowany 1,39 -231 181 0,144 +612
pasywowany -224 421 0,062 +1077
szlifowany -195 430 0,060 +470
1,25 polerowany 2,99 -127 1050 0,025 +561
pasywowany -176 964 0,027 +1161
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Na RYS.1 przedstawiono krzywe polaryzacji anodowej
drutéw $rednicy 5,58 i 1,25 mm po krotkotrwatych testach
korozyjnych. RYS.2 ilustruje krzywe polaryzacji anodowej
drutéw tych samych srednic po 30. dniowej ekspozycji w roz-
tworze sztucznego osocza.

Testy potencjodynamiczne w roztworze sztucznego oso-
cza wykazaty zréznicowang odporno$c na korozje elektro-
chemiczng drutéw ciggnionych z odksztatceniem w zakre-
sie €=0+2,99. Stwierdzono, ze najwyzszg odpornoscig ko-
rozyjng charakteryzuje sie walcéwka w stanie wyzarzonym.
Wraz ze wzrostem odksztatcenia nastepuje obnizenie cha-
rakterystyk korozyjnych drutu.

Przyktadowo, w krétkotrwatych badaniach korozyj-
nych potencjat korozyjny walcéwki szlifowanej wynosi
E..=—179 mV, a drutu szlifowanego S$rednicy 1,25 mm
- Exo=-224 mV. Opodr polaryzacji tych dwéch materiatow
obniza si¢ z R,=791 kQcm? (walcédwka) do R,=145 kQcm?
(drut $rednicy 1,25 mm). Potencjat przebicia spada z warto-

FIG.1 presents anodic polarisation curves of wires with
diameter of 5,58 and 1,25 mm after short-term corrosion
tests. FIG.2 presents anodic polarisation curves of wires
with the same diameter after 30-day exposure to artificial
blood plasma solution.

Potentiodynamic tests in artificial blood plasma solution
showed differentiated resistance to electrochemical corro-
sion of wires drawn with strain in the range of €=0+2,99.
It was proved that annealed wire rod featured the best
corrosion resistance. With increasing strain, wire corrosion
properties decrease.

For example, in short-term corrosion tests, corrosion po-
tential of wire rod equals E_,,=—179 mV, and of ground wire
with diameter of 1,25 mm — E_,=-224 mV. Polarisation resist-
ance of those two materials decreases from R =791 kQcm?
(wire rod) to R,=145 kQcm? (wire with diameter of 1,25 mm).
Perforation potential decreases from E,=+440 mV (wire rod)
to E,=+380 mV (wire with diameter of 1,25 mm).
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RYS. 1. Krzywe polaryzacji anodowej wyznaczone dla drutéw: a) szlifowanych - d = 1,25 mm, b) szlifowanych -
d = 5,58 mm, c) polerowanych -d = 1,25 mm, d) polerowanych - d = 5,58 mm, e) pasywowanych - d = 1,25 mm,

f) pasywowanych - d = 5,58 mm.

FIG. 1. Anodic polarisation curves determined for wires: a) ground - d = 1,25 mm, b) ground - d = 5,58 mm, c)
polished - d = 1,25 mm, d) polished - d = 5,58 mm, e) passivated - d = 1,25 mm, f) passivated - d = 5,58 mm.

a) b)
- —— pemame — N
= e / / x
= ——— =& ¢
ESTR S LN e
=i ; . e
= RN "‘\\
= N~
— — v, e S, e S, TR N N
e
c) d)
= e e S T
e) i f)

RYS. 2. Krzywe polaryzacji anodowej po 30. dniowej ekspozycji w sztucznym osoczu wyznaczone dla drutéow:
a) szlifowanych - d = 1,25 mm, b) szlifowanych - d = 5,58 mm, c) polerowanych - d = 1,25 mm, d) polerowanych
-d = 5,58 mm, e) pasywowanych - d = 1,25 mm, f) pasywowanych - d = 5,58 mm.

FIG. 2. Anodic polarisation curves after 30-day exposure to artificial blood plasma, determined for the follo-
wing wires: a) ground - d = 1,25 mm, b) ground - d = 5,58 mm, c) polished - d = 1,25 mm, d) polished - d = 5,58
mm, e) passivated - d = 1,25 mm, f) passivated - d = 5,58 mm.

0 +200 +400 +600 +800 +1000
E, mV

0 +200  +400 +600 +800  +1000 +1200 +1400

E mV

$ci E,=+440 mV (walcéwka) do E,=+380 mV (drut $rednicy
1,25 mm).

Zrealizowane badania wykazaty, ze modyfikacja po-
wierzchni drutdw znaczgco poprawita ich charakterystyki
korozyjne. W krétkotrwatych testach potencjodynamicz-

Performed tests proved that wire surface modification
improved significantly its corrosion characteristics. In short-
term potentiodynamic tests, corrosion potential of wire rod in-
creases from Ecorr =—179 mV (ground wire rod) to E,,=—28
mV (wire rod after grinding and electrochemical polishing),
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nych potencjat korozyjny walcowki wzrasta z E,,,=—179
mV (walcowka szlifowana) do E,,,=—28 mV (walcéwka
szlifowana i elektrochemicznie polerowana), a nastep-
nie do E=-—19 mV (walcéwka szlifowana, polerowana
i chemicznie pasywowana). Opér polaryzacji walcowki
po kolejnych etapach obrdébki powierzchniowej rosnie
z R,=791 kQcm? (walcéwka szlifowana) do R,=1030
kQcm? (walcéwka szlifowana, polerowana i chemicznie
pasywowana). Potencjat przebicia wzrasta z wartosci
E,=+440 mV (walcéwka szlifowana) do E,=+1159 mV
(walcéwka szlifowana, polerowana i chemicznie pasywo-
wana).

Testy potencjodynamiczne zrealizowane po 30. dniowej
ekspozycji w roztworze sztucznego osocza wykazaty, ze w
wiekszosci przypadkow wiasciwosci korozyjne drutow ulegty
poprawie. Najlepiej mozna to zobrazowac na przyktadzie po-
tencjatu przebicia, ktérego wartos¢ jest znaczgco wyzsza od
wartosci uzyskanych w krétkotrwatych testach korozyjnych.
Nalezy przypuszczac, ze ekspozycja w sztucznym osoczu
spowodowata dodatkowo wytworzenie cienkiej warstwy
tlenkowej o wiekszej stabilnosci w stosunku do warstwy
powstatej w wyniku proceséw modyfikacji powierzchni.
Zjawisko to jest korzystne i pozgdane, zwtaszcza w przy-
padku zastosowania w zabiegach kardiologii inwazyjnej
implantéw - stentow.

Podsumowanie

Krétko- i dtugotrwate testy potencjodynamiczne drutéow
wykonanych ze stali nierdzewnej X2CrNiMo 17-12-2 pozwo-
lity na ustalenie ich odpornosci na korozje elektrochemiczng
w $rodowisku sztucznego osocza. Analiza pordwnawcza
krzywych polaryzacji anodowej wykazata, ze na powierzchni
wszystkich badanych drutéw wystgpita korozja wzerowa.

Stwierdzono, ze odksztatcenie zadawane w procesie
ciggnienia powoduje obnizenie wtasciwosci korozyjnych
drutéw. Wraz ze wzrostem odksztatcenia maleje potencjat
korozyjny, potencjat przebicia oraz opér polaryzacji. Zwigk-
szeniu ulega gestos¢ pragdu korozyjnego. Badania wykazaty
réwniez korzystny wptyw na odpornosc na korozje elektro-
chemiczng kolejno realizowanych zabiegéw modyfikaciji
powierzchni.

Dtugotrwata ekspozycja w roztworze sztucznego osocza
symulujgcym srodowisko ukfadu krwionosnego poprawita
odpornos¢ korozyjng drutéw. Mozna wnioskowaé, ze do-
datkowa warstwa tlenkowa bedzie powodowac poprawe
trwatosci zastosowanych u pacjentéw stentéw kardiolo-
gicznych.

Podziekowania

Projekt zostat sfinansowany ze Srodkéw Narodowego
Centrum Nauki.
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and then to E_,,=—19 mV (wire rod after grinding, polishing
and chemical passivation). Polarisation resistance of wire
rod after successive stages of surface treatment increases
from R,=791 kQcm2 (ground wire rod) to R,=1030 kQcm?
(wire rod after grinding, polishing and chemical passivation).
Perforation potential increases from E,=+440 mV (ground
wire rod) to E,=+1159 mV (wire rod after grinding, polishing
and chemical passivation).

Potentiodynamic tests performed after 30-day exposure
to artificial blood plasma solution showed that in most cases
wire corrosion characteristics improved. It can be best
exemplified by perforation potential, the value of which is
substantially higher than the values obtained after short-
term corrosion tests. It can be assumed that exposure to
artificial blood plasma caused in addition creation of a thin
oxide layer with higher stability when compared to the layer
created as the result of surface modification processes. This
phenomenon is favourable and welcome, especially as far
as application in invasive cardiologic treatment — implants
and stents — is concerned.

Summary

Short- and long-term potentiodynamic tests of wires
made of stainless steel X2CrNiMo 17-12-2 enabled
to determine their resistance to electrochemical cor-
rosion in artificial blood plasma. Comparative analy-
sis of anodic polarisation curves showed presence
of pitting corrosion on the surface of all tested wires.

It was proved that strain applied in drawing process
brings forth decrease of wire corrosion properties. Along
with increase in strain, corrosion potential, breakdown
potential and polarisation resistance decrease. Corrosion
current density increases. The tests also showed favourable
influence of successively performed surface treatment on
electrochemical corrosion.

Long-term exposure to artificial blood plasma simulating
blood and vascular system improved wire resistance to cor-
rosion. It can be concluded that an extra layer of oxides will
improve durability of cardiologic stents applied for patients.
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Summary

The paper discusses the purpose of a spinal disc
implant. Indicated a significant effect on the material
pair of friction on the frictional resistance. Tribological
test results of spinal disc implants performed on the
simulator. Discussed the mechanism of wear of the
implants. Drew attention to the destructive role of
wear products.

Keywords: spine, spinal disc implants, testing
friction - wear.

[Engineering of Biomaterials, 116-117, (2012), 109-111]

Introduction

We live in times, where the human body is exposed to the
effects of harmful substances present in the ground, water,
air, and food. We work at unergonomic work stations and
lead unhealthy life styles. Sometimes, we practice sports,
which cause overloading of the osteo-articular system. Every
year, there is an increase in the amount of people suffer-
ing from spinal pain and of those experiencing mechanical
spinal damage.

The most often occurring affections of the spine are pain
syndromes of the L4-L5 segment, most often caused by spi-
nal overloading, leading to so-called discopathy. Treatment
of spinal affections is dependent on the level of advance-
ment of the affection and may be realized using invasive or
non-invasive methods.

One modern, invasive method of treating spinal affections
such as discopathy, is the implantation of “artificial disks”.

The main goal of surgical treatment of spinal damage
IS

* Freeing nervous system structures from loads

* Reconstructing damaged vertebrae and ensuring cor-
rect spinal mobility

* Reconstruction of the spinal axis

* Ensuring fast rehabilitation of the patient

There are many types of spinal intervertebral disk im-
plants that have been developed around the world, and
they mostly differ in:

* Design

* Type of materials used

» Method of fastening between vertebrae

Examples of various design solutions of intervertebral
disk implants have been discussed in works [1-5], among
other sources.

The type of materials applied for the implant friction pair
has a significant influence on:

* Friction resistance (friction coefficient)

* Intensity of wear

* Implant life

* Type and amount of formed wear products.

Influence of material type on implant
tribological properties

3-part implants are among the most often applied design
solutions and consist of:

» Upper and lower metal rings

* A polyethylene nucleus pulposus

Thus, this is a friction pair of the type: “metal — polyeth-
ylene — metal”. Metal elements of these implants are most
often made from the CoCrMo alloy or the Ti6AI4V titanium
alloy. The low friction element (nucleus pulposus) is made
from ultra high molecular weight polyethylene.

Certain companies currently offer 2-part implants made
from CoCrMo alloy without a polyethylene insert. This is
a friction pair of the “metal — metal” type. In this solution,
there is a properly shaped lower element cooperating with
a concave element of the upper ring.

FIG.1 shows exemplary design solutions for a Charite
Il 3 — part implant with a polyethylene nucleus pulposus.
Fig. 2 shows a "metal - metal" type 2-part implant from the
Mampany.

Complete spinal implant tests are being conducted at the
Biomedical Engineering Laboratory at the Metal Forming
Institute in Poznan. Special simulators have been designed
and made for these tests.

The influence of loading force and the type of materials
used for the friction pair on friction resistance is illustrated
by figures 3 and 4. As it results from the conducted tests,

FIG. 1. Exemplary design solutions of the 3-part im-
plant (Charite Ill).

FIG. 2. Example of a “metal - metal” type 2-part im-
plant.

m
0,35 B1500N.

m2500N

Liczba cykli /min

FIG. 3. Influence of loading force on the friction co-
efficient for a CoCrMo metal ring cooperating with
a polyethylene insert.
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FIG. 4. Influence of the number of work cycles on
the friction coefficient for various friction pair ma-
terials P=2500 N.

an increase in compressive force from 1500N to 2500N
causes a 2,5-fold increase in the friction coefficient. Figure 4
presents friction coefficient value as a function of the number
of cycles for various metal ring materials cooperating with
the polyethylene insert.

As the number of work cycles increases, the friction coef-
ficient value increases slightly. The highest value of p occurs
for the CoCrMo — UHMWPE friction pair. The CoCrMo alloy
has the greatest hardness.

Studies of 2-part implants comprised of an upper and
lower ring made from CoCrMo alloy (“metal — metal” type
friction pair) showed that the friction process is not very
stable. After a relatively short work time, the implant is
subject to wear.

Mechanism of spinal intervertebral disk
implant wear

As the number of work cycles increases, the friction co-
efficient value also increases, and this is accompanied by
an increase in the roughness of the surface of cooperating
elements. Another disadvantageous symptom of the wear
process is the formation of wear products, which are ejected
from the friction zone after a certain time.

In artificial disk implants, depending on the applied
materials, the following types of wear products may be
present:

* Polyethylene particles with a size from 1 to 20 um

* Metal particles

* Bone cement particles (when the implant is fastened
using cement)

FIGURES 5 and 6 show the topography of the surface
of a metal element with visible adhesion of polyethylene
particles. The volume of adhesions increases along with
the number of work cycles. After a certain time, the adher-
ent polyethylene particles crack and chip off. Chipped off
polyethylene particles are then ejected from the friction
zone. In the case of a “metal-metal" type friction pair, wear

FIG. 5. Metal implant surface topography.

SEIl 15KV WD20men
23Nou2011  Samole

FIG. 6. Visible adhesions on the lower ring coope-
rating with a UHMWPE insert.

FIG. 7. View of adhesive wear of a metal - metal en-
doprosthesis.

products are mainly metal particles with dimensions of
several microns. The topography of the surface of a metal
implant with visible traces of adhesive wear is illustrated
by FIGURES 7.

The mechanism of formation of wear products can be
presented as follows:

Friction pair type: “metal — polyethylene”.

Adhesion of polyethylene to the metal element (ring)
— increase in adhesion volume — cracking and chipping
off of adherent polyethylene particles — ejection from the
friction zone — migration

Friction pair type: “metal — metal”.

Wear (formation of adhesive connections) — succes-
sive destruction of adhesive connections as the number
of work cycles increases — chipping off of metal particles
— secondary influence of wear products (scratching and
furrowing) — migration

Wear products may have a particularly disadvantageous
influence on the human body. Wear products can accumu-
late in the area around the implant or migrate to the liver,
spleen, or other organs. Therefore, wear products must be
limited to @ minimum.

Conclusions

1. Friction and wear tests conducted on simulators give
much valuable information on wear mechanisms and friction
resistance as well as on the resistance to wear of cooperat-
ing materials of the friction pair.

2. Friction and wear processes occurring in the friction
node, especially the amount and type of formed wear prod-
ucts, are decisive of the life of the implant.

3. Further advances in using implants with friction pairs is
dependent on advances in the scope of selection of optimal
materials for friction elements.

4. At the present level of knowledge, the “metal — polyeth-
ylene” friction pair can be acknowledged as optimal, however
it is necessary to conduct work with the goal of increasing
the resistance to wear of this material.

5. Using “metal — metal” friction pairs in implants requires
studies on the selection and application of anti-adhesive
coats.
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Introduction

Catheter is a flexible tube made of polymer or rubber,
which can be inserted into the body cavity to create a canal
for removing and delivering fluids or to set medical devices
[1-2]. The most common types include urinary and intrave-
nous catheters, and also those used for cardiac catheteri-
zation [3]. In the new applications, those devices can help

SO0000000000000C acquiring tissue cells or conceptus during in vitro methods.
Nowadays, there are many specialist designs of catheters
which can be inserted into lungs, heart’s arteries, urinary
and central nervous system (CNS). Some can be used as
optic, thermal or other diagnostic device or tools for medi-
cal treatment. Moreover, there are special kinds which are
adapted for neonates and for removing tissues [4-5].

Vascular catheters are applied in angiography, angi-
oplasty, balloon atrial septostomy and catheter-induced
ablation. The construction of vascular catheter allows easy
access to the patient’'s bloodstream for multiple vessel’s
enema, monitoring and keeping heart functions and periodic
blood draws without additional injuring patient’s tissues.
Venous catheters enable also delivering medications or
nutrients through the large vein directly into the circulatory
system [6]. Unfortunately, there is a risk associated with
using vascular catheters. They can become infected or
blocked. Those problems remain unsolved despite many
strategies like using antibacterial drugs or changing surface
properties of polymers [7-8].

This study was performed to investigate the possible use
of modified poly(e-caprolactone) as a potential material for
catheters. Experiment verifies if thermal modification; PCL
freezing in liquid nitrogen (LN) and changes microstructure
after process. Polymer materials were tested in biostabil-
ity, mechanical and physicochemical properties of polymer
surface. Biocompatibility of polymer after physical modifica-
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tion (freezing in LN) were confirmed. The last step of the
study was checking easiness of forming material into tubes
to confirm handiness. The study was performed to extend
application area of catheters to xenogeneic transplanta-
tions and embryologic devices (drawing and storing cells
and conceptus).

Materials and methods

Materials were prepared using synthetic poly(e-caprol-
actone), PCL produced by Sigma Aldrich (Germany) with
molecular weight of 60kDa and density of 1.145g/cm?.
Dichloromethane (DCM, POCh, Gliwice, Poland) was
used as a solvent for the polymer. PCL was dissolved in
dichloromethane solution (the ratio of PCL:DCM was 1:20)
during 24h. Films were obtained using the casting method.
PCL films (samples), which were 150um thick, were divided

into two groups. First group was modified by putting in liquid 0 7 24 7.24
nitrogen for 5min (nemed as PCL_LN) and the second was 72 7’25 7'25
control sample (named as PCL_C). Profilometric examina- . L

tion, fluorescence microscopy and atomic force microscopy
were used to examine surface modification.

Roughness of the material surface was investigated
using profilometer Hommelwerke 500 and three different
parameters were measured: R,-arithmetic average of ab-
solute values, R-maximum height of the profile between the
highest peak and the lowest valley and R,-average distance
based on the five highest peaks and lowest valleys over the
entire sampling length.

Surface microstructure were observed using fluores-
cence microscope HXP 120C. Surface topography was ex-
aminated by atomic force microscope AFM Explorer (Veeco,
USA). Works were conducted using contact mode by
scanning upper surface of both types of samples (modified
PCL_LN and unmodified PCL_C), on the area of 20x20um
(scanning speed 301,65um/s with the resolution of 300 dpi).
Measurements were conducted in three different areas and
three different parameters were received as the result: Ra
- arithmetic average of absolute values of entire profile, RMS
- root mean square of roughness profile, AvgH - arithmetic
average of roughness height. Additionally, it was checked
if modification in liquid nitrogen had influence on in vitro
biostability. PCL_LN and PCL_C samples were incubated in
phosphate buffered saline (PBS) during 72h in 80 degrees.
Changes were monitored by measuring power hydrogen
(pH). Mechanic properties (including Young’s modulus, E,

and tensile strength, RM) were investigated by measuring
tension strength using the universal testing machine Zwick-
1435 (conditions of experiment: speed - 50mm/min, working
length - 20mm).

Results and discussion

After 48 hours of incubation in PBS no changes of pH
value were noticed. This proved the materials biostabil-
ity. Polymer can be safely used for producing medical
devices.

TAB. 1. Power hydrogen values before and after 72h
of incubation in PBS’s.

Incubation time [h]

pH value ‘
PCL_LN PCLC |

Observations of modified and control samples were ob-
tained using optic and fluorescence microscope. The images
confirmed semi-crystalline microstructure of material. It con-
tained regular, flat allotriomorphic grain called lamella. This
form combined together into elongated forms (fibrils), which
create policrystalline spherolites with rotational symmetry
due to branching and folding fibrils’ structure (FIG.1a-b).
The PCL_LN sample contained mostly spherolites which
size ranged 100-150um. After thermal modification (freezing
in liquid nitrogen) the average size, amount and locations
of spherolites were not changed (FIG.1b). There was no
difference in spherolites size between upper and down
part of samples. In the pictures of upper, more visible were
spherolites than fibrils.

Further surface characteristic were provided using atomic
force microscopy. Measuring the three parameters of surface
roughness (R,, RMS and AvgH) discovered that all param-
eters had comparable values for both samples. Both films
had roughness in nanometric scale. The average sizes of
spherolites were similar for both materials. There appeared
some small differences in nanotopography. Lamella were
more visible in control samples (FIG.2a), but after thermal
modification there appeared amounts of lamella creating
compacted spherolites (FIG.2b). Moreover, there appeared
visible nanometric roughness on the PCL_C surface caused
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FIG. 1. The pictures of films’ surfaces (PCL_C: a; PCL_LN: b).
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FIG. 2. 2D and 3D images of materials’ surfaces: a,c) PCL_LN, b,d) PCL_C. Area of measurements: 20x20 pym.

by recrystallization.
Amount and height
of peaks and valleys
did not have any influ-
ence on surface param-
eters (R,, RMS, AvrH).
Modified material had

TAB. 2. Parameters of roughness for PCL_LN and PCL_C (n=6).

1,97 2,42 3,56
42,91 31,67 48,63
14,54 15,88 13,07

- _________________________________________|
WPCL 2vnjéciowy  MPCL_2 modyfikowany Samples characteristic of microtopography was obtained
2000 by roughness measurements. The arithmetic average of
1800 absolute values of entire profile was 2,61um for upper side
1600 of control sample and 2,04pum for down side. After modifi-
'E 1400 cation this values decreased to 2,42um (upper side) and
g 1200 2,0um (down side). High R, and R, values of samples were
§ 1000 evidence of notable roughness of polymer film. Maximum
g 800 . height of the profile (R,) of upper side of sample did not ex-
5 600 ceed 40um and for down side was twice smaller. Decrease
:ZZ of R, (about 6,27um lower) and R, parameters (0,31um

Y lower) could prove the reduction of material roughness CD

Ra RMS AvgH after modification. The values of measured parameters < _|

proved the similar roughness of materials before and after <

FIG. 3. Average parameters of roughness (Ra, modification (TAB.2). _ _ o i

RMS, AvgH) for films: PCL_LN and PCL_C (area: The results of mechanical parame_ters are shown in i m
100x100 pm). TABLE 3. The shape of force-deformation plots depended

— L

TAB. 3. The values for tensile strength. [0 l_

Ll

lower value of arithmetic average of roughness height com
pared to control sample. Changes differed within standard|FaEEEAELTES PCL_C PCL_LN w

deviation (FIG.3). Young’s modulus,E [MPa] 134,8+£29,18 276,5+£102,63 = E
Tensile strength,R,, [MPa 9,68+0,92 16,95+1,79 ol
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FIG. 4. Forming tubes from film samples.

on used modification of material. Control sample behaved
like classic polymer - after yield point material stretched
decreasing gradually its strength. Modified material had
better parameters of strength what was connected with
recristallization and orderly structure of material (increasing
polymer chains arrangement) increasing tensile strength.
The evidence of this was change of Young’s modulus - for
modified material the value was 80% higher than for control
sample.

Mechanical investigation proved that modified material
had high elasticity and tensile strength, which would de-
crease risk of mechanical deformation and destruction of
catheter during inserting or removing. Due to no significant
difference in micro and nanostructure material could be
used in xenotransplantations and embryology. Moreover,
first experiments connected with forming tubes from films
proved material convenience. Tubes were formed by hand
in the water condition in the temperature lower than 40
degrees (FIG. 4).

Conclusions

The study showed that modified poly(e-caprolactone) is
biostabile and biocompatible material. Mechanical investiga-
tion proved that modified material had higher elasticity and
tensile strength than control sample, what will decrease
risk of mechanical deformation and destruction of catheter
during inserting or removing. The study proved that poly(e-
caprolactone) modified with liquid nitrogen can be used for
medical devices such as catheters.
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Introduction

Aliphatic polyesters, for example copolymers of L-lactide
and glycolide (PLGA), are very attractive materials to be
processed into temporary scaffolds for bone and cartilage
tissue engineering [1,2]. Several experiments performed
in our group showed that the PLGA scaffolds support
growth and differentiation of osteogenic cells [3,4] and
are biocompatible with soft tissue in the animal model [5].
Besides, numerous studies confirmed that surface modi-
fication strategies with the use of inorganic phases (e.g.
calcium phosphates) or biomolecules (e.g. collagens,
glycosaminoglycans) may provide additional beneficial ef-
fect on bone tissue healing and regeneration [6]. However,
in the case of 3D porous scaffolds it is difficult to depose
homogenous layer of inorganic/organic phases on the pore
walls within the whole volume of the scaffolds. It results from
relatively high surface area, turtuosity of the pores and dif-
fusion-limited phenomena. Therefore particular strategies
have to be applied to modify the complete volume of the
scaffolds. In our approach we use vacuum to remove air from
the pores and thus to enhance the modification solution to
penetrate all pores.

The aim of this study was to: i) modify the entire volume
of the PLGA scaffolds with hydrohyapatite (HAP) or col-
lagen, and ii) find out if applied modifications are beneficial
for the healing process in critical-size osteochondral defects
in rabbits.

Materials and methods

Scaffolds manufacturing, modification and characteri-
zation

PLGA with molar ratio of L-lactide to glycolide 85:15
(M,=100 kDa, d=2.1) was synthesized according to
a method described previously [7]. Cylindrical porous scaf-

folds (diameter 4 mm, height 5 mm) were obtained by an
innovative solvent casting/salt particulate leaching method
[4]. The size of the salt particles was 250-320 um and their
volume fraction was 85%. The scaffolds were modified with
hydroxyapatite (HAP) by incubation in simulated body fluid
(SBF) for 12 days [8] and with collagen (type |, bovine origin,
Sigma) by soaking the scaffolds in collagen solution (40 ug/
ml) for 24h. Modification media (i.e. SBF or collagen solution)
were forced to penetrate the whole volume of the scaffolds
by applying a vacuum. Afterwards the scaffolds were washed
3 times in tap water (in the case of SBF modification) and in
UHQ water (in the case of collagen adsorption).

The scaffolds were characterized by scanning electron
microscopy (Nova NanoSEM, FEI) equipped with EDS
analyzer, FTIR spectroscopy (FTS Digilab, BioRad) and
X-ray diffractometry (XRD, Panalytical X'Pert Pro system).

Scaffolds in vivo evaluation in New Zealand rabbit
model

The research protocol was approved by Local Ethic
Committee (University of Natural Science, Lublin, Poland,
No 43/2008; 01 July 2008). Three types of scaffolds: without
modification (PLGA), enriched with collagen (PLGA/coll) and
enriched with hydroxyapatite (PLGA/HAp) were sterilized
with oxygen peroxide plasma (Sterrad 120, ASP, J&J).
Sham operation (defect created and but not filled with a
scaffold) acted as control. Six animals were used in this
study, i.e. both knees of the animals were operated.

General anesthesia

The mixture of xylazine and ketamine was administered
by intramuscular injection (5 mg/kg xylazine and 35 mg/
kg ketamine). The state of sedation and analgesia were
achieved. The surgical site was prepared, the area surround-
ing the knee joint was shaved, and a venflon was placed into
the marginal ear vein (v. auricularis marginalis). After 10 min
general anesthesia was induced by intravenous administra-
tion of ketamine. To maintain the anesthesia ketamine was
used as a continuous intravenous infusion using an infusion
pump at a dose of 0.5 mg/kg/min.

Knee arthrotomy

Approach to the knee was obtained by making an incision
on the side of the knee. The incision began at about L' distal
part of femur to achieve a level 2 cm below the tibial tuberos-
ity. The tissues were prepared along the same incision line,
fascia lata was cut laterally on the block of the knee, then
straight along the patellar ligament at a distance of about 7
mm from it, and then the capsule of the knee was cut. Patella
with vastus lateralis muscle was moved medially — showing
the surface of the femoral trochlea (FIG.1 A).

Scaffolds’ implantation

In the middle of the trochlear groove of the femur a round
hole in the shape of a cylinder with a diameter of 4 mm and
a depth of 5 mm, covering the subchondral layer was cre-
ated for the implant (FIG.1B). The hole was flushed with
isotonic solution of NaCl 0.9%. In the prepared place the
scaffold was inserted (FIG.1C,D). Tissues were apposed in
layers anastomosed with absorbable sutures (Polyglactine
910, 3/0) according to anatomical alignment (FIG.1E). Non-
absorbable suture material (Polyamide, 3/0) was used on
the apposed skin (FIG.1F).

Postoperative management

After recovery rabbits were able to freely move in the
cages. Medication with analgesic was administered (butor-
phanol at a dose of 0.1 mg/kg). Sul-Tridin 24% was also

115

BI® MATERIALS



116

administered at a dose of 30 mg/kg
once a day for five days. After ten days
skin sutures were removed.
Postoperative observation

During the post operative time
most of the animals revealed no
signs of knee dysfunction. Within 2-3
days after surgery individual animals
showed lameness of the first degree,
which had no significant effect on the
general condition of the animals. One
rabbit in the study group (without any
scaffold) showed a significant swelling
of the knee sustained in a week after
surgery. This rabbit showed a first
degree lameness with limited range

of motion at the stifle joint. After the
euthanasia it was determined that the
joint had inflammation, an increased
amount of synovial fluid, and de-
generative changes that significantly
deformed the surface of the joint and
were the cause of the clinical changes
described in the functioning of the joint.

Euthanasia

After four weeks from the operation the rabbits were
introduced into a state of general anesthesia with xy-
lazine and ketamine. After reaching deep anesthesia
euthanasia was performed by intracardiac injection of
sodium pentobarbital. Then, the distal femoral epiphyses
were excised, placed in 4% formalin and collected for
further testing.

Cone Beam Computed tomography (CBCT)

The CBCT evaluations of the femora were carried
out on GXCB-500/i-CAT (Gendex Dental System,
Italy) volumetric tomograph at an isometric voxel size of
125x125x125 pm?® and total scanning time of 23 s. Data
acquisition and treatment was performed on iCAT Vision
program working in DICOM standard.

Histology

The formalin from rabbit distal femoral epiphyses was
removed by washing the specimens in tap water for two
days. As a decalcification agent hydro-
chloric acid (TBD-1 Rapid decalcifier,
Thermo Shandon Ltd, UK) was used
for 5 days. After that the specimens ==
were immersed in graded ethanol [&
series for 24h each and twice for 1h
in xylene. Finally, the samples were [l
bathed in liquid Histoplast paraffin at |§
56°C for 3 days, and then embedded
in a fresh portion. The embedded par-
affin blocks were cut by rotary micro-
tome (RM 2145, Leica Microsystems,
Germany) for 9-um thick sections.
After deparafinization of tissue slices
in xylene and rehydratation in ethanol
series the specimens were stained with Masson-Goldner
trichrome according to standard procedure, dehydrated
again and mounted in universal histological mounting
medium.

Results and discussion

The goal of this study was to modify entire volume
of the PLGA scaffolds with natural bone extracellular

FIG. 1. Surgical procedure of scaffolds implantation into rabbit femoral tro-
chlea: A — exposed surface of femoral trochlea, B — drilled hole in the middle
of the trochlear groove, C— placing the scaffold, D — osteochondral defect fil-
led with the scaffold, E — tissues apposed with absorbable sutures, F — skin
apposed with non-absorbable sutures.

matrix components, i.e. collagen type | and hydroxyapatite
with the aim to enhance healing/regeneration of tissues in
experimentally created osteochondral defects in rabbits.

FIG. 2 shows the microstructure of the scaffolds regis-
tered under scanning electron microscope. The scaffolds
had interconnected pores of a size close to the size of
porogen particles used in the process of their preparation,
i.e. 250—-320 ym. PLGA/coll scaffolds looked similar to the
scaffolds without modification, but EDS analysis revealed
presence of 2.5% of nitrogen originating from collagen. In
PLGA/HAp scaffolds pore walls were more rough due to
mineral deposits. Under higher magnifications, i.e. 4000x,
round cauliflower-shape forms on the pore walls were vis-
ible in the scaffolds submitted to incubation in SBF (FIG.
1C, insert). EDS analysis confirmed that on PLGA scaf-
folds after contact with SBF calcium and phosphorus were
detected and Ca/P ratio was 1.6, which is similar to that
of hydroxyapatite. The FTIR and XRD examinations also
confirmed presence of fine-crystalline hydroxyapatite phase
(data not presented). The same results were observed on
the scaffolds surfaces as well as in the cross-sections, what
proves that the entire volume of the scaffolds was modified
with collagen or hydroxyapatite.

FIG. 2. SEM microphotographs of PLGA scaffolds non-modified (A), colla-
gen- (B) and HAP-modified (C), original magnification 350x; insert 4000x.

In the first column of FIG. 3A digital camera pictures of
intact femoral trochlea, trochleas with experimental defects
filled with the scaffolds (PLGA, PLGA/coll, PLGA/HAP) as
well as empty defect after 4 weeks from the surgery are
presented. In all specimens the area where the defect was
created was clearly distinguishable and hyaline cartilage
was not healed. Cone beam computed tomography exami-
nations in 3D projection (FIG. 3B) show that the defects were
not totally filled with mineralized tissue, however 2D cross-
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without
surgery|

Histological observations show that the
presence of PLGA scaffolds is critical for the
»| regeneration of osteochondral defects made
¥ in the knee of rabbits. In a sham operated
knees the regeneration process was limited
and the defects were filled with fibrous con-
nective tissue instead of hyaline cartilage and
bone tissue. CBCT examinations showed that
“. % bone mineralization was more advanced in
- the defects treated with PLGA/HAP scaffolds.
ol In brief, the results demonstrate that the
« | PLGA scaffolds enriched with HAP have the
highest potential for the treatment of critical-
size osteochondral defects in rabbits.
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FIG. 3. Macroscopic appearance — A, CBCT-3D reconstructlon B, CBCT
cross-section — C and histological examination — D of rabbit femoral tro-
chlea without the surgery and after 4 weeks from the surgery treated
with scaffolds: PLGA, PLGA/coll and PLGA/HAP as well as sham opera-

tion — empty defect; Masson-Goldner staining.

sections (FIG. 3C) show that the widths of the defect treated
with PLGA/HAP and PLGA were much smaller than those of
empty defect and treated with PLGA/coll scaffold. It suggests
that PLGA scaffolds were beneficial for bone ingrowth and
presence of hydroxyapatite enhanced this process.

Histological picture (FIG. 3D, first panel) shows typical
structure of intact femoral trochlea. Thanks to trichrome
Masson-Goldner staining the light green hyaline cartilage
was visible on the top. Below it there was trabecular bone:
stained in light green mature bone matrix, whereas the
osteoid was coloured red. In the empty defect only fibrous
tissue was visible (FIG. 3D, last panel). Interestingly, pres-
ence of scaffolds clearly enhanced bone/cartilage tissue
regeneration. The best results were achieved for PLGA/HAP
and PLGA scaffolds, where the ingrowth of newly formed
trabeculae started from the peripheries toward center of the
defects. The more developed hyaline cartilage was visible
for PLGA/HAP scaffolds. Bone and cartilage healing seemed
to be retarded on PLGA/coll, probably due to higher inflam-
matory response to the collagen of bovine origin.

Conclusions

In summary, the results show that PLGA scaffolds with
defined microstructure (porosity and pore size) can be
modified with a thin layer of collagen type I. Moreover in
the entire volume of the scaffolds hydroxyapatite deposits
can be created via biomimetic method. The in vivo experi-
ments in rabbit model showed that bone formation was more
advanced in the case of the scaffolds enriched with HAP. In
the case of PLGA/coll scaffolds the extent of inflammation
in surrounding tissues was much higher and healing was
delayed as compared to non-modified PLGA scaffolds.
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Abstract

In this work nanocomposite porous pins were
implanted into rabbit knees. The pins were made of
biodegradable synthetic poly-L/DL-lactide (80:20)
which was modified with nanometric hydroksyapatite
particles (HAp) and covered with biopolymer layer
of sodium alginate (NA). In vivo experiments were
conducted on a 4-element group of the New Zealand
rabbits. Osteogenesis was observed using scanning
electron microscope (SEM/EDS) after 12 weeks of
implantation.

Key words: osteochondral defects, regenerative
medicine, scaffolds, hydroksyapatite, alginate
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Introduction

Repair of osteochondral defects is the major clinical
problem in orthopedics and still an unsolved issue. Articular
cartilage is avascular and relatively acellular with low level of
mitotic activity. Thus it displays a poor capacity for self-repair.
Fibrocartilaginous substitute tissue which spontaneously fills
osteochondral defects has completely different molecular
composition and biomechanical properties. With time it tends
to degenerate and fails to withstand loading during the joint
movement. Nowadays, materials for tissue engineering and
materials support for regenerative medicine are the most
promising and alternative in the treatment of osteochon-
dral defect. The main goal is to develop a new biomaterial
that will enhance and encourage repair of such defects so
the newly formed tissue would mimic in the largest extent
the precise composition of the native one which is vital in
regaining and maintaining a fully functional joint. An ideal
scaffold should possess suitable stability, biocompatibility,
permeability, porosity and three-dimensional structure. It
should also have osteoconductive and chondoconductive
properties to promote proliferation and migration of cells
and to enhance the tissue ingrowth.

In this regard, increasing attention has been given to
biodegradable polymers such as PLDLA, PCL, PGLA and bi-
opolymers such as alginates, hyaluronan, chitosan (CS) and
its compositions. Biopolymers could improve osteoblasts
and chondrocyte attachment to poly(L-lactic acid) (PLLA),
and stimulated of increase cell adhesion, proliferation and
cells metabolism activity [1-2]. The intra-articular injection

of chitosan has shown an increase of epiphyseal cartilage
on tibial and femoral joints with simultaneous activation of
chondrocyte proliferation. In order to increase cellular ad-
hesiveness of chitosan Some authors shown that chitosan/
alginate-hyaluronan complexes with or without covalent
attachment of RGD-containing proteins could stimulated
cells grown [3]. Implantation of chondrocyte-seeded scaf-
folds into the rabbit knee with cartilage defects caused their
partial repair. Another authors modified three-dimensional
biodegradable PLA-alginate scaffold by TGF-1 to support
the attachment/retention of osteoblasts and for chondro-
genic differentiation of MSCs, while conferring mechanical
stability to the construct [4]. Marijnissen et al. compared
demineralized bone matrix to a PLA-PGA fleece, both used
in conjunction with alginate gel, in their capacity to support
the chondrocytic phenotype in vivo. Structural homogeneity
as well as the number of type Il collagen positive cells was
found to be higher in the PLA-PGA-alginate constructs, once
again confirming the well-suited applicability of such biode-
gradable polymers to the repair of cartilage and bone defects
[5]. The most promising materials for stimulated bone tissue
regeneration are polymeric nanocomposites containing such
ceramic nanoparticles as; HA, TCP or SiO,. A small amount
of the nanoparticles improves bioactivity of the material
and causes its better osteointegration with the surrounded
bone tissue [6]. Nanocomposite materials produced and
investigated during this study combined two properties of
traditional biomaterials i.e.; bioactivity which supports oste-
oblast proliferatin and biopolymer structure which is suitable
for adhesion and proliferation of chondrocytes.

Materials and methods

Nanocomposite sponges formed in pin shape were used
in our research. These implants were made of poly (L/DL)
lactide (PLDLA; 80:20, Purasorb, PURAC) enriched in
bioactive nanoparticles of hydroksyapatite (3-60 nm, HA,
Sigma-Aldrich) and sodium alginate (NA). The materials
were obtained by a modified solvent casting/salt particulate
leaching method using sodium chloride as pore former lead-
ing to pores of 100-300 um diameter. Cylindrical pins were
obtained with dimensions of 4x6 mm. Finally they were
immersed in 1% solution of NA (FGM Biopolimer, Norway)
and dried in vacuum (350C/48h). In vivo experiment was
conducted on the four New Zealand rabbits. Under general
anaesthesia (using xylazine 5 mg/kg and ketamine 25 mg/
kg) a lateral approach to the stifle joint under sterile condi-
tions was made. After lateral arthrotomy and medial patellar
luxation the femoral trochlea was visualized. Using a drill
a cylindrical hole (4x5 mm) was created in trochlear groove
imitating osteochondral defect (FIG.1). Then the defect
was filled with the prepared biomaterial using press-fitting
method. The joint capsule, fascia and skin were closed in a
routine manner. After the operation all rabbits were allowed
to move freely in cages without any splints. The animals
were sacrificed at 3 months after implantation. The femoral

FIG. 1. Macroscoping appearance of tissue defect
after 3 months from surgery (a). Intraoperative view
of a defect in trochlear groove filled with the implant
material (b).



trochleas were harvested, fixed in 4% paraformaldehyde so-
lution and submitted to further analysis. The specimens were
adequately cut and underwent dehydration using ethanol
in different concentrations (20, 40 i 97%) for 24h. Scanning
electron microscope (Nova NanoSEM, FEI) observation of
multilevel microstructure was performed.

Results

cakb
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FIG. 2. SEM microphotograph of the implant sur-
rounded by the bone tissue (a), EDS point analysis
of newly created tissue (point 1).

Preliminary studies in vitro condition showed that bio-
materials were biocompatible [7]. High porosity of these
sponges (diameter of pores was 100-300 um) and a sys-
tem of intercontective pores makes them suitable for cells
migration, deposition and blood vessels ingrowth. Three
dimensional structure mimics internal arrangement of
bone and cartilage extracellular matrix. This is conducive
to interactions between cells and matrix components. In
the organism’s environment the sodium ions from NA are
exchanged with the calcium ions. Newly formed calcium-
sodium alginate is more solid and enhances faster defect
consolidation. SEM microphotographs showed complete
integration between implant and bone surfaces (FIG.2a-3a).
By means of EDS analysis (Genesis) the elemental com-
position of specimen was confirmed. As elements to detect
were chose phosphorus, calcium and sodium. Punctual EDS
analysis in the region of biomaterial — appears as smooth
place on the picture — showed increased concentration of
Na, Ca and P. In the region of bone — rough surface on the
picture - minimal amount of Na and increased ratio of Ca:P
were detected. Increased Ca and P concentration compared
to carbon confirms the presence of bone. The linear EDS
analysis also detected characteristic distribution of elements
depending on particular regions of specimen. In the segment
that was relevant to implant sodium concentration was high.
On the contrary — in the section of bone sodium concentra-
tion was minimal. The average EDS analysis of the whole
region of implantation showed on FIG.3b confirmed high
concentrations of Ca and P which indicates good integra-

FIG. 3. SEM microphotograph of joint between the
implant and the bone tissue (a), Average EDS ana-
lysis of the implant cover by tissue (b).

tion and colonization of material by new bone tissue. It was
proved that the tested composite biomaterials because of its
porosity, composition and bioactivity enhance cells migration
and deposition; support cells organization and thus promote
effective repair of osteochondral defects.

Conclusion

It was shown that the nanocomposite polymer implant
covered with the biopolymer stimulated regeneration of os-
teo tissue. Bioactive, resorbable polymeric nanocomposite
materials containing ceramic nanoparticles are interesting
implant materials which fulfil requirements of the regenera-
tive medicine. In the next step of analysis of the osteointe-
gration and stimulation of osteo-tissue regeneration process
histochemical studies ought to be performed.
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Introduction

Interfaces between engineered materials and cells play a

crucial role in biomedical applications where the interaction

between cells and the material surface dictates cell perform-

ance and therefore, the success of the implanted device [1].

Extracellular matrix (ECM) components and peptides, topo-

graphical features, support cells and growth factors have been

extensively studied for the creation of biomimetic materials
that control cellular responses such as adhesion, morphol-

ogy and/or differentiation [2-5]. Substrate topography can

influence cell morphology, its behaviour, and cell-substrate
interactions, as well as cell-cell interactions [6]. Effects of
topography at all scales have been studied on many different
cell types including cells of the central and peripheral nervous

systems [7]. Surface hydrophilicity/hydrophobicity have been
widely reported to be a key factor in behaving of proteins and

cells-surface interactions [8]. It is well known that both highly
hydrophilic and highly hydrophobic surfaces are not favour-
able for cell attachment. Surfaces with moderate wettability

are able to adsorb proper amounts of adhesive proteins, and,

at the same time, enable to preserve their natural conforma-

tions, what stimulates positive cell response [9].
Polymer blending is an effective method of modifying
material properties as well as surface properties [10]. In

practise, obtaining homogenous mixture of two or more
polymers is rather difficult because of their high molecular
weight. Nonetheless, the method is considered to be one
of the easiest, cheapest, and the most useful. Polylactide

is a biodegradable thermoplastic and because of its good

mechanical properties, biodegradability and non-toxic deg-
radation products, it is being used for number of biomedi-

cal applications [11]. Because of their biocompatibility and
possibility to obtain a broad range of mechanical properties
polyurethanes have been extensively investigated as both
biostable and biodegradable biomaterials. They could be

applied as long lasting medical implants, such as cardiac
pacemakers and vascular grafts [12] or biodegradable car-
diovascular implants, artificial skin, cancellous bone graft

substitutes and scaffolds for tissue engineering [13].
In our studies blends of polylactide and biodegradable

polyurethane were investigated. The aim of this work was
to evaluate cytotoxicity of the polymer mixture, and assess
the influence of the surface parameters of the polymer films

on fibroblasts adhesion, proliferation and secretion.

Materials and methods

Materials
Mixture of polylactide and polyurethane was tested in this
research. Both used polymers were of biomedical grade and
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FIG. 1. Chemical structure of polyurethane used
in the study.

were used without further purification. Polyurethane (PU)
was purchased from GOY Bayer (Germany). PU molecules
are built up of hexamethylenediisocyanate (HMDI) rigid
segments, polycaprolactone (PCL) flexible segments and
isosorbitol as a chain extender (FIG.1). Polylactide (PLA),
consisting of 80% poly-L-lactide and 20% poly-DL-lactide
was purchased from Purac (Netherlands). The N,N—dimeth-
ylformamide (DMF) of analytical grade was purchased from
POCh (Poland).

Preparation of polymer free-standing films

Blends were prepared by dissolving both polymers in
dimethylformamide to obtain a 10 wt.% solution. Weight ratio
of PU to PLA was 4:1. The mixture was stirred with a mag-
netic stirrer for at least 48h at ~50°C, and then cast on glass
Petri dishes. The films were dried at 50°C under vacuum for
48 hours. The films were sterilised with the use of the H,0,
cold plasma technique (Sterrad, ASP, J&J, USA).

Determination of physical properties of the films

The water contact angle of obtained PU/PLA films was
measured using sessile drop method on Drop Shape
Analysis System (DSA Mk2, Kriss, Germany). Ten meas-
urements on each side of the film were accomplished.
The data presented are average of ten measurements
(+ standard deviation).

Prior to taking roughness measurements a glass slide
with the thin PU/PLA films was fixed onto a mount with
a double-sided adhesive tape to prevent the samples from
moving during the test. Roughness was measured with us-
ing a profilometer (Hommelwerke, Germany), equipped with
cone shaped diamond tip (radius of 5 um). The velocity of the
moving cone was 0,50 mm/s. Each sample was measured
ten times on both sides. The parameters calculated were
surface average roughness (R,), the maximum height of
the profile (R,) and the ten-point height of irregularities of
surface (R,). All the given values are presented as average
of ten measurements (+ standard deviation).

Determination of biological properties of the films

The sterilized films were placed in 24-well plate (Nun-
clon, Denmark), both surfaces of the films (top surface,
i.g. air-cured, and bottom surface, i.g. glass-cured) were
tested and as a control the bottom of the well tissue culture
polystyrene-TCPS was used. NIH 3T3 mouse embryonic
fibroblast cells were cultured on the studied materials in
DMEM (PAA, Austria) supplemented with 10% FBS, 1%
penicilin/streptomycin at 37°C under 5.0% CO, atmosphere
for 24 hours and 7 days. Initial cell density was 2.5+10* cells
per well.

MTT test was used for cells viability measurements.
At each time point MTT (Sigma Aldrich, Germany) solu-
tion (mg/mL) was added to the wells with tested films and
incubated for 3h, after that the reaction was stopped with
dimethyl sulfoxide (DMSO). The absorbance was measured
on Multiscan FC Microplate Photometer (Thermo Scientific,
USA) at 540 nm. To calculate the cell number calibration
curve was prepared from by analyzing known number of



cells (from1.0+10* to 5.0-10°).

The total content of protein and nitric oxide (NO) level
in the cells’ supernatant was carried out by BCA protein
assay and the Griess reaction, respectively. The BCA
(bicinchoninic acid) reagent, prepared just before the as-
say, was mixed with CuSO solution (4%) in the proportion
of 1:50. Then 10pl of the supernatant and 200 pl of BCA
reagent were added to a 96 well-plate. After 30 min in the
dark absorbance was measured at 570 nm. The Greiess
reaction is based on the Griess reagent A-0.1% naphtha-
lenethylenediamine dihydrochloride in water and the Griess
reagent B—1% sulfanilamide in 5% H;PO, mixed 1:1, v/v.
Mixed reagents A and B in volume 100 ul were added to
100ul of the supernatant placed in 96-well plate and the
optical density was determined at 540 nm.

The results were expressed as average and standard
deviation for three independent samples. Statistical signifi-
cance was evaluated according to t-test.

Morphology of the cells was observed under fluorescence
microscopy (Zeiss Axiovert, Carl Zeiss, Germany). The cul-
tured cells were fixed in 4% paraformaldehyde for 1h, then
washed in PBS and stained with acridine orange solution
(1mg/mL) to visualize the nucleic acids.

Results and discussion

The PU/PLA films analyzed in this study were handled
and processed with due consideration for the differences
between the polymer surfaces. The surface that had been
in contact with glass during casting was denoted the “bot-
tom” surface, while the other, which had been exposed to
the gas phase, a mixture of air and residual solvent vapor,
was denoted the “top” surface (FIG.2).

The water contact angle measurements were carried out
to evaluate the wettability of thin PU/PLA films. The water
contact angle of the top surface was 103+4°, but for the bot-
tom surface was about 108+6°, both values are significantly
different at p<0.01. This difference is due to the technique
of samples preparation. When polymer is dissolved in polar

Petri dish lid Top surface of blend
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FIG. 2. Schematic diagram of the Petri dish used
to cast the polymer films. Top denotes surface-air
interface; Bottom denotes surface-glass interface.

liquid and then cast on glass trays, the water contact angle
values of the top surface are expected to be lower than the
bottom ones [14]. The relationship between different kind of
cells and water contact angle for a variety polymer surfaces
has been investigated for years. This investigations indicated
that cell adhesion appears to be maximized on a surface
with intermediate wettability, from 60° to 90° [15].

Another important factor which affects cell adhesion on
polymer surface is its roughness. The results of profilometry
measurements of PU/PLA blends are presented in TABLE
1. From the obtained results, it is noticeable that all three
surface parameters (R,, R, R,) are slightly lower for the top
than for the bottom surface, but the results are not statisti-

TABLE 1. Water contact angle (8) and roughness
(R,, R, R,) of top and bottom surface of PU/PLA films
(average * standard deviation, n=10).

103+4 | 1.8£0.7 | 17.542.9 | 10.3£0.2
10846~ | 2.8+0.2 | 22.1+2.5 | 16.1+1.5

TOP
BOTTOM

** Asterisks indicate a statistical significance be-
tween top and bottom surface: **p<0.01

cally significant.

The MTT test was performed to evaluate viability of
fibroblasts on PU/PLA films. One can notice that there are
no significant differences after 24h of culture (FIG.3) and cell
number is very similar for the top and the bottom surfaces
of samples as well as for TCPS. It seems that in this case
cell attachment and adhesion are independent on mate-
rial surface properties. After 7 days the cells growth can be
observed. However, the cell number on the top surface of
PU/PLA is significantly higher than on the bottom surface.
It indicated that fibroblasts adhere and proliferate more
favourably on more hydrophilic and smoother surface.
That fact has been also reported by other researchers [16].
Despite the fact that the highest cell number is achieved for
the control material - TCPS, the PU/PLA blend still can be
considered for biomedical applications.

The data from protein content are presented in FIG.4A.
The total amount of proteins in supernatant after 24h is
slightly lower for both the top and the bottom of PU/PLA film
compering to TCPS. After 7 days the situation has changed
and higher numbers were observed for both sides of PU/PLA
than for TCPS. Comparing between the top and the bottom
surfaces of PU/PLA we observed that the cells, which were
seeded on the bottom surface, synthesised higher amounts
of protein. This can be explained by the fact that fibroblasts
produce more collagen when contacting with a more hy-
drophobic surface [15]. The nitric oxide (NO) is a important
factor in evaluating of cytotoxicity of materials, the higher
content, the more cytotoxic material may be. NO level was
the same for all samples as shown in FIG.4B, no statistical
differences between samples were found.

Morphology and distribution of NIH 3T3 cells cultured on
both surfaces (top and bottom) of the PU/PLA films as well

400 000

m24h W7 days

350 000 +

300 000
+

250 000

200 000

Cell number
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50 000

0 —— —
TOP BOTTOM TCPS

FIG. 3. Result of MTT test for top and bottom surfa-
ces of PU/PLA film and for the control TCPS, after
24h and 7 days. Data are expressed as averages *
standard deviation, n=3. Asterisks indicate a stati-
stical significance in correspondence to the con-
trol TCPS group: ***p<0.001. Circles indicate a sta-
tistical significance between the top and the bot-
tom surface; °°p<0.05.
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FIG. 4. Level of protein content (A.) and nitric oxide
level (B.), both detected in supernatants from cell
cultured for 24h and 7 days, on the top and the bot-
tom surface of PU/PLA film and control TCPS. Data
are expressed as average * standard deviation, n=3.
Circles indicate a statistical significance between
top and bottom surface; °°r<0.05.

as on the reference TCPS are presented in Fig. 5. After 24
h numbers of cells is low (FIG.5 A+C) but the cells are well
spread, polygonal or spindle-shaped and their morphology is
similar to that on control TCPS. After 7 days higher numbers
is observed (FIG.5 D+E). It can be seen that the number of
cells on PU/PLA films is lower than on the control TCPS.
The results show also that number of cells depend on film
surface, and on the more rough side (bottom) cells are dis-
tributed inhomogenously and their number is significantly
lower than on the smoother side (top) (FIG.5 D,E). The
results obtained from fluorescent microscopy correspond
well to the MTT test.

Conclusion

FIG. 5. Morphology of NIH 3T3cells cultured on the PU/
PLA films: top surface (A, D), bottom surface (B,E) and re-
ference samples TCPS (C,F) after 24h (A+C) and 7 days
(D+F); fluorescence staining acridine orange, evaluation
under fluorescence microscope.

PU/PLA films were produced by stirring the polymers in
the solution. Their surface properties and their influence on
cell adhesion, proliferation and secretion were evaluated.
It was demonstrated that the top and the bottom surfaces
show different wettability and roughness parameters. Top
surface is more hydrophilic and smoother than the bottom
one, therefore fibroblasts grew more likely on it. This was
confirmed by the MTT tests and microscopic observations.
Although, cell proliferation on the bottom surface of PU/PLA
films was relatively low, the material can be considered
nontoxic as confirmed by measurements the amounts of
the evolved NO.
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Introduction

Medicine has witnessed several revolutions in the last
decade. New therapies as well as new drugs have been
implemented in the medical practice at a high pace. One
revolution witnessed includes the application of patient
specific implants. The concept is straightforward. When
a certain organ or part of it is malfunctioning, a medical im-
aging technique is applied to map the defect and its extent.
Using an automated CAD CAM approach (Computer Aided
Design - Computer Aided Manufacturing), a perfect copy of
the original defect can be produced. In our laboratories, we
have applied FDA approved poly-¢e-caprolactone (PCL) as
starting material for the production of 3D porous materials
using the Bioplotter™ as rapid prototyping technique.

Materials and methods

From previous research on 2D PCL (M,=80KDa, bio-
medical grade) spincoated on glass slides, it was evident
that native PCL did not possess cell-interactive proper-
ties (towards osteosarcoma cells) while being non-toxic
to cells. [1] To overcome this key limitation, a multi-step
modification strategy compatible with 3D porous materials
was elaborated on in the present work. The procedure was
comprised of (1) a plasma treatment to introduce surface
(hydro)peroxides, (2) the radical grafting of 2-aminoethyl-
methacrylate to introduce functional anchoring groups, (3)
the bioconjugation of gelatin as biopolymer prime layer and
(4) the application of a top layer (fibronectin, ...) to fine-tune
the biological properties. [1-3] The method was applied on
3D scaffolds fabricated with different lay-down patterns :
0/90°, 0/45° and 0/90° shifted pattern (0/90° S). To visualize
cell adhesion and colonization on the scaffolds by MC3T3-
E1 cells (mouse calvaria preosteoblast cells, ATCC), cell/
scaffold constructs were evaluated using inverted contrast
light and fluorescence microscopy (calcein AM stained cells)
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at various time points after cell seeding (750 000 cells/
40 pl/47.71 mm? scaffold). The following parameters were
quantified for the different scaffolds developed: cell seed-
ing efficiency, cell adhesion, - proliferation, - colonization
and - differentiation.

Results and discussion

The in vitro cell culture tests on the 3D scaffolds devel-
oped (see top figure aside) revealed a good cell adhesion
on and infiltration throughout the entire 3D structure (see
bottom figure aside for representative fluore-scence and
optical microscopy images). Very interestingly, we were
able to show that at least for the developed double protein
coated PCL scaffolds, the scaffold coating overrules the
scaffold design in terms of its osteogenic potential. During
the presentation, quantitative data for various cell related
phenomena (adhesion, colonization, differentiation) will
be presented as well as the mechanisms and/or reasons
underlying the observed findings.

Conclusions

In conclusion, we have applied PCL as an exemplifying
case to proof the feasibility of seamlessly merging three key
technologies with the aim to increase the human quality of
life: (1) polymer (processing) technology, (2) polymer surface
technology and (3) cell technology.
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Introduction

The maintenance of functional cells in vitro and in vivo is
an important topic of investigation [1]. In the presentwork,
hydrogels composed of Pluronic® F127 derivatives (PEO-
PPO-PEO) are investigated as possible HepG2cell matrices
to assess their applicability for tissue engineering purposes.
To enable the production of complexthree-dimensional and
fully interconnected scaffolds starting from CAD data, the Bi-
oplotter™ technology has been applied. In the present work,
recent developments are presented on the fabrication of cov-
alentlycrosslinked 3D scaffolds using two strategies includ-
ing UV-photopolymerisation and a biosynthetic enzymatic
pathway.

Materials and methods

Polymerizable Pluronic® F127 derivtives were ob-
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ing of the Pluronic® derivatives (F127-E1
and F127-E2). The derivatives developed have been
characterized using 1H-NMR and FTIR spectroscopy.
Aqueous solutions have been prepared and hydrogel
sheets were developed using UV-curing (in the presence of
2 mol% Irgacure® 2959 as photoinitiator) or enzy-
matic crosslinking. The hydrogels developed were
characterized for their sol/gel fractions, temperature-de-
pendent swelling properties, degradation and mechanical
properties. For the fabrication of 3D polymer scaffolds,
30% (w/w) aqueous solutions were applied. The 3D
construction of the scaffolds occurred in a laminar fash-
ion by a computer-controlled deposition of the material
[3]. After the plotting step, the crosslinking of the end-
groups was performed as indicated above. The scaffolds
developed were characterized using optical microscopy
and SEM. The hydrogels were applied as encapsulation
matrices for HepG2 cells. Cell viability stud-
ies were performed using Calcein AM/PI staining.

Results and discussion

The FTIR and 1H-NMR spectra indicated that the Pluron-
ic® derivatives were successfully synthesized, showing
a high degree of substitution (>90%) as required for both
the photo-polymerization as well as for the enzymatic
crosslinking. Interestingly, enzymatic crosslinking results in
a shorter gelation time compared to the photocrosslinking,
even at lower Pluronic® concentrations. The hy-
drogels developed were characterized in depth and
were suitable to be applied as starting materials to fab-
ricate 3D scaffolds using the Bioplotting™ process (see
FIG.1). Preliminary biocompatibility and cell viabil-
ity studies using HepG2 (see FIG.2) indicated that the
functionalization strategy elaborated and applied showed
a significant effect on the cell viability of HepG2 cells.

FIG. 1. 3D scaffolds based on Pluronic® F127-UV1, fabricated by the Bioplotting™ process (left: Bioplotter, ri-

ght: hydrated samples with respectively 20 and 15 layers).

tained via the maodification
of the terminal hydrooxyl
functionalities [2]. For the
synthesis of UV-photopo-
lymerizable Pluronic®
F127-UV1 and F127-UV2,
methacryloyl chloride was
applied, introducing photo-
crosslinkable methacrylate
end-groups with (F127-UV2)
and without (F127-UV1) a
spacer. For the bio-inspired
enzymatic pathway, dedi-

cated end-groups were
introduced. This ena-
bled a biosynthetic reac-
tion, resulting in crosslink-

FIG. 2. Preliminary cell viability test of HepG2 cells encapsulated in F127-UV2 (left)
and F127-E1 (right), using a Calcein AM/Propidium lodide staining.
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Conclusions

The results indicate that 3D scaffolds can be success-
fully developed starting from various Pluronic® F127
derivatives and by applying different crosslinking strate-
gies. At present, the potential of the scaffolds developed
to function as cell carriers is further evaluated (gene ex-
pression studies,...). The results will be presented at the
meeting. Future work will focus on the fine-tuning of the
degradation behaviour and biocompatibility as well as
onthe 3D Bioplotting of hydrogels containing encapsulated cells.
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Introduction

Mankind has always been confronted with failing tis-
sues and organs. As a consequence, medicine has tried to
offer solutions for conditions which might, in some cases,
be life threatening. Throughout the years, nature-inspired
biomaterials have been one of the approaches which have
been deemed useful.

In our laboratories at Ghent University, we have initiated
in 2006 a large research platform in which gelatin and its
derivatives are screened for a large variety of biomate-
rial applications. In collaboration with various national and
international research groups, we have been developing
and studying porous gelatin or gelatin-coated scaffolds as
cell carriers.

Results and discussion

Due to the solubility of gelatin at physiological conditions,
a strategy has been elaborated to chemically functionalize
part of the gelatin amino acids with cross-linkable groups
enabling permanent cross-linking (FIGURE 1).

While the first generation scaffolds were developed using
a cryogenic treatment of permanently cross-linked gelatin-
methacrylamide, technological capabilities have significantly
evolved. This has among other resulted in the development
of perfectly interconnecting scaffolds using the Bioscaffolder
technology. Starting from a scan of a part of the human body,
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FIG. 1. Chemical modification of gelatin amine functions using methacrylic
anhydride leading to a permanently cross-linkable gelatin derivative.

FIG. 2. From left to right: Cryogenic Unit (CU), gelatin scaffold produced using
CU, Bioplotter Unit (BU), gelatin scaffold produced using BU.
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FIG. 3. Concept of gelatin coated polyimide implants for treating age related macular degeneration (ARMD).
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FIG. 4. Concept of immobilizing gelatin on poly-e-caprolactone
surfaces to be applied as meniscus implant.

the technology enables the production of patient specific
implants. A comparison between the capabilities of both
techniques is illustrated in the figure below.

In addition to applying gelatin as such, an overview will
also be given of a variety of applications in which we have
developed gelatin hydrogel coated implant materials. Exam-
ples range from ocular to orthopaedic applications.

In a first approach, gelatin has been covalently immobi-
lized on polyimide implants with the aim to treat age related
macular degeneration (FIGURE 3).

The latter application has enabled the development
of gelatin coated meniscus (FIGURE 4) and titanium im-
plants.

The presentation will cover for each of these applications:
(1) the development of the hydrogel building blocks, (2) their
processing into 3D scaffolds or implant coatings and (3) the

L CD biological evaluation of the obtained materials.
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Abstract

Porous biomaterials, especially synthetic porous
ceramics, are of significant importance in bone tissue
engineering, and there has been rapid growth in the
medical use of these biomaterials over the last 50
years. The reason is that they are relatively easy to
prepare and are available in unlimited supply, unlike
the allografts and autografts that are used in clinical
practice. Various hydroxyapatite (HAp) scaffolds can
be prepared, using various pore-forming techniques
and firing temperatures. The firing temperature signifi-
cantly affects microstructural parameters such as total
porosity, pore size, the interconnected pore network,
and also the chemical and phase composition. Last but
not least, it also affects the mechanical properties of
the samples. Knowledge about these factors is there-
fore essential for designing a sample with the desired
controlled microstructure and properties.

In this work, uniaxial pressing has been used
for preparing HAp disks from nanocrystalline HAp
powder, using saccharose as a pore-forming agent.
The highest porosity achieved (after partial sintering
at 800°C) was in the range of 64.7-70.6%. The firing
temperature significantly affects porosity, pore size,
grain size and mechanical strength, whereas the
dwell time has only a minor effect on these parame-
ters. After firing, XRD confirmed more than 98.4%
HAp in all cases. Mercury porosimetry confirmed the
presence of nanosized interstitial voids for partially
sintered materials and pore throat sizes of approxi-
mately 100um (much smaller than the pore cavities),
which is adequate for bone cell penetration and further
ingrowth. After firing at 1200°C, the matrix is more or
less fully sintered, and nanosized pores are absent
or closed.

The biological part of the paper summarizes the
results from cell-seeding and cultivation experiments
to determine the cell adhesion, proliferation, viability,
mitochondrial activity and osteogenic cell differentia-
tion on the scaffolds, and thus the biocompatibility and
bioactivity of the scaffolds. The highest values for all
these parameters, particularly the number of cells,
were on HAp fired at 1200°C. The samples fired at
1200°C were prepared with various pore sizes (in the
range of 100 — 800um). We found that pore size has
a non-significant effect on cell colonization, whereas
the firing temperature has a major influence. All tested
HAp samples showed a remarkable ability to adsorb

proteins on their surfaces, namely albumin and fibro-
nectin, and to promote cell adhesion. Some cytotoxic
activity was observed on the samples fired at 800 and
1000°C. Possible reasons for this cytotoxicity have
been discussed. However, it can be concluded that the
HAp samples created in this study and fired at 1200°C
hold great promise for bone tissue engineering.
[Engineering of Biomaterials, 116-117, (2012), 127
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Abstract

Various artificial or natural biomaterials can be
used for constructing a scaffold suitable for treating
skin injuries. Artificial skin replacements are made
from polyhema, polybutylene terephthalate, nylon,
polylactic acid and polyglycolic acid or their copo-
lymers. The most widely applied natural biomaterials
are collagen, chitin, hyaluronic acid and chondroitin
sulfate [1]. In recent tissue engineering, nanofibrous
scaffolds have been very attractive because they
better simulate the architecture of natural extracel-
lular matrix. In skin tissue engineering, nanofibrous
membranes can be used for constructing a bilayer of
fibroblasts and keratinocytes [2]. These membranes
will separate the two cell types, ensuring their phy-
sical and humoral communication; thus the layer of
fibroblasts will serve as a feeder for keratinocytes. For
our study, we chose nanofibers made of polylactide
(PLA), prepared in external collaboration with ElImarco
Ltd. (Liberec, Czech Republic). The main advantage
of PLA is its biodegradability; it is slowly resorbed in
the organism, and is finally replaced by regenerate
tissue.

127

BI® MATERIALS



128

MATERIALS

BI®

The adhesion and growth of cells on the scaf-
folds can be improved by further modifications, e.g.
plasma treatment or coating the scaffold fibers with
biomolecules that are normally present in the natural
skin (collagen, hyaluronic acid), or that occur during
wound healing (fibrin). Modification by plasma leads to
changes in the physical and chemical properties of the
material surface (i.e., surface wettability, morphology,
electric conductivity, roughness, morphology, mecha-
nical properties) [3].

In our experiment we evaluated the interaction of
human HaCaT keratinocytes with PLA nanofibrous
meshes that were modified by plasma irradiation or by
coating with collagen, fibrin and hyaluronan of low (70-
120 KDa) or high (1000-1250 KDa) molecular weight.
For plasma irradiation, PLA nanofibers were exposed
to O,, CH, or Ar plasma for different times, with various
ranges of power. For more detailed studies, O, plasma
was chosen, because this type of plasma best suppor-
ted the adhesion and growth of cells. PLA nanofibrous
meshes were prepared with different densities of the
fibres (5 g/m?, 9 g/m?, 16 g/m? 30 g/m?). The potential
damage to the fibres after plasma modification was
observed using scanning electron microscopy (SEM).
The cell adhesion, growth and metabolic activity were
evaluated by the number of cells, their morphology,
the amount of cellular DNA (PicoGreen ds DNA assay
kit, Invitrogen®) and the XTT test (Roche) on days 1,
3 and 7 after seeding.

The results indicated that polylactide nanofibrous
scaffolds promote adhesion and growth of HaCaT
keratinocytes. Modification in plasma further improved
the proliferation of cells on PLA nanofibers. The cells
proliferated better on PLA meshes with lower dens-
ities of the fibers (5 g/m? 9g/m?). SEM showed that
damage to the fibers increased with the length of the
period of plasma treatment. The collagen deposited
on the fibers changed the morphology of the cells.
The cells on the control unmodified fibers adhered
in clusters, but on the collagen-coated fibers they
were spread homogeneously. We can conclude that
polylactide nanofibrous membranes are a promising
material for the construction of temporary carriers for
skin cells, particularly after they have been physically
or biologically modified.

[Engineering of Biomaterials, 116-117, (2012), 127-128]
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Abstract

Artificial vascular replacements used in current
clinical practice are fabricated from polyethylene
terephthalate (PET, e.g. Dacron) or polyterafluoroethy-
lene (PTFE, e.g. Teflon). Older materials used earlier
for constructing vascular prostheses are polyamide
(Nylon), polyvinyl alcohol (Ivalon) and polyacrylonitrile
(Orlon). New promising materials include polyurethane
and a wide range of biodegradable synthetic or nature-
derived polymers, which are usually designed as
temporary scaffolds for vascular cells forming a new
regenerated blood vessel wall (for a review, see [1]).
One of the nature-derived polymers is cellulose and its
derivatives and composites with other materials.

Cellulose is the most abundant biopolymer on
Earth. It is a polysaccharide consisting of a linear
chain of several hundred to over ten thousand B(1—
4) linked D-glucose units [2,3]. Cellulose is the stru-
ctural component of the primary cell wall of green
plants, many forms of algae and the oomycetes. In
plant cells, cellulose microfibrils are synthesized at the
plasma membrane by hexameric protein complexes,
also known as cellulose synthase complexes [4].
Some species of bacteria secrete cellulose to form
biofilms.

For industrial use, cellulose is mainly obtained from
wood pulp and cotton. For tissue engineering appli-
cations, bacterial cellulose has been predominantly
used, mainly that synthesized by Acetobacter xylinum.
Bacterial cellulose is identical to plant cellulose in che-
mical structure, but it can be produced without conta-
minant molecules, such as lignin and hemicelluloses,
and does not require intensive purification processes.
In addition, it is remarkable for its mechanical strength,
its ability to be engineered structurally and chemically
at nano-, micro-, and macroscales, its biocompatibi-
lity and chemical and morphologic controllability [5].
Bacterial cellulose has been used for experimental
engineering of bone tissue [6], cartilage [7], skin [8],
heart valve [9], and also for urinary reconstruction
and diversion [10].

One of the first attempts at vascular tissue engine-
ering was made with cellulose fibers, which were used
for constructing three-dimensional vascularized tissue
in vitro. These fibers were immobilized with fibronectin
in order to improve cell adhesion, and were seeded
with bovine coronary artery smooth muscle cells.



These cells proliferated on the scaffolds and, after
they formed multilayers on the fibers, the fibers were
removed by enzymatic digestion using cellulase. The
remaining smooth muscle cell aggregates maintained
lumens after this procedure, and thus mimicked newly-
formed blood vessels [11]. Similarly, three-dimensional
nanofibrous scaffolds with micropores made of bacte-
rial cellulose allowed attachment and proliferation of
human saphenous vein smooth muscle cells on the
surface and also in the inside of the scaffolds [12]. In
addition, the mechanical properties of nanofibrous
bacterial cellulose scaffolds, evaluated by the shape
of the stress-strain response, were reminiscent of
the properties of the carotid artery, most probably
due to the similarity in architecture of the nanofibril
network [13].

The adhesion and growth of vascular endothelial
cells was also supported by cellulose-based scaffolds,
namely by nanofibrous bacterial cellulose or cellulose
acetate scaffolds, especially if these scaffolds were
functionalized with RGD-containing oligopeptides, i.e.
ligands for integrin adhesion receptors on cells [14,
15], or if they were combined with chitosan [16]. The
angiogenic response to bacterial cellulose was also
observed under in vivo conditions, i.e. after implan-
tation of these scaffolds in the form of dorsal skinfold
chambers into Syrian golden hamsters [17].

Cellulose has also been used for creating tubular
structures designed for replacing small-caliber ves-
sels. Hollow-shaped segments of bacterial cellulose
were created with a length of 10 mm, an inner diameter
of 3.0-3.7 mm and a wall thickness of 0.6 - 1.0 mm.
These grafts were used to replace the carotid arteries
of eight pigs. After a follow-up period of 3 months,
seven grafts (87.5%) remained patent, whereas
one graft was found to be occluded. All patent grafts
developed a single inner layer of endothelium with
a basement membrane and a thin layer of collagen,
followed by a concentric medial layer containing
smooth muscle cells and cellulose, and an outer layer
of fibrous cells [18].

Similarly, bacterial cellulose grafts 4 cm in length
and 4 mm in internal diameter were implanted bilate-
rally in the carotid arteries of eight sheep. Although
50% of the grafts occluded within 2 weeks, all patent
grafts developed a confluent inner layer of endothelial-
like cells [19]. In addition, the mechanical properties
of tubular structures created from bacterial cellulose
seemed to be advantageous for vascular tissue
engineering. For example, these structures exhibited
a compliance response similar to that of human sap-
henous vein [20].

In our experiments, we have concentrated on cel-
lulose-based materials modified with oxidation and/or
functionalization with biomolecules. We have prepared
fibrous scaffolds made of non-oxidized viscose, dial-
dehyde cellulose and 6-carboxycellulose with 2.1 wt.%
or 6.6 wt.% of —COOH groups. In addition, all these
material types were functionalized with arginine, i.e.
an amino acid with a basic side chain, or with chito-
san, in order to balance (compensate) the relatively
acid character of oxidized cellulose molecules. Two
groups of samples with and without functionalization
were then seeded with vascular smooth muscle cells
(VSMC) derived from the rat thoracic aorta by an
explantation method [21].

We found that the oxidized cellulose with 2.1 wt.%
of —COOH groups was the most appropriate of all the
tested materials for colonization with VSMC. The cells

on this material achieved an elongated shape, while
they were spherical in shape on the other materials.
In addition, the numbers of cells obtained in one week
after seeding and the concentration of alpha-actin and
SM1 and SM2 myosins, measured per mq of protein,
were significantly higher on oxidized cellulose with
2.1 wt.% of —COOH groups. Functionalization with
arginine and chitosan improved the cell adhesion,
but usually only slightly. The most apparent increase
in cell number after functionalization was obser-
ved on oxidized cellulose with 2.1 wt.% of —-COOH
groups functionalized with chitosan, and on viscose
functionalized with chitosan or arginin. However, the
cells on all samples proliferated slowly and with a
non-significant increase in cell population densities
from day 1 to 7 after seeding. This suggests that
cellulose-based materials can be used in applications
where high proliferation activity of vascular smooth
muscle cells is not desirable. They can therefore be
used on vascular prostheses, where excessive VSMC
proliferation can lead to the restenosis of the graft.
Alternatively, cell proliferation might be enhanced by
some other more efficient modification. This would
require further research.
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Titanium and stainless steel are metallic materials
that have been in use for a long time in orthopedics,
traumatology and stomatology. These metals are
strong, corrosion-resistant and biocompatible. Howe-
ver, metallic materials have some disadvantages in
comparison with the natural bone, particularly their
relatively high specific weight and toughness. For
example, the Young’s modulus of AISI 316L stainless
steel, Co-Cr alloys and Ti-6Al-4V alloy, i.e. materials
frequently used for implantation into bone, ranges
between 110-220 GPa, while the Young’s modulus
of bone tissue is 10-40 GPa [1]. In addition, these
metals can release cytotoxic, allergenic and immu-
nogenic ions, which can affect their biocompatibility
[2, 3]. Implantation is a special type of transplantation
process, in which the implant is inserted into the body,
usually in order to replace an irreversibly damaged
tissue. However, the immune system recognizes the
implant as a foreign substance and attacks it with
its effector mechanisms. Just as it can reject other
types of transplants, the immune system can reject
an artificial implant. To prevent rejection of an implant,
it is important to study the potential activation of the
immune system.

This study has investigated the biocompatibility of
samples made of pure titanium (according to quality
standard ISO 5832-2) and corrosion-resistant steel
(quality standards ISO 5832-1 and AISI 316L), obta-
ined from Beznoska Ltd. (Kladno, Czech Republic),
and the potential activation of the immune system by
these materials. In addition to Fe, the steel samples
contained C (max. 0.025 wt.%), Si (0.6 wt.%), Mn
(1.7 wt. %), P (max. 0.025 wt. %), S (max. 0.003 wt. %),

Cr (17.5 wt. %), Ni (13.5 wt.%), Mo (2.8 wt.%), and
Cu (max. 0.1 wt.%). The materials were used in the
form of square samples (9x9 mm or 30x30 mm, thick-
ness 1 mm). Both the Ti samples and the steel sam-
ples were ground with SiO2. The surface of the steel
samples was then treated by polishing with Al,O,
paste (grain size up to 1 um), while the surface of the
Ti samples, i.e. a material not suitable for polishing,
was finished by brushing using another type of Al,O,
paste with slightly larger grains. Thus, the surface of
the steel samples was finally smoother and glossy,
while the Ti surface was rougher and matte.

For the in vitro biocompatibility tests, human osteo-
blast-like MG 63 cells (European Collection of Cell Cul-
tures, Salisbury, UK) were used. The smaller samples
(9x9 mm) were inserted into polystyrene 24-well cell
culture plates (TPP, Trasadingen, Switzerland; well
diameter 1.5 cm). Each well contained 25 000 cells
(approx. 14 150 cells/cm?) and 1.5 ml of Dulbecco’s
Modified Eagle Minimum Essential Medium (DMEM;
Sigma, USA, Cat. No. 10270-106) supplemented with
10% foetal bovine serum (FBS; Gibco, Cat. No. 10270-
106) and gentamicin (40 ug/ml, LEK, Slovenia). These
samples were used for evaluating the size of the cell
spreading area (day 1), and for evaluating cell shape
and cell viability (days 1, 4 and 7 after seeding). The
size of the cell spreading area was measured using
Atlas Software (Tescan Ltd., Brno, Czech Republic).
The viability of the cells was determined by the LIVE/
DEAD viability/cytotoxicity kit for mammalian cells
(Invitrogen, Molecular Probes, USA).

The larger samples (30x30 mm) were inserted into
GAMA polystyrene dishes (diameter 5 cm; GAMA
Group Joint-Stock Company, Ceske Budejovice,
Czech Republic) and seeded with 300 000 cells/dish
(approx. 15 300 cells/cm?) suspended in 9 mi of the
above mentioned culture medium. These samples
were used for evaluating the cell number on days 1,
4 and 7 after seeding, using a Beckman Vi-CELL XR
Cell Analyser automatic cell counter.

For the in vitro analysis of markers of osteogenic
differentiation and cell immune activation, human
osteoblast-like MG 63 cells (European Collection of
Cell Cultures, Salisbury, UK) were used. The samples
(9x9 mm) were inserted into polystyrene 24-well cell
culture plates (TPP, Trasadingen, Switzerland,; well
diameter 1.5 cm). Each well contained 25 000 cells
(approx. 14 150 cells/cm?) and 1.5 ml of Dulbecco’s
Modified Eagle Minimum Essential Medium (DMEM;
Sigma, USA, Cat. No. 10270-106) supplemented
with 10% foetal bovine serum (FBS; Gibco, Cat. No.
10270-106) and gentamicin (40 ug/ml, LEK, Slovenia).
The cells were cultured for 1, 4, or 7 days at 37°C in a
humidified atmosphere of 5% of CO, in the air. On day
4 after seeding, the medium was changed, one half of
the samples contained standard medium DMEM with
10% foetal bovine serum and gentamicin (40 ug/mi)
mentioned above, and the second half contained
osteogenic medium, i.e. the standard medium further
supplemented with (3-glycerophosphate, L-glutamin,
ascorbic acid, dihydroxyvitamin D3, dexamethason,
10% foetal bovine serum and gentamicin (40 ug/mi).

Using an Enzyme-Linked ImmunoSorbent Assay
(ELISA), we measured the concentration of the Inter-
cellular Adhesion Molecule-1 (ICAM-1, a marker of
cell immune activation) and osteocalcin (a marker of
osteogenic cell differentiation). These measurements
were performed in homogenates of cells on days 4
and 7 after seeding, and the concentration of both



markers was measured per cell or per mg of protein.
On day 7, the amount of osteocalcin was measured
and compared in cells cultured in the standard and
osteogenic media.

We also measured TNF-a and IL- 18, i.e. other
markers of cell immune activation. These cytokines
are important mediators of the inflammatory response,
and they are involved in a variety of cellular activi-
ties, including cell proliferation and differentiation.
We measured the secretion of these markers into
the cell culture medium in murine macrophage-like
RAW 264.7 cells (American Type Culture Collection,
Manassas, VA). The samples (9x9 mm) were inserted
into polystyrene 24-well cell culture plates (TPP, Tra-
sadingen, Switzerland; well diameter 1.5 cm). Each
well contained 30,000 (approx. 16 980 cells/cm?) cells
and 1.5 ml of the culture medium. RAW 264.7 cells
were cultured in the RPMI-1640 medium (Sigma, 10%
fetal bovine serum, 40 ug/mL gentamicin).

After 7 days of cultivation, the cell culture medium
was collected and used for measuring the concentra-
tion of TNF-a and IL-1B by a sandwich ELISA using
commercially available kits. A mouse TNF-a kit and
an IL- 18 Quantikine ELISA kit were used for the RAW
264.7 cells. Both kits were purchased from R and D
Systems (Minneapolis, MN) and used according to
the manufacturer’s protocol.

The results indicated that the number of initially
adhering MG 63 cells on day 1 after seeding was sig-
nificantly lower on the titanium (6320+390 cells/cm?2)
and on the stainless steel (41101370 cells/cm?) than
on the control polystyrene culture dishes (7740+350
cells/cm?). However, on day 4 after seeding, the cell
population density on both metallic materials became
significantly higher than on the control polystyrene
dishes (75200+2890 cells/cm? on Ti and 90 870+2350
cells/cm? on steel vs. 56440+1180 cells/cm? on poly-
styrene). This suggests faster cell proliferation on both
metallic materials than on polystyrene. At the same
time, the cell number on the stainless steel samples
was significantly higher than on the Ti samples. On
day 7, the differences in the number of adhered cells
on the two metals and on the control polystyrene sub-

The second molecule that we measured was osteo-

calcin, a calcium-binding extracellular matrix glyco- ® ® ® ® ® ® o

protein, an important marker of the bone formation
process. The concentration of osteocalcin on day 4 in
the standard culture medium was higher in MG 63 cells
on the titanium and stainless steel than on the control
polystyrene samples. This could be explained by the
fact that the metals are harder than polystyrene. It is
known that harder substrates promote osteogenic cell
differentiation, while softer substrates direct the cell
differentiation towards neural or muscle phenotype [5].
In addition, the osteogenic differentiation was further
supported by the osteogenic medium, as indicated by
a higher concentration of osteocalcin in cells grown in
this medium compared to cells in the standard medium
on day 7 after seeding.

On day 7 after seeding murine macrophage-like
RAW 264.7 cells on the tested materials, the concen-
tration of TNF-a in the culture medium ranged on an
average from 57.10 to 79.39 pg per 2000000 cells. The
concentration of TNF-a in the medium from Ti and Fe
was significantly higher than in the medium from the
control polystyrene dishes. The highest value (79.39
pg/2000000 cells) was found in the medium taken
from RAW 264.7 cells on Ti.

The second molecule that we tested was IL-1p.
No significant differences in the concentration of
IL-1B were detected in the culture medium obtained
from RAW 264.7 cells on all tested materials. In other
words, neither type of metallic material, i.e. Ti and
Fe, evoked significantly higher production of IL-1f
by RAW 264.7 cells than standard polystyrene cell
culture dishes.

It can be concluded that the tests of biocompati-
bility and immune activation confirmed that titanium
and stainless are promising for construction of bone
implants and for good integration with the surrounding
bone tissue.

[Engineering of Biomaterials, 116-117, (2012), 130-131]
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cells on the control polystyrene dishes, i.e. the cells
were mostly flat and polygonal, and the size of their
cell spreading areas was similar on all tested mate-
rials. The cells were distributed homogeneously on
the entire material surface, and on day 4 they started
to form confluent cell layers.

On day 4, we measured the amount of ICAM-1
by the ELISA test. This immunoglobulin molecule is
typically expressed on cells of the immune system, but
it is also expressed on other cell types, including MG

strate was on an average similar (from 328780+680
cells/cm? to 3622001760 cells/cm?). The cell viability
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seemed to be more immunogenic than stainless
steel, which was indicated by a higher concentration
of ICAM-1 per cell and mg of protein in cells on day
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difference between the concentrations of ICAM-1
per cell and mq of protein in cells on titanium and on
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Abstract

Lactoferrin, a glycoprotein found in milk, has stimu-
lated osteoblast proliferation and differentiation, but
has remained relatively unexplored as a biomaterial
component. In this study, artificial extracellular matri-
ces consisting of fibrils of collagen type | containing
lactoferrin were used as coatings for the biocompatible
polymer poly(lactic-co-glycolic acid) (PLGA).

The numbers of cells, their viability and prolife-
ration rate were evaluated in various time intervals.
Additionally, cell initial spreading area on day 1 was
measured.

The results show that lactoferrin accelerates fibril-
logenesis, leads to increased osteoblast cell numbers
1 and 3 days post-seeding, and encourages their
proliferation in each of the tested time intervals.

Keywords: coating, collagen, osteoblast, prolife-
ration, extracellular matrix, lactoferrin
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Introduction

Lactoferrin is an 80 kD glycoprotein found in milk, which
has stimulated osteoblast proliferation and differentiation as
a component of a cell culture medium [1,2]. As a compo-
nent of collagen membranes, lactoferrin has also promoted
osteoblast differentiation [3]. However, collagen-lactoferrin
interactions remain relatively unelucidated in the literature.
In addition, the effect of lactoferrin as a biomaterial coating
is relatively unexplored. In this study, artificial extracellular
matrices consisting of collagen type | fibrils were used to
coat sheets of the widely-used biocompatible polymer mate-
rial poly(lactic-co-glycolic acid) (PLGA), as in our previous
work [4]. Lactoferrin was incorporated into fibrils during
fibrillogenesis, or during fibril formation. PLGA was coated
by allowing these fibrils to adsorb onto the PLGA surface.
Collagen gels formed as a result of fibrillogenesis. The ef-
fect of lactoferrin on the kinetics of fibrillogenesis was also
investigated.

Materials and methods

Collagen fibril gels 0.5 mL in volume were formed accord-
ing to the Karamichos method [5]. Briefly, 0.4 mL of type | rat
tail collagen (BD Biosciences, 354231) at a concentration of
1 mg/mLin 0.1 M HCl was added to 0.05 mL of 10 x Eagle’s
Minimum Essential Medium (MEM; Sigma-Aldrich, M0275)
and either 0.05 mL 10 mg/ml lactoferrin (from bovine milk;

Sigma-Aldrich, L9507) in Milli-Q water or 0.05 mL Milli-Q.
This yielded a final collagen concentration of 0.8 mg/mL.
The lactoferrin concentrations were 1 mg/mL or 0 mg/mL
for the lactoferrin-free controls. After dropwise neutraliza-
tion with 1 M sodium hydroxide, gel formation took place at
37°C in a water bath.

The gelation kinetics at 37°C was investigated by per-
forming rheometry using a flat plate-shaped rotating head
of diameter 25 mm and measuring storage modulus at
a strain of 0.1% and angular frequency of 10 rad/s over
a period of 1000 s.

Circular PLGA (85:15, PURAC, Netherlands) films
0.5 mm in thickness and 12 mm in diameter were coated
with fibrils by suspending the film overnight in the neutralized
collagen solution during fibrillogenesis. The coated films
were rinsed three times in Milli-Q and were subsequently
air-dried in a fume hood for 1 hour.

The samples were sterilized using ethylene oxide,
inserted into 24-well cell culture polystyrene plates (TPP,
Switzerland; well diameter 1.5 cm) and filled with 2 ml of
McCoy medium, supplemented with 10% fetal bovine serum
and gentamicin, with a suspension of human osteoblast
cell line SaOs-2. Each well contained 30000 cells (i.e.,
approximately 17000 cells/cm?). The cells were cultured
for 1,3, and 7 days at 37°C in a humidified air atmosphere
containing 5% CO2. The cell population densities on days 1
and 3, cell spreading area on day 1, BrdU incorporation on
days 1,3 and 7, and viability on day 1 and 7 were evaluated,
and were compared with the values of cells on the control
microscopic glass coverslips.

On day 1 after seeding, cells were fixed with 70%
frozen methanol and stained with a combination of two
fluorescence dyes, i.e. Hoechst #33258 (Sigma-Aldrich,
Cat. No. B1155; 5ug/ml), which stains the cell nuclei, and
Texas Red C2-maleimide (Molecular Probes, Invitrogen,
Cat. No. T6008; 20ng/ml), which stains the cell membrane
and cytoplasm. The number of cells and their shape on
the material surface were evaluated on microphotographs
taken under an 1X-51 microscope, equipped with a DP 70
digital camera. In addition, the viability was determined
by the LIVE/DEAD viability/cytotoxicity kit for mammalian
cells (Invitrogen, Molecular Probes, Cat. No. MP03224)
according to the manufacturer’s protocol. Live and dead
cells were then counted on microphotographs taken under
the same microscope.

On day 3 after seeding, the presence of 31 integrins (i.e.,
an important group of cell-matrix adhesion receptors on os-
teoblasts, supporting their differentiation and their sensitivity
to surface properties of the material) and vinculin (protein of
focal adhesion plaques, participating in cell-substrate adhe-
sion and stabilizing the focal adhesions) in SaOs-2 cells was
evaluated by immunofluorescence staining. The cell were
fixed with 70% frozen methanol and were incubated with the
following primary antibodies: mouse monoclonal anti-human
integrin 1, and mouse monoclonal anti-human vinculin
(Chemicon International, Cat. No. MAB1981 and Sigma,
Cat. No. V9131, respectively). The secondary antibody was
goat anti-mouse F(ab')2 fragment of IgG, conjugated with
Alexa Fluor® 488 (Invitrogen, Molecular Probes, Cat. No.
A11017). Additionally, the nuclei were stained with Hoechst
#33258. After incubation with the secondary antibody and
Hoechst, the cells were evaluated under a confocal micro-
scope (Leica SPE, Germany).

On day 7 after seeding, cells were detached using
a trypsin-EDTA solution in PBS, and their viability was evalu-
ated using a Vi-CELL XR analyzer (Beckman Coulter, USA).

At each time interval (day 1, 3 and 7 after seeding), the
cell proliferation activity was evaluated by incorporating
BrdU into the dividing cells (in S-phase) by a Cell Prolifera-



FIG. 1. Kinetics of collagen gel formation in the pre-
sence and absence of lactoferrin. Data presented
as mean % S.D. from 3 measurements.

tion ELISA kit, BrdU (colorimetric) (Roche, Cat. No. 11 647
229 001). At each time interval, BrdU was added to the
culture medium for the last 3 hours of cell cultivation.

The quantitative results were presented as mean + S.D.
(Standard Deviation) or mean + S.E.M. (Standard Error of
Mean). Statistical analyses were performed using SigmaStat
(Jandel Corp., U.S.A.). Multiple comparison procedures
were made by the One Way Analysis of Variance (ANOVA),
Student-Newman-Keuls method. A
P values equal to or less than 0.05
were considered significant.

Results and
discussions

Rheometric time sweeps
(FIG.1) showed that the presence
of lactoferrin accelerated col-
lagen gel formation, suggesting
an interaction between collagen
and lactoferrin. Gels formed in
the presence of lactoferrin were
not weaker after 1000 s.

On day 1 after seeding, the
highest number of cells was
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FIG. 3. Number of SaOs-2 cells on day 3 after se-
eding. Data presented as mean * S.E.M. from 36
measurements. There was no significant differen-
ce compared to the control microscopic glass co-
verslips (P<0.05)

(24070+1 610 and 19030+2060 on samples with lactoferrin
and glass, respectively), though this difference was not sig-
nificant (FIG.3). The cells on the tested samples, particularly
PLGA with collagen | or with collagen | and lactoferrin, were
mostly polygonal and well spread (FIG.4 A-C). The largest
cell spreading areas were developed on the samples without

found on samples with lactoferrin ~ FIG- 4. Human osteoblast SaOs-2 cells in 1-day-old cultures on samples with
in comparison with the control lactoferrin (A,D), without lactoferrin (B,E), and on the control microscopic glass
microscopic glass coverslips coverslips (C,F). The cell nuclei were stained with Hoechst #33258, and the cell
(8380+510 and 5190610, re- membrane and cytoplasm were stained with Texas Red C2-maleimide. The LIVE/
spectively: P<0.05; FIG.2). Avery DEAD viability/cytotoxicity kit was used (D,E,F) to determine live and dead cells,.
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FIG. 2. Number of SaOs-2 cells and their viabili-
ty on day 1 after seeding. Data presented as mean
* S.E.M. from 16 measurements. The cell number
(*) and viability (#) different significantly from the
values on the control microscopic glass cover-
slips (P<0.05).

Arrows depict dead cells. Olympus IX 51 microscope, objective 20x, DP 70 digi-
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FIG. 5. Cell spreading area (um?) n day 1 after se-
eding. Data presented as mean * S.E.M. obtained
from 37 to 55 cells. Statistical significance: *P<0.05
compared to the control microscopic glass cover-
slips.
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FIG. 6. Immunofluorescence staining of vinculin (A,B,C) and 1 integrin (D,E,F)
in human osteoblast SaOs-2 cells in 3-day-old cultures on samples with lactofer-
rin (A,D), without lactoferrin (B,E), and on the control microscopic glass cover-
slips (C,F). The cell nuclei were counterstained with Hoechst #33258. A well-spre-
ad cell morphology and a higher number and greater size of focal adhesion com-
plexes on the cell edges were observed on samples with lactoferrin. Confocal la-
ser scanning microscope (Leica SPE, Germany); bar = 25 pm.

lactoferrin (i.e., PLGA coated with collagen | only) on day 1
after seeding (1590+200 um?). However, cells on samples
with lactoferrin have bigger spreading areas than the cells
on the control microscopic glass coverslips (116070 and
680+£70 pm?, respectively; FIG.5). In addition, the cells on
the lactoferrin-containing samples had more numerous and
better developed focal adhesion plaques, as revealed by
immunofluorescence staining of vinculin and B1-integrins
(FIG.6).

On days 1, 3 and 7, BrdU incorporation into the prolif-
erating cells was assessed (BrdU incorporation into the
newly synthesized DNA was measured during the last 3
h of cell cultivation). In each time interval, the cells on the
lactoferrin samples showed better proliferation than the
cells the control microscopic glass coverslips (FIG.7). The
cell viability was high, ranging between 89 and 97% on day
1 (FIG.2, 4 D-F), and between 93 and 96% on day 7 after
seeding. All these findings are in good correlation with the
results in the literature, where lactoferrin has been found to
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FIG. 7. Effects of lactoferrin on BrdU incorporation
into proliferating cells. Data presented as mean
* S.E.M. from 4 measurements. Statistical signifi-
cance: *P< 0.05 compared to the values on the con-
trol microscopic glass coverslips.

i promote various cell activities [6,
7], including mitotic activity [8,9],
and to support cell survival [10].

Conclusion

Lactoferrin accelerated col-
lagen gel formation, increased
the cell number on days 1 and
3 post-seeding, maintained the
| viability of cells, and supported
their proliferation.
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Abstract

Thermosensitive chitosan hydrogels containing
sodium beta-glycerophosphate (8-GP), whose gela-
tion is induced by increasing temperature to body
temperature, were functionalized by incorporation
of Alkaline Phosphatase (ALP), an enzyme involved
in mineralization of bone. ALP incorporation led to
acceleration of gelation upon increase of temperature
for four different chitosan preparations of differing
molecular weight, as demonstrated by rheometric
time sweeps at 37°C. Hydrogels containing ALP were
subsequently incubated in calcium glycerophosphate
(Ca-GP) solution to induce their mineralization with
calcium phosphate (CaP) in order to improve their sui-
tability as materials for bone replacement. Incorpora-
ted ALP retained its bioactivity and induced formation
of CaP mineral, as confirmed by SEM, FTIR, Raman
spectroscopy, XRD, ICP-OES, and increases in dry
mass percentage, which rose with increasing ALP
concentration and incubation time in Ca-GP solution.
The results demonstrate that ALP accelerates forma-
tion of thermosensitive chitosan/B-GP hydrogels and
induces their mineralization with CaP, which paves the
way for applications as injectable bone replacement
materials.

Keywords: chitosan, thermosensitivity, minerali-
zation, composite

[Engineering of Biomaterials, 116-117, (2012),135-136]

Introduction

Chitosan, a polysaccharide derived by deacetylation of
chitin, is biocompatible, biodegradable , non-toxic, non-
immunogenic, and possesses antibacterial properties.

Chitosan hydrogels can be formed by neutralization of
an acidic chitosan solution by addition of sodium beta-
glycerophosphate (B-GP) [1]. These hydrogels have the
added advantage of thermosensitivity, i.e. gelation can be
induced by increasing temperature to the range 30-60 °C,
and allow incorporation of bioactive substances such as
enzymes, including alkaline phosphatase (ALP), the enzyme
responsible for mineralization of bone. With respect to bone
substitution, the presence of a ceramic phase based on
calcium phosphate (CaP) leads to a number of advantages,
including increased bioactivity (formation of chemical bonds
with surrounding bone after implantation) and affinity for
biologically active proteins such as growth factors [2]. The
strategy of ALP incorporation followed by incubation in
a solution containing calcium ions and glycerophosphate
(GP) appears to be applicable to a wide range of hydrogels
[3]. Both calcium ions and glycerophosphate diffuse into
the gels containing ALP. ALP cleaves phosphate ions from
glycerophosphate, which are then free to react with calcium
ions to form insoluble CaP which precipitates and remains
trapped within the gel. The current study aimed to investi-
gate the effect of ALP incorporation on gelation speed. The
amount and nature of mineral formed was also investigated.

Materials and methods

Chitosan hydrogels were produced according to a proto-
col based on that of Chenite et al. [2] Briefly, 0.4 g chitosan
was dissolved in 16ml 0.1M HCI. 10 g sodium glycerophos-
phate were dissolved in 10ml water. ALP was dissolved in
water at concentrations of 0 and 2.5mg/ml. 3.6 ml chitosan
solution was mixed with 0.4 ml Na-GP solution and 0.4 ml
ALP solution, to yield a chitosan concentration of 20.5 mg/ml,
a Na-B-GP concentration of 90.9 mg/ml and ALP concen-
trations of 0 and 0.23 mg/ml. Gelation took place at 37°C
overnight. Mineralization was induced by incubation in
0.1M calcium glycerophosphate (Ca-GP). Prior to analysis,
hydrogels were rinsed three times with Milli-Q water, then
incubated in MilliQ water for 24h with the aim of removing
residual Ca-GP. For rheological studies, gel components
were mixed in the same proportions, but with a total volume
of 0.5 ml. Rheological measurements were carried out on
an AR2000 rheometer, TA instruments, using a 20 mm flat
plate geometry and a gap of 0.7mm. Time sweeps were
performed at 37°C at an oscillatory stress of 5 Pa and fre-
quency of 1Hz. The gelation point was defined as the point
where the storage modulus (G’) exceeded the value of the
loss modulus (G”) (Figure a,b). For each chitosan prepara-
tion and ALP concentration, measurements were performed
at least 3 times. The dry mass percentage, i.e. the gel
weight percentage not consisting of water, was calculated
as: (weight after incubation and subsequent freeze-drying/
weight after incubation but before freeze-drying)*100. This
served as a measure of the extent of mineral formation.
Formation of CaP was demonstrated by FTIR, Raman, XRD,
SEM and ICP-OES.

Results and discussions

Addition of ALP accelerated gelation of all four chitosan
preparations in this study (FIGURE a,b,c). Gelation times of
all four chitosan preparations tested were were similar in the
absence of ALP and shortened by ALP addition (FIGURE
c), which demonstrates the feasibility of ALP-accelerated
gelation for different preparations. Mineralization of chitosan
hydrogels by ALP was demonstrated by an increase in dry
mass percentage with increasing ALP concentration, chang-
es in morphology of chitosan and appearance of mineral-
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ized deposits by SEM JF°
(Figure d,e). Further
evidence was provided
by the presence of XRD
peaks characteristic for
apatite (FIGURE f) and
bands typical for CaP
in FTIR and Raman
spectra (FIGURE g,h),
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FIGURE (a,b,c) Gel transition point (crossover of G’ (storage modulus) and G” (loss mo-
dulus)) was reached more quickly after addition of ALP. SEM revealed mineral deposits
on gels containing ALP (e) which were absent in gels without ALP (d). XRD (f) and Raman
(g,h) revealed peaks characteristic for apatite (*) in gels containing ALP which were absent

in gels without ALP.
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Abstract

In this study, polyvinyl alcohol (PVA) hydrogels
designed for osteochondral regeneration were
mineralized with calcium phosphate (CaP) and
magnesium phosphate (MgP) by incorporation of the
enzyme alkaline phosphatase (ALP) and incubation
in solutions of 0.1 M calcium or magnesium glyce-
rophosphate (CaGP, MgGP). Hydrogels incubated in
water served as controls. Dry mass percentage, i.e.
the percentage consisting of polymer and mineral and
not water, was markedly higher for samples incuba-
ted in CaGP and MgGP and decreased in the order:
CaGP>MgGP>water. CaP and MgP formation was
confirmed by FTIR. SEM revealed spherical depo-
sits characteristic for apatite in samples incubated
in CaGP and plate-like crystals of the magnesium
phosphate bobierrite in samples incubated in MgGP,
while samples incubated in water were devoid of
deposits. Rheometric testing showed that storage
modulus of hydrogels incubated in CaGP and MgGP
was markedly higher and decreased in the order:
CaGP>MgGP>water. The results prove the principle
of enzymatic mineralization of PVA with CaP and
MgP to improve their suitability for bone regeneration
applications.

Keywords: hydrogel, composite, mineralization,
enzyme

[Engineering of Biomaterials, 116-117, (2012),137-138]

Introduction

Mineralization of hydrogels with calcium phosphate
(CaP) for bone regeneration applications can be realized
by addition of the enzyme alkaline phosphatase (ALP) and
incubation in a calcium glycerophosphate (CaGP) solution
[1]. Mineralization with magnesium phosphate (MgP) is also
promising, as MgP has comparable cytocompatibility to CaP
and supports osteoblast adhesion and differentiation [2]. In
this study, PVA hydrogels designed for osteochondral tissue
regeneration [3] were mineralized enzymatically with CaP
and MgP by incubation in CaGP and MgGP solutions.

Materials and methods

Cylindrical PVA hydrogels (10% w/v) of height 5 mm
and diameter 8 mm containing ALP at a concentration of

2.5 mg/ml were prepared as described previously [3]. Gel
mineralization was induced by incubation in mineraliza-
tion medium for 14 d in 0.1 M CaGP or MgGP. Samples
incubated in Milli-Q water served as a control. Mineraliza-
tion medium was changed every day. After conclusion of
mineralization, gels were rinsed three times in Milli-Q water
and subsequently incubated in Milli-Q for 1 d with the aim of
removing residual CaGP and MgGP. The dry mass percent-
age, i.e. the gel weight percentage not consisting of water,
was calculated as: (weight after mineralization and subse-
quent freeze-drying/weight after mineralization but before
freeze-drying)*100. This served as a measure of the extent
of mineral formation. Mineral formed was characterized by
FTIR and SEM. Mechanical properties were investigated by
performing rheometry and measuring storage modulus at
a strain of 0.1 % and angular frequency of 10 rad/s.

Results and discussions

Dry mass percentages increased as a result of incubation
inin CaGP and MgGP (FIG.1). The values for samples incu-
bated in water, CaGP and MgGP were 12.3+0.6, 28.8+0.6
and 23.0+1.2, respectively. The higher amount of mineral
formed in the CaGP group may be due to the lower solubility
of CaP relative to MgP.

The formation of CaP and MgP in hydrogels was dem-
onstrated directly by FTIR (FIG.2). Bands typical for PVA
became less prominent in samples incubated in CaGP and
MgGP. Bands typical for apatite were observed at 1030
and 540 cm' [4] while characteristic bands for bobierrite
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FIG. 1. Dry mass percentage of PVA hydrogels incu-
bated for 14 d in water or 0.1 M CaGP or MgGP (n=3).
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FIG. 2. FTIR spectra of PVA hydrogels incubated for
14 d in water or 0.1 M CaGP or MgGP after lyophi-
lization.
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138  (Mg,(PO,),8H,0) were seen at 3460, 3150, 1040, 990,
® o 0 000 0 940,830 and 680, as well as 540 cm™ [5].

SEM examination (FIG. 3) revealed no mineral deposits
on hydrogels incubated in water, however spherical depos-
its of diameter 1-2 ym were seen on samples incubated
in CaGP, which resemble CaP deposits in enzymatically
mineralized hydrogels in previous studies [1]. Plate-like
crystals approximately 5 ym in length and 1-2 pm in width
which resemble bobierrite (Mg,;(PO,),'8H,0) [2] were seen
on samples incubated in MgGP.

Rheometric testing (FIG. 4) showed that storage modulus
increased by factors of over 100 and 40 as a result of incu-
bation in CaGP and MgGP, respectively. This is consistent
with the differences in dry mass percentage (FIG.1), which
serves as a measure of mineral formation.
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FIG. 4. Storage moduli of PVA hydrogels incuba-
ted for 14 d in water or 0.1 M CaGP or MgGP (n=3).

Conclusions

CaP and MgP mineral formation in PVA hydrogels con-
taining ALP was induced by incubation in solutions of CaGP
and MgGP. More CaP was formed than MgP. CaP and MgP
formed appeared to be predominantly apatite and bobierrite,
respectively. Gels containing CaP were stronger than those
containing MgP.
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Abstract

Hydroxyapatite (HA), B-tricalcium phosphate
(B-TCP) and their mixtures have been successfully
applied in orthopedic, oral and maxillofacial surgery
[1]. Calcium phosphate (CP) bioactive ceramics based
on HA is usually fabricated of appropriate powders.
Unfortunately, mechanical properties of such material
are in general worse than those of human bone. There-
fore, there is a necessity for development of new cera-
mic CP composites with improved characteristics.

An effective biomaterial must simultaneously
possess various, often contradictory, properties [2].
A functionally graded material (FGM) with gradients
in composition, phase and microstructure from the
surface to the interior can better satisfy such combined
requirements. Recently, FGM'’s of sodium-containing
calcium phosphates were prepared expecting them
to have improved circumstances for bone formation

and bonding [3-4].

The aim of this work was to study the thermal
behavior of FGM’s of sodium — containing calcium

phosphates prepared by an original route.

The initial powder was prepared by a simple
one-step precipitation using Ca(NO3)2 and Na,PO,
reactants. The synthesis reaction resulted, besides
HA, in the by product NaNO,. However, the latter
was not washed out of the precipitate but rather used
as a source of sodium for ceramics preparation. An
original molding step was used resulted in gradient
distribution of NaNO, in compacts. They were sintered

under usual conditions.

It has been found that the linear (or volume)
shrinkage and the density slightly changed in the fired
compacts below 1100°C. However, the consolidation
abruptly increased at 1100°C. The poor sintering is
associated with NaNO, decomposition during heating
and firing at temperatures below 1100°C. At higher
temperatures, reactions between HA particles and
products of NaNO3 decomposition occurred and dif-
fusion processes were intensified. Due to the gradient
distribution of NaNQ; in the compacts, the indicated
thermal processes resulted in formation of functionally
graded ceramics (having in particular a phase gradient
from the surface to the interior as Na,Cay(PO,)s— -

rhenanite— Na+ solid solution in HA).

[Engineering of Biomaterials, 116-117, (2012), 139]
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Abstract

New generation of membrane materials can play
role in regeneration process in living organism e.g.
creation of optimal conditions for regeneration of bone
tissue (GBR/GTR technique) or defected peripheral
nerve (GNR technique).

However, biodegradable polymeric materials which
are now widely used in GNR technique (PLA, PCL,
collagen) does not have satisfactory mechanical pro-
perties such as strength (RM) or Young’s modulus
(E) because it is difficult to control their porosity [1,2].
Materials suitable for nerve regeneration should exhibit
electrical properties which stimulate the regeneration
[3]. The main idea of the guided nerve regeneration is
utilisation of a membrane separating two tissues i.e.
defected nerve tissue and connective tissue. Inside the
defected nerve tissue surrounded by the membrane
should be present factors influencing the regeneration
process such as: ECM protein, nervotrofic factors. On
the other hand, the membrane should act as a barrier
for fibroblast cells inflowing into the defected area.

The work presents results of investigations on
porous nanocomposite materials basing on biore-
sorbable aliphatic polyesters i.e. poly-(L/DL)-lactide
and carbon nanotubes (CNT). All materials i.e. nano-
composite foils and porous materials were prepared
using synthetic co-polymer of L/DL-lactide with L/DL
ratio of 80/20 from Purac®. The polymer had the
FDA attestation confirming its biocompability. As the
nanofillers, two types of CNTs produced by Nanostru-
ctured and Amorphous Materials (Inc. Huston, USA)
were used: MWCNTs (multi-wall carbon nanotubes;
diameter 10-30 nm and length 1-2 um) and SWCNTs
(single-wall carbon nanotubes; diameter 0.7-2 nm and
length 15-30 um). Nanocomposite membrane mate-
rials (PLDLA/0.5% wt. MWCNTs and PLDLA/0.5% wt.
SWCNTs) were prepared using combined methods:
phase inversion and freeze-drying. Porous microstru-
cture of the nanocomposites was investigated using
SEM/EDS. It was found, that the presence of the CNT
influenced shape, size (5-50 um) and distribution
of pores in the material (total porosity of PLDLA/
MWCNTs was about ~65% and PLDLA/SWCNTs was
about ~35%). The nanoadditives increased mechani-
cal properties of the membrane materials. For example
addtition of the SWCNTSs increased the membrane
strength (RM) form 16 to 24 MPa. Physicochemical
properties of the materials surface were investigated
by means of wettability and surface energy measu-
rements. It was shown that dispersion part of surface
free energy decreased when SWCNTs were used as
additives (from 4.5 mm/mJ PLDLA membrane to 0.7
mm/mJ PLDLA/SWCNTs), while in the case of the
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MWCNTs addition dispersion part of surface energy
increased from 4.5 mm/mdJ to 6.9 mm/mJ.

Such PLDLA-based materials modified with CNTs
(MWCNTs, SWCNTs) may be an attractive support for
adhering cells. SWCNTs were more suitable nanoad-
ditives for PLDLA-matrix membranes than MWCNTSs,
because such membranes were stronger, hydrophilic
and much more bioactive.

[Engineering of Biomaterials, 116-117, (2012), 139-140]
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Abstrtact

The main limitation of embryos transfer is the lack
of catheters for their obtaining and transferring which
would have desirable and confirmed biological pro-
perties ensuring high bioconcordance and low toxicity.
Catheters used routinely for embryos obtaining and
transfer are tools used for insemination, urology and
other medical purposes, but their bioconcordance with
embryos was never confirmed.

For these reasons in our studies we attempted
to develop the modern set of catheters designed for
the contact with embryos, based on the biomaterial
characterized by good biological and mechanical
properties such as with optimal resilience and elastic
properties, and capable to be free shaped in the form
of a tube of 1-2 mm diameter. The material which
hypothetically fulfills biological requirements and at the
same time gives possibility of free shaping is resor-
bable polymer used for the long time in many fields
of medicine is poly-e-caprolactone (PCL). Because
of its biological and physical properties it was taken
into consideration to use this biomaterial for in vitro
embryos culture and for cryoconservation.

The aim of the study was verification of biological
properties of poly-e-caprolactone (PCL) as the material
dedicated to biotechnology of animal reproduction
and gynecology and evaluation of possibility of
poly-e-caprolactone (PCL) application as a potential
material for production of medical devices, as cat-
heters for obtaining and transporting of embryos as
well as dishes for embryos culture in vitro and covers
for cryoconservation. The possible application of this
biomaterial needs verification of its biological proper-
ties on embryos culture. The foil discs made of the
polycaprolactone, thickness 0.5 mm, diameter 3.5 mm,
were prepared in two forms: the reference one (nPCL)
and thermally modified by freezing in liquid nitrogen
(mPCL). The verification of PCL bioconcordance
was performed by evaluation of 102 pig embryos
at the development stage of 2 to 4 blastomers. To
evaluate poly-e-caprolactone bioconcordance 5-day
long culture of the embryos was performed on the
evaluating material, not frozen (nPCL) and frozen in
liquid nitrogen (mPCL) and additionally culture after
short contact with poly-e-caprolactone lasting 15
minutes (nPCL-15). In all evaluated study groups the
development of embryos was suppressed shortly after
transfer to the culture with PCL. In the control group
74-78% of the embryos reached blastocyst stage.
Because of cytotoxic influence of polycaprolacton on
embryos it cannot be used as the material for catheter
production used in biotechnology of animal repro-
duction and other materials used for in vitro culture
and cryoconservation.

[Engineering of Biomaterials, 116-117, (2012), 140]
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Abstract

Results of investigations into integration of foam
titanium implants (FTI), with rabbit bone are presen-
ted. Three groups of implants were examined: clean
titanium implants produced by selective laser melting,
FTI coated with a thin film of octacalcium phosphate
(OCP), doped with 0.6 weight percent of Mg, depo-
sited by pulsed laser deposition (PLD), and FTI with
hydroxyapatite (HA) doped with 0.6 wt.% of Mg.

Analysis of histopathology of implants’ integration
with bone were performed by staining using the triple
chromatographic method of Masson - Goldner, pla-
nimetric analysis using the Kruskal - Wallis test, an
ANOVA test and microtomography. The best results
were obtained for implants coated with HA, followed
by those coated with OCP. Implants from these two
groups showed superior integration with bone than
uncoated titanium implants.

Key words: PLD, foam titanium implants, in vivo,
OCP, HA
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Abstract

In this work nanocomposite porous pins were
implanted into rabbit knees. The pins were made of
biodegradable synthetic poly-L/DL-lactide (80:20)
which was modified with nanometric hydroksyapatite
particles (HAp) and covered with biopolymer layer
of sodium alginate (NA). In vivo experiments were
conducted on a 4-element group of the New Zealand
rabbits. Osteogenesis was observed using scanning
electron microscope (SEM/EDS) after 12 weeks of
implantation.

Key words: osteochondral defects, regenerative
medicine, scaffolds, hydroksyapatite, alginate

[Engineering of Biomaterials, 116-117, (2012), 141-143]

Introduction

Repair of osteochondral defects is the major clinical
problem in orthopedics and still an unsolved issue. Articular
cartilage is avascular and relatively acellular with low level of
mitotic activity. Thus it displays a poor capacity for self-repair.
Fibrocartilaginous substitute tissue which spontaneously fills
osteochondral defects has completely different molecular
composition and biomechanical properties. With time it tends
to degenerate and fails to withstand loading during the joint
movement. Nowadays, materials for tissue engineering and
materials support for regenerative medicine are the most
promising and alternative in the treatment of osteochon-
dral defect. The main goal is to develop a new biomaterial
that will enhance and encourage repair of such defects so
the newly formed tissue would mimic in the largest extent
the precise composition of the native one which is vital in
regaining and maintaining a fully functional joint. An ideal
scaffold should possess suitable stability, biocompatibility,
permeability, porosity and three-dimensional structure. It
should also have osteoconductive and chondoconductive
properties to promote proliferation and migration of cells
and to enhance the tissue ingrowth.

In this regard, increasing attention has been given to
biodegradable polymers such as PLDLA, PCL, PGLA and bi-
opolymers such as alginates, hyaluronan, chitosan (CS) and
its compositions. Biopolymers could improve osteoblasts
and chondrocyte attachment to poly(L-lactic acid) (PLLA),
and stimulated of increase cell adhesion, proliferation and
cells metabolism activity [1-2]. The intra-articular injection
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of chitosan has shown an increase of epiphyseal cartilage
on tibial and femoral joints with simultaneous activation of
chondrocyte proliferation. In order to increase cellular ad-
hesiveness of chitosan Some authors shown that chitosan/
alginate-hyaluronan complexes with or without covalent
attachment of RGD-containing proteins could stimulated
cells grown [3]. Implantation of chondrocyte-seeded scaf-
folds into the rabbit knee with cartilage defects caused their
partial repair. Another authors modified three-dimensional
biodegradable PLA-alginate scaffold by TGF-31 to support
the attachment/retention of osteoblasts and for chondro-
genic differentiation of MSCs, while conferring mechanical
stability to the construct [4]. Marijnissen et al. compared
demineralized bone matrix to a PLA-PGA fleece, both used
in conjunction with alginate gel, in their capacity to support
the chondrocytic phenotype in vivo. Structural homogeneity
as well as the number of type Il collagen positive cells was
found to be higher in the PLA-PGA-alginate constructs, once
again confirming the well-suited applicability of such biode-
gradable polymers to the repair of cartilage and bone defects
[5]. The most promising materials for stimulated bone tissue
regeneration are polymeric nanocomposites containing such
ceramic nanoparticles as; HA, TCP or SiO,. A small amount
of the nanoparticles improves bioactivity of the material
and causes its better osteointegration with the surrounded
bone tissue [6]. Nanocomposite materials produced and
investigated during this study combined two properties of
traditional biomaterials i.e.; bioactivity which supports oste-
oblast proliferatin and biopolymer structure which is suitable
for adhesion and proliferation of chondrocytes.

Materials and methods

thesia (using xylazine 5 mg/kg and ketamine 25 mg/kg) a
lateral approach to the stifle joint under sterile conditions was
made. After lateral arthrotomy and medial patellar luxation
the femoral trochlea was visualized. Using a drill a cylindri-
cal hole (4x5 mm) was created in trochlear groove imitating
osteochondral defect (FIG. 1). Then the defect was filled with
the prepared biomaterial using press-fitting method. The joint
capsule, fascia and skin were closed in a routine manner.
After the operation all rabbits were allowed to move freely
in cages without any splints. The animals were sacrificed
at 3 months after implantation. The femoral trochleas were
harvested, fixed in 4% paraformaldehyde solution and sub-
mitted to further analysis. The specimens were adequately
cut and underwent dehydration using ethanol in different
concentrations (20, 40 i 97%) for 24h. Scanning electron
microscope (Nova NanoSEM, FEI) observation of multilevel
microstructure was performed.

Results

Preliminary studies in vitro condition showed that bio-
materials were biocompatible [7]. High porosity of these
sponges (diameter of pores was 100-300 um) and a sys-
tem of intercontective pores makes them suitable for cells
migration, deposition and blood vessels ingrowth. Three
dimensional structure mimics internal arrangement of bone
and cartilage extracellular matrix. This is conducive to inter-
actions between cells and matrix components. In the organ-
ism’s environment the sodium ions from NA are exchanged
with the calcium ions. Newly formed calcium-sodium alginate
is more solid and enhances faster defect consolidation. SEM
microphotographs showed complete integration between

Nanocomposite
sponges formed in pin
shape were used in
our research. These
implants were made
of poly (L/DL) lac-
tide (PLDLA; 80:20,
Purasorb, PURAC)
enriched in bioac-
tive nanoparticles of
hydroksyapatite (3-
60 nm, HA, Sigma-
Aldrich) and sodium
alginate (NA). The ma-
terials were obtained
by a modified solvent
casting/salt particu-
late leaching method
using sodium chlo-
ride as pore former
leading to pores of
100-300 pm diam-
eter. Cylindrical pins
were obtained with
dimensions of 4x6
mm. Finally they were
immersed in 1% so-
lution of NA (FGM
Biopolimer, Norway)
and dried in vacuum
(35°C/48h). In vivo
experiment was con-
ducted on the four
New Zealand rabbits.
Under general anaes-

FIG. 1. Macroscoping appearance of tissue defect after 3 months from surgery (a). Intraop-
erative view of a defect in trochlear groove filled with the implant material (b).
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FIG. 2. SEM microphotograph of the implant surrounded by the bone tissue (a), EDS point
analysis of newly created tissue (point 1).

Z =m0 00 0000000000600 0600000000000000000000000 000

L



implant and bone sur-
faces (FIG. 2a-3a). By ||
means of EDS analysis §:
(Genesis) the elemental
composition of speci-
men was confirmed.
As elements to detect
were chose phospho-
rus, calcium and so-
dium. Punctual EDS
analysis in the region of
biomaterial — appears
as smooth place on the
picture — showed in-
creased concentration
of Na, Ca and P. In the
region of bone — rough
surface on the picture -
minimal amount of Na
and increased ratio of
Ca:P were detected.
Increased Ca and P
concentration compared to carbon confirms the presence of
bone. The linear EDS analysis also detected characteristic
distribution of elements depending on particular regions
of specimen. In the segment that was relevant to implant
sodium concentration was high. On the contrary — in the
section of bone sodium concentration was minimal. The
average EDS analysis of the whole region of implantation
showed on FIG.3b confirmed high concentrations of Ca
and P which indicates good integration and colonization of
material by new bone tissue. It was proved that the tested
composite biomaterials because of its porosity, composition
and bioactivity enhance cells migration and deposition; sup-
port cells organization and thus promote effective repair of
osteochondral defects.

Conclusion

It was shown that the nanocomposite polymer implant
covered with the biopolymer stimulated regeneration of os-
teo tissue. Bioactive, resorbable polymeric nanocomposite
materials containing ceramic nanoparticles are interesting
implant materials which fulfil requirements of the regenera-
tive medicine. In the next step of analysis of the osteointe-
gration and stimulation of osteo-tissue regeneration process
histochemical studies ought to be performed.

FIG. 3. SEM microphotograph of joint between the implant and the bone tissue (a), Avera-
ge EDS analysis of the implant cover by tissue (b).
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Abstract

In this work, implantable drug formulation with
risperidone on the basis of poly(L-lactide-co-glyco-
lide) (L-PLGA) and poly(D,L-lactide-co-glycolide)
(D,L-PLGA) as drug carries was developed. The influ-
ence of surface and structural properties on the initial
release of risperidone during the first twenty four hours
was determined. In this aim, high-performance liquid
chromatography, nuclear magnetic resonance spec-
troscopy, scanning electron microscope and atomic
force microscope were used. Significant differences
between L-PLGA and D,L-PLGA matrices in all ana-
lyzed data were noted. The burst effect was not reve-
aled for any of the studied polymers, however the rele-
ased drug was almost five times larger for D,L-PLGA
matrices. The L-PLGA copolymer revealed a signifi-
cantly longer average length of the lactidyl and glyco-
lidyl blocks than D,L-PLGA. Moreover, various cha-
racters of surface for analyzed matrices were shown,
i.e. in case of L-PLGA the surface was porous and in
case of D,L-PLGA it was nonporous. Undoubtedly,
there were dependences between risperidone’s ini-
tial release and the topography and the structure of
polymeric matrices. We suppose that the larger drug
release for L-PLGA was more associated with surface
properties and thus structure of matrices. The obta-
ined results showed the great potential of both poly-
mers and possibility to choose the optimal polymer.

Keywords: risperidone, implantable drug carriers,
poly(L-lactide-co-glycolide, poly(D,L-lactide-co-glyco-
lide), initial release

[Engineering of Biomaterials, 116-117, (2012), 144-146]

Introduction

According to the literature data schizophrenia affects
a significant part of the world population, i.e. the range of
0.3-0.7% [1,2]. A lot of neuroleptics in various formulations
have found the application in the treatment of schizophrenia
[3-6]. One of them was risperidone, clinically used since the
late 80’s [7,8]. In the last two decades, such formulations
containing risperidone as conventional oral tablets and oro-
dispersible tablets, syrups and long-acting injections were
proposed to increase the bioavailability of risperidone and to
decrease its widely understood side effects [9-12]. Regard-

less of the point of view, the above-mentioned formulations
possess the smaller or larger drawbacks. The biggest draw-
back of oral formulations seems to be the need of regular
daily applications. An alternative to the traditional drug
formulations are various long-acting injections. The com-
mercially available medical product containing risperidone in
the form of a long-acting injection includes the encapsulated
microspheres composed of poly(D,L-lactide-co-glycolide)
(D,L-PLGA) and must be applied every two weeks for most
patients. In case of this medical product the main release of
risperidone begins in the 3 week, lasts from the 4" to 6th
week and ends in the 7" week [13]. However, due to the
fact that the microspheres are suspended in an aqueous
solution, the drug’s administration may be accompanied by
pain. Moreover, in the event of any clinical complications
microspheres cannot be removed.

In our studies, an implantable drug formulation with
risperidone on the basis of poly(L-lactide-co- glycolide) (L-
PLGA) and D,L-PLGA as drug carries will be developed. The
main aim of the performed studies on a novel formulation is
obtaining a medical product which will be applied less fre-
quently and risperidone will be released faster than in the 4th
week and longer than for 7 weeks in comparison with a com-
mercial product. However, in this work, at the current stage
of studies, the influence of surface and structural properties
on the initial release of risperidone from polymeric matrices
and the risk of the burst effect will be determined.

Materials and methods

The matrices (10 mm diameter) were obtained from two
high molecular copolymers, i.e. L-PLGA 85:15 (100 000
Da) and D,L-PLGA 85:15 (90 300 Da) by solution casting
method. In this study, five matrices obtained from L-PLGA
with an average weight equal to 60.74+13.60 mg and five
matrices from D,L-PLGA with an average weight equal to
71.2242.47 mg were used. The copolymer was synthesized
at Centre of Polymer and Carbon Materials of Polish Acad-
emy of Sciences in Zabrze in bulk with the use of Zr(Acac),
as a low toxic initiator according to the previously developed
methodology [14,15].

The matrices containing 10% of risperidone (Teva Kutno
S.A.) were incubated in a PBS buffer (pH 7.4) in the ratio
of 15 mg of matrix: 1 ml of PBS during 24 hours under
constant agitation (240 revs per minute) at the temperature
of 37°C. After this period the buffer was examined for the
presence of risperidone. Surface and structural properties of
polymeric matrices were determined before their incubation
in the PBS buffer.

Determination of risperidone concentration was done by
high-performance liquid chromatography — HPLC using a
column oven (L-2450, VWR Hitachi, Merck), a UV detector
(L-2355 diode array detector, VWR Hitachi, Merck) and Elite
LaChrom chromatograph (VWR Hitachi, Merck).

The composition and chain structure of used copolymers
(the average length of the glycolidyl (/) and lactidyl blocks
(l.), randomization ratio (R)) were determined by 'H and
8C nuclear magnetic resonance spectroscopy (NMR). 'H
NMR data were recorded at 600 MHz and *C NMR at 125
MHz using AVANCE Il Ultra Shield Plus Bruker 600 MHz
spectrometer and a 5-mm sample tube. DMSO,, was used
as a solvent.

The morphological study of the matrices’ surface was
performed by a scanning electron microscope (SEM) and an
atomic force microscope (AFM). SEM Quanta 250 FEG (FEI
Company) was employed in this study. Prior to observation
the samples were sputter coated with a 3 nm layer of gold
and investigated at low vacuum. The accelerating voltage



was 5 kV while scanning. AFM imaging was performed
using MultiMode 3 (di-Veeco, CA) working in the tapping
mode under atmospheric conditions. Before measurements,
the matrices were dried on air at room temperature in the
laminar box and then under reduced pressure. All AFM im-
ages were processed using the software package WSxM
(Nanotec Electronica) [16].

Results and discussions

During risperidone release from the implantable biode-
gradable formulations various unfavorable phenomena may
take place. One of them is burst effect, widely described in
literature for other drugs and various drug carriers [17,18]. In
this work, novel formulations which may release risperidone
longer than for 7 weeks will be developed. In this aspect,
the limitation or elimination of the burst effect is significantly
important. On the one hand, uncontrolled release of drug
substance may influence toxic effect in vivo. On the over
hand, excessive release of drug substance directly affects
the dose reduction in the polymeric matrices.

Undoubtedly, there are dependences between risperi-
done’s initial release and the topography and structure of
polymeric matrices. In this study it was confirmed. Significant
differences between L-PLGA and D,L-PLGA matrices in the
level of risperidone release, SEM and AFM images and NMR
data were observed.

The initial risperidone release was not very significant,
so the burst effect did not occur in any of the studied poly-
mers. However, significant differences between copolymers
in released drug amount were noted - in case of L-PLGA,
30.94 ug £ 3.16 (i.e. 0.51%) of risperidone was released,
while in case of D,L-PLGA, the amount of 167.07£19.25
ug (i.e. 2.35%) of risperidone was noted after the first day
of the matrices’ incubation in the PBS buffer. The level of
risperidone release during the first twenty four hours
may give information about the amount of substance
which was not incorporated into matrix. It should be
emphasized that in fact during the first twenty four §
hours the hydrolytic degradation does not take place
in case of high molecular mass aliphatic polyesters.
In this period mainly surface phenomena may decide
on risperidone release. However, surface properties
are largely a reflection of structural properties. I

In the NMR study, significant differences in the |§
average I, and /55 blocks as well as in R between
L-PLGA and D,L-PLGA matrices were shown. The
L-PLGA copolymer revealed significantly longer aver-
age I, and /¢ blocks than D,L-PLGA (TABLE 1). The
average I, and /55 blocks allowed determining the
kind of the copolymers’ structure. Considering that
the block structure of polymers occurs at the value
of randomization ratio equal to 0, the semi-block [
structure at the value of 0.5 and the random structure
at the value of 1, the structure of L-PLGA was more
blocky than that of D,L-PLGA (TABLE 1). 2

On the basis of average /,, IGG blocks and R it A"
is difficult to clearly explain how the matrix structure §
influenced the initial release of risperidone from L-
PLGA and D,L-PLGA matrices. Therefore, it is not
known on the basis of the NMR study why the initial
release of risperidone from the L-PLGA matrix was
noted on a significantly lower level. More explana-
tions may be obtained from the analysis of surface
properties.

SEM and AFM images reflected significant dif-
ferences in the morphology of the analyzed surface
between the L-PLGA and D,L-PLGA matrices.

FIG. 1. Morphology of the L-PLGA matrix containing risperidone
before incubation in the PBS buffer: SEM image (magnification x
9356) (a), AFM height 3D image (14.5 um x 14.5 pum x 1.13 ym) (b).

2 o ‘7‘1. . -H.". . / :—-

FIG. 2. Morphology of the D,L-PLGA matrix containing rispe-
ridone before incubation in the PBS buffer: SEM image (ma-
gnification x 9402) (a), AFM height 3D image (10 ym x 10 pm x
1.13 pym) (b).

TABLE 1. Structure of L-PLGA and D,L-PLGA deter-
mined by NMR study before incubation in the PBS
buffer. Content of lactidyl (F,,) and glycolidyl (Fgg)
segment; the average length of lactidyl (/) and
glycolidyl (/) blocks; R — randomization ratio.

L-PLGA 85 15 11.34 | 2.08 | 0.33
D,L-PLGA 85 15 8.8 1.6 0.43

In case of L-PLGA, the SEM image showed strong poros-
ity of the matrix. The pores were uniformly distributed and
possessed oval shape (FIG.1a). The AFM analysis of the
matrix revealed numerous hills and hollows on the surface,
which might be related to the presence of the pores (FIG.
1b). In our opinion, generally porosity may influence initial
release in various ways. It may be confirmed only in an
experimental way. Pores localized inside the matrix may be
responsible for entrapping drugs and influence the release
of drugs in higher amount at the later stage of degradation.
However, the pores localized on the surface which do not
contain drug or contain little amount of drug may cause
insignificant risperidone release at the initial stage of deg-
radation. This phenomenon might take place in case of the
studied L-PLGA matrices which revealed 0.51% release of
risperidone during the first twenty four hours.

The observed porous surface was formed during the
obtaining of matrices. It seems that it is a result of copolymer
composition. The effect of solvent addition during processing
might also result in differences between surface of poly-
mers with various structure. Differences in solvent induced
conformational and morphological changes on the surface
of L-PLGA and D,L-PLA were determined. Other authors
showed that the contact angle increases after solvent treat-
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ment, so the solvent has tremendous effect onto the surface
characteristics of the polymer. The increase in the water
contact angle is also in a relationship with the segregation
of the methyl hydrophobic groups at the polymer surface. It
was also reported that the glass transition temperature (Tg)
has a great influence onto the surface segregation of methyl
groups — polymer with lower Tg value showed higher sur-
face restructuring extent in comparison with polymers with
higher Tg value. Thereafter there might be the differences
in surface morphology between L-PLGA and D,L-PLGA,
which differ in glass transition temperature [19].

The matrices deprived of pores, i.e. D,L-PLGA (FIG.2),
revealed the release of risperidone which was almost five
times larger. The SEM (FIG.2a) and AFM (FIG. 2b) images of
the D,L-PLGA matrix showed also a solid surface composed
of morphologic elements with various sizes. D,L-PLGA
is a more amorphous material as a result of the atactic
structure of the polylactide segments. Copolymer chains
were distributed irregularly which might have influence on
the creating of the solid surface. Ipso facto the surface of
interaction and the adhesion forces between the molecules
of risperidone and D,L-PLGA might be lower. We suppose
that the higher release of risperidone is closely associated
with this feature. Moreover, the increased chain mobility
which characterizes amorphous polymers may favor easier
drug release from the outer part of matrix.

Conclusions

Concluding, none of the studied polymers exhibited the
burst release, however in case of L-PLGA lower amount
of drug released during first twenty four hours was noted
than in case of D,L-PLGA. However, generally D,L-PLGA
is a more amorphous than L-PLGA. D,L-PLGA will degrade
faster, which may influence bigger release of risperidone in
a shorter period. In turn, more crystalline L-PLGA may influ-
ence longer and less even release of risperidone. A proper
and the simplest way to avoid the burst effect in case of
a medical product seems to be washing the implant during
its preparation. However, this will affect the decrease in
risperidone dose. It seems that there is a strong correlation
of the surface and structural properties with the level of the
released drug. A 10% content in the D,L-PLGA matrix might
be too high from the point of view of the higher amount of
released drug. It is possible that a lower dose (e.g. 5% or
7.5%) will be more optimal for this copolymer. Then, adhe-
sion forces between the molecules of risperidone and D,L-
PLGA may be sufficient for the lowering of released drug in
the initial phase. Much lower amount of drug was released
from L-PLGA, which found a reflection in different surface
morphology, i.e. the presence of pores. As was mentioned
before, pores localized inside the matrix may be responsible
for entrapping drugs and influence the release of drugs in
higher amount in the later stage of degradation. However,
the pores localized on the surface which do not contain
drug or contain little amount of drug cause insignificant
risperidone release in the initial stage of degradation. Un-
doubtedly, further study is necessary to determine the whole
drug release profile, however the obtained results showed
the lack of burst effect for both of the studied polymers, so
they exhibited potential in developing implantable delivery
system of risperidone. Moreover, they showed different
drug release in the first twenty four hours, which gives the
possibility to choose the optimal polymer for the treatment
and demanded initial dose.
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Abstrtact

Eco-composites based on natural raw materials
such as polylactide and plant fibres (e.g. flax, hemp,
jute) show many important features which enable
them to be used as potential materials for biomedical
engineering. Availability of the raw materials and low
costs of production, capability to enhance mechanical
parameters and also controlled time of degradation in
the environment allow considering them as materials
for rehabilitation equipment, orthopedic supplies or
materials for medical packages. Such materials due
to the presence of the natural fibres provide higher
comfort during their utilization and then they undergo
safe biodegradation which is non-harmful for the
environment [1,2].

The work presents attempts on fabrication of
composites based on polylactide (PLA, Ingeo 3051D,
Nature works, USA) reinforced with short flax and jute
fibres. The fibres were mechanically comminuted to
the length of 1+2 mm. Preparation of PLA/fibres mix-
ture took part in two stages. The first one consisted
in drying of the polymer granulate and the fibrous
filler at 600C for 2 h. The second stage the granu-
late/fibres mixture was homogenized using vertical
screw injection moulding machine (Multiplas). The
obtained mixture was mechanically comminuted with
a laboratory grinder (Testchem). Volume fraction of
the fibres was nit higher then 5 %. The granulates
were used to prepare PLA/natural fibres composites
in the form of paddle-shaped samples (according to
PN-EN ISO 527) by the injection method. The injection
took place at 165°C and pressure of 80 kg/cm?. The
samples were subjected to hydrolytic degradation
tests (incubation in distilled water at 37°C, 15 weeks)
and biological degradation (composting in an eco-
composter, TERMO-410 with the addition of Radvit
activator which contains composting bacteria and
selected fungi cultures which support biodegradation
and accelerate degradation of organic wastes, 15
weeks). The effect of the degradation environment
on the composite material was determined on the
basis of changes of its mechanical properties (tensile
strength, Young’s modulus) using an universal testing
machine (Zwick 1453). The degradation process was
monitored by FT-IR spectroscopy of the composite
samples (transmission method, BioRAD 60FT). Chan-
ges related to the polymer chain degradation were
assessed on the basis of viscosimetric measurements
(Hoppler method).

The carried out investigations proved, that during
both the composting and the incubation in water a
gradual degradation of the material takes place. Its
visual effect was decrease of the tensile strength of
the composites for about 70% for PLA/5% jute and for

c.a. 10% for PLA/5% hemp and their Young’s modulus
for about 25 % for PLA/5% jute and for c.a. 10% for
PLA/5% hemp. The changes were caused by dec-
rease of molecular weight (Mn) of the polymer matrix
from 100 to 28 kDa for PLA/5% hemp, and from 136
to 48 kDa for PLA/5% jute. The change of the polymer
structure was faster in the case of degradation in water
environment. This effect was related to facilitated
migration of medium (water) inside the material and
possibility of washing out and transport of products
of the polymer chain disintegration. Additionally, the
present fibrous phase which is characterized by high
water absorbability may became a reservoir of both
the medium and the degradation products. Biodegra-
dation in the compost heap was slower and it was an
example of synergic effect of hydrolytic degradation
and biodegradation caused by the microorganisms.
This process could be observed on the FT-IR spectra
recorded during degradation in the compost heap,
where longer composting time led to increasing dispro-
portion between bands indicating increasing fraction
of hydroxyl, carboxyl and carbonyl groups in relation
to groups characteristic for PLA chain. In the case of
biodegradation the process progress is related to such
variable factors as: amount and type of the bacteria
and fungi cultures, humidity and temperature.

In conclusion, it may be stated that the proposed
PLA/natural fibres composite materials are an alter-
native solution for many fields of biomedical engi-
neering especially for rehabilitation and orthopedic
provision.
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Abstract

Intramedullary nailing has received increa-
sed attention for the treatment of distal femoral
fractures. There are many types of nailing sy-
stems commonly used. Among them there is
locked intramedullary nailing, which combines
closed nailing with a special locking piece (bolt),
which expands distal part of a nail and an-
choring it when a central screw is tightened.
Compared to other interlocking nail systems it
is very effective and not so invasive way of frac-
tured long bone treatment. However, it is not
perfect and has one major disadvantage related
to material (metal) and necessity of removing all
parts of the system after the bone is recovered.
The biggest issue is connected with the locking
piece removal. That is why there was a need to find
a material for this piece which is biodegradable and
strong enough to maintain its mechanical function at
the same time.

Poly-L-lactide (PLA) is nowadays one of the most
used bioabsorbable materials. Unfortunately, this po-
lymer may not meet some application requirements
due to inadequate mechanical properties and its de-
gradation characteristics. One of the easiest ways to
overcome these obstacles is to introduce an inorganic
phase into the polymer matrix to create a composite.

In this article a production method of a bio-
degradable composite (PLA/TCP, 90/10) locking
piece of an interlocking intramedullary nail called
“OLIVE” and the influence of degradation pro-
cess in simulated physiological conditions (H20,
PBS) on its mechanical properties is shown.
Main stress was placed on the inner thread
strength to discover how it changes with time.
A special device for mechanical testing machine imi-
tating working conditions was fabricated.

Based on SEM observations, pH and elec-
tric conductivity monitoring after 14 days
no degradation was found. However, mechanical test-
ing shown, that after incubation for such period of time
the material was more ductile. Instead of cracking, what
was observed for not incubated samples, they changed
their shape during the testing process. Nevertheless, it
didn’t radically influence on the inner thread strength
and didn’t change mechanical function of the olive.
No inner thread destruction was discovered contrary
to a metallic screws which in all cases were broken.
Preliminary results indicate that proposed composite

and an implant made of this material might be used
as a locking piece in a locked intramedullary nailing
system.

[Engineering of Biomaterials, 116-117, (2012), 148]

INFLUENCE OF THIN

FILMS OF BIOGLASS AND
HYDROXYAPATITE MIXTURE
DEPOSITED BY PLD METHOD ON
BIOACTIVITY OF FOAM TITANIUM
IMPLANTS

W.MR6Z', B.BubNER', R.ZAtECZNY', A.BOMBALSKA',
K.NiepziELski?, M.kaczka®, A.SLOSARCZYK?,
K.CHoLewa-KowaLska?, T.E.L.DoucLAs?, D.ScHWARZE®

TMiLITARY UNIVERSITY OF TECHNOLOGY,

INSTITUTE OF OPTOELECTRONICS,

2 GEN.S.KaLIskiEGO STR., 00-908 WaRsAw, PoLAND
2MEebicAL UNIVERSITY, DEPARTMENT OF ORTHOPAEDICS,
PoLisH MoTHER MEMORIAL HOSPITAL,

281/289 Rzcowska STR., 93-338 Lobz, PoLAND
3SAGH— UNIVERSITY OF SCIENCE AND TECHNOLOGY
FacuLTy oF MATERIAL SciENCE AND CERAMICS,

30 Mickiewicza Ave, 30-059 Krakow, PoLAND

4 GHENT UNIVERSITY,

PoLyMER CHEMISTRY AND BiomATERIALS (PBM) GRoUP,
CAMPUS STERRE, BUILDING S4,

KRriJgsLAAN 281, 9000 GenT, BELGIUM

5 SLM SoLuTtions GMBH, ROGGENHORSTER STRASSE 9c,
23556 LuBeck, GERMANY

Abstract

The introduction of different bioelements into the
structure of hydroxyapatite exerts a positive influence
on the growth of new bone tissue. One such useful
bioelement is silica, which possesses antibacterial
properties and also acts as a factor regulating bone
mineralization through stimulation of DNA to synthe-
size osteoblasts.

Results of investigations into integration of foam
titanium implants (FTI), with rabbit bone are presen-
ted. Two groups of implants were investigated: clean
titanium implants produced by selective laser melting
and FTI coated with a thin film of hydroxyapatite (HA)
mixed with 10 wt. % of bioglass (BG) of A2 type (CaO-
P,P;-SiO,). Analysis of histopathology of implants’inte-
gration with bone were performed by staining using the
triple chromatographic method of Masson - Goldner,
planimetric analysis using the Kruskal - Wallis test,
an ANOVA test and microtomography. Application of
layers of the type HA+GH showed superior integration
with bone than uncoated titanium implants.

Key words: PLD, foam titanium implants, in vivo,
HA, bioglass
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Abstract

surface, these microparticles provide this surface with
microstructure, which has been reported to enhance
the osteogenic differentiation of bone-derived cells. On
the other hand, the material surface microroughness
has dual effect on the cell adhesion, spreading and
proliferation — some studies reported the enhance-
ment, other the reduction of these events (for a review,
see [3,4]). This suggests that not only the size of the
microscale irregularities, but also their shape should
be taken into account. Therefore, in our study, gold
microparticles were used in the form of plates or
polyhedral crystals [5]. These microparticles were
deposited on square samples of Ti (1x1 cm, thickness
1 mm) and annealed with a hydrogen flame.

As for PEI, this polymer has been used as precur-
sor base layer for further functionalization of metallic
substrates, particularly with polyelectrolyte multilayer
films [6] or biomolecules such as gelatin, hyaluronan

Metallic materials are indispensable for construction
of surgical implants, particularly those designed for
load-bearing application, such as the bone-anchoring
parts of big joint replacements. For good osteointegra-
tion, long-term function, durability and also mechanical
and chemical resistance of the implant, the physical
and chemical properties of the material surface are of
a great importance. These properties can be favorably
influenced by coating the bone-anchoring parts of the
implants with appropriate biocompatible and bioactive
films. Therefore, in this study, we have investigated
the adhesion and growth of human osteoblast-like MG
63 cells in cultures on titanium substrates coated with
films made of gold microparticles and/or poly(ethylene
imine) (PEI).

Gold microparticles were chosen for good biocom-
patibility of gold and absence of its cytotoxicity, which
has been proved by numerous studies performed in
vitro and in vivo [1,2]. When deposited on the material
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FIG. 1. Number of human osteoblast-like MG 63
cells on day 7 after seeding on titanium modified
by gold microplates (Plate), gold polyhedral cry-
stals (Polyhedral), titanium modified by gold mi-
croplates with PEI coating (PEIl plate), gold poly-
hedral crystals with PEI coating (PEI pohyhedral),
titatium with PEI coating (PEI Titanium), pure tita-
nium (Titanium). As a reference material, standard
cell culture polystyrene dish (PS) was used. Mean
+ SEM from 3 independent samples for each experi-
mental group. ANOVA, Student-Newman-Keuls me-
thod. Statistical significance: x: p< 0.05 in compa-
rison with Polyhedral.

FIG. 2. Morphology of human osteoblast-like MG 63 cells on day 3 after seeding on titanium modified by gold
micrplates (A), gold polyhedral crystals (B), gold microplates with PEI coating (C), gold polyhedral crystals with
PEI coating (D) and PEI coating (E). As reference materials pure titanium (F) and standard cell culture polystyre-
ne dish (G) were used. Stained with Texas Red C2-maleimide and Hoechst #33342. Microscope Olympus IX 51,
obj. 20, digital camera DP 70. Bar = 200 ym.
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or chitosan [7,8]. Other reason for the PEI deposition
was creation of an intermediate layer which would
compensate the differences in mechanical properties
(e.g., hardness, toughness, specific weight) between
a metallic implant and bone tissue. PEI was deposi-
ted either on pure or on gold microparticle-coated Ti
samples.

The materials were sterilized with 70% ethanol (1
hour), inserted into 24-well polystyrene plates (well
diameter 1.5 cm; TPP, Switzerland) and seeded with
human osteoblast-like MG 63 cells (30 000 cells/well,
i.e. 17 000 cells/cm?). Each well contained 1.5 ml of
a medium DMEM with 10% of fetal bovine serum
and 40 ug/ml of gentamicin. On days 1, 3 and 7 after
seeding, the cell number and morphology were eva-
luated. For evaluating the cell number, the cells were
trypsinized and counted in Biirker hemocytome-
ter. For evaluating the cell morphology, i.e. the cell
shape and the size of cell spreading area, the cells
were fixed with 70% ethanol (-20°C, 10 min) and sta-
ined with a combination of fluorescence dyes Texas
Red C2-maleimide, which stains the cell membrane
and cytoplasm, and Hoechst #33342, which stains the
cell nuclei. The microphotographs of cells were taken
using an Olympus IX 51 microscope equipped with a
DP 70 digital camera, and the cell spreading area was
measured on these pictures using a software Atlas
(Tescan, Brno, Czech Rep.)

One day after seeding, the highest number of ini-
tially adhered cells was found on the surface modified
by gold polyhedral crystals. This trend was the same
on days 3 and 7 after seeding (FIG.1,2). However,
the cell number on Ti modified with gold plates was
significantly lower than on Ti with polyhedral crystals.
Nevertheless, the numbers of cells on Ti samples
coated with gold microparticles without PEI were
significantly higher than on PEI-coated samples. Also
the cell spreading areas were significantly larger on
the samples without PEI. The cells on the samples
without PEI were mostly polygonal, while the cells on
PEl-coated samples were of star-like appearance,
i.e. with multiple long protrusions (FIG.2). This is in
accordance with findings published by other authors,
documenting cytotoxic effects of PEI, particularly
that of a high molecular weight [6], which was also
used in our study (m.w. 750 kDa). Nevertheless,
this cytotoxicity was considerably reduced by further
functionalization of PEI with biomolecules, such as
gelatin, hyaluronan or chitosan [7,8].

Thus, it can be concluded that the modification of
titanium plates by gold microparticles supported the
adhesion and growth of MG 63 cells. In this context,
the polyhedral crystals were more advantageous than
plates. The effects of PEI coatings on cell behavior
need further investigation.
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Abstract

The study was conducted in order to determine
the biocomatibility of polimer mesh based on BOC
and enriched with HAp or TCP coverd by PCL sub-
micrometric fibres. Human osteoblast cell line NHOst
was cultured in standard conditions on disk-shaped
polymer samples. Interactions between materials and
cells were examined through microscopic observation
of cells’ adhesion and morphology, and tests of via-
bility/proliferation and cytotoxicity. The study proved
the biocompatibility of all examined materials, though
the surface of TCP enriched polymer didn’t promote
the adhesion of cells.

Key words: polymer mesh, HAp, TCP, osteoblasts
NHOst
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Introduction

Polymers are widely used as a material for implants
because of their flexibility, plasticity and possibility of modi-
fication. Natural biopolymers such as chitin, alginate and
cellulose were used to obtain the new implant materials.
These polymers in form of fibres allow the preparation of
various types of composites which have features (e.g.
anisotropy) different from those characteristic for typi-
cal natural tissues [1]. Many efforts have been made
to improve the biocompatibility of different polymer
materials, mainly by modifying the topography and
physicochemical properties to promote cell activity at
the surface of implants. There is a growing interest =
in search of new materials that allows air, liquids or
cells to pass through. The objective of the study was |ig
to estimate the effect of such permeable polymer
meshes and their surface modification achieved by |
the addition of HAp or TCP on adherence and viability
of osteoblasts. Biopolymer fibres based on chitin
butyric-acetic copolyesters (BOC) are characterized
by the presence of variuos side groups. These active
chemical groups could entrap nanoparticles such as
TCP, HA into the polymer chain [2]. High wettability
of BOC fibres could be modified by covering biopoly-
mer mesh by submicometric hydrofobic fibres with
PCL (poly-e-caprolactone). Domein microstructure
of fibrous composiste could be siutable to adhesion
and proliferation of cells contacted with materials [3].
The aim of this work was to check the biocompatibility
of composite materials in in vitro conditions using

as a biocompatilibity marker NHOst line (Normal Human
Osteoblasts).

Materials and methods

Materials

BOC fibres were formed by a wet process from solution
using ethyl alcohol as a solvent. A large laboratory spinning
machine with exchangeable modules was used. As nanoad-
ditives commercial available (Sigma-Aldrich) TCP (>100 nm)
and HAp (60-80 nm) were used. Thin layer of fibres with PLC
were covered using two-step procedure: melt blow method
and pressing (50°C). Unmodified and modified BOC mesh
enriched with HAp or TCP and covered with PCL fibres, in
shape of 13 mm in diameter and 1 mm in thickness disks,
were used in the study. The disks were sterylised by immers-
ing in ethanol and by UV radiation, and placed in 24-well
culture plates (Nunclon, Denmark).

Cell culture

The biocompatibility of biomaterials was compared us-
ing normal human osteoblasts NHOst (Lonza, USA). The
cells were routinely grown in 75 mL flasks in OGM Bullet
Kit (Lonza, USA) suitable for osteoblasts, in a 5% CO,and
95% air atmosphere at 37°C. Aflask of cells was brought into
suspension after incubating for 5 min in 0.5% trypsin plus
EDTA (PAA, Austria). Following trypsinization, cells were
washed by centrifugation at 400g for 5 min to give a pellet
that was resuspended in fresh supplemented medium to
a concentration of 3104 cells/mL. Next, 1 mL of cell suspen-
sion was added to each well of 24-well plates containing
sterile polymer samples. Tissue culture polystyrene (TCPS)
bottom of empty wells served as a positive control. Cultures
were performed for 3 and 7 days.

Viability/proliferation and cytotoxicity tests

At the selected time points (3 and 7 days), half of the
volume of supernatants from above cells cultured on
biomaterials was collected for cytotoxicity test (ToxiLight,
Lonza, USA). The viability/proliferation of osteoblasts was
achieved by VialLight test (Lonza, USA) according to the
producent’s protocol. Results were obtained with the aid of
luminescence microplate reader PolarStar Omega (BMG
Labtech, Germany).

FIG. 1. The image of NHOst cells grown on the biomaterials sur-
face after 7 days in culture. A) BOC, B) BOC+HAp, C) BOC+TCP,
D)TCPS. Org. magn. 10x.
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FIG. 2. The viability of osteoblasts cultured for 3 and
7 days in contact with biomaterials. RLus — Relative
Luminescent units. All differences from control sta-
tistically significant when tested by means of the T-
Tukey'’s test (p<0.05).

Cell morphology and adhesion

NHOst cells grown on biomaterials were observed under
fluorescent microscopy (Olympus, Japan). Prior to observa-
tion the cells were stained with acridine orange for 30 sec.

Statistical analysis

At each time point four replicates were tested for the
experimental and control samples, and four measurements
on each sample were performed. The results were reported
as mean values plus/minus the standard deviation (SD).
Statistical analyses were performed using the T-Tukey’s
test. The statistical significance of differences was set at
p<0.05.

Results and conclusions

All studied biomaterials are biocompatibile and promote
the proliferation of NH osteoblasts (an evident increase of
the cell number after 7 days of culture in comparison to the
3-day culture can be observed). It should be stressed that
although the values of viability/proliferation test are much
lower than in the case of control TCPS, the smooth surface
of culture plate creates the best conditions for adhesion,
spreading and proliferation of cells. However, although
biocompatible, not all tested materials support the adhesion
of NHOst cells. In the 7-day culture, very few cells adhered
to the surface of BOC+TCP can be observed. High value of
the viability test the material the BOC+TCP material owes
to cells that are spread on the surface of TCPS, beneath
the polymer mesh.

FIG. 3. The cytotoxicity of studied biomaterials after 3
and 7 days in culture with osteoblasts. RLus — Relati-
ve Luminescent units.
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Introduction

Carbon nanotubes (CNTs) are considered as a promising
material for medical applications. In biological systems, they
have been investigated as drug delivery vehicles, targeted
cancer therapies, tissue scaffolds, and biosensors [1-3].
CNTs due to their relative large length-to-diameter aspect
ratio, with a very large specific surfaceare suitable for highly
sensitive molecular detection andrecognition.Analysis of the

respectively. CNTs were synthesized at 750°C. In this tem-
perature the mixture of C,H,and N, was injected for 25min
with a flow 2I/h and 15I/h, respectively. All types of CNTs are
shown in TEM microphotographs (FIG.1).The pristine CNTs
used in this experiment were denoted, as follows:

- MWCNT-A — multi wall carbon nanotubes obtained at
AGH;

- MWCNT — multi wall carbon nanotubes obtained from
NanoAmorUSA;

- SWCNH - single wall carbon nanohorns obtained from
NanoCraftinc USA;

- ULSWCNT - ultra long single wall carbon nanotubes
obtained from NanoAmorUSA.

For biocompatibility investigation, the CNTs were depos-
ited on PTFE membrane filter (Whatman PTFE membrane)
and then cultured with human osteoblast cells (NHOst)
(Lonza, # CC-2538) for 3 and 7 days. To determine cytotox-
icity of CNTs in contact with osteoblast ToxiLight®BioAssay
Kit tests (LONZA Rockland, Inc.) were used. The interaction
of nanotubes with NHOst was observed using a scanning
electron microscopy (SEM, Nova NanoSEM 200, FEI).

The morphology of CNTs was analysed using transmis-
sion electron microscopy (TEM) (Tecnai G2 F20 (200 kV)
and Joel). The degree of purification of CNTs was deter-
mined using inductively coupled plasma optical emission
spectrometry (ICP-OES) (Multiwave 3000, Perkin Elmer
Co.) and energy dispersive spectrometry (EDS) (EDAX
Co.). The contact angle was measurement by sessile drop
method by an automatic drop shape analysis system DSA
10 Mk2 (Kruss, Germany).
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FIG.1. TEM microphotographs of MWCNT-A (A), MWCNT (B), SWCNH (C) and ULSWCNT (D)

available literature shows also positive influence of CNTs on
cells proliferation and adhesion. Especially, bone and nerve
cells are stimulated to growth in direct contact with CNTs
or with materials such as polymer and ceramic which are
modified with CNTs [4-6].

The aim of this study is to compare theeffects of differ-
enttypes ofnanotubesdeposited on polytetrafluoroethylene
(PTFE) membrane oncellularresponse. Four types of as-
prepared CNTs differ in structure, diameter, length and purity
were investigated in contact with the human osteoblast
(NHOst). Additionally, the influence of CNTs on cells viability
and their morphological condition in comparison with pure
PTFE membrane was investigated.

Materials and methods

Four types of as-prepared CNTswere investigated in
this work. Three types of them were provided by
NanoAmorUSA and NanoCraftinc USA and one was
synthesis using chemical vapour deposition (CVD)
method at the Department of Biomaterials (AGH,

Results and discussion

Carbon nanotubes used in this work possess different
dimension and purity (TABLE 1). ICP-OES and EDS analysis
of the as-prepared MWCNTand MWCNT-A indicated mainly
the presence of nickel (Ni) catalyst in this sample. In the
case of the pristine SWCNH and ULSWCNT, the ICP-OES
analysis showed mainly the presence of iron (Fe) and cobalt
(Co), respectively. Wettability of CNTs deposited on PTFE
membrane is higher in comparison with polymer membrane
(TABLE 1). Hydrophobic nature of CNTs and their ability to
nanostructure the surface causes that the substrates modi-
fied by CNTs may possess the super hydrophobic nature.
Super hydrophobic properties were especially observed for
samples modified with MWCNT-As and ULSWCNTs.

Biological results show that membranes covered with
CNTs have lower cytotoxicity in comparison with pure

TABLE 1. Parameters characterizing CNTs.

Krakow). Carbon nanotubes were synthesis in quartz |
tube furnace where as a substrate for CNTs growth,

the silicon wafer was used. This substrate was

covered by nickel (Ni) which was used as acatalyst

forthe growthof nanotubes. The carbon source and

carrier gases were acetylene (C,H,) and nitrogen (N,),

Diameter ~ Length Purity o (85

] ] (%] Wettability [°]
MWCNT-A 50-70 2-5 0,9 (Ni) (EDS) 156,6+8,7
MWCNT 10-30 1-2 1,2 (Ni) (ICP) 146,7+6,6
SWCNH 2-3 30-50 1,8 (Fe) (ICP) 148,045,5
ULSWCNT 0,7-2 15-30 | 0,8 (Co) (ICP) 154,4+5,6
PTFE membrane - - - 140,6£3,8
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FIG. 2. Cytotoxicity of osteoblast in contact with
pure PTFE membrane and modified with CNTs after
three and seven days of incubation.

PTFE membrane what indicated that presence of this na-
nomaterialsimprove biocompatibility of polymer membrane
(FIG.2). The lowest cytotoxicity was observed for samples
containing ULSWCNTs and MWCNT-As;for thosefor which
thecontact anglewas the highest.An interesting resultis
also that cytotoxicity for membranes with CNTs decrease
with time of cells culture, whereas for pure PTFE increase.
The cells morphology in contact with samples is the con-
firmation of quantitative analysis (FIG.3). Not only cells
morphology which is typical for normal osteoblastsbut also
good adhesion and spreading indicates that CNTs improve
biocompatibility of PTFE membrane in contact with bone
cells. For comparison,the cells morphologyon the PTFEis
shownin FIG.3A.

78

300 pm

HV | WD | mag| det [spot| HFW |

FIG. 3. SEM microphotographs of cells in contact
with PTFE membrane (A) and PTFE membrane
modified with MWCNTSs (B).

The presence of metal catalysts in CNTs mayindirectlyaf-
fect thecellular response. Especially Fe and Ni are known
toadversely affect thecellular response. Analysing the
samples with CNTs the highest cytotoxicity is observed for
SWCNHs, MWCNTs and MWCNT-As where the iron and
nickel are main contamination. The lowest cytotoxicity have
sample where cobalt was used as catalyst (ULSWCNTSs).

Conclusions

Four kinds of as-prepared CNTs deposited on PTFE
membranes were contacted with human osteoblast to
verify their cytotoxicity. All kinds of CNTs have positive im-
pact on cells growth and proliferation and simultaneously
reduce cytotoxicity in comparison with pure PTFE sample.
An interestingresult isthat the highlyhydrophobicsurface
of samples modified with CNTs has a positive effect on
osteoblast morphology and adhesion. Probably not only
wettability has impact on cell growth but also another fac-
tors such as nanostructuring. Resultsalso showthat the
type ofcatalyst usedduring the synthesis ofCNTscanhave

an impacton cellular response.The results arepromising,
but need further analysisand verificationof other factorsthat
may affect thecellular response.
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Abstract

Ti6Al4V, if used as an implant material is becoming
replaced by other titanium based medical alloys due to
the toxicity of vanadium. Anodic modification carried
out to obtain nanoporous structures on this two-phase
material leads to the formation of oxides only over a
phase, vanadium rich B phase oxide being etched
[1,2] due to the high solubility of V-oxides. However,
vanadium oxides having excellent conductive [3,4] and
catalytic [5] properties, with ability to bind proteins [6]
and similar to phosphates in the metabolic affinity to
insulin mimics [7]. Such properties are prospective
for using anodised nanotubular layer of the Ti6AI4V
as a biosensor platform. Anodizing the Ti6AI4V alloy
in phosphoric acid with fluoride ions gives nanotubes
presented in Fig.1a, whereas using 99.0% ethylene
glycol with 0.6% fluorides leads to formation of uniform
50nm diameter nanotubes on both phases Fig.1b.
To next experiments for thermal modification and
electrochemical examination the most appropriate
surface was obtained during anodization in 99% ethy-
lene glycol with 0.6% of NH,F in 20V during 20min.
Thermal modification was carried in 600°C in three
atmospheres (air, argon and nitrogen), only modifi-
cation in nitrogen does not affect on the nanotubes
morphology, in other cases shape and nanotubular
character of oxide layer changes to nonregular oxide
structures. Corrosion potential, cyclic voltametry
and EIS studies carried in PBS solution for each of
thermally modified oxide surface confirmed unique
electric properties of obtained layers. Obtained novel
coating with nanotubular TiO,, Al,O, and VOX and
their conductive, biological and catalytic properties
may be a bioactive and cell growth stimulating layer,
a platform for high sensitive sensors, or nanodimen-
sional electrode material.

[Engineering of Biomaterials, 116-117,(2012), 155]

FIG. 1. Surface of Ti6Al4V after anodization in 1M
H,PO, +0.3% HF (a), ethylene glycol+1% H,0+0.6%
NH,F(b).
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