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IN VITRO BIOCOMPATIBILITY
OF MULTIWALLED CARBON
NANOTUBES WITH SENSORY
NEURONS

KAReN M. GLabwiN, Raymonp L.D. WHiTBY,
SERGEY V. MikHALOVSKY, PAauL TomLIns, Jimi Abu

Abstract

Multiwalled carbon nanotubes (MWCNTSs) possess

unique properties rendering them a potentially useful

biomaterial for neurobiological applications such

as providing nanoscale contact-guidance cues for
directing axon growth within peripheral nerve repair

scaffolds. The in vitro biocompatibility of MWCNTs
with postnatal mouse spinal sensory neurons was
assessed for this application. Cell culture medium
conditioned with MWCNTs was not signifi cantly toxic

to dissociated cultures of postnatal mouse dorsal root

ganglia (DRG) neurons. However, exposure of DRG
neurons to MWCNTs dispersed in culture medium
resulted in a time- and dose-dependent reduction in
neuronal viability. At 250 ugmL-1, dispersed MWCNTs
caused signifi cant euronal death and unusual neu-

rite morphologies illustrated by immunofluorescent

labelling of the cytoskeletal protein beta (lll) tubulin,
however, at a dose of 5 uygmL-1 MWCNTs were
nontoxic over a 14-day period. DRG neurons grown
on fabricated MWCNT substrates produced neurite
outgrowths with abnormal morphologies that were
significantly inferior in length to neurons grown on the
control substrate laminin. This evidence demonstrates
that to be utilized as a biomaterial in tissue scaffolds
for nerve repair, MWCNTSs will require robust surface
modification to enhance biocompatibility and growth
promoting properties.
[Engineering of Biomaterials, 122-123, (2013), 1]

SYNTHESIS AND CHARACTERI-
ZATION OF NOVEL CHITOSAN
NANOCOMPOSITE HYDROGELS
FOR DRUG DELIVERY AND BONE
TISSUE ENGINEERING
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Abstract

Biodegradable materials for drug delivery and bone

tissue engineering are currently intensively developing and

improving, but there are still a lot of problems to solve rela-
ted with bioactivity, biocompatibility, release profile etc.
Osteosarcoma is an aggressive malignant neo-
plasm arising from primitive transformed cells of mesen-
chymal origin that exhibit osteoblastic differentiation
and produce malignant osteoid. It is the most common

histological form of primary bone cancer [1,2]. Treatment
is most destinations and made up for: intensive multidrug
short induction chemotherapy, amputation or tumor resec-
tion within the limits of normal tissue and in the last phase
again chemotherapy. This kind of neoplasm is most recen-
tly detected in young male till 25 age, therefore improving
methods of treatment is so important.

Chitosan is a natural-based polymer obtained by alka-
line deacetylation of chitin received from powdered shrimp
shells was purchased from Acros Organics.

CH,OH H NHCOCH,
O —o
H CH H
OH H H
—iQ H H 00—
0]
H NH, CH,0H

Glucosamine N-acetyl glucosamine

FIG.1. Chemical structure of chitosan
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FIG.2. Structure of Laponite plate.
Acknowledgements for reproduction of RSC material
in RSC publications.

Its main advantages are non-toxic, non-immunogenic,
non-carcinogenic degradation products, biocompatible,
bioactive and biodegradable. These properties cause
chitosan a very good candidate for novel hydrogel drug
delivery systems. Chitosan easily forms hydrogel particles
and entraps biomolecules through a number of mecha-
nisms, including chemical crosslinking, ionic crosslinking,
and ionic complexation [3,4]. A possible alternative of
chitosan by the chemical modification also has been useful
for the association of bioactive molecules to polymer and
controlling the drug release profile. There are few methods
of modification, or example.: copolimerization, grafting,
chemical and ionic crosslinking, polyelectrolyte complexes,
etc [5]. Previous studies demonstrated that chitosan could
promote the proliferation and osteogenesis but only with
moderate swelling ratio of composite, too high ability of
entrapment water solutions are not recommended. There
are a lot of advantages in chitosan properties that can be
used in research work to obtain the material of the best
expected properties.

Laponite® (LA) is a plate-like synthetic clay hectorite-
type belongs to a family of phyllosolicates type 2:1 [6]. Its
structure represent empirical formula: Na®"*[SigMg; sLi, 5
0O,,(OH) J°™. The plates size is about 25 nm x 0,92 nm.

LA has a large surface area, anionic surface charges
and exchangeable Na* cations in hydrated interlayers.
Presence of sodium cations causes better adsorption
properties for cationic drug molecules. Moreover, the exfo-
liated LA particles may act as multifunctional crosslinkers
in forming the nanocomposite hydrogels, and the polymer
chains were anchored to the particles and entangled to
form a network [7]. Used synthetic clay has got the same
type structure and but better sorption properties to mont-
morillonite but it has got serious advantage - as a synthetic
compound shows low heavy metal content.
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The initial results indicate that the incorporation of clay
improved the swelling behavior in contrast to the pure
chitosan beads. There also had been revealed significant
disproportion of viscosity received hydrogels according to
different type of LA or different concentration. Increasing
content causes telling rise of viscosity, especially reported
in higher content of used crosslinker.

The aim of research is to develop a bioactive system
biopolymer/layered silicate intelligent nanocomposite
based on chitosan and synthetic clay by a cross-linking
reaction using sodium tripolyphosphate as the gel factor.
The resultant composite were characterized by Fourier
transform infrared spectroscopy, scanning electronic mic-
roscope and X-ray diffraction analysis. The bioactivity in
physiological pH solution (SBF pH=7.40) [8], drug encap-
sulation efficiency and controlled release behaviour were
also investigated by using the model drug to reveal the
effects of introduced LA.

[Engineering of Biomaterials, 122-123, (2013), 1-2]
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Abstract

Due to favorable mechanical, tribological and biomedi-
cal properties the carbon coatingsare of interest of many
branches of the industry [1]. Growing interest in Ag doped
DLC coatings is observed within the space of the last
several years. Both, well known antibacterial properties
[2] of silver as well as a good biocompatibility [3] of carbon
coatings constitute the outstanding solution for a variety of
applications, especially for medical implants.

The aim of this study was the evaluation of influence
of silver onto the mechanical and tribological properties
of nanocompositeDLC coatings. Carbon coatingswere
producedusinga hybridRFPACVD/MSmethod and silver
ions wereincorporated into carbon matrix. The processes
consistof followed stages: synthesis of nanocompositecar-
bon (CVD) doped titanium coatings (PVD)[4] and nexts-
tage carbon (CVD) and silver deposition (PVD)or Ag ion
implantation into carbon coating. Carbon layers synthesis
was performed with use of the classic RF PACVD process
in methane atmosphere whereas as the titanium ions
source the pulsed magnetron sputtering (MS) process was
applied. Second stage was performed in the same reaction
chamber but the PVD process was carried out using the
silver cathode. The ion implantation process was carried
out with the use of silver ions with energy of 15 keV. In
order to determine the influence of silver ion implantation
process onto overall physiochemical properties of carbon
coatings four ion doses of 2,4,7 and 10x10"°Ag*/cm? were
applied.

Due to application of the gradient of chemical compo-
sition of Ti—C it is possible to manufacture thick and well
adherent carbon layers with a very good mechanical,
tribologicalparametersand corrosion resistive. Application
of silver as a doping material allowedmodification of the
mechanical and biological properties of manufactured
layers depending on the silveramount (C:Ag ratio).

[Engineering of Biomaterials, 122-123, (2013), 2]
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Abstract

Every day human body is endangered by various
injuries and diseases. The consequence may be con-
stant disability or the risk of limited ability and even
death. The fractions and resections of bones threaten
not only elderly people suffering from ostheoporosis,
but more and more frequently young people, who
experience some body harms resulting from accidents
or diseases. In case of complicated fractures surgical
intervention and using implant is necessary. A spe-
cial implant is also needed in case of the resection
of bone, which has big lack of tissues and must be
filled in with the material, which has all the properties
typical of bone implants. The glass-ceramics implants
were already used in the XXth century. They have big
future before them owing to their bioactivity, as well as
morphological similarity to bone tissue.

The paper deals with the research concerning the
bacteria adhesion on bioactive glass-ceramics materials.
Keywords: glass-ceramics implants, bacteria, human
body

[Engineering of Biomaterials, 122-123, (2013), 3-4]

Introduction

Implants are used to join parts of bones or to replace
the missing ones. To make the whole structure capable of
working, an implant must have suitable properties. Every
implant is chosen for a patient according to their age, bone
structure, sex, weight and height.

Biologically best reconstruction material comes from the
patient's own bone. A steady or partial transplant can be
used to fill in the missing element. The acceptance of the
transplant by body needs the proper blood delivery to the
place of inserting implant [1]. To choose the best implant the
biocompatibility and biotolerance are taken into considera-
tion. The biotolerance and biocompatibility make the material
non toxic and at the same time they don't affect immuno-
logical system. The materials designed for transplantation
should be biofunctional, as well as be in agreement with the
body. They shouldn’t cause side effects such as formation
of coagulations or allergies [1-3].

The ceramic and bio-ceramic materials provide long-
lasting joining of tissue and implant. The glass-ceramic is
resistant to corrosion and its degradation products are not
responsible for any toxic and allergic reactions. The chemi-
cal compounds of bioceramic, especially hydroxyapatite is
identical with human bones compounds. In addition to that,
the hydroxyapatite bioceramic possesses similar density
and friction factor [3,4].

Materials and methods

The material undergoing examination was bioactive
glass-ceramic deeped in bacteria liquid for the duration of
6 months.

Implant is an alien body and it should be remembered,
that in its environment may occur bacteria. For that reason
all inflammation focuses should be destroyed [5]. The
most frequent bacteria, which appear in human body are
[6]: Staphylococcus aureus, Staphylococcus epidermidis,
Enterococcus faecalis, Klebsiellaoxytoca, Pseudomonas
aeruginosa. The examination of the behavior of microporos-
ity glass-ceramics in bacteria environment a special liquid
made of five bacteria was prepared to put the specimens in.
The TABLE 1 presents the compounds of Tryptic Soy
Boulion.

TABLE 1. The compounds of the liquid

Compounds Contents [g/I distilled water]
casein pepton 17,0
pepton S 3,0 I
NaCl 5,0 Il
K,HPO, 25 I
glucose 2,5
Bacteria [1 pl]
Staphylococcus aureus, Staphylococcus epidermidis,
Enterococcus faecalis,
Klebsiellaoxytoca, Pseudomonasaeruginosa |

The liquid compounds enabled proper conditions for
bacteria to survive.

After the duration of six months, the specimens were
taken out of the bacteria liquid and their surfaces were
examined with the Scanning Electron Microscope Philips
XL30.

In small enlargement (44x) no changes could be ob-
served on the surface (FIG.1).

Whereas in 250x enlargement remains of biofilm are
clearly visible (FIG.2).

The material watched by means of microscope in 1000x
enlargement presents a very clear design of microporosity
surface containing bacteria (FIG.3).

Magn F——— 500 um :
44x 1.0 Torr

FIG.1. The view of the surface (44x)
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FIG.3. The view of the surface with biofilm (1000x)

Conclussions

The contemporary medicine takes interest in the materi-
als, which have the most similar properties to natural sub-
stances. Therefore the material, which apart from bioactive
properties has suitable porosity enables proper joining of
tissue and implant, as well as it makes it possible to cover
implants with drugs or maternal cells, which in turn allows
concentration of antibiotic in the place of implantation, with-
out affecting the whole body [7].

Biomaterials can have different impact on the body. In
case of a person, who has underwent implantation, that
impact may carry dangerous results for the patient’'s body
and the success of the implantation.

After six months’ stay of the specimens in bacteria liquid
the biofilm could be observed on the microporosity glass-
ceramics surface.
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Summary

This paper presents the results of oxidation andcor-
rosion tests carried out on titanium alloy Ti13Nb13Zr.
The oxide film was prepared by electrochemical envi-
ronment 2MH,PO, for 30 min and 1h, at a constant
voltage 40 V. The tests of corrosion resistance were
performed by potentiostatic method in Ringer’s solu-
tion at different pH values: 7, 5 and 3. The change
in an appearance of surface and the increase in
corrosion resistance even in an acidic environment
is an evidence that the electrochemical treatment of
theTi13Nb13Zr alloy results in formation of dense,
compact and likely amorphous oxide layer.

Keywords: titanium alloys, electrochemical oxida-
tion, corrosion resistance

[Engineering of Biomaterials, 122-123, (2013), 4-5]

Introduction

Titanium alloys are a group of metallic biomaterials
that due to the high biocompatibility, lack of mutagenic
and carcinogenic effects, good corrosion resistance and
high strength/density ratio, are widely use as load-bearing
implants [1-3]. Almost 40 titanium alloys proposed so far
to use as the load-bearing implants but only the Ti6AlI4V,
Ti6AI7Nb and Ti13Zr13Nb alloys have been certified and
applied[1]. An important factor in the use of titanium alloys
is their long term stability in the human body.lt is estimated
that the average life-time of implants is not over 15 yrs., and
in order to extend this period, a number of new technolo-
gies, based on modification of chemical composition of
an alloy, modification of the surface layer of a base metal
or application of coatings possessing superior physical,
chemical and biological properties have been investigated
[3,4]. Among them, the formation of titanium oxide film is
the most plausible as concerns the increase in corrosion
resistance, and well developed by electrochemical oxida-
tion [5-12], and chemical, gaseous and CVD method [3].
The aim of this work was to determine the effects of anodic
oxidation of the Ti13Zr13Nb alloy on corrosion resistance
of the Ti13Zr13Nb alloy in neutral and acidic environments,
for which such research has not been extensive and some
data are lacking.

Experimental methods

The study was conducted on a two-phase titanium al-
loy Ti13Nb13Zr which chemical compositions is shown in
FIG.1.
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The specimens of dimensions 15x10x2 mm were cut
from the metal sheet. Then the specimens were polished
with abrasive papers, No. 2500 as the last. After wards the
specimens were cleaned in ultrasonic chamber filled in,
subsequently, with acetone, isopropanol and distilled water.
The oxidation was performed electrochemically in 2MH,PO,
in an acidic environment. The process was carried out at
20°C, at a potential 40 V for 30 min. or 1h.

The resulting amorphous oxide layers were examined
with the scanning electron microscope (JEOL JSM-7600F).
The corrosion tests were carried out with potentiodynamic
method in the Ringer’s solution at different pH - 7, 5 and 3,
obtained by adding thehydrochloric acid into solution. The
potential, the rate of change of the potential 10 mV/min.

Results and discussion

FIG.1 illustrates the results of electrochemical oxidation
by the view of the surface. The formation ofan oxide layer
on the test rate is relatively easy and confirmed even without
XRD examinations by change in the colour, which may also
inform about crystallinity and non-crystallinity of the alloy,
and on thickness of the oxide layer.
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the dense oxide film obtained by the electrochemical environ-
ment of 2MH,PO,, 40 V, 20°C, the time of a) 30 min, b) 1h.
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FIG.2. Studies polarization potentialsat 20°C Ringer’s solution at
pH 3, 5 and 7, the solid sample: a) non-oxidised, b) oxidised.

The results of corrosion tests are shown in FIG.2 are
shown as a nukmber of potentiodynamic polarisation curves
obtained at pH 3, 5 and 7; non-oxidised is given as a refer-
ence. The shift in polarisation curves, even at pH=3, and
decrease in corrosion current are evident and prove that the
electrochemical treatment has resulted in formation of more
corrosion resistant oxide layers. Thus, such electrochemi-
cal behaviour may be used as a method of an increase in
biocompatibility and long term stability of the Ti-based joint
implants.

Conclusions

1.The electrochemical oxidation of the Ti13Zr13Nb in
2M phosphoric acid improves its corrosion resistance.

2.The improvement of corrosion resistance results very
likely from an appearance of dense and compat
oxide layer.
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Abstract

The laser remelting of the Ti6Al4V alloy was made
on specimens pre-heated at elevated temperatures.
The laser treatment effected in change of microstruc-
tures of surface layers and an appearance of blisters
and numerous cracks. The corrosion tests demon-
strated the decrease in corrosion resistance for each
preheating temperature. The observed effects were
attributed to negative influence of excessive compres-
sive stresses with no substantial relation of cracking
phenomenon on pre-heating and its temperature.

Keywords: titanium alloys, laser treatment,
corrosion

[Engineering of Biomaterials, 122-123, (2013), 6-7]

Introduction

A few works were devoted to the laser melting of Ti al-
loys, even if this surface treatment was extensively applied
for titanium and Ti-6Al-4V andTi-6.8Mo-4.5Fe-1.5Al alloys,
using the high power CO, and YAG lasers, and short pulse
Cr-F UV laser [1-3]. It was assumed that very short pulses
of laser beam would result in substantial heating of the alloy
and then in fast cooling in air in conditions corresponding to
the ultrafast quenching. The relatively smooth, crack free
nanocrystalline surface layer was obtained containing a
significant amount of martensite.

The authors found in previous work [4] that the CO, la-
ser treatment in liquid nitrogen resulted in nanocrystalline
surface layer with a great number of surface cracks, on the
contrary to other research. In order to avoid the cracking
followed by decrease in corrosion resistance, the effect of
pre-heating was investigated in presented research work.

Materials and methods

The Ti6AI4V alloy used in this study was of chemical
composition shown in TABLE 1. The mechanical properties
of the alloy were: yield stress 1010MPa, tensile strength
1072 MPa, relative elongation 10%. The microhardness
of material reached 370-410 HV0.05. The microstructure
of the cast Ti6AI4V alloy contained the a and 3 phases as
shown in FIG.1.

-
X

-qt
-

"
".'

FIG.1. Microstructure of the Ti6Al4V alloy (as re-
cived)

The remelting was carried out with the THRUMPF TLF
6000 Turbo laser at the Center for Laser Treatment of Met-
als at the Kielce University of Technology. The laser beam
dimension 1x20 mm, power input 5000 W and scanning
velocity 1 m/min were used. Before laser remelting, the
specimens were heated at temperature 200, 300, 400,
450, 500 and 550°C in air and after 1h heating immediately
subjected to laser remelting.

The microscopic examinations were made with the scan-
ning electron microscope JEOL on surfaces and at cross-
sections of preheated and laser remelted specimens. The
cross-sections were prepared after polishing the specimens
with grinding papers, No.2500 as a the last. No etching
was applied.

The corrosion tests the Ti-6Al-4V alloy were made by the
potentiodynamic method in Ringer’s solution (8.6 g NaCl,
0.3 gKCl, 0.33 g CaCl, in 1 dm?® water) mixed with magnetic
stirrer, at 37+1°C. The Atlas 9131 Electrochemical Interface
and Atlas 9121 Frequency Response Analyser were used.

Results and discussion

The surface and cross-section of the alloy after preheat-
ing at 200°C is shown in FIG.2. The behaviour of the alloy at
each pre-heating temperature was similar. The very complex
structures of the remelted layer were observed, similar to
those obtained at liquid nitrogen. Particularly, the network
of cracks appeared in all specimens. The cracks sometimes
propagated across subsurface layer, sometimes stopped in
deeper zones, usually finished in middle area. Blisters were
also present and observed as penetrating further into the
middle zone. The cracks were also similar to those observed
for laser remelting at ultrafast cooling and related to very
high stresses occurring during cooling after laser treatment
even for The blisters may be attributed to presence in air,
that may be absorbed by melted alloy.

The polarization curves obtained for the Ti6AI4V alloy in
Ringer’s solution after preheating at different temperatures
are shown in FIG.3. The laser remelting resulted in a slight
shift in polarization curves and increase in corrosion current,
likely because of high compressive stresses.

TABLE 1. Chemical composition of the Ti6Al4V alloy (wt.%)
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FIG.2. Microstructure of the laser remelted the Ti6Al4V alloy (200°C prehea-
ting, 5000 W power, 1 m/min scan velocity): a) surface, b) cross—section of
the surface layer
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FIG.3. Potentiostatic curves of the Ti-6Al-4V alloy after laser remelting of
pre-heated specimens (numbers mean temperature of the heat)

Conclusions

1. The laser remelting of the Ti6Al4V alloy with high
power laser results in thick and rough surface layer. The
small grain surface layer is created with appearing surface
cracks and blisters.

2. The laser remelting with preheating of specimens
causes the decrease in corrosion resistance of the Ti6AI4V
alloy, scarcely dependent on pre-heating temperature.

3. The observed corrosion effects may be attributed to
high stresses causing the formation of numerous surface
cracks which may act as corrosion tunnels.

4. The remelted in any way the Ti6Al4V alloy can be used
for implants in conditions of high wear but the decreasing
corrosion resistance excludes such application before the
surface cracks are removed by any mechanical finishing
treatment
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Abstract

Currently, there are more and more new materials
(nanomaterials) proposed for biological and medical
applications. They are, among other things, the effect
of surface modification. One of the most frequently
used techniques, fairly widespread, is plasmo-che-
mical method of diamond-like carbon (DLC) coating
fabrication. There is many alterations of them, nevert-
heless all are characterized by short duration of the
process and its economics. The final result does not
require additional finishing treatments and the required
coating properties can be controlled and obtained
by selecting appropriate process parameters. Good
mechanical and tribological properties, high corrosion
resistance and its tolerance by biological systems have
been documented in the literature. However, given
the very wide range of applications of biomaterials
found over time that the properties of carbon coatings
are not always sufficient. The research conducting
by scientific centres around the world have shown,
however, that surface properties can be controlled
by introducing specified elements into the DLC layer.
Each of these added elements causes some proper-
ties change. Taking into consideration that we are
dealing with biomaterials — the materials which are
used in very harsh and demanding environment of a
living organism, which also have a strong intra-indi-
vidual variability, the solution in the form of material
designed adequately to the needs of the individual
patient is even more attractive and desirable. The
DLC coatings doped by silver fulfilling constitute an
innovative materials for biomedical application and
are the subject of our investigations.

Keywords: carbon coating, doped DLC, biomate-
rial, biocompatibility, implant.

Introduction

Every year, around the world about 100,000 artificial
heart valves, 200,000 pacemakers and 1 million orthopedic
implants are implanted. In 2010 only in England and Wales
166,000 hip and knee replacement surgeries were con-
ducted showing the increase in comparison to 114,497 in
2009 and 109,825 in 2008 [1]. This phenomenon is due to
the use of biomaterials social demand increase from 8% to
15%. The growth factors are: aging population, increased
public awareness, shorter biomaterial approval process to

the market and increase of the application area. Also the
fact that people, from the very beginning of their life, have
lack of physical activities, for many hours a day stay in sitting
position and have very bad nutritional habits.

Many hours sitting position combined with a poor diet
and a strong stress factors lead to the formation of cardio-
vascular diseases, dysfunction of the skeletal, muscular and
nervous systems. As a result of that there is the still grow-
ing demand for biomedical engineering and biotechnology
products, which are designed to fight the above mentioned
side effects. Also, it is necessary to remember that specific
personal conditions (e.g. allergies, congenital dysfunction,
etc.) or to the needs generated by aesthetic medicine (e.g.
implants manufactured for plastic surgery) also affect the
needs, requirements and biomaterials market demands.

The achievements of scientists in the production of
synthetic biomaterials and the development of surgical
techniques in the middle of the last century, are a response
to the need to implant while achievements in this field broad-
ened the possibilities of using biomaterials as implants and
medical instruments. That was manifested in explosive de-
velopment of biomedical engineering and medical devices.
It is estimated that the healthcare market in this area is
currently worth more than $ 300 billion and is expected to
grow by 20% per year [2]. According to the European Market
for Orthopedic Trauma Devices the value of the European
market of external and internal fixation of bone fractures by
2016 will reach nearly 600 million euros [3].

However, not all implants are “accepted” by the recipient.
Adozen or so percent are rejected by the body. The reasons
for this are various: bacterial infections, allergies, metalosis
and others. Taking into account the good of the patient and
the economic performance of global health, organizations
and research centres had set very high criteria of biomateri-
als biocompatibility. In order to meet these requirements,
scientists from all over the world are trying to improve their
physico-chemical, mechanical and biotolerance, the effect of
which is to minimize the risk of postoperative complications
and the need for reoperation.

Materials and methods

In principle, it is known that biomaterials come into direct
contact with the biological environment. They must there-
fore have adequate biocompatibility so as not to interfere
with the physiological functions of the human body, which
is very sensitive and hard on the implant forming foreign
body. In addition, as for example biomaterials for hard tissue
regeneration, they should not only be biologically inert to the
surrounding cells, tissues and fluids of the body, but also
have the appropriate mechanical properties. Items being
implanted into the human body cannot release toxic and
carcinogenic elements. Since the surface of the biomate-
rial is in direct contact with the biological environment, so
that the surface properties largely determine the possibility
of their use in medicine. For this reason, in most cases,
modification/functionalization of the surface condition is
considered as a sine qua non of good biocompatibility. One
of the most effective methods to improve the surface prop-
erties is the surface layer onto the biomaterial constituting
bioinert material, resistant to corrosion, with satisfactory
biocompatibility.

Carbon coatings were produced using a hybrid RF
PACVD/MS method and silver ions were incorporated into
carbon matrix. The processes consist of followed stages:
synthesis of nanocomposite carbon (CVD) doped titanium
coatings (PVD) [4] and next stage carbon (CVD) and silver
deposition (PVD) or Ag ion implantation into carbon coating.

Z 0 © 00000 0000000000000 00000000000000000060000

Ll



The aim of this study was the evaluation of influence of silver
onto the surface morphology and biological properties of
nanocomposite DLC coatings. For this purpose, samples
with DLC doped by Ag ions were tested in live/dead test
using two cell strains: human endothelial cells (Ea.hy 926)
and osteoblasts-like cells (Saos-2). For testing bactericidal
activity of the coatings, an exponential growth phase of
E. coli strain DH5 a was used as a model microorganism.
In order to evaluate the surface condition and estimate its
physicochemical properties in connection with biological re-
sults, the structure and morphology were investigated using
scanning electron microscopy (SEM), surface characteristics
were determined using atomic force microscopy (AFM) and
chemical composition of coatings were tested using X-Ray
photoelectron spectroscopy (XPS).

Results and discussions

The results assigned the carbon layers doped with silver
as a material showing the antibacterial properties. Simul-
taneously, the material having come into contact with live
cells of higher organisms requires high biocompatibility,
i.e. insignificant for both cytotoxicity and possibly low-cell
responses observed by changes in metabolism which result
from contact with the surface.

Conclusions

DLC coatings being manufactured by the RF/MS RF-
PACVD method modified by silver ions implantation enables
to obtain biomaterial which limits the growth of bacteria and
at the same time has a limited impact to the human cells.
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Wprowadzenie

We wspoétczesnej inzynierii biomateriatowej stale dgzy
sie do uzyskiwania materiatdbw ceramicznych o jak naj-
wiekszej biozgodnosci i bioaktywnosci oraz odpowiednich
wiasciwosciach mechanicznych i biologicznych. Powyzsze
cele, osigga¢ mozna poprzez wprowadzanie do struktury
lub adsorpcje na powierzchni niektorych jonéw czy molekut
[1]. Przyktadowo, modyfikowanie hydroksyapatytu jonami
weglanowymi oraz jonami magnezu poprawia biozgod-
nos$¢ materiatu, z kolei dodatek jondw manganu indukuje
biatka- integryny uczestniczgce w procesie adhezji miedzy-
komoérkowej [2,3], zas dodatek tlenku manganu powoduje
zwiekszenie stabilnosci termicznej bioceramiki [4].

Selen od wielu lat znany jest jako czynnik antynowo-
tworowy, jako sktadnik selenoprotein bierze udziat w wielu
procesach metabolicznych [5]. Ostatnie badania nad sele-
nem wykazaty, ze jego niedobdr niekorzystnie wptywa na
metabolizm kosci, jest jednym z czynnikow hamujgcych ich
wzrost i indukujgcych powstawanie osteopenii [6].

Cel

Celem naszej pracy byto opracowanie metody otrzymy-
wania, analiza fizykochemiczna oraz ocena toksycznosci
hydroksyapatytu modyfikowanego jonami SeO,2.

Materiat i metody

Hydroksyapatyty o réznej zawartosci jonéw seleniano-
wych (V) zostaty przygotowane na drodze syntezy metodg
mokra.

Do analizy fizykochemicznej otrzymanych materiatow
wykorzystano nastepujgce metody:

- PXRD - dyfraktometrie proszkowg — ocena jednorod-
nosci fazowej oraz krystaliczno$ci materiatow

— TEM - transmisyjng mikroskopie elektronowg — ocena
wielkosci oraz ksztattu krysztatow

— Spektroskopie w $redniej podczerwieni FT-IR oraz
spektroskopie Ramana — badanie struktury chemicznej

- ASA - absorpcyjng spektrometrie atomowg — oznacza-
nie zawarto$ci selenu w badanych materiatach.

Ocene toksycznosci otrzymanych materiatéw wykonano
przy uzyciu testu Microtox (bakterii luminescencyjnych Vi-
brio fischeri) oraz pierwotniakéw Spirostomum ambiguum
(test Spirotox).

HYDROXYAPATITE DOPED
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MATERIAL FOR POTENTIAL
BIOMEDICAL APPLICATIONS
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2DEPARTMENT OF ENVIRONMENTAL HEALTH SCIENCES

[Engineering of Biomaterials, 122-123 (2013), 10-11]

Introduction

In modern bioceramics, the most important is to prepare
the materials with a high bioactivity and biocompatibility and
to improve their mechanical and biological properties. These
objectives can be achieved by introduction of various ions
and molecules into the structure and/or their adsorption on
the surface. For example, modification of hydroxyapatite
with carbonates CO,% and magnesium Mg?* improves bio-
compatibility of the material, manganese ions Mn?* induce
integrins — proteins taking part in cell adhesion processes
and addition of manganese oxide can improve thermal
properties of apatite bioceramics.

Selenium, as a component of selenoproteins, takes part
in a metabolic process. It also acts to prevent cancer from
developing. Recent studies suggest that selenium deficiency
may result in inhibition of bone growth and may cause os-
teopenia disease.

Aims

The main goal of our work was the synthesis and analysis
of the physicochemical properties of hydroxyapatites con-
taining selenite ions. The toxicity of the obtained materials
were also studied.

Materials and methods

Hydroxyapatites with various concentration of selenium
were prepared by standard wet method. The obtained apa-
tites were characterized using:

- powder X-ray diffractometry (PXRD) — homogeneity and
crystallinity of the samples,

- transmission electron microscopy (TEM) - shape and
crystal sizes,

- middle-range FT-IR and Raman spectroscopy — chemi-
cal structure analysis,

- atomic absorption spectroscopy (AAS) — selenium
content.

Toxicity of the received materials were studied with
Microtox test (luminescence bacterial Vibrio fisheri) and
a protozoan assay (Spirotox test with the Spirostomum
ambiguum).
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Wyniki

Otrzymane dyfraktogramy (przyktad
dyfraktogramu zamieszczono na RYS.1)
wskazujg, ze uzyskany materiat jest stabo-
krystalicznym hydroksyapatytem. Obliczenia
wykonane metodg Scherrer’a oraz uzyskane
obrazy pod mikroskopem elektronowym
TEM (RYS.2) pokazuja, ze krysztaly sg
nanokrystaliczne i ptatowate. Oszacowane
parametry komorki elementarnej a i ¢ me-
todg Rietvelda jednoznacznie wskazujg, ze
jony selenianowe (1V) zostaty wbudowane
do sieci krystalicznej. Z danych dotyczgcych
rozmiaréw tych jondw oraz budowy komorki
elementarnej hydroksyapatytu mozemy
wnioskowac, ze jony SeO,% zostaty podsta-

Results

The XRD pattern
(see FIG.1) sug-
gests that obtained
hydroxyapatites are
poorly crystalline.
Calculation based
on Scherrer’s formu-
la and TEM images
(see FIG.2) proves
that materials are na-
nocrystalline, plate-
like shaped. The unit
cell parameters a and
c (estimated by Ri-
etvield’s method) un-

wione w miejsce jonéw ortofosforanowych.
Dzieki otrzymanym widmom FT-IR oraz
Ramana zostato potwierdzone wprowa-

L B I LI I e e |

20 30 40 50 80 70 8 doubtgdlylshows that
. OIselenlte ions were
2theta O) incorporated into the

dzenie jonéw selenianowych (1V) do sieci
krystalicznej hydroksyapatytu. Dzieki me-
todzie FT-IR byto takze mozliwe oszaco-
wanie zawartosci i analiza lokalizacji jonow
weglanowych, wystepujgcych w materiale

RYS.1. Dyfraktogram prébki hydroksyapatytu za-
wierajgcej 6.11% wag. selenu.

FIG.1. XRD pattern of the sample containing 6.11%
wt. of selenium.

crystal lattice. Con-
sidering the selenites
size and apatitic unit
cell properties, we
could assume that

jako zanieczyszczenie. Zostaty takze obli-
czone indeksy krystalicznosci i dojrzatosci
podstawionych hydroksyapatytéw oraz
wzgledna zawarto$¢ kwasnych grup ortofo-
sforanowych HPO,%.

Podsumowanie i wnioski

W pracy uzyskano hydroksyapatyt o
roznej zawartosci jonow selenianowych
(IV). Z przeprowadzonych badan wynika,
ze materiat jest nanokrystaliczny. Jony
selenianowe wbudowujg sie w sie¢ krysta-
liczng hydroksyapatytu. Ocena toksycznosci

SeO,* ions substitute
phosphates in the
crystal lattice. This
hypothesis was con-
firmed by FT-IR and
Raman spectroscopy
experiments. Further-
more, we analyzed
the location and con-
centration of carbon-
ates (the major impu-
rities of the obtained
materials) by using
FT-IR spectroscopy.

2 100 nm
We also calculated

pokazata, ze hydroksyapatyt modyfikowany
jonami SeO,> moze znalez¢ zastosowanie
praktyczne w medycynie regeneracyjnej.
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RYS.2. Zdjecie TEM probki hydroksyapatytu zawie-
rajacej 6.11% wag. selenu.

FIG.2. TEM image of the sample containing 6.11%
wt. of selenium

crystallinity and ma-
turity indexes and
relative acidic phos-
phates content.

Conclusions

In our work, hydroxyapatites with various concentration
of selenite have been synthesized. Our studies have shown
that the received materials are nanocrystalline. The selenite
ions have substituted phosphates in the crystal lattice. The
preliminary toxicity results suggest that hydroxyapatite
modified with SeO,* ions could find practical application in
a regenerative medicine.
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Streszczenie

W ramach niniejszej pracy wytworzono metodg me-
talurgii proszkéw kompozyty metaliczno—ceramiczne
na osnowie tytanu i stopu tytanu Ti-6Al-4V z dodatkiem
ceramiki hydroksyapatytowey.

W przeprowadzonych badaniach okreslono za
pomocg mikroskopii optycznej oraz rentgenowskiej
analizy jako$ciowej fazy wystepujgce w wytworzonych
materiatach, wykorzystujgc profilometr wyznaczono
chropowato$c¢ powierzchni uzyskanych kompozytéw
metaliczno — ceramicznych oraz oceniono kat zwil-
Zania otrzymanych materiatow w obecnoSci roztworu
Ringera.

Stowa kluczowe: kompozyty, tytan, hydroksyapatyt,
metalurgia proszkow

[Inzynieria Biomateriatow, 122-123, (2013), 12-15]

Wprowadzenie

Sposrod najbardziej perspektywicznych grup bioma-
teriatbw nalezy wymieni¢ tytan i jego stopy, zaliczane do
biomateriatéw dtugotrwatych [1,2]. Tytan i jego stopy cha-
rakteryzujg sie dobrg odpornos$cig na korozje szczelinowa,
naprezeniowg i ogolng w srodowisku chlorkéw, najwyzsza
biotolerancjg sposréd wszystkich stosowanych obecnie
biomateriatdow metalicznych, korzystnym stosunkiem
wytrzymatosci na rozcigganie do granicy plastycznosci,
najnizszym sposrod biomateriatow metalicznych modutem
Younga, matg gestoscig [3-5]. Niestety mimo tak dobrych
wiasciwosci materiaty te charakteryzujg sie niewystarcza-
jacg odpornoscig na $cieranie [6]. Dodatkowo czesto w
wyniku zniszczenia warstewki pasywnej na powierzchni tych
materiatdw dochodzi do przenikanie dodatkéw stopowych
do srodowiska powodujgc obumieranie tkanki, z ktorg styka
sie biomateriat [3,4]. W tym przypadku przydatne okazuje sie
wytworzenie materiatbw kompozytowych z dodatkiem fazy
hydroksyapatytowej majgcej identyczny sktad chemiczny i
fazowy, co kos$¢ ludzka [3].

Materialy i metody

Materiat do badan stanowity probki kompozytow meta-
liczno—ceramicznych wykonane metodg metalurgii prosz-
kéw. Wytworzono kompozyty na osnowie tytanu i stopu
tytanu Ti-6Al-4V z dodatkiem 20 i 40% hydroksyapatytu
(Ca,o(PO,)s(OH),). Odpowiednie mieszaniny proszkow ujed-
norodnione bez medium rozdrabniajgcego umieszczono w

COMPOSITES WITH TITANIUM
AND TITANIUM ALLOY
(Ti-6Al-4V) MATRIX AND
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Abstract

The paper describes a method of powder metal-
lurgy used for obtaining metallic-ceramic composites
based on titanium and titanium alloy Ti-6Al-4V with
addition of hydroxyapatite ceramics.

Optical microscopy and X-ray quality analysis
allowed for determination of the phases present in
the materials. The authors also used a roughness
tester in order to measure surface roughness on the
metallic-ceramic composites and the contact angle of
the materials in the Ringer’s solution.

Keywords: composites, titanium, hydroxyapatite,
powder metallurgy

[Engineering of Biomaterials, 122-123, (2013), 12-15]

Introduction

Among the most prospective groups of biomaterials are
titanium and its alloys, considered as long-lasting biomateri-
als [1,2]. Titanium and its alloys are characterized by good
resistance to crevice corrosion, stress corrosion and overall
corrosion in the chloride medium as well as the highest
biotolerance among all the metallic biomaterials used today,
very good ratio of strength to yield point, the lowest Young’s
modulus among metallic biomaterials and low density [3-5].
Despite these good properties, these materials exhibit insuf-
ficient resistance to wear [6]. Furthermore, destruction of the
passive layer on the surface of these materials often leads
to permeating of alloying agents to the environment and
causes death of living tissue in contact with the biomaterial
[3,4]. In such cases, it is purposeful to use composites with
addition of hydroxyapatite phase with chemical and phase
composition that is identical to human bone [3].

Materials and methods

The material in the study was specimens of metallic-ce-
ramic composites obtained by means of powder metallurgy.
The composites were based on titanium and titanium alloy
Ti-6Al-4V with addition of 20 and 40% of hydroxyapatite
(Cayo(PO,)s(OH),). Specific mixtures of powders, ho-
mogenized without fragmentation medium in matrix and
compacted uniaxially with the pressure of 270 MPa and
then dried in the laboratory drier. The molded pieces were
sintered in the vacuum medium at the pressure of 102hPa
at the temperature of 1000°C for 1 hour.
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matrycy i prasowano jednostronnie pod ci$nieniem prasowa-
nia 270 MPa a nastepnie suszono w suszarce laboratoryjne;j.
Woypraski poddano procesowi spiekania w prozni o wartosci
102 hPa w temperaturze 1000°C przez czas 1 godziny.

Wyniki i dyskusja

Otrzymane metodg metalurgii proszkéw kompozyty
poddano badaniom mikrostrukturalnym stosujgc mikroskop
optyczny Neophot 32. Otrzymane mikrostruktury przedsta-
wiono na RYS.1.

RYS.1.Mikrostruktura proébki
60% Ti+40% HAp

FIG.1. Microstructure of the speci-
men of 60% Ti+40% HAp

W wyniku obserwacji struktur otrzymanych kompozytéw
ujawniono obecnos¢ faz: hydroksyapatytu widocznych na
rysunkach jako pola ciemne, faze tytanu widoczng na RYS. 1
i 2 jako pola jasne oraz faze stopu tytanu Ti-6Al-4V widoczng
na RYS.3 réwniez jako pola jasne.

Dla kompozytéw metaliczno — ceramicznych wyznaczono
gestos¢ pozorng przed i po spiekaniu (RYS.4)

RYS.2. Mikrostruktura prébki
80% Ti+20% HAp

FIG.2. Microstructure of the speci-
men of 80% Ti+20% HAp

Results and discussion

The composites obtained by means of powder metallurgy
were used in microstructural examinations by means of opti-
cal microscope Neophot 32. The microstructure photographs
obtained in the study are presented in FIG.1.

Observation of the structures of the composites obtained
in the study revealed the presence of phases: hydroxyapatite
represented by dark fields, titanium phase noticeable in the
FIGs.1 and 2, represented by light fields, and the phase of
titanium alloy Ti6AI-4V (also light fields in the FIG.3).

— - - = ..‘._ e . D

RYS.3. Mikrostruktura prébki
80% Ti6AI4V+20% HAp

FIG.3. Microstructure of the speci-
men of Ti6Al4V+20% HAp

Apparent density before and after sintering was deter-
mined for metallic-ceramic composites (see FIG.4)

Regardless the composition of the composites, appar-
ent density of the molded pieces was in all the cases lower
than apparent density of the sinters. The apparent densi-
ties determined for similar amounts of HAp added to pure
titanium and titanium alloy were comparable (ca. 2,9 g/cm?).

3,2
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60%Ti +40% HAp

80%Ti + 20% HAp

B gestosc pozoma wypraski

B gestosc pozoma spieku

80%Ti6AI4V + 20% HAp

RYS.4. Gestos¢ pozorna kompozytéw metaliczno ceramicznych przed i po spiekaniu w prézni
FIG.4. Apparent density of metallic-ceramic composites before and after sintering in vacuum

Bez wzgledu na sktad kompozytu gestosé pozorna
wyprasek jest w kazdym przypadku nizsza od gestosci po-
zornej spiekéw. Otrzymane gestosci pozorne kompozytéw
w przypadku dodania do czystego tytanu i stopu tytanu
takiej samej ilosci HAp byly poréwnywalne i wynosity ok.
2,9 g/cm?. Wzrost dodatku hydroksyapatytu do zawartosci
40% spowodowat spadek gestosci pozornej do wartosci
okoto 2,7 g/lcm?®.

The increase in hydroxyapatite addition up to the content of
40% caused the decrease in apparent density to the level
of 2.7 g/cm?.

Wettability of the obtained biomaterials was evaluated
by measurement of the contact angle ©. The examinations
were carried out three times for each sample and the results
were averaged. The photographs of the shape of a drop
of the Ringer’s solution on the surface of the material was

13
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Badania zwilzalnosci otrzymanych biomateriatow doko-

® o @ @ o @ o nano oceniajgc graniczny kat zwilzania ©. Badania przepro-

wadzono trzykrotnie dla kazdej prébki a otrzymane wyniki
usredniono. Zdjecia roztozenia kropli roztworu Ringera na
powierzchni materiatu analizowano przy wykorzystaniu
mikrokamery MicroCapture wyposazonej w program umozli-
wiajacy analize zdjeciowa jak réwniez wyznaczenie wartosci
kata zwilzania (RYS.5).

analysed by means of the MicroCapture microcamera with
software for photoanalysis and determination of the contact
angle (FIG.5).

The increase in the content of HAp in the materials with ti-
tanium matrix causes the increase in the value of the contact
angle @ i.e. a decline in wettability. With the same content of
HAp, the greater contact angles were found in the material
based on titanium alloy Ti-6Al-4V matrix compared to pure ti-

W materiatach na tanium matrix.
. 55

osnowie tytanu wzrost The compos-
zawartosci HAp po- ite with 40%
woduje zwiekszenie 50 HAp is hydro-
wartosci kata zwilza- phobic and
nia ©, czyli spadek exhibits low
zwilzalnoéci. Przy tej | = 43 level of water
samej zawartosci do- | @ absorption.
datku HAp wiekszym g 40 Reduction in
kgtem zwilzania cha- s { the hydroxya-
rakteryzuje sie mate-j = patite con-
riat na osnowie stopu ] N 35 tent to 20%
Ti-6Al-4V niz na osno- | & causes that
wie tytanu. Kompozyt the material
zawierajgcy 40% HAp 30 % becomes hy-
nalezy do materiatéw B drophilic and
hydrofobowych i wy- 25 shows higher
kazuje niski stopien water absorp-
wodochtonnosci. Na- 60% Ti + 80% Ti + 80% TI6AI4V + tion capacity.
tomiast zmniejszenie 40% HAp 20% HAp 20% HAp The material
dodatku hydroksyapa- based on ti-
tytu do 20% powoduije, tanium alloy
ze materiat staje sie Ti6AI4V ma-
hydrofilowym, staje sie trix showed
bardziej wodochtonny. substantially
Materiat na osnowie lower level
stopu tytanu Ti-6Al-4V of water ab-
wykazuje zdecydowa- sorption (hy-
nie nizszy stopien wo- # drophobicity)
dochtonnosci (hydro-  RYS.5. Kat zwilzania wyznaczony dla wytworzonych kompozytéw compared to
fobowos$¢) niz materiat  FIG.5. Contact angle of the composites obtained in the study the material

o tej samej zawartosci
dodatku hydroksyapa-
tytu lecz o osnowie tytanu.

Celem okreslenia parametru topografii powierzchni Ra
($rednia arytmetyczna rzednych profilu) przeprowadzono
badania z wykorzystaniem profilometru Hommel T1000.
Otrzymane wyniki bedace $rednig arytmetyczng z trzech
pomiardw dla kazdej probki prezentuje TABELA 1.

with the same
content of hy-
droxyapatite but with titanium matrix.

In order to determine parameters of surface topography
Ra (arithmetic mean of profile ordinates), the authors used
a Hommel T1000 roughness tester. The results represented
by arithmetic means from three measurements for each
sample are shown in TABLE 1.

Najwiek- The highest
szg wartos¢ TABELA 1. Zestawienie parametru chropowatosci Ra wytworzonych materiatu value of mean
$redniego TABLE 1. Roughness parameter Ra for the material obtained arithmetic de-
arytmetycz- viation of profile
nego odchy- |FFRTTEVINSECTRN  80% Ti+20% HAp |  60% Ti+40% HAp| 80% Ti6AI4V+20% HAp)| ordinates from

| rz - |
lenia rzed Ra [um] 230 6.44 299 ||the mean line
nych profilu - - - was observed
od linii $red- for the specimen

niej posiada probka o osnowie tytanu zawierajgca 40% HAp.
Zmniejszenie ilosci dodatku hydroksyapatytu powoduje
spadek chropowatosci powierzchni materiatu. Zmniejszenie
wartosci chropowatosci powierzchni probki o osnowie stopu
tytanu w poréwnaniu z prébkag na osnowie tytanu o tej samej
zawartosci HAp spowodowane jest mniejszg wielkoscig zia-
ren proszku Ti-6Al-4V w poréwnaniu z proszkiem tytanu.

with titanium matrix containing 40% HAp. Reduction in the
hydroxyapatite content caused a decline in material surface
roughness. The reduction in the value of surface roughness
in the specimen based on titanium alloy with regard to the
sample based on titanium matrix with the same HAp content
was caused by the lower size of Ti-6Al-4V power grains
compared to the titanium powder.
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Whioski

Biorgc pod uwage zastosowanie wytworzonych materia-
tow w medycynie wzrost parametru chropowatosci jest jak
najbardziej wskazany. Wraz ze wzrostem chropowatosci
materiatu, fatwiejsze staje sie namnazanie komoérek na jego
powierzchni. Zmieniajaca sie zwilzalno$¢ poszczegolnych
materiatdw moze mie¢ wplyw na absorpcje ptynéw fizjo-
logicznych przez te materiaty, co w konsekwencji moze
wptywac na wytrzymato$¢ materiatu w srodowisku ptynow
fizjologicznych, jak réwniez zapobiec powstaniu stanow
zapalnych a wiec wptyng¢ na trwato$¢ uzytkowania danego
materiatu implantacyjnego.
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STOP MAGNEZU AZ91
Z NANIESIONA PLAZMOWO
POWLOKA HAp
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Streszczenie

W ramach niniejszej pracy przedstawiono wyniki
badan stopu magnezu AZ91 z naniesiong plazmowo
powtokg hydroksyapatytows.

Przeprowadzono charakterystyke stereologiczng
proszku HAp. Zamieszczono analize mikrostruktury oraz
budowy naniesionej powtoki HAp. Dokonano poréwna-
nia wtasno$ci mechanicznych stopu magnezu i stopu
Z naniesiong powfokg ceramiczng.

Stowa kluczowe: biomateriaty, stop magnezu,
hydroksyapatyt, natryskiwanie plazmowe

[Inzynieria Biomateriatow, 122-123, (2013), 16-18]

Wprowadzenie

Ciagty rozwoj medycyny, inzynierii biomedycznej i mate-
riatowej zwigzany jest z postepem w dziedzinie implantaciji
biomateriatbw pochodzenia naturalnego jak i syntetycz-
nego w celu wspomagania czy odbudowy funkcji tkanek i
organow [1].

Od materiatéw przeznaczonych na implanty wymaga
sie, aby odznaczaty sie duzg biozgodnos$cig, nie powo-
dowaty reakcji immunologicznych, nie byty toksyczne czy
kancerogenne. Co wiecej powinny charakteryzowac sie,
biofunkcjonalnosciag, w niektérych przypadkach bioaktyw-
noscig powierzchniowg, biodegradacja i bioresorpcjg, a wiec
spetnia¢ zatozone funkcje przez dany okres czasu [2].

W grupie materiatow spetniajgcych wymienione kryteria
plasuje sie magnez i jego stopy, ktéry w ostatnim czasie
zyskat duze znaczenie w dziedzinie biomateriatow jako
materiat biodegradowalny i bioresorbowalny, mogacy
znalez¢ w przysztosci zastosowanie w medycynie na
szerszg skale. Produkty rozktadu magnezu i jego stopow
nie wptywajg toksycznie na tkanki okotowszczepowe,
nie mniej jednak tempo korozji jest zbyt szybkie, aby
zapewni¢ wystarczajgcy czas na regeneracje leczonej
tkanki. Celem zwiekszenia odpornosci magnezu na ko-
rozje nanosi sie na jego powierzchnie warstwy hydrok-
syapatytu, ktére dodatkowo podwyzszajg biozgodnosc¢
i bioaktywnos¢ implantu [1,3-5].

Materialy i metody

Materiat badawczy stanowit stop magnezu o oznaczeniu
AZ91, ktérego sktad chemiczny zamieszczono w TABELI 1.

Podtoze metaliczne poddano w pierwszym etapie pia-
skowaniu, a nastepnie naniesiono powtoke ceramiczng
metodg natryskiwania plazmowego APS (Atmosferic Plasma
Sprayed ). Do wytworzenia powtoki wykorzystano proszek
hydroksyapatytu Ca,,(PO,)s(OH),, 0 bardzo wysokim stopniu
czystosci, powyzej 99% wagowych.

MAGNESIUM ALLOY AZ91
WITH PLASMA-DEPOSITED HAp
COATING

JusTYNA KLiMAs*, AGATA Dupek, MAGDALENA KLIMAS
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Abstract

This study discusses the results obtained from
examinations of magnesium alloy AZ91 with plasma-
deposited hydroxyapatite (HAp) coating.

Stereological characterization of HAp powder was
also presented. The authors also conducted a mic-
rostructure analysis of the HAp coating. Mechanical
properties of magnesium alloy and alloywith ceramic
coating were compared..

Keywords: biomaterials, magnesium alloy, hydro-
Xyapatite, plasma spraying
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Introduction

Continuous advances in medicine, biomedical engineer-
ing and material engineering is connected with the progress
in implantation of biomaterials of natural origins of both
natural and synthetic origins in order to reconstruct the
function of both tissues and body organs [1].

The materials used for implants are expected to be char-
acterized by high biocompatibility, cannot cause immune
response and be toxic or carcinogenic. Moreover, they have
to be characterized by biofunctionality and, in some cases,
surface bioactivity, biodegradation and bioresorption and
thus perform certain functions for a particular time [2].

A group of materials that perform certain criteria includes
magnesium and its alloys. Magnesium has been given
much attention in the field of biomaterial engineering as a
biodegradable and bioresorbable material, which might be
in the future used in medicine to a broader scale. Products
of distribution of magnesium and its alloys do not have a
toxic effect on implant tissues. However, the corrosion rate
is too fast to ensure sufficient time for the damaged tissue
to reconstruct. In order to increase magnesium resistance
to corrosion, its surface is often added a hydroxyapatite
layer, which also improves biocompatibility and bioactivity
of the implant [1,3-5].

Materials and methods

The research material was composed of the magne-
sium alloy AZ91 with chemical composition as presented
in TABLE 1.

At the first stage, the metallic base material was sanded
and then a ceramic coating was deposited using the method
of atmospheric plasma spraying (APS). The coating was
obtained using hydroxyapatite powder Ca,,(PO,)s(OH),,
with very high degree of purity of over 99%wt.

The stereological examinations of the hydroxyapatite
powder consisted in description of geometrical parameters
of the powder particles.
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TABELA 1. Skiad chemiczny stopu magnezu AZ91 [6]

TABLE 1. Chemical composition of the magnesium alloy AZ91 [6].

SREEIR CRETIEAL Al Zn Mn Si Fe Cu Ni Mg
Chemical component
Procent wagowy
Weight percentage 8,5 0,75 0,13 0,02 0,02 0,01 0,002 reszta

Przeprowadzono stereologiczne badania proszku hy-
droksyapatytu, wykonujgc opis parametrow geometrycz-
nych, ktére charakteryzowaty czgsteczki proszku.

Stop magnezu AZ91, jak réwniez natryskiwang powtoke
poddano badaniom mikrostrukturalnym przy uzyciu mikro-
skopu konfokalnego Olympus LEXT OLS4000.

Powierzchnie stop magnezu AZ91 w stanie wyjsciowym
jak réwniez z naniesiong powtokg HAp poddano badaniom
twardosci. Badania przeprowadzono metodg Vickersa
przy obcigzeniu 100g - HV 0,1 przy pomocy mikrotwar-
dosciomierza poétautomatycznego FM-7 firmy FUTURE-
TECH.

Wyniki i dyskusja

The magnesium alloy of AZ91 and the deposited coat-
ing were subjected to microstructural examinations using
confocal microscope Olympus LEXT OLS4000.

Hardness was measured on the surface of the magnesi-
umAZ91 alloy in the initial state and with the HAp layer. The
examinations were carried out using the Vicker’s method
with the load of 100g - HV 0.1 by means of semi-automatic
microhardness tester FM - 7 (FUTURE-TECH).

Results and discussion

The following parameters of HAp powder particles were
analysed: surface area, perimeter, diameter, surface rough-
ness. The results are presented in the form of histograms
in FIG.1.
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RYS.1. Histogramy przedstawiajgce: a) pole powierzchni czastek, b) srednig srednice, c) obwéd, d) rozwiniecie

powierzchni czgstek HAp

FIG.1. Histograms of (a) particle surface area, (b) mean diameter, (c) perimeter and (d) HAp particles round-

ness

Dokonano analizy nastepujgcych parametréw czaste-
czek proszku HAp: pole powierzchni, obwdd, $rednice,
wspotczynnik rozwiniecia powierzchni. Wyniki w formie
histograméw przedstawiono na RYS.1.

Badania stereologiczne wykazaty, ze ziarna proszku
hydroksyapatytu majg regularny, kulisty ksztatt — Swiadczy o
tym warto$¢ rozwiniecia powierzchni ziaren bliska 1. Srednia
Srednica czgstek wynosi okoto 15 uym, pole czgstek okoto
240 ym?, natomiast obwéd okoto 50 um.

Stereological examinations demonstrated that the hy-
droxyapatite powder grains had regular, spherical shape,
which was confirmed by the roundness of nearly 1. Mean
diameter of the particles was ca. 15 um, mean surface area
was 240 um?, and perimeter was 50 um.

The microstructures obtained of the HAp layer deposited
on the metallic base material and a cross-section of alloy
AZ91 with the coating are presented in FIG.2 and 3.
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® @ o o o ® @ piesionej powtoki HAp na podtoze

Otrzymane mikrostruktury na-

metaliczne oraz przekroj poprzeczny
stopu AZ91 z powtokg przedstawiono 4
na RYS.2i 3. ¥

Otrzymana powtok HAp charaktery- '
zuje sie budowg typowg dla powtok wy-
twarzanych metodg natryskiwania pla-
zmowego. Posiada ona nieregularny,
falisty ksztatt z widoczng porowatoscig
i laminarnoscig (ciemniejsze elementy
w obszarze powtoki) umiejscowiong
pomiedzy krzepngcymi warstwami
proszku HAp. Uzyskana poprzez
natryskiwanie plazmowe powtoka
HAp posiada $rednio grubos¢ 160um.

Pw,

300 pm

. ki

W TABELI 2 zestawiono wyniki
mikrotwardosci stopu magnezu AZ91
oraz powitoki hydroksyapatytowej na
podtozu stopu magnezu.

Zestawio-
ne w TABELI TABELA2. Mikrotwardos$¢ stopu magnezu AZ91
wyniki przed- ©Oraz stopu AZ91 z powioka HAp

stawiajg zréz-
nicowang mi-
krotwardos¢

TABLE 2. Microhardness of magnesium alloy
AZ91 and the alloy AZ91 with HAP coating

RYS. 2. Mikrostruktura powtoki HAp RYS.3. Mikrostruktura przekroju
— mikroskop konfokalny

poprzecznego podioza z naniesiong
powtoka — mikroskop konfokalny

The HAp coating was characterized by the struc-
ture typical of coatings obtained using the method of
plasma spraying. It had the irregular, wavy shape with
noticeable porosity and laminarity (darker fields in the
area of the coating) located between the solidifying

layers of HAp powder. The HAp coating obtained

w przypadku Probka AZ91 Powioka HAp I through plasma spraying had the thickness of 160

stopu mag- Specimen HAp coating || ym on average.

nezu AZ91 B 84,1 HVO,1 165,3 HVO,1 TABLE 2 presents the results obtained from the

i tego stopu z ) measurements of microhardness of magnesium alloy

naniesiong po- Pomiar I 712Hv0,1 | 1589 HVO0,1 || AZ91and hydroxyapatite layer based on magnesium

wiokg hydrok- |BAAEEEICUEL alloy.

syapatytowa. I8 80,9 HVO,1 | 154,2 HVO,1 The results presented in the TABLE reveal varied
-~ : microhardness in the case of magnesium alloy AZ91

Warto';c srednia 78.3HV0,1 | 160,2 HV0,1 || and the alloy with deposited hydroxyapatite coating.

ean

Whnioski

Napylenie powtoki HAp na powierzchnie stopu mag-
nezu gwarantuje uzyskanie kompozycji o szczegdlnych,
z punktu widzenia zastosowania w medycynie wiasnosciach.
Uzyskano powtoke o grubosci 160 um majgcg na celu mie-
dzy innymi ograniczenie szybkosci korozji stopu magnezu
w $rodowisku ludzkich ptynéw ustrojowych.

Naniesienie powtoki HAp, wptywa w znaczny sposob
na wiasnosci wytrzymatosciowe stopu magnezu AZ91.
Przeprowadzone badania mikrotwardosci wykazaty, ze
twardos¢ stopu AZ91 w stanie wyjsciowym jest dwa razy
mniejsza niz naniesionej powtoki hydroksyapatytowej na
podtozu stopu AZ91.
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Conclusions

Plasma spraying of HAp coating on the surface of mag-
nesium alloy allows for obtaining of the composition with
particular, from the standpoint of application in medicine,
properties. The coating with thickness of 160 pm was ob-
tained in order to limit the corrosion rate in the magnesium
alloy in the environment of human body fluids.

Deposition of the HAp coating considerably affects
strength properties of the magnesium alloy AZ91. The mi-
crohardness tests demonstrated that hardness of alloy AZ91
in the initial state is twice lower than for the hydroxyapatite
coating deposited on the base material (alloy AZ91).
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Streszczenie

Jednym ze sposobow zapewnienia odpowiednich
wtasnosci uzytkowych jest zastosowanie implantow
kompozytowych, tgczgcych wysokie wtasnosci wy-
trzymato$ciowe materiatu metalicznego z biotole-
rancjg materiatow ceramicznych. Celem pracy byto
wytworzenie oraz analiza wtasnosci kompozytow
metalowo-ceramicznych wykonanych z mieszaniny
proszkoéw: stali austenitycznej (316LHD) oraz cera-
micznego (Al,O,).

Stowa kluczowe: kompozyty metaliczno-cera-
miczne

[Inzynieria Biomateriatow, 122-123, (2013), 19-21]

Wprowadzenie

W implantologii wykorzystuje sie stale austenityczne,
stopy tytanu, metale szlachetne, ceramika korundowa i cyr-
konowa. Austenityczne stale odporne na korozje stanowig
grupe tworzyw metalicznych, ktére zostaty najwczesniej
przystosowane do implantowania w organizmie ludzkim.
S3 jednak szczegodlnie narazone na zniszczenie wskutek
proceséw korozji naprezeniowej. Jest to zwigzane z ich
najnizsza, sposrod wszystkich stosowanych w medycynie
biomateriatdbw metalicznych, odpornoscig na korozje elek-
trochemiczng w srodowisku ptynéw ustrojowych oraz nizszg
niz np. dla stopéw tytanu, sktonnoscig do samopasywaciji.
Najczesciej stosowang stalg jest stal chromowo-niklowo-
molibdenowa typu 316L. Ze wzgledu na ciggty rozwdj
techniki, wzrosto zapotrzebowanie na niekonwencjonalne
materiaty, ktére sprostatyby ciggle wzrastajgcym potrzebom
i wymaganiom.

Niniejszy artykut pozostaje w nurcie zagadnien zwig-
zanych z otrzymaniem nowych materiatéw implantacyj-
nych, szczegodlnie przeznaczonych do zastosowan w
chirurgii kostnej. Nowe mozliwosci wytworzenia materiatéw
o okres$lonych wtasnosciach wytrzymatosciowych, z jedno-
czesng wysoka biokompatybilnoscig oraz odpornoscig na zu-
zycie Scierne daje wykorzystanie metalurgii proszkow w aspek-
cie wytworzenia kompozytéw metaliczno-ceramicznych.

Wprowadzenie faz ceramicznych do fazy metalicznej
moze stanowi¢ rozwigzanie problemu niedociggniec i stabo-
Sci poszczegolnych sktadowych materiatowych, pozwalajgc
tym samym na powstanie implantéw o wysokich cechach
biofunkcyjnych.

Material do badan

Do badan wykorzystano:

* proszek ze stali austenitycznej gatunku AISI 316LHD o
sktadzie chemicznym: 16.7%Cr, 12.3%Ni, 2.2%Mo, 0.9%Si,
0.1%Mn, 0.025%C, reszta Fe,

* proszek Al,O, o czystosci 99,95%.

ANALYSIS OF FUNCTIONAL
PROPERTIES OF COMPOSITES
316L+Al,0,

AcATA DupeEk*, IwoNA PRZERADA

CzesTocHOWA UNIVERSITY OF TECHNOLOGY,

FAcuLTY oF PROCESSING AND MATERIAL ENGINEERING

AND APPLIED PHYsICS, INSTITUTE FOR MATERIAL ENGINEERING,
19 Armil KRAJOWEJ AVE, 42 — 200 CzESTOCHOWA POLAND
*E-MAIL: DUDEK@WIP.PCZ.PL

Abstract

One of the methods to ensure particular functional
properties is to employ composite implants which
combine improved mechanical properties of metallic
materials and biocompatibility of ceramic materials.

The aim of this study was to develop and analyse
properties of metallic/ceramic composites made of
the mixture of powders: austenitic steel (316LHD) and
ceramics (Al,O,).

Keywords: metallic-ceramic composites

[Engineering of Biomaterials, 122-123, (2013), 19-21]

Introduction

The materials used in implantology include austenitic
steels, titanium alloys, noble metals as well as corundum
and zirconium ceramics. Austenitic corrosion-resistant
steels represent a group of metallic materials which have
been first adapted to implantation in human body. However,
they are especially exposed to damage as a result of stress
corrosion cracking. This fact is connected with the lowest
(among all the metallic biomaterials used in medicine)
resistance to electrochemical corrosion in the environment
of body fluids and lower (than e.g. titanium alloys) ability of
self-passivation. The most often used steel is chromium-
nickel-molybdenum steel of 316L grade. Due to continuous
development of technology, the demand for unconventional
materials which would meet the ever-increasing needs and
requirements has increased.

This paper is aimed at analysis of the problems connected
with obtaining new implantation materials, particularly those
used in bone surgeries. New opportunities of obtaining
materials with particular strength properties and high bio-
compatibility and resistance to friction wear are offered by
powder metallurgy in the aspect of obtaining metallic and
ceramic composites.

Introduction of ceramic phases to metallic phases might
represent the solution for the problem of faults and weak-
nesses of individual material components, thus allowing
for creation of implants with high biofunctional properties
[1,2].

Research materials

The following materials were used in the study:

» powder of austenitic steel grade AISI 316LHD with
chemical composition of 16.7%Cr, 12.3%Ni, 2.2%Mo,
0.9%Si, 0.1%Mn, 0.025%C and the remaining part being Fe,

* powder Al,O, with purity of 99.95%.

The following mixtures of powders were prepared in
the study: 90%+50% 316LHD+10+50%Al,0;, of which the
specimens for the test were formed. The process of sintering
was carried out using the HP-HT method (High Pressure -
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W ramach badan wykonano nastepujgce zestawy prosz-

® 000000 kow: 90%+50%316LHD+10+50%Al,O;, z ktérych uformo-

wano probki do badan. Proces spiekania zostat przepro-
wadzony metodg HP-HT (ang. High Pressure - High Tem-
perature) na prasie D0044 wyposazonej w komore wyoko-
cisnieniowg typu Bridgmana, przy ci$nieniu 4.0 +0.2 GPa,
w temperaturze 1250°C, w czasie 60 s.

Metodyka badan

Badanie porowatosci zostato przeprowadzone na poro-
zymetrze PoreMaster 33. Ocene wlasnosci wytrzymatoscio-
wych zrealizowano metodg pomiaru twardosci Brinella przy
pomocy wgtebnika z weglika spiekanego o srednicy 2,5 mm.
Zastosowane obcigzenie wynosito 1839 N.

Badanie odpornosci na zuzycie $cierne podczas tarcia
suchego przeprowadzono na testerze T-05 wyproduko-
wanym przez Instytut Technologii Eksploatacji w Radomiu.
Urzadzenie wspotpracowato z elektronicznym uktadem
rejestracji danych Spider 8 i oprogramowaniem Catman
Express firmy Hottinger Baldwin Messtechnik. Pare tracg
stanowita jedna z powierzchni probki oraz rolka wykonana ze
stali tozyskowej 100Cr6 (LH15). Badanie zostato przeprowa-
dzone przy nastepujgcych parametrach: obcigzenie 23,5N
(2,4 kG), czas 2 godziny (4 cykle po 30 min), predkos¢
liniowa $lizgu 1 m/s, predkos¢ obrotowa wrzeciona 546
obr/min, droga tarcia 7,2 km (4x1,8 km). Miarg odpornosci
na zuzycie przez tarcie byt ubytek masy po kazdym cyklu
testu. Pomiar ubytku masy mierzono na wadze analityczne;j
WPA 40/160/C/1 firmy Radwag.

Wyniki badan

Proszek ceramiczny charakteryzowat sie sferycznym

ksztaltem ziaren o Sredniej wielkosci ziaren 45+5um, na-
tomiast proszek metaliczny stanowity ziarna o ksztatcie
dendrytycznym i wielkosci 305 pm.
Wyniki badan porowatosci zo-
staty przedstawione w TABELI
1 awielkosci porow naRYS.1.
Wyniki pomiaréw twardosci
przedstawia TABELA 2.

Odpornos¢ na zuzycie
Scierne podczas tarcia su-
chego badanych kompozy-

Materiat
Material

TABELA 1. Zestawienie wynikdw porozymetrii rteciowe;j
TABLE 1. Results of mercury intrusion porosimetry

Porowatos¢
otwarta
Open porosity

[%]

High Temperature) by means of a press D0044 equipped in
high-pressure Bridgman chamber at a pressure of 4.0 0.2
GPa, temperature of 1250°C and time of 60 s.

Methodology

Porosity was measured by means of porosimeter Pore-
Master 33. Strength properties were evaluated using the
method of Brinell hardness testing with the indenter made
of cemented carbide with diameter of 2.5 mm. The load
used was 1839 N.

Tests of the resistance to friction wear under conditions
of dry friction were carried out with T-05 tester manufactured
by the Institute for Sustainable Technologies in Radom,
Poland. The device was coupled with an electronic system
for data recording Spider 8 and Catman Express software
by Hottinger Baldwin Messtechnik. The friction pair was
represented by one of the surfaces of a specimen and a
roll made of bearing steel 100Cr6 (£H15). The examinations
were carried out for the following parameters: load 23.5 N
(2.4 kG), time of 2 hours (4 cycles, 30 minutes each), lin-
ear sliding velocity: 1 m/s, rotational speed of the spindle:
546 rpm, friction distance 7.2 km (4x1.8 km). A measure of
resistance to wear through friction was represented by the
decrease in mass after each cycle of test. The decrease in
mass was measured with analytical balance WPA 40/160/
C/1 by Radwag.

Results

The ceramic powder was characterized by spherical
shape of grains with mean grain size of 45+5um. The metal-
lic powder was composed of the grains with dendritic shape
and size of 305 uym.

The results of porosity examinations are presented in the
TABLE 1, whereas FIGURE 1 illustrates pore size.

Results of the hardness measurements are presented in
TABLE 2.

Resistance to friction
wear during dry friction
test for the composites
studied is presented in
FIG.2.

Only 3 cycles were
made in the case of

Porowatos¢ ziarnowa
(na powierzchni ziarna)

Grain porosity
(on the grain surface)

téw przedstawia RYS.2. [%] specimens with the

W przypadku probkiz 10% || 10%Al,0;+90%316L 5,12 0,78 content of 10% of Al,O,.
zawartoscig Al,O; wykonane || 20%Al,0,+80%316L 7,89 0,77 The cause of not using
dom sameohania cowartoge | A0eALOs*60%316L | 13,35 6.19 very igh decrease
cyklu byt bardzo duzy ubytek 50%A1,0:+50%316L 25,10 14,01 in mass after the first

masy po zrealizowanych
trzech cyklach.

three cycles.
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TABELA 2. Zestawienie wynikow pomiaru twardosci metoda Brinella z zastosowaniem wgtebnika z weglika spie-

kanego o srednicy 2,5 mm i sity obcigzajacej 1839 N

TABLE 2. Results of Brinell hardness test with the indenter made of cemented carbide with diameter of 2.5 mm

and the loading force of 1839N

Prébka 50%A1,0,— 40%AL,0— 20%A1,0,— 10%A1,0,— Od'eg"fgf =
Specimen 50%316L 60%316L 80%316L 90%316L
i Steel 316L
Twardosc
Haﬁ%r\‘,‘f/ss 447418 382410 2846 223+4 223+4
2.5/1839/10
800
v
700 4 -
600
5004
S 400 » —a— 50% Al,O; - 50% 316L
E , —e— 40% Al;O; - 60% 316L
& 2991 , ] — —a— 20% Al,O; - 80% 316L
< 2004 —e——— —v—10% Al,O3 - 90% 316L
x 100 4, = —— stal 316L odlewana
% 4 3
o] 3] o
el
o P—
1 =
0 T T T T
1 2 3 4
Cykle

RYS.2. Ubytek masy préobek po kolejnych cyklach badania
FIG.2. Decrease in specimen mass after individual cycles of the tests

WhiosKi

Poréwnanie wlasnosci spiekow ze stali austenitycz-
nej z roznym dodatkiem fazy ceramicznej (korundu),
ujawnito wptyw fazy Al,O, na porowato$¢ oraz wiasnosci
wytrzymatosciowe wykonanych kompozytow metaliczno-
ceramicznych. Wraz z ze wzrostem ilosci dodatku fazy
ceramicznej wzrasta twardos¢ badanych kompozytow.
Probki zawierajgce 20, 40 i 50% Al,O, majg znacznie lepszg
odporno$¢ na zuzycie, anizeli stal bez dodatku ceramiki.
Prébka zawierajgca 10%Al,0, po pierwszym cyklu bada-
nia wykazata mniejszy ubytek masy niz w tych samych
warunkach odlewana stal 316L. Jednakze, po drugim i
trzecim cyklu ubytek masy byt bardzo wysoki, wyzszy niz
dla stali 316L odlewanej. Ujawniono, ze wraz z dodatkiem
ceramiki do fazy metalicznej wzrasta porowatos¢ otwarta
(z 5,12% do 25,10%) oraz s$rednica porow w badanych
kompozytach, co ma istotne znaczenie z punktu widzenia
zastosowan w implantologii, ze wzgledu na lepsze mozli-
wosci osteointegraciji.

Pismiennictwo

[1] Dudek A.: Ksztattowanie wtasnosci uzytkowych biomateriatow
metalicznych i ceramicznych, Wydawnictwo Politechniki Czesto-
chowskiej, Czestochowa 2010

Conclusions

Comparison of the properties of sinters of austenitic steel
with different addition of the ceramic phase (corundum)
revealed the effect of Al,O, phase on porosity and strength
properties of the obtained metallic-ceramic composites.
The increase in the content of the ceramic phase causes
the increase in the hardness of the composites studied. The
specimens with the content of 20%), 40% and 50% of Al,O,
have considerably better resistance to wear compared to
steel without addition of ceramics. The specimens containing
10% of Al O, after the first cycle of the test showed lower
decrease in mass compared to steel 316L in the same con-
ditions. However, after the second and the third cycle, the
decrease in mass was very high (higher than in steel 316L).
It was found that, with addition of ceramics to the metallic
phase, open porosity increases (from 5.12% to 25.10%),
similar to pore diameter in the composites studied, which
is of essential importance from the standpoint of application
in implantology due to the opportunities for more effective
osseointegration.
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WPLYW HIALURONIANU NA
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WODY W HYDROZELOWYCH
SOCZEWKACH KONTAKTOWYCH
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Streszczenie

Jednym z potencjalnych sposobow ograniczenia
niepozgdanej z punktu widzenia pacjenta utraty wody
z soczewek kontaktowych sg krople nawilzajgce
oparte na roztworach hialuronianu sodu (HA). DSC
oraz grawimetria zostaty wykorzystane w celu zba-
dania ich wptywu na strukture wody i dehydratacje
hydrozelowych soczewek kontaktowych Acuvue Moist
i Proclear 1-Day. Jak wskazujg wyniki, materiaty mogg
réznie reagowac na aplikacje kropli nawilzajgcych o
réznych stezeniach HA poprzez zmiane rozktadu wody
w polimerze. Podobnie dynamika dehydratacji ulega
zmianom w zalezno$ci od badanego materiatu. Nie
ulega jednak watpliwo$ci, ze stosowanie roztworéw
HA zwieksza uwodnienie obydwu badanych materia-
téw, co moze Korzystnie wptywac na zwilzalnosc ich
powierzchni, redukujgc ewentualny dyskomfort zwig-
zany z dehydratacjg soczewki podczas noszenia.

Stowa kluczowe: soczewki kontaktowe, hydrozel,
hialuronian

[Inzynieria Biomateriatow, 122-123, (2013), 22-25]

Wprowadzenie

Soczewki kontaktowe stajg sie coraz popularniejszg
metodg korekcji wad wzroku. Jednak mimo nieustannego
postepu technologicznego prowadzgcego do zwiekszenia
biokompatybilnosci materiatow stosowanych w produkcji
soczewek, ich uzytkowanie nadal moze prowadzi¢ do
powstawania objawéw suchosci i dyskomfortu, ktére sg
wymieniane przez pacjentow jako najczestsza przyczyna
zaprzestania noszenia [1].

Wsréd przyczyn prowadzgcych do powstania objawow
suchoséci czesto wymienia sie utrate przez materiat wody
w wyniku parowania. Jak dotad nie potwierdzono jednak
bezposredniego wptywu dehydratacji na komfort noszenia,
chociaz jak pokazujg badania, prowadzi ona do zmiany
istotnych parametrow soczewki takich jak promien krzywizny
czy zwilzalno$¢ powierzchni, ktore nie pozostajg bez wptywu
na dopasowanie oraz komfort noszenia [2].

Dotychczas stosowane srodki terapeutyczne, takie jak
krople nawilzajgce wydajg sie nie spetniac w petni poktada-
nych w nich nadziei. Stad coraz wieksze zainteresowanie
zyskujg substancje pochodzenia naturalnego, takie jak
fosforylocholina czy kwas hialuronowy. Dehydratacja ma-
teriatow, z ktérych produkowane sg soczewki prowadzi do
zmian na poziomie molekularnym, ktére pozwalajg przewi-
dzie¢, jak bedg sie one zachowywaty podczas normalnego
uzytkowania, stgd celem opisanego eksperymentu byto
badanie in vitro wptywu roztworu hialuronianu sodu na
uwodnienie i dehydratacje jednodniowych hydrozelowych
soczewek kontaktowych.

EFFECT OF HYALURONAN

ON DEHYDRATION AND WATER
PROPERTIES OF CONTACT
LENS HYDROGELS

KATARZYNA KRYSZTOFIAK*, DARIA RAJCHEL,
ANDRZEJ SzYCZEWSKI

AbaAm Mickiewicz UNIVERSITY, PozNAN, FAcuLTY oF PHysics,
DivisioN oF MEebicAL PHysics,

85 UMULTOWSKA STR., 61-614 PozNAN PoLAND

*E-MAIL: KRYSZTOK@AMU.EDU.PL

Abstract

One of the potential way of restricting dehydration
that is undesirable from the patient point of view is to
use hydrating eyedrops based on hyaluronan sodium
(HA) solutions. DSC and gravimetry were used in
order to investigate their influence on states of water
and dehydration of hydrogel contact lenses Acuvue
Moist and Proclear 1-Day. As our results indicate, both
materials may respond differently to application of re-
wetting drops of different HA concentrations by change
in water structure. Similarly, dynamics of dehydration
is changing according to the material. Nevertheless,
the use of HA solutions enhance water content of
both materials studied, which may be beneficial for
lens surface wettability, reducing possible discomfort
during normal lens wear.

Keywords: contact lenses, hydrogel, hyaluronan

[Engineering of Biomaterials, 122-123, (2013), 22-25]

Introduction

Contact lenses are one of the most popular method of
refractive error correction. However, despite ceaseless tech-
nological progress leading to enhance in biocompatibility of
contact lens materials their use still may induce dryness and
discomfort symptoms that are quoted by patients as the
most common cause of dropping contact lens wear [1].

Water evaporation is often mentioned among possible
causes of contact lens related dryness. There is still no
evidence that lens dehydration has direct impact on comfort
of wearing. However, as various studies indicate, it leads to
change in some important lens parameters such as back
optical zone radius or surface wettability that are essential
for lens fitting and comfort of wearing [2].

So far, therapeutic agents such as rewetting drops do not
seem to fully comply with the hopes pinned on them. Hence,
the interest in natural substances such as phophorylcholine
or hyaluronic acid. Dehydration of contact lens materials
leads to changes at the molecular level that allow to predict
how they will behave in normal use. The main aim of our
experiment described here was to study the in vitro effect of
sodium hyaluronate solutions of different concentrations on
dehydration and states of water of contact lens hydrogels.

Z ommm® 0 00000 0000000000000 000006000000060000000000

L



Materialy i metody

TABELA 1.
TABLE 1.

Badaniu poddano dwie
miekkie soczewki kontaktowe:
hydrozelowg Acuvue Moist
(etafilcon A) oraz biomimetycz-
ny Proclear 1-Day (omafilcon etafilcon A — Acuvue Moist

A), gdzie zastosowanie wyste- || omafilcon A — Proclear 1-Day

materiat i nazwa handlowa skfad chemiczny Uwodnienie
material and trade name chemical composition water content
HEMA, MAA, EGDMA, TMPTMA, PVP 58%
HEMA, PC-modyfikowane HEMA 60% ||

pujgcej w tkankach cztowieka
fosforylocholiny ma wptywac
korzystnie na biokompatybilnoS¢ poprzez ograniczenie
odktadania sie zanieczyszczen pochodzacych z tez oraz
ograniczenie dehydratacji. Sktad chemiczny obu polimeréw
oraz uwodnienie zostaty zebrane w TABELI 1.

Zmiany w dynamice dehydratacji badano grawime-
trycznie, rejestrujgc co minute zmiane ich masy w czasie
z doktadno$cig do 1mg. Probki umieszczano na wypukiym
plastikowym uchwycie o promieniu krzywizny zblizonym do
promienia krzywizny rogéwki. Skaningowa kalorymetria roz-
nicowa (DSC) pozwolita okresli¢ strukture wody badanych
probek. Badanie przeprowadzono w WLBS na Wydziale
Fizyki UAM w Poznaniu za pomocg kalorymetru DSC
Q2000 (TA Instruments) dobierajac nastepujgcy program
temperaturowy:

» Chtodzenie probki do temperatury -40°C w tempie
2,5°C/min

» Utrzymywanie prébki w temperaturze -40°C przez
10min

» Ogrzewanie probki do temperatury 20°C w tempie
2,5°C/min

Poréwnano zachowanie soczewek nowych oraz zakro-
plonych 0,1% i 0,3% roztworem soli sodowej kwasu hialu-
ronowego o masie czgsteczkowej 50 kDa. Pozwolito to na
okreslenie wptywu wysoce biokompatybilnego hialuronianu
(wystepuje naturalnie w wielu tkankach cztowieka, takze w
oku) na dehydratacje i stany wody hydrozelowych soczewek
kontaktowych.

Wyniki i dyskusja

Na podstawie otrzymanych wynikéw obliczono wspot-
czynnik dehydratacji DR oraz uwodnienie (EWC) soczewek.
Wspodtczynnik DR obliczono w nastepujacy sposob:

R =M M g0y, ()

m,

gdzie m, — masa prébki w czasie t, m_, — masa prébki w
czasie (t-1). Parametr ten wyraza zmiane masy soczewki
w danej chwili czasu. Uwodnienie wyznaczono korzystajgc
z nastepujgcej zaleznosci:

gwe ="M 000, ()
my

gdzie m, — Srednia masa poczgtkowa soczewki, m;
— Srednia masa koncowa mierzonej soczewki.

Analiza statystyczna (sparowany test T-Studenta, poziom
istotnosci p<0,05) przeprowadzona na srednich wartosciach
DR obliczonych dla poszczegdlnych probek wykazata istotng
réznice miedzy soczewkami zakroplonymi 0,1% roztworem
HA a prébka referencyjng. Nie stwierdzono istotnych réznic
miedzy 0,3% roztworem HA a soczewkami referencyjnymi i
zakroplonymi 0,1% roztworem HA. Zastosowanie roztworu
zwigksza istotnie EWC wszystkich prébek (RYS.1).

Materials and methods

Two soft contact lenses were examined: hydrogel Acuvue
Moist (etafilcon A) and biomimetic hydrogel Proclear 1-day
(omafilcon A), where naturally occurring in human body
phosphorylcholine was used in order to enhance biocompat-
ibility reducing tear film components contamination and lens
dehydration. Chemical composition of both polymers and
their water content are summarized in TABLE 1.

Changes in dehydration were examined with gravimetric
technique, recording lens weight every minute with an accu-
racy of Img. Samples were placed onto plastic holder with
a curvature similar to cornea (lens) curvature. Differential
Scanning Calorimetry (DSC) allowed us to examine water
structure of samples studied. The experiment was performed
in WLBS at the Faculty of Physics (Adam Mickiewicz Uni-
versity in Poznan) with DSC Q2000 (TA Instruments) calo-
rimeter with the following temperature program:

- cooling of the sample to a temperature -40°C at a rate
of 2.5°C/min

- keeping the sample at -40°C for 10 min

- heating the sample to a temperature of 20°C at a rate
of 2.5°C/min.

We have compared behavior of reference samples (new
lenses) with lenses instilled with sodium hyaluronate (HA) of
molecular weight of 50kDa 0,1% and 0,3% water solutions.
This allowed us to examine the effect of highly biocompat-
ible hyaluronan (occurring naturally in many human tissues,
also in eyes) on dehydration and states of water in contact
lens hydrogels.

Results and discussion

Based on results obtained dehydration rate DR and
water content EWC of our samples were established. DR
parameter was calculated as follows:

p =M M o009, (1)
m,

where m,— weight of the sample at the time t, m,,— weight
of the sample at the time (t—1). This parameter express the
change in sample weight at the certain point in time. Water
content was calculated from the following equation:

e =M 600, @)

m,

Where m, — mean initial weight of the sample, m; - mean
final weight of the sample.

The statistic analysis (paired T-Student test, significance
level p<0,05) performed on mean DR values calculated for
each samples have shown that there is a significant dif-
ference between 0,1% HA solution instilled and reference
sample. There were no statistically important differences
between 0,3% HA solution and both 0,1% HA and reference
samples. The use of HA solutions significantly enhances
water content of all samples studied (FIG.1).
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Z kolei na podstawie pomiarow DSC wyznaczono ilo$¢

® o o o o o o wody wolnej i luzno zwigzanej — zamarzajgcej (C) w mate-

riale, ktora zostata obliczona z ponizszej zaleznosci:

c-2

where: H — ciepto topnienia lodu (333,7J/g), Q — ciepto
przemiany, znajdujgce swoje odbicie na wykresie DSC
w postaci piku. llo$¢ niezamarzajacej wody zwigzanej (B)
wyznaczono nastepujgco:

Results obtained with DSC allowed us to calculate free
and loosely bound water content — freezable water (C).
The following equation was used:

c-2 o

b

AH

where AH — heat of fusion of pure water (333,7J/g),
Q — heat of transition reflected on the DSC curves.
The amount of bound (non-freezable) water (B) was calcu-
lated as follows:

B=EWC-C_C. (4) B=EWC-C. 4)
80
70
B0 06
—_ 50 o3
B g nonfreezable ' ; 05
E 40 niezamarzajaca 5 L;: o4 w refrence
= w §:¢ BHAD1%
20 Efreezable oo 03 .
10 zamarzajgca 3 5'; BHADS3%
g o2
0+ 25
[} DW
\a’é Q'Q‘P Grg'\Q @b\é\ Qt\ ";\0 g 12 '
Q“QQ ok ¥ Q\v\Q
@6 \,a'a? Proclear Moist
& &
RYS.1. RYS.2.
FIG.1. FIG.2.

Na RYS.1 przedstawiono strukture wody w odniesieniu
do uwodnienia obliczonego na podstawie pomiaru grawi-
metrycznego. Jak wskazuje RYS.2., oba materiaty reagujg
w rézny sposob na obecnos$¢ dodatkowej substancji nawil-
zajgcej. Jonowa soczewka Moist silniej wigze wode, redu-
kujgc ilos¢ biorgcej udziat w dyfuzji wody niezamarzajace;j,
co moze niekorzystnie wptywaé na transmisje tlenu i jonow
przez soczewke. W soczewce Proclear rozktad wody ulega
zmianie tylko po zastosowaniu wiekszego stezenia HA.
W tym przypadku dochodzi do zwiekszenia ilosci wody
zamarzajgcej. Takie zachowanie moze by¢ zwigzane ze
sktadem chemicznym materiatu, ktéry zawiera silnie hydro-
filowg fosforylocholine.

Mimo wielu publikacji dotyczacych korzystnego wpty-
wy HA na przedni odcinek oka [3-5] wiedza na temat
oddziatywania tej substancji z materiatami w soczewkach
kontaktowych jest bardzo mata. Wiadomo jednak, iz HA ze
stosowanych do dezynfekcji soczewek kontaktowych ptynow
wielofunkcyjnych moze utrzymywac sie w materiale stosun-
kowo dtugo [6], podnoszac komfort uzytkowania. Ponadto
wyjatkowe wiasciwosci wiskoelastyczne HA z pewnoscig
poprawiajg zwilzalno$¢ powierzchni soczewek, zmniejszajac
tarcie powiek [7,8] co bez watpienia redukuje ewentualny
dyskomfort i mozliwos$¢ powiktan.

FIG. 1 shows states of water in reference to water con-
tents obtained from gravimetric measurements. As FIG.2
indicates both materials react differently to the presence
of additional rewetting agent. lonic Moist lens binds water
more easily, reducing the amount of freezable water which
takes a part in diffusion. This may negatively affect oxygen
and ion transmission. In Proclear lens water distribution
changes only after use of the higher concentration of HA.
In this case there is an increase in freezable water content.
This relatively small effect may be linked to the chemical
composition of the lens, which contains in its matrix highly
hydrophilic phosphorylcholine.

Despite many publications about beneficial influence of
HA on anterior eye [3-5] there is still little knowledge about
its interaction with contact lens materials. HA from the mul-
tipurpose solutions that are used in contact lens disinfection
and storage may stay in material relatively long, enhancing
comfort of wearing. Moreover, the exceptional viscoelastic
properties of HA surely increase lens surface wettability,
diminishing lids friction that certainly reduce discomfort and
possible complications [7,8].
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Whnioski

Zastosowanie roztworéw HA o badanych stezeniach
0,1% i 0,3% znaczaco wplywa na uwodnienie hydrozelo-
wych soczewek kontaktowych i strukture wody w materiale.
Obecnos¢ roztworu HA modyfikuje dynamike dehydrataciji,
jednak zmiany te nie wydajg sie by¢ istotne i zalezg silniej od
materiatu niz od stezenia HA. W kazdym przypadku docho-
dzito do zwigkszenia ilosci wody wolnej i luzno zwigzanej,
co powinno korzystnie wyptywac nie tylko na transport tlenu
i jondw przez soczewke, lecz moze zwiekszac¢ dehydratacje.
Uwazamy jednak, ze ze wzgledu na ich silng hydrofilowos¢
i wyjgtkowg biokompatybilnos¢ ograniczajgcg odktadanie
biatek w materiale roztwory HA powinny by¢ polecane
uzytkownikom miekkich soczewek kontaktowych.
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Conclusions

The use of 0,1% and 0,3% HA solutions significantly af-
fects hydration of hydrogel contact lenses as well as states
of water in these materials. The presence of HA modifies
dynamics of dehydration. However, these changes do not
seem to be important and depend more on material proper-
ties than on HA concentration. In each case freezable water
content of the sample raised when HA was instilled which
should be beneficial for oxygen and ion transport properties
but may enhance lens dehydration. Despite this we would
recommend the use of HA solutions in soft contact lens wear
because of their water binding properties and exceptional
biocompatibility which also restricts protein contamination
of lens material.
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WYKORZYSTANIE METODY

RF PECVD DO MODYFIKACJI
DITLENKU TYTANU JAKO
NAPELNIACZA FOTO-
DEGRADOWALNYCH
POLIMEROW SYNTETYCZNYCH
STOSOWANYCH W MEDYCYNIE

ANNA SoBczyk-Guzenpa*, Macies Gazicki-LiPmAN,
HiERONIM SzYMANOWSKI
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Streszczenie

Celem pracy byta ocena wptywu modyfikacji pla-
zmo-chemicznej sproszkowanego ditlenku tytanu
(TiO,) na zmiane jego zwilzalno$ci, wtasciwos$ci me-
chanicznych oraz szybkosci fotodegradacji polimeru
syntetycznego z dodatkiem TiO.,.

Uzyto komercyjny ditlenk tytanu - Aeroxide P25.
Modyfikacja przeprowadzona byta w plazmie metano-
wej w zakresie mocy wytadowania jarzeniowego od
20 do 200 W, przy statym przeptywie metanu i czasie
trwania procesu. Badania zwilzalno$ci dowiodty, ze
proszki modyfikowane wykazujg zmniejszajgcg sie
tendencje do sorpcji wody, osiggajgc warto$¢ pro-
gowg przy mocy 100 W, po przekroczeniu ktorej ich
zdolno$¢ do pochtaniania wody znacznie wzrastata.
Mieszanki polistyrenu (PS) wykonane zostaty przy
dwoch stezeniach TiO, 2 i 6%. Do badan uzyto TiO,
modyfikowanego przy mocy 40 i 100 W. Zaobser-
wowano zwiekszenie wytrzymato$ci na zerwanie
dla kompozytu TiO,+PS w poréwnaniu do czystego
PS. Z kolei modyfikacja przy mocy 100 W poprawita
znacznie wtaSciwos$ci mechaniczne w poréwnaniu do
niemodyfikowanego TiO,. Przeprowadzony proces
fotodegradacji dowiédt, ze mieszanina modyfikowa-
nego TiO,+PS przy mocy 100W wykazata najsilniejszy
efekt degradacji ujawniajgcy sie najwiekszym ubyt-
kiem masy po naswietlaniu $wiattem z zakresu UV-B
w stosunku do niemodyfikowanego TiO,+PS.

Stowa kluczowe: ditlenek tytanu, metoda RF
PECVD, foto-degradacja, zwilzalno$¢ proszku

[Inzynieria Biomateriatow, 122-123, (2013), 26-29]

Wprowadzenie

Gwattowny wzrost produkcji tworzyw sztucznych na
catym sSwiecie stat sie z jednej strony waznym impulsem
rozwojowym dla wielu réznych gatezi przemystu, a z
drugiej doprowadzit do zalegania na wysypiskach milio-
néw ton smieci polimerowych [1]. Rozwigzaniem tego
powaznego problemu staty sie biodegradowalne polimery.
Przyktadem takiego polimeru jest polilaktyd [2,3]. Poli-
laktyd wykazuje potencjalnie masowe wykorzystanie,
gtéwnie do produkcji opakowan jednorazowego uzycia.
Polilaktyd o wysokiej czystosci moze by¢ takze wyko-
rzystywany w medycynie, jako materiat na wszczepialne
protezy o czasowym dziataniu oraz jako nosnik lekow.
Niestety jego cena rynkowa pozostaje nadal wysoka [2].

RF PECVD MODIFICATION
OF TITANIUM DIOXIDE FILLER
OF PHOTO-DEGRADABLE
SYNTHETIC POLYMERS USED
FOR MEDICAL PURPOSES

ANNA SoBczyk-GuzenpA*, Macies GAzicki-LiPMAN,
HiErRONIM SzYmMANOWSKI

Lobz UNIVERSITY OF TECHNOLOGY,

INSTITUTE OF MATERIALS SCIENCE AND ENGINEERING,
1/15 STEFANOWSKIEGO STR., 90-924 Lobz, PoLAND
*E-MAIL: ANNA.SOBCZYK-GUZENDA@P.LODZ.PL

Abstract

The aim of the work was an assessment of the
effect of plasma chemical modification of titanium
dioxide (TiO,) powder on its wettability as well as on
mechanical properties and rate of photodegradation
of TiO, filled synthetic polymer.

As a filler, a titanium dioxide powder Aeroxide
P25 was used. Filler modification was carried out in
methane plasma using the glow discharge power of
20-200 Watt and a constant methane flow rate and
process duration. Wettability measurements showed
that plasma modified powders had a decreasing
tendency towards water sorption, however, only to
a power threshold of 100 Watt, above which their
sorption ability substantially increased. Polystyrene
blends (PS) with TiO, at two concentrations, namely
those of 2% and 6%, were prepared. Titanium dioxide
filler samples modified at the power level of either 40
Watt or 100 Watt were used for testing. An increase
of tensile strength of a TiO/PS composite, with re-
spect to plain PS, was observed. On the other hand,
plasma modification of the filler, carried out at 100
Watt, substantially improved mechanical properties of
the composites, compared to those filled with a non-
modified material. Photodegradation studies showed
the strongest effect, consisting in the largest loss of
mass following an exposure to UV-B radiation, for the
samples of PS filled with TiO, modified at 100 Watt.

Keywords: titanium dioxide, RF PECVD, photo-
degradation, powder wettability

[Engineering of Biomaterials, 122-123, (2013), 26-29]

Introduction

A rapid increase of a word production of synthetic poly-
mers, being an important factor stimulating progress on one
hand, on the other has created a tremendous waste problem
[1]. One solution to the problem comprises a use of biode-
gradable polymers. Having a potential mass application,
namely as disposable packaging material, polylactide is
a good example of such a polymer [2,3]. High purity polylac-
tide may also be used in medicine as a biodegradable mate-
rial forimplanted prosthetic devices as well as a medicament
carrier. Unfortunately, a market price of this material is still
very high [2]. This is a reason why other research direc-
tions in this field comprise blending of, difficult to degrade,
synthetic plastics with different degradable polymers such
as starch, cellulose or, more and more often, polylactide [4].
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Dlatego tez jednym z rozwijanych kierunkoéw badan jest
taczenie dwoch typdw polimeréw polimeru syntetycznego
(trudno ulegajacego biodegradaciji) z polimerami biodegra-
dowalnymi (fatwo ulegajgcym temu procesowi). Obecnie
rozwijane technologie najczesciej dotyczg wykorzystania
skrobi i celulozy oraz coraz czesciej polilaktydu [4]. Kolejng
probg rozwigzania problemu degradacji polimeréw, opisywa-
nym coraz czesciej w najnowszej literaturze jest tworzenie
materiatdow kompozytowych na bazie polimeru syntetyczne-
go z TiO, [5]. Udowodniono takze, ze TiO, posiada nie tylko
zdolnos¢ silnego utleniania matoczgsteczkowych zwigzkow
nieorganicznych i organicznych, a ale takze zdolnos¢ do
fotokatalitycznej degradacji matrycy polimerowej. Takie
zjawisko zaobserwowano w przypadku takich polimeréw
jak polietylen PE, polipropylen PP, polistyren PS, polichlorek
winylu PCW, poliuretan PU. S3a to polimery, ktére znajdujg
dos¢ szerokie zastosowanie w medycynie. Niestety pod-
czas wytwarzania kompozytéw z zastosowaniem TiO, ob-
serwuije sie zjawisko aglomeracji fotoaktywnego napetniacza
w matrycy polimeru syntetycznego. Zjawisko to nie tylko
wptywa na opoznienie procesow degradaciji, ale takze co
jest bardzo istotne na pogorszenie wtasciwosci fizycznych,
chemicznych i mechanicznych [5,6].

W niniejszej pracy sproszkowany TiO, poddano modyfi-
kacji powierzchniowej metodg RF PECVD (radio frequency
plasma enhanced chemical vapour deposition). Zaréwno
na niemodyfikowanym jak i modyfikowanym proszku prze-
prowadzono badania zwilzalnosci powierzchni metodag
wzniesienia kapilarnego. Mieszanki polistyren/TiO, wy-
konane zostaty przy dwoch stezeniach TiO, 2 i 6 %, ktére
wykorzystano do badan wtasciwosci mechanicznych oraz
fotodegradacji.

Materialy i metody

Jako materiaty do badan wykorzystano: TiO, w postaci
sypkiej, o nazwie handlowej Aeroxide P25 (78% anatazu,
14% rutylu | 8% fazy amorficznej) oraz PS o nazwie handlo-
wej KRASTEN 137 o $rednicy granulatu od 2,5 do 6 mm.

Proces modyfikacji byt przeprowadzany w obrotowym
reaktorze RF PECVD przedstawionym w pracy A. Sobczyk-
Guzenda i wsp. [6]. W skfad niniejszej aparatury wchodzity
nastepujgce uktady: obrotowa komora reaktora w.cz, uktad
zasilania polem elektrycznym w.cz., uktad zasilajgcy reaktor
w gaz roboczy, uktad prézniowy wraz z systemem rejestra-
cji cisnienia. Dtugos$¢ komory reaktora wynosita 400 mm,
a $rednica 40 mm.

Jako gaz roboczy zostat wykorzystany metan, ktérego
przeptyw ustalono na 15 sccm. Cisnienie wyjsciowe przed
modyfikacjg (bez gazu) wynosito 0.15 mTorr. Moc wytado-
wania jarzeniowego byta zmieniana w zakresie od 20 do
200 W (skok co 20 W). Optymalny czas trwania procesu
modyfikacji ustalony zostat na poziomie 4 minut.

Pomiary sorpcji wody badanych materiatow wykonano na
tensjometrze K100 MK2/SF/C firmy Kriiss GmbH, ktéry ste-
rowany jest przez oprogramowanie KRUSS LabDesk™ .

Mieszanki TiO,+PS sporzgdzono w termostatowanym
mieszalniku zamknietym W50H w temperaturze 180°C przy
obrotach mieszalnika 40 obr/min w czasie 5 minut.

Prébki do badan wytrzymatosci na zerwanie wycieto
zgodnie z polskg normg PN-ISO 37: 1998. Zostaty poddane
statycznej prébie rozciggania przy wykorzystaniu maszyny
wytrzymatosciowej firmy Luis Schopper. Rozcigganie odby-
wato sie ze statg predkoscig wynoszacg 500 mm/min.

Still another attempt to solve the problem of polymer degra-

dation, recently described in the literature, is comprised of ® @ @ @ @ ® ©

blending synthetic polymers with titanium dioxide [5]. It has
been proven that, apart from a strong potential to oxidize
low molecular weigh inorganic and organic compounds, TiO,
exhibits the ability to photocatalytically degrade polymers.
Among others, this effect has been observed in such poly-
mers broadly used in medicine as polyethylene PE, poly-
propylene PP, polystyrene PS, poly(vinyl chloride) PVC and
polyurethane PU. Unfortunately, in the process of blending
TiO, filled composite materials an agglomeration of photoac-
tive filler in the polymer matrix is observed. This effect not
only decreases the rate of composite degradation, but also
worsens its mechanical and chemical properties [5,6].

In the present work, powdered TiO, was subjected to
surface modification using the radio frequency plasma
enhanced chemical vapour deposition (RF PECVD) tech-
nique. Water wettability measurements were carried out on
both unmodified and modified powder using the capillary
elevation method. Modified at optimum conditions, titanium
dioxide powder was then used to produce (for two different
filler concentrations of 2 and 6 %) the TiO,/PS blends that
were later subjected to mechanical and photodegradation
testing.

Materials and methods

The following materials were used in the study: Aeroxide
P25 powdered TiO,, containing 78% anatase, 14% rutil and
8% of amorphous phase, and KRASTEN 137 polystyrene
of granulate size of 2,5 to 6mm. Surface modification of the
filler was carried out in a tumbler rotary RF PECVD reactor,
presented in Reference [6]. The reactor consists of the fol-
lowing subsystems: a rotary reactor chamber, an RF field
supply system, a gas supply system and a vacuum and
pressure monitoring system. The chamber length is 400 mm
with its diameter equal 40 mm. Methane at the flow rate
of 15 sccm was used as the working medium. The glow
discharge power was adjusted within a range of 20 Watt to
200 Watt with a 20 Watt step. The time of modification was
set at 4 minutes.

The water sorption measurements of the TiO, filler were
carried out using the Kriiss GmbH K100 MK2/SF/C tensiom-
eter equipped with the KRUSS LabDesk™ software.

PS/TiO, blends were manufactured in a closed W50H
mixer, thermostated at 80°C and working for 5 minutes at
40 RPM.

Samples for tensile strength testing were prepared ac-
cording to the Polish standard PN-ISO 37:1998. They were
subjected to a static tensile test using a Luis Schopper
tensile strength machine working at a constant expansion
rate of 500 mm/min.

Prior to degradation testing the samples had been dried
at 60°C to a constant weight in order to avoid a measure-
ment error due to water desorption. The blends were then
placed on a ceramic table, at a distance of 20 cm from the
Polam UV, model ZWLE-ZPL UV-B source of an intensity
of 16 mW/cm?. Mass measurements were performed using
Radwag analytical balance, model AS 220AX. The meas-
urement temperature was 21°C with the relative humidity
of 40%.
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Przed przystgpieniem do procesu degradacji, mieszanki

® e @ o 0 ® o bhyly suszone w suszarce do statej masy w temperaturze

60°C. Miato to na celu unikniecie btedu pomiarowego
spowodowanego desorpcjg wody z probek w trakcie prze-
prowadzenia procesu degradacji. Nastepnie probki byty
umieszczane w odlegtosci 20 cm od zrodta promieniowania,
na ceramicznym stoliczku. Zrédtem promieniowania byta
lampa UV-B firmy Polam UV, model ZWLE-ZPL o intensyw-
nosci 16 mW/cm?. Pomiar masy wykonywany byt na wadze
analitycznej firmy Radwag model AS 220AX. Doswiadczenie
wykonywano byto w temperaturze 21°C i przy wilgotnosci
powietrza 40%.

Results and discussion

Water wettability results of the TiO, powders, derived
from their mass increase, are presented in FIG.1 for the
powders methane plasma modified at the RF power of 20
to 200 Watt. Modified within the power range of 20 to 100
Watt, the powders absorbed less and less of polar water.
This effect is very likely due to an incorporation of methane
originated non-polar groups into the structure of TiO,. At the
RF power of approximately 80-100 Watt the water sorption
reaches its minimum and it begins to increase for higher
power values, which suggests a thermal degradation of TiO,
due to a temperature increase.

Wyniki i dyskusja 0.25

Zmiany zwilzalnosci wyzna-
czone w oparciu o przyrosty
masy proszkow modyfikowa- 0,2
nych w zakresie od 20 do 200
W  przedstawiono na RYS.1.
W zakresie mocy od 20 do
100 W proszek chionat coraz
mniej polarnej wody. Swiadczy
to o tym, ze w strukture TiO,
zaczynajg wbudowywac sie
grupy niepolarne pochodzgce
od metanu. Przy mocy réwnej
80-100 W zaleznos¢ ta osigga
maksimum i sytuacja sie odwra-
ca tzn. TiO, ponownie zaczyna

0,15

0,1

Przyrost masy/mass uptake [g]

0,05

pochtania¢ znacznie wiecej a
wody, co moze swiadczy¢ o
postepujacej degradacji TiO,
pod wptywem temperatury jaka
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jest generowana przy wyzszych
mocach w trakcie wytadowania

jarzeniowego. modyfikowanego przy

RYS. 1. Zmiany sorpcji wody dla sproszkowanego TiO,, niemodyfikowanego oraz

réznych mocach wytadowania jarzeniowego.

FIG. 1. Water sorption results of powdered TiO,, both unmodified and methane
plasma modified at different glow discharge power values.

TAB. 1. Wartosci maksymalnej sity zrywajacej dla
czystego PS i otrzymanych kompozytéw TiO,+PS.
TAB. 1. Maximum tensile load data for plain PS
and TiO,+PS composites.

Maksymalna sita

TAB. 2. Wyniki ubytkdw masy czystego PS i otrzymanych
kompozytéow TiO,+PS w trakcie naswietlania swiatlem
z zakresu UV-B

TAB. 2. Weight loss data for plain PS and TiO,/PS compo-
sites in the course of UV-B illumination.

Czas naswietlania UV/

Rodzaj probki zrywajgca Rodzaj prébki/ UV irradiation time
Type of sample Maximum tensile load Type of sample
[N] 2h 4h 6h
Czysty PS/Plain PS 355,2 c;;;?;yplgs 0,0000g | 0,0000g | 0,0000g
Gimewromrs | sna | Gmesraomnosrs [oomg |00 [ooog
- I P e e
[6% modkt. (100 ) TioPS 03,3 6% mod, (100W) TiO-+pS | 000028 | 0,0003g |0.0004g
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Préby wytrzymatosciowe przeprowadzone zostaty dla
probek wykonanych z czystego polistyrenu oraz kompozy-
tow zawierajgcych rézne udziaty (2 i 6%) TiO, niemodyfiko-
wanego i modyfikowanego. Wyniki z testow wytrzymatos-
ciowych zostaty przedstawione w TABELI 1. Z otrzymanych
wynikdw mozna wywnioskowaé, ze dodatek napetniacza
w postaci TiO, w kazdym przypadku zwigksza wytrzyma-
to$¢ na zerwanie, w poréwnaniu z czystym polistyrenem.
Niezaleznie od tego czy mamy do czynienia z niemodyfi-
kowanym, czy modyfikowanym TiO,, to zwigkszenie jego
udziatu z 2 do 6% w kompozycie poprawia jego wtasciwosci
mechaniczne. Modyfikacja plazmowa wykonywana przy 40
W nie wptywa na poprawe wytrzymatosci na zerwanie w
poréwnaniu z niemodyfikowanym TiO,. Przy czym uzycie
mocy rownej 100 W poprawia juz znacznie wytrzyma-
tos¢. Zaleznos¢ ta pokrywa sie z wynikami otrzymanymi
z pomiarow zwilzalnosci TiO, w formie sproszkowane;j.

Wyniki z badan fotodegradaciji przedstawiono w TABELI 2.
Postep degradacji jest juz widoczny po dwdéch godzinach
od rozpoczecia naswietlania. Przy czym wieksze ubytki w
masie zaobserwowano dla kompozytéw z TiO, modyfiko-
wanym i przy wigkszym jego udziale procentowym (6%).
W czystym polimerze nie zaobserwowano zadnych zmian
zwigzanych z ubytkiem masy podczas naswietlania Swiattem
z zakresu UV.

WhiosKi

Z przedstawionych powyzej wynikdw mozna sformutowac
nastepujgce wnioski:

1. Najbardziej optymalnym zakresem mocy wytadowania
jarzeniowego stuzgcym do modyfikacji powierzchniowej TiO,
jest przedziat 70-100 W, ze wzgledu na najsilniejsze jego
wiasciwosci hydrofobowe

2. Dodatek TiO, do matrycy PS poprawia jego wytrzy-
matos$¢ na zerwanie

3. Dodatek modyfikowanego TiO, do PS wptywa na
znaczne przyspieszenie procesu fotodegradacji

Podziekowania

Praca ta byta finansowana z grantu wewnetrznego nr
1.7/3 pl.3/2013 Funduszu Mtodych Naukowcow na Wydziale
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Tests of tensile strength were performed for plain poly-
styrene as well as for the samples manufactured of TiO,/PS
composites and containing 2 and 6% of the filler, both
modified and surface modified. The results are presented
in TABLE 1. It is evident from the data that an admixture
of the filler in each case increases the tensile strength of
polystyrene. Independent of whether it is a modified or a
non-modified TiO,, an increase of its content from 2% to
6% always improves the strength, as well. Compared to
an unmodified filler, its methane plasma modification at the
power of 40 Watt does not affect the tensile strength of the
composite. In contrast to that, an application of 100 Watt of
the RF power substantially improves that parameter. This
result remains in a close agreement to the water wettability
data of the powdered TiO,.

The results of photodegradation tests are presented in
TABLE 2. In contrast to a plain polymer, which does not
exhibit any loss of weight, a development of a degradation
process is observed in the case of composite materials. This
process begins to take place approximately two hours after
the beginning of UV-B illumination, and it is more intensive
for the blends containg plasma modified TiO, and for those
characterized by its higher content of 6%.

Conclusions

The following conclusions can be drawn from the results
presented above:

1. Because of the best hydrophobic properties of the
product, an optimum glow discharge power range for the
surface modification of titanium dioxide powder using the
tumbler reactor, presented in this work, is the range of
70-100 Watt.

2. An addition of TiO, filler to a PS matrix improves its
tensile strength.

3. An admixture of surface modified TiO, to PS substan-
tially increases the rate of its degradation.
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BAKTERIOBOJCZE POWLOKI
DITLENKU TYTANU Z DODATKIEM
ZELAZA
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Streszczenie

Celem pracy byto okreslenie wptywu ilosci zelaza
zawartego w wygrzewanych powfokach ditlenku tytanu
(TiO,) wytworzonych w procesie RF PECVD (radio fre-
quency plasma enhanced chemical vapour deposition)
na ich wtasciwosci optyczne oraz bakteriobdjczosc.
Powfoki nanoszone byty na podtoza krzemowe przy
statej mocy wytadowania jarzeniowego - 300 W, czasie
trwania procesu - 30 min., przeptywie tlenu - 50 sccm
oraz ilosci dostarczanego chlorku tytanu (I1V) w tempe-
raturze 0°C (zwigzku wyjsciowego dlaTiO,). Zmiennym
parametrem byt przeptyw par pentakarbonylku zelaza
(prekursora dla atomow zelaza). Otrzymano powfoki
0 nastepujgcej zawartosci atomowej zelaza: 0,1%,
0,4%, 0,8% 1,1%, 2,3%, 5,6%, 11,5%, 27,3%. Badania
elipsometryczne wykazaty znaczgcy wptyw zawartosci
Zelaza na zmiane parametrow wspotczynnika zatama-
nia Swiatta, wspofczynnika ekstynkcji oraz gruboSci
powtok. Najsilniejszy efekt bakteriobdjczy wykazata
powtoka o zawarto$ci 0.4% Fe. Ponadto mozna byto
dostrzec tendencje spadku przezywalnoS$ci wraz ze
zmniejszeniem iloSci zelaza w powfoce.

Stowa kluczowe: metoda RF PECVD, powfoka
TiO,, zelazo, wtasciwosci optyczne, bakteriobdjczosc
[Inzynieria Biomateriatow, 122-123, (2013), 30-33]

Wprowadzenie

W przyrodzie ditlenek tytanu (TiO,) wystepuje w trzech
odmianach polimorficznych: anatazu, rutylu i brukitu. Ponad-
to poszczegodline odmiany mozemy otrzymacé z amorficznego
TiO, poddajgc go wygrzewaniu w odpowiedniej temperatu-
rze. Anataz powstaje juz w temperaturze 300-500°C, rutyl
w 750°C, a brukit w 1000°C [1].

TiO, jest wykorzystywany w licznych sektorach prze-
mystu. Najczesciej jako biaty pigment uzywany w farbach,
zwany bielg tytanowg. W przemysle kosmetycznym TiO,
peti funkcje pigmentu w niektdérych kremach oraz absorbera
niebezpiecznego promieniowania z zakresu ultrafioletu.
Materiat ten wykorzystywany jest rowniez przy produkciji
foliowych opakowan, tynkéw, cementéw, mas uszczelniaja-
cych, ptytek ceramicznych oraz jako dodatek poprawiajacy
odpornos¢ na zmiane zabarwienia [2,3].

Cienkie warstwy o strukturze rutylu znajdujg zastosowa-
nie, jako pokrycia antyrefleksyjne, polaryzacyjne, ochronne
w bateriach stonecznych, w ekranach dotykowych, a takze
narzedziach medycznych [4,5].

Ostatnia dekada jest czasem szczegolnego zaintere-
sowania whasciwosciami fotokatalitycznymi ditlenku tyta-
nu. Zaobserwowanie tego zjawiska stato sie poczatkiem
powstawania badan i publikacji dotyczagcych wptywu tego
efektu na rézne wiasciwosci TiO,, takie jak powstanie efektu

IRON CONTAINING
BACTERICIDAL TITANIUM
DIOXIDE COATINGS

ANNA SoBczyk-GuzenpA, HIERONIM SzyMANOWSKI®,
StawomiR OwczArRek, MicHAr KawczyNski,
MaAcies Gazicki-LiPMAN

Lobz UNIVERSITY OF TECHNOLOGY,

INSTITUTE OF MATERIALS SCIENCE AND ENGINEERING,
1/15 STEFANOWSKIEGO STR., 90-924 LoDz, POLAND
*E-MAIL: HIERONIM.SZYMANOWSKI@P.LODZ.PL

Abstract

The aim of the work was to determine the effect
of iron content in thermally annealed titanium dioxide
(TiO,) coatings, synthesized with the radio frequency
plasma enhanced chemical vapour deposition (RF
PECVD) method, on their optical and bactericidal
properties. The coatings were deposited onto silicon
substrates at the following constant operational pa-
rameters: glow discharge power of 300 Watt, oxygen
flow rate of 50 sccm titanium tetrachloride (TiO, pre-
cursor) evaporation temperature of 0°C and process
duration of 30 minutes, with the variable parameter
being the flow rate of iron pentacarbonyl, a source of
iron atoms. Coatings characterized by the following
iron content were produced: 0.1%, 0.4%, 0.8% 1.1%,
2.3%, 5.6%, 11.5% and 27.3%. Ellipsometric mea-
surements have shown a substantial effect of iron
content on the refractive index, extinction coefficient
and thickness of the films. The strongest bactericidal
effect was exhibited by the coating containing 0.4% of
iron, with the bacterial survivability decreasing along
the lines of lowering content of this element.

Keywords: RF PECVD method, TiO,coating, iron,
optical properties, bactericidal effect

[Engineering of Biomaterials, 122-123, (2013), 30-33]

Introduction

In the nature, titanium dioxide (TiO,) exists in three
polymorphic forms: anatase, rutile and brookit. Each of
these form can also be obtained from amorphous TiO,,
by its thermal aneealing at the appropriate temperature.
Anatase is formed at 300-500°C, rutile at 750°C and brookit
at 1000°C [1].

TiO, finds applications in numerous branches of industry.
Its most abundant use comprises a common pigment, tita-
nium white. In cosmetic applications, for instance, titanium
dioxide plays a role of a pigment component of various
lotions as well as that of a UV light absorbent. The material
is also used for a production of packaging foils, cements,
plasters, sealing pastes, ceramic tiles, and as colour stabi-
lizing additives [2,3].

Thin films of rutile find applications as antireflective and
polarization coatings as well as protective coatings in solar
cells, touchscreens and medical tools [4,5].

For the last decade there has been a particular interest
focused on photocatalytic properties of titanium dioxide, in-
duced by its excitation with UV light. A discovery of this effect
stimulated a development of a broad range of studies in such
areas as: superhyrophilic and bactericidal properties of tita-
nium dioxide or its oxidation potential with respect to organic
and inorganic compounds. A production of antibacterial as
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super hydrofilowosci, bakteriobdjczosci badz neutralizacji
zwigzkow organicznych oraz nieorganicznych. Z czasem
otrzymano powioki o wtasciwosciach antybakteryjnych
oraz jako tzw. powtoki samoczyszczgce [2,3]. Jednak ich
aktywacja byta mozliwa tylko w zakresie promieniowania UV,
a efekt utrzymywat sie przez niewielki okres czasu. W zwigz-
ku z tym, na catym $wiecie prowadzone sg badania, majace
na celu poszerzenie pasma wzbudzenia i uzyskanie efek-
tywnego procesu fotokatalizy w zakresie promieniowania
widzialnego VIS. Dzieki temu mozliwe bytoby wykorzystanie
odnawialnego zrédta energii, jakim jest promieniowanie
stoneczne [5]. Jedng z metod umozliwiajgcych przesu-
niecie pasma wzbudzenia w strone zakresu widzialnego
(VIS) jest domieszkowanie TiO,. Obecnie na catym $wiecie
prowadzone sg badania dotyczgce domieszkowania TiO,
atomami metali [6] oraz niemetali [7]. Wcigz nie stworzono
fotokatalizatora stale aktywnego w $wietle widzialnym [5].

W niniejszej pracy powtoki TiO, o réznej zawartosci
Fe3* naniesiono na podioza krzemowe za pomocg metody
RF PECVD (radio frequency plasma enhanced chemical
vapour deposition). W oparciu o badania elipsometryczne
wyznaczono wspotczynnik zatamania $wiatta, ekstynkciji
oraz grubos¢ powtok. Badania bakteriobdjczosci powtok
pod wptywem naswietlania Swiattem z zakresu UV-B prze-
prowadzono wykorzystujgc bakterie E. coli.

Materialy i metody

Stanowisko do nanoszenia powtok ditlenku tytanu meto-
dg RF PECVD przedstawiono na RYS.1. Sktadato sie ono
z trzech podstawowych elementéw:

* Generatora w.cz wraz z uktadem dopasowania mocy
,matchbox”

» Komory reaktora z ukladem doprowadzania gazéw robo-
czych oraz zwigzkéw wyjsciowych

» Uktadu prézniowego

RYS.1. Aparatura RF PECVD: 1-komora reaktora, 2-ge-
nerator czestotliwosci radiowej, 3—uktad dopasowania
mocy, 4-pompa rotacyjna, 5-wymrazacz, 6—elektroza-
wor, 7-panel sterowania elektrozaworem, 8-zawoér
prézniowy, 9-sonda cisnieniomierza, 10—wyswietlacz
cisnieniomierza, 11-zbiornik na prekursor tytanowy,
12—zbiornik na prekursor zelazny, 13—ptaszcz ter-
miczny, 14—wymiennik ciepta z panelem sterujacym,
15-16—przeplywomierze, 17—panel sterowania prze-
ptywomierzami, 18—ukltad zasilajgcy w gazy, 19-zawoér
odcinajacy doptyw argonu do zbiornika z prekursorem
tytanowym, 20-zawér dozujacy prekursor tytanowy,
21-zawor dozujacy prekursor zelazny, 22—zawér od-
cinajgcy doptyw tlenu do komory reaktora, 23—-zawoér
zapowietrzajacy komore reaktora.

FIG.1. RF PECVD apparatus: 1-reactor chamber,
2-radio frequency generator, 3—-matching system,
4-rotary pump, 5-freezer, 6—electrovalve, 7-electro-
valve control panel, 8—-vacuum valve, 9—barometer
probe, 10—display of barometer probe, 11-container
of titanium precursor, 12—container of iron precursor,
13—-thermal jacket, 14—heat exchanger with steering
panel, 15-16—gas flow meters, 17—control panel of gas
flow meters, 18—gas feed system 19-shutting off valve
of argon inflow to the container of titanium precur-
sor, 20-titanium precursor batching valve, 21—-iron
precursor batching valve, 22-shutting off valve of
oxygen inflow to the reactor chamber, 23-air cock of
reactor chamber

well as self-cleaning coatings [2,3] is a natural consequence
of that research. However, as for today, the TiO, coatings
are still far from perfect. Their activation usually requires
a use of the UV range of radiation and the effect is not a
long lasting one. This is a reason why intensive research
aimed at broadening the excitation band and bringing the
effective photocatalysis into the visible range of radiation
is carried out around the world. Such a development will
make a use of renewable resources of sunlight possible [5].
One possible way that should enable the shift of excitation
towards the visible range (VIS) of light is doping the TiO,.
Although doping titanium dioxide with both metals [6] and
non-metals [7] constitutes a subject of extensive investiga-
tions, an effective long-lasting photocatalyst, working in the
visible range, has not yet been invented [5].

In the present work, TiO, coatings of different iron con-
tent were deposited onto silicon substrates with the radio
frequency plasma enhanced chemical vapour deposition
(RF PECVD) technique. Refractive index, extinction coef-
ficient, and thickness of each coating were determined using
ellipsometric measurements. Bactericidal properties of the
films under conditions of UV-B illumination were studied with
the use of E. coli strain of bacteria.

Materials and methods

An equipment for the RF PECVD deposition of titanium
dioxide coatings, used In this work, is presented below, in
FIG.1. Basically, the equipment consists of the following
three elements:

* RF generator with the power matching unit ,matchbox”
» Reactor chamber with the working media supply system
» Vacuum system
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Zrédtem tytanu byt chlorek tytanu (IV) (TiCl,). Przeptyw

® @ @ @ o @ o par chlorku tytanu byt staty. Temperatura ciektego TiCl,

w trakcie trwania procesu utrzymywana byta na poziomie
0°C, a przeptyw Ar (gazu nosnego par TiCl,) wynosit 2 sccm.
Zrédtem Zelaza w powtoce TiO, byt pentakarbonylek zelaza
[Fe(CO),]. Temperatura tego ciektego prekursora wynosita
20°C, a jego przeptyw byt regulowany zaworem igtowym.
Przeptyw tlenu byt staty i wynosit we wszystkich procesach
50 sccm. Parametry takie jak moc i czas wytadowania ja-
rzeniowego takze byly state i wynosity odpowiednio 300 W
i 30 minut. Nastepnie powtoki poddano wygrzewaniu
w temperaturach 500°C w czasie 1 godziny.

W oparciu o pomiar wykonany na elipsometrze AWoollam
model V-VASE wyposazonym w monochromator HS-190
pracujgcy w zakresie dtugosci fali od 250 nm do 1700 nm,
wyznaczono parametry optyczne za pomocg programu
WVase32 uzywajac modeli teoretycznych Cauchy oraz
Srough.

Do badan bakteriobdjczosci wykorzystano bakterie
Escherichia Coli, szczep DH5a. Zawiesine bakteryjng
w ilosci 20 yl umieszczano na probkach, a nastepnie
poddawano procesowi naswietlania promieniowaniem UV
o natezeniu 16 mW/cm? przez okres 4 minut. Przezywalno$¢
bakterii byta mierzona poprzez zliczanie zywych i martwych
komorek bakteryjnych, na zdjeciach wykonanych mikrosko-
pem fluorescencyjnym z zamontowang kamerg cyfrows.
Do obroébki obrazéw wykorzystano program AnalySIS.
Dla kazdej probki wykonano pie¢ oddzielnych pomiaréw na
réznych jej obszarach.

Wyniki i dyskusja

Badania elipsometryczne wykonano dla o$miu powtok
Fe-TiO, wytworzonych na podtozach krzemowych przy
zawartosciach procentowych zelaza: 0,1%, 0,4%, 0,8%,
1,1%, 2,3%, 5,6%, 11,5%, 27,3% Fe. Wyniki obliczonych
wartosci grubosci, wspotczynnikéw zatamania swiatta oraz
wspotczynnikdw ekstynkcji zaprezentowano w TABELI 1.
Z przedstawionych danych wynika, ze im wyzsza jest
zawarto$¢ zelaza w powitoce, tym otrzymuje sie grubsza
powtoke. Dla powtoki, ktéra zawierata 0,1% Fe grubos¢
wynosita 171 nm, z przy zawartosci 27,3% Fe grubosc¢ po-
wioki zwiekszyta sie ponad dwukrotnie osiggajac 375 nm.

TABELA 1. Wyniki badan elipsometrycznych powitok
Fe-TiO, o réznych zawartosciach zelaza.

TABLE 1. Results of ellipsometric meaurements of
optical parameters of iron doped TiO, coatings of
different Fe content

In the RF PECVD process, titanium chloride (IV) (TiCl,)
was used as a source of titanium. A steady flow rate if its
vapours was assured by keeping the bubbler at constant
temperature of 0°C and working with a constant flow rate
of argon carrier gas equal 2 sccm. The source of iron com-
prised iron pentacarbonyl [Fe(CO);], directly evaporated
at the room temperature and controlled by a needle valve.
The flow rate of oxygen was kept at 50 ccm, while the glow
discharge power and process duration amounted to 300
Watt and 30 minutes, respectively. The coatings, deposited
at the above conditions, were then thermally annealed at
500°C for 1 hour.

Variable angle spectroscopic elipsometry (VASE) was
used to determine optical parameters of the coatings.
A Woollam model V-VASE ellipsometer, eqgipped with HS-
190 source and monochromator and working in the range
of 250 nm to 1700 nm, was used for the purpose. Data
processing was carried out with the help of WVase 32 soft-
ware, and either Cauchy or Srough model were used for
the best fitting of the results.

Bactericidity studies were performed with the use of
Escherichia Coli bacteria, strain DH5a. For that purpose,
20 ul of the bacterial suspension was placed on the sample
surface and illuminated for 4 minutes with the UV light of an
intensity of 16 m\W/cm?. Bacterial survivability was measured
by means of counting live and dead cells in a field of view of
a fluorescence microscope, equipped with a digital camera,
with the AnalySIS software used forimage processing. Five
separate measurements were taken for different areas of
each sample and their results were averaged.

Results and discussion

Ellipsometric measurements were carried out for eight
samples containing 0.1%, 0.4%, 0.8%, 1.1%, 2.3%, 5.6%,
11.5%, 27.3% of iron, respectively. The results are presented
in TABLE 1, below. As seen in the table, the thickness of
a coating increases with the iron content: while it is only
171 nm for the film containing 0.1%, it amounts to 375
nm in the case of that containing 27.3% of iron. As far as
the refractive index of the coatings is concerned, for the
samples characterized by low iron content it is high and
amounts to 2.45-3.3, the literature values for anatase [2].
An increase of iron concentration to 5% and above brings
about a substantial decrease of refractive index, which
in the case of Fe content of 27.3% amounts to 1.86 only.
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Zawartosé Wspo’rczynmk Wspotczynnik Grubosg S .; 60
. zatamania o powtoki £w i
Lp zelaza . ekstynkciji . g %
Swiatta 2 Coating £S 4
No Iron ) Extinction . N2
Refractive e thickness g2 301
content . coefficient 53 i
o index [nm] co ¥
[A.’] s g 10 4
( 1 0,1 2,35 0,00012 171 I 0.4%Fe 0.8%Fe 1.1%Fe 2.3%Fe 5.6%Fe
2 0,4 2,45 0,00457 176 Zawartoéé zelaza / iron content [%]
= m 3 0,8 2,31 0,00107 230
- | | | - L1 Z s U Lt RYS.2. Wplyw zawartosci zelaza w powtoce TiO, na
5 2,3 2,20 0,00984 210 $rednig przezywalnosé bakterii E.coli po 4 minutach
wh 6 5,6 2,23 0,05430 224 naswietlania promieniowaniem UVB.
w < 7 15 1.99 0.03426 256 FIG.2. An effect of iron content in the TiO, coating
E : : : on an average survival rate of E.coli bacteria after
= 8 27,3 1,86 0,01629 375 4 minutes of UV-B radiation.
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W przypadku powtok o niskiej zawartosci zelaza wspotczyn-
nik zatamania $wiatta osiggat wysokie wartosci w granicach
od 3,30 do 2,45, ktére odpowiadajg wartoscig literaturowym
dla czystego anatazu [2]. Z kolei przy wyzszych zawartos-
ciach zelaza powyzej 5% nastepuje gwattowny spadek jego
wartosci do 1,86 (dla zawartosci zelaza w powtoce rownego
27,3%). Za tak niskg wartos¢ tego wspotczynnika odpo-
wiedzialne sg prawdopodobnie powstajgce tlenki zelaza.
Wartos$¢ wspétczynnika ekstynkcji utrzymuje sie na niskim
poziomie, wynoszgcym s$rednio 0,022+0,03.

Badaniom bakteriobdjczosci pod wptywem naswietlania
Swiattem z zakresu UV poddano szes¢ prébek ditlenku
tytanu domieszkowanego jonami zelaza naniesionych na
podifoze krzemowe. Jako probke kontrolng wykorzystano
czysta ptytke krzemowg. Wyniki przedstawiono na RYS.2.
Na czystym krzemie przezywalnos$¢ bakterii wyniosta
blisko 100%. Najmniejszg przezywalnoscig odznaczata
sie powioka o najnizszej zawartosci zelaza rownej 0,4%.
W tym przypadku przezywalno$¢ wynosita ok. 25%. Anali-
zujgc zaleznos¢ przedstawiong na RYS.2 mozna stwierdzic,
ze im wyzsza jest zawarto$¢ zelaza w powtoce TiO, tym
zmniejsza sie bakteriobdjczosc¢ tej powtoki.

WhiosKi

Na podstawie danych uzyskanych podczas przepro-
wadzonych badan, mozna sformutowa¢ nastepujgce
whnioski:

» metodg RF PECVD mozliwe jest wytworzenie powtok
TiO, domieszkowanych zelazem o wtasciwosciach fotoka-
talitycznych.

* llo$¢ domieszki w wytworzonej powtoce wptywa na jej
grubosé, parametry optyczne, oraz bakteriobdjczosc¢.

» Zaobserwowano najsilniejszy efekt bakteriobdjczy dla
powtok TiO, o niewielkich stezeniach zelaza do 1%.

Podziekowania
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sowane przez Narodowe Centrum Nauki w ramach grantu
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Itis very likely a formation of iron oxides that is responsible
for the lowering of the refractive index in that case. The value
of extinction coefficient, on the other hand, is relatively low
and stable, on average amounting to 0.022+0.03.

Six samples of iron doped titanium dioxide deposited
on silicon were subjected to the studies of UV stimulated
bactericidal effect, with a plane silicon substrate used as
a standard. The results are presented in FIG.2. The surviv-
ability on bacteria on silicon was high and it amounted to
nearly 100%. The best bactericidal effect (bacteria surviv-
ability of approximately 25%) was exhibited by the coating
containing the lowest iron content of 0.4%. As becomes
evident from the FIG.2, the bactericidity of iron doped
titanium dioxide coatings decreases with an increasing iron
content in the film.

Conclusions

On the basis of the above data, the following conclusions
are to be drawn:

 With the help of the RF PECVD technique, it is possible
to produce iron doped titanium dioxide coatings character-
ized by photocatalytical properties.

* The content of iron dopant affects the coating thickness,
its refractive index and bactericidity.

* The bactericidal effect of the coatings is the higher, the
lower is the content of iron in that coating.
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Wprowadzenie

Kolagen jest powszechnie stosowany jako biomateriat.
Biatko to znalazto zastosowanie w wielu aplikacjach biome-
dycznych, a w szczegdlnosci w inzynierii tkankowej [1,2].
Wadg kolagenu jako biomateriatu przeznaczonego do rege-
neracji uszkodzonych tkanek jest jego wysoka podatno$¢ na
degradacje in vitro, co prowadzi ostatecznie do obnizenia
wiasciwosci mechanicznych materiatu [3]. Podjeto wiele
staran, aby poprawi¢ odpornos¢ na degradacje materiatow
kolagenowych. Jednym z rozwigzan jest modyfikacja tych
biomateriatdw metodg sieciowania przy uzyciu réznych
czynnikéw sieciujgcych. Obecnie stosowane sg zaréwno
chemiczne, jak i fizyczne czynniki sieciujgce materiaty
biatkowe [4,5].

Celem pracy byto zmodyfikowanie materiatéw kolageno-
wych przy uzyciu fizycznych i chemicznych srodkéw sieciu-
jacych. Aby poréwnac efektywnos¢ zastosowanych metod
sieciowania, oznaczono stopien degradacji tych materiatéw
w warunkach in vitro. Ponadto wykonane zostaty wstepne
badania biologiczne, oceniajgce biozgodnos$¢ modyfikowa-
nych materiatéw kolagenowych.

Materiaty i metodyka

Kolagen otrzymano ze $ciegien ogondw szczurzych
w warunkach laboratoryjnych. Przygotowano 1% (w/w)
roztwor kolagenu z liofilizatu tego biatka. Metoda liofilizacji
otrzymano wysoce porowate, tréjwymiarowe materiaty
kolagenowe (skafoldy). W celu modyfikacji wtasciwosci
fizykochemicznych tych matryc zastosowano nastepujgce
metody sieciowania:

a) sieciowanie przy uzyciu mieszaniny sieciujgcej EDC/
NHS, gdzie EDC to 1-etylo-3(3-dimetyloaminopropylo)
karbodiimid, natomiast NHS to imid N—hydroksy—kwasu
bursztynowego,

b) prézniowa dehydratacja (DHT)w temperaturze 110°C
prowadzona przez 24h,

c) kombinacja wyzej opisanych metod: DHT-EDC/NHS
— probki zmodyfikowano metodg dehydratacji prézniowe;,
po czym zastosowano sieciowanie chemiczne przy uzyciu
mieszaniny sieciujgcej EDC/NHS.

Prébki umieszczono w buforze PBS (pH=7,4) w tempera-
turze 37°C. Po 1, 2, 3,7, 21 42 dniach probki wyjmowano
z buforu, trzykrotnie przemywano wodg dejonizowang, po
czym zamrazano i suszono sublimacyjnie w liofilizatorze
do statej masy. Po zwazeniu prébek obliczono procentowy
ubytek masy. Przedstawione wyniki sg Srednig z pomiarow
wykonanych dla 3 prébek z kazdego rodzaju.

IN VITRO DEGRADATION
OF COLLAGEN SCAFFOLDS
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Introduction

Collagen is a highly versatile biomaterial. This protein
has been used in a wide range of biomedical applications
but mainly in the field of tissue repair [1,2]. The disadvan-
tage of using collagen as a biomaterial for tissue repair
is its high degradation rate, which leads rapidly to a loss
of mechanical properties [3]. Many attempts have been
made to overcome this problem. The physical properties
of collagen biomaterials are improved by applying different
crosslinking method. At present, different chemical and
physical crosslinking methods are used for crosslinking of
protein materials [4,5].

The aim of this study was to study the chemical and
physical cross-linking of collagen scaffolds. To compare the
effectiveness of different methods of crosslinking the in vitro
degradation of collagen scaffolds were measured. Moreover,
the biological tests were performed to verify biocompatibility
of collagen matrices tested.

Materials and methods

Collagen was obtained in our laboratory from the tail
tendons of young rats. Collagen solutions with concentra-
tions of 1% (w/w) were prepared from lyophilized collagen
in deionized water. The high porous collagen scaffolds were
produced from a collagen solution using a freeze—drying
technique. The lyophilized porous samples were stabilized
using different treatment methods:

a) crosslinking with EDC/NHS, where EDC is N—(3—
dimethylamino propyl)-N'—ethylcarbodiimide hydrochloride
and NHS is N—hydroxysuccinimide,

b) dehydrothermal treatment (DHT) under a vacuum at
a temperature of 110° C for 24h,

c) DHT and then crosslinking with EDC/NHS.

The samples were immersed in PBS (pH=7.4) at 37°C
for 1,2, 3,7, 21 and 42 days. At each time point, they were
removed from the PBS buffer, rinsed with deionization water
three times, lyophilized and weighed. The percentage weight
loss was calculated from dry weight before and after being
immersed in PBS. The experiment was carried out for three
samples and the average value was recorded.

Mouse fibroblast cell line 3T3 were seeded in the number
of 1x10° cells/cm? and incubated for 7 days. After incuba-
tion, MTT assay was performed to assess the viability of
3T3 cells.
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Ponadto wykonane zostaty badania biologiczne ma-
teriatdw kolagenowych. Do badan wykorzystano statg
linie fibroblastéw mysich 3T3, ktére wysiewano w liczbie
1x10%/cm2 biomateriatu. Hodowle prowadzono w pozywce
w temperaturze 37°C przez 7 dni. Po tym okresie wykonano
test MTT, by oceni¢ przezywalnos¢ komorek.

Wyniki i ich oméwienie

RYS.1 przedstawia wartosci ubytkow masy skafoldéw ko-
lagenowych usieciowanych metodami: EDC/NHS, DHT oraz
DHT-EDC/NHS. Najwiekszy ubytek masy zaobserwowano w
ciggu pierwszych siedmiu dni analizy. Po 7 dniach inkubaciji
w buforze PBS masa probek zaczeta ulegac¢ stopniowe;j
stabilizacji. Po 42 dniach analizy prébki sieciowane przy

Results and discussion

FIG.1 shows the weight loss of collagen scaffolds
crosslinked by EDC/NHS, DHT and DHT-EDC/NHS. The
biggest weight loss was observed during the first seven
days of analysis. After 7 days the cross-linked collagen
scaffolds dissolved slowly in PBS solution, losing: 26.8%
for collagen scaffold cross-linked by EDC/NHS and 31,3%
for collagen scaffold crosslinked by DHT. However, the
collagen matrices crosslinked by DHT-EDC/NHS lost more
weight during their period in PBS than the EDC/NHS and
DHT crosslinked samples (32,9% in 42 days).

In this study, a MTT assay was carried out to measure
the relative viability of fibroblasts. Photographs of pre-
pared scaffolds after in vitro testing are shown in FIG.2.

uzyciu EDC/NHS utracity 26,8% poczatkowej masy,
natomiast materiaty sieciowane metodg DHT utracity
31,3% poczgtkowej masy. Najwiekszy ubytek masy
zaobserwowano w przypadku prébki usieciowanej
metodg DHT-EDC/NHS (32,9% po 42 dniach inkubacji 30
w roztworze PBS).

Cytotoksycznos$¢ badanych prébek wobec fi-
broblastéw oznaczono za pomocg testu MTT. 20
Na RYS.2 przedstawiono zdjecia materiatéw kola- 15
genowych po badaniach biologicznych w warunkach
in vitro. Wyniki testu MTT wskazujg, ze wszystkie
otrzymane materiaty kolagenowe sg biozgodne. 5
Jakosciowa analiza intensywnosci zabarwienia 0
MTT wskazuje, iz matryca kolagenowa usieciowana
metodg dehydratacji prézniowej charakteryzuje sie
najlepsza biozgodnoscig dla komdrek. Komérki wnik-

40

35

23

10

“+-EDC/MHS -=DHT

DHT-EDC/MHS

14 21 28 35 42
Czas, [dzien]

nety do wnetrza poréw materiatu i rbwnomiernie za-
siedlity strukture matrycy. Natomiast po usieciowaniu
materiatéw kolagenowych czynnikami chemicznymi
— EDC/NHS — zaobserwowano mniej intensywne
zabarwienie takich materiatdéw po tescie MTT, co
oznacza mniejszg liczbe zyjacych komorek.

RYS.1. Wartosci ubytkdw masy w czasie matryc kolagenowych
zanurzonych w buforze PBS w temp. 37°C.

FIG.1. Weight loss [%] of collagen scaffolds vs. time in PBS
at 37°C.

A - B

RYS.2. Zdjecia matryc kolagenowych usieciowanych przy uzyciu: a) EDC/NHS, b) DHT; c) DHT-EDC/NHS.
FIG.2. Images of the collagen scaffolds crosslinked by: a) EDC/NHS, b) DHT; c) DHT-EDC/NHS.

Whioski

Celem pracy byto okreslenie stopnia degradacji usie-
ciowanych materiatéw kolagenowych, a takze wstepna
ocena ich wtasciwosci biologicznych. Stopien degradaciji
wszystkich badanych prébek jest zblizony i po 42 inkubacji
w buforze PBS wynosi ok. 30%. Na podstawie uzyskanych
wynikoéw widzimy, ze wszystkie probki sg dobrze tolerowa-
ne przez komorki. Najlepsze warunki dla przyczepnosci
komérek oraz ich proliferacji zapewnita matryca kolageno-
wa zmodyfikowana metodg DHT, dzieki czemu moze ona
znalez¢ zastosowanie w inzynierii tkankowe;j.

Podziekowania

Badania byty wspétfinansowane z grantu Wydziatu Che-
mii Uniwersytetu Mikotaja Kopernika z dotacji statutowej dla
miodych naukowcdéw: Ch1494.

MTT test showed that all samples are biocompatible for
the fibroblast 3T3. The qualitative analysis of color intensity
resulting from MTT analysis shows that the collagen scaffold
crosslinked by dehydrothermal treatment is the best matrix
for the cell. The cells migrated into the pores of scaffold and
were evenly distributed into the structure of scaffold. These
results revealed that the DHT-crosslinked collagen scaffolds
were noncytotoxic and benefitted the viability of cells. When
EDC/NHS was used as crosslinking agent less living cells
was observed after MTT test.
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Conclusions

In this study, we perform the degradation characterization
and preliminary assessment of the biological performance
of crosslinked collagen porous scaffolds. The degree of
degradation of all samples was quite similar (=30% in 42
days). Based on the obtained results, all samples are well
tolerated by the cells. However, DHT-crosslinked scaffolds
especially promoted the attachment and viability of cells and
may serve as a suitable 3D matrix for tissue engineering
applications.
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OCHRONNO-TERAPEUTYCZNA
NA IMPLANTY — KONTROLOWANE
UWALNIANIE LEKU Z PARYLENU
C MODYFIKOWANEGO PLAZMA
TLENOWA,

M.GotbA", K.GEBaROWsKA?, M.Musiat-KuLIk?,
J.KasPERCZYK?3, A.KOTARBA'

TUNIERSYTET JAGIELLONSKI, WYDzIAt CHEMII,

UL. INGARDENA 3, 30-060 KrakOw, PoLska

2PoLska AkapeEmiA NAUK,

CENTRUM MATERIALOW PoLIMEROWYCH | WWEGLOWYCH
UL. SkrobowskieJ-Curie 34, 41-800 ZaBrze, PoLska
3SLAski UNIWERSYTET MEDYCZNY,

Wybpziat. FARMACEUTYCZNY, KATEDRA BIOFARMACUI,

uL. Narcyzow 1, 41-200 Sosnowiec, PoLska
*E-MAIL: GOLDA@CHEMIA.UJ.EDU.PL

Streszczenie

Opracowano wielowarstwowg ochronng powtoke
polimerowg na bazie parylenu C, ktérg modyfikowano
plazmg tlenowg. Przeprowadzono badania sktadu
chemicznego powierzchni (XPS) i Swobodnej Ener-
gii Powierzchniowej (kat zwilzania, metoda Owen-
sa-Wendta) probek modyfikowanego parylenu C.
Otrzymano matryce z bioresorbowalnego kopolimeru
L-laktydo-ko-glikolidu (PLGA) zawierajgce czgsteczki
modelowego leku przeciwzapalnego (ibuprofen), na-
stepnie matryce poddano degradacji hydrolitycznej
oraz ocenie profilu uwalniania substancji leczniczej.
Zmiany zachodzgce w mikrostrukturze tancucha
kopolimerowego obserwowano przy wykorzystaniu
wysokorozdzielczej spektroskopii magnetycznego
rezonansu jgdrowego (NMR), natomiast kinetyke
uwalniania leku z matryc badano metodg wysokos-
prawnej chromatografii cieczowej (HPLC).

Stowa kluczowe: parylen C, plazma tlenowa,
swobodna energia powierzchniowa, powierzchnia
implantéw, kontrolowane uwalnianie lekow.
[Inzynieria Biomateriatow, 122-123, (2013), 36-39]
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COATING FOR IMPLANTS -
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Abstract

The multilayer protective polymer coating based on
parylene C modified with oxygen plasma was deve-
loped. The paper reports an investigation on surface
chemical composition (XPS) and surface free energy
(contact angle, Owens-Wendlt) of modified parylene
C. Bioresorbable L-lactide-co-glycolide copolymer
(PLGA) was used to obtain drug-loaded matrices.
The matrices underwent hydrolytic degradation and
estimation of drug release profile. The microstructural
changes which appeared during degradation were
observed by means of high resolution nuclear mag-
netic spectroscopy (NMR). The kinetic profiles of drug
release were investigated with high performance liquid
chromatography (HPLC).

Keywords: parylene C, oxygen plasma, surface
free energy, implant surface, controlled drug delivery
[Engineering of Biomaterials, 122-123, (2013), 36-39]
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Wprowadzenie

Parylen C (poli(monochloro-p-ksylilen)) to syntetyczny
polimer, ktéry z powodzeniem stosowany jest jako po-
wtoka chronigca przed korozjg powierzchnie implantéw
metalowych [1]. Jak wykazano w dotychczasowych ba-
daniach, jego wtasciwosci mechaniczne oraz chemiczna
biernos¢ w kontakcie z ptynami fizjologicznymi pozwalajg
na wykorzystanie go jako materiat pokrywajacy réznego
rodzaju implanty ortopedyczne [2]. Z drugiej strony jednym
z gtéwnym trendéw badawczych w inzynierii materiatowe;j
jest kontrolowane, domiejscowe uwalnianie lekéw z po-
wierzchni implantowanych materiatéw. W tym celu stosuje
sie chemiczne, fizyczne i mechaniczne metody modyfikacji
powierzchni w celu przystosowania jej do kontrolowanego
uwalniania lekow lub przytaczenia warstwy biodegradowal-
nego polimeru z lekiem. Potgczeniem metod chemicznej
i fizycznej modyfikacji powierzchni polimeréw jest plazma
tlenowa, ktéra umozliwia wprowadzenie w warstwe po-
wierzchniowg tlenu i utworzenie polarnych grup funkcyjnych.
Kontrolujgc parametry dziatania plazmy (czas, cisnienie,
moc) mozna zmieniac topografie poczatkowo gtadkiego po-
limeru w nanochropowatg, ktéra promuje adhezje komorek
ludzkich. Modyfikowana powierzchnia parylenu C umozliwia
natozenie warstwy terapeutycznej z lekiem przeciwinfek-
cyjnym lub przeciwzapalnym wymieszanym z polimerem
bioresorbowalnym. Obecnie duzym zainteresowaniem
w tym kontek$cie cieszg sie materiaty polimerowe oparte
na biokompatybilnych i bioresorbowalnych kopolimerach
L-laktydu i glikolidu uzyskiwane przy udziale Zr(acac), jako
inicjatora. Ze wzgledu na mozliwos¢ sterowania czasem
resorbcji poprzez zastosowanie roznego udziatu molowe-
go komonomerdw, wykorzystywane sg one jako nosniki
w systemach kontrolowanego uwalniania lekéw [3].

Materialy i metody

Parylen-C jest polimerowg formg para-chloro-ksylilenu,
ktérego wzor chemiczny (CgH,Cl) pokazano na RYS.1.
Depozycja cienkich powtok o grubosci 8 ym zostata wyko-
nana za pomocg metody osadzania z fazy gazowej (CVD).
Do modyfikacji powierzchni parylenu C i stworzenia centréw
aktywnych do przytgczania innych czgsteczek wykorzystano
plazme tlenowg. Eksperymenty modyfikacji powierzchni
parylenu C przeprowadzono w urzgdzeniu Plasma System
FEMTO Diener Electronics. Czas dziatania plazmy wynosit 0
i 60 min. Skfad powierzchni byt monitorowany przy pomocy
spektroskopii fotoelektrondow wzbudzonych promieniowa-
niem rentgenowskim (XPS) z analizatorem potsferycznym
SES R4000 (Gammadata Scienta). Zrédtem promieniowania
byta lampa Mg Ka (1486.6 eV) o mocy 350 W. Poziom prézni
podczas pomiaru widm wynosit ok. 8x10-'° mbar. Otrzyma-
ne widma analizowano przy uzyciu programu Casa- XPS
2.3.10. Do obliczen swobodnej energii powierzchniowej
(SEP) parylenu C metodg Owensa-Wendta (WZOR 1)
wykorzystano pomiar kata zwilzania wody destylowanej
i dijodometanu przy uzyciu aparatury Surftens Universal
i oprogramowania Surftens 4.3 - WIPS. Badania wykonano
w temperaturze pokojowej. Matryce kopolimerowe z PLGA
z lekiem wylano i suszono w warunkach prézniowych.
Nastepnie wycieto z nich krgzki, ktére poddano degradacii
hydrolitycznej w buforze fosforanowym w temperaturze 37°C
w warunkach ciggtego wytrzgsania. Krgzki badano, reje-
strujgc widma 'H i 3C NMR oraz stosujgc technike HPLC.
Naniesienie warstwy kopolimerowej z lekiem na parylen C
wykonano metodg zanurzeniowa.

Introduction

Parylene C (poly(chloro-para-xylylene)) is a synthetic
polimer, which can be used as anticorrosive protecting
coating for metal implants surface [1]. As was reported
before, its mechanical properties and chemical inertness
when in contact with body fluids, allow to use parylene
C as orthopaedic implants coating [2]. One of the recent
research trends in the materials engineering is controlled,
site-specific drug release from the surface of implanted ma-
terials. In order to obtain that, several chemical, physical and
mechanical methods of surface modification can be applied
to prepare the surface for the drug release or connection
with the drug-loaded biodegradable polymer layer. Oxygen
plasma treatment is the combination of chemical and physi-
cal modification which allows the incorporation of oxygen
containing functional groups into the originally oxygen free
polymers. the plasma parameters may be adjusted by
a precisely controlling the process (oxygen partial pressure,
power and exposition time) and therefore, the topography
of the originaly smooth polymer surface can be changed
into rough, for better human cell adhesion. Modification al-
lows also addition of the biodegradable therapeutical layer
loaded with antibiotic or anti-inflammatory drug. Recently,
much interest is paid to biocompatible and bioresorbable
polymeric materials, as PLGA obtained via ring opening
polymerization with use of Zr(acac), as non-toxic initiator.
These copolymers are commonly utilized in drug delivery
systems due to possibility of comonomeric unit ratio mod-
erating which can influence time of resorbtion [3].

Materials and methods

Parylene-C is a polymeric form of para-chloro-xylylene,
which monomer’s chemical formula (C¢H,Cl)is shownin FIG.1.

Cl

CH, CH,

n

RYS.1. Wz6r chemiczny monomeru parylenu C
FIG.1. Chemical formula of the parylene C monomer

Deposition of the thin films was performed via Chemical
Vapor Deposition (CVD). For the tests, 8 um films were
used. 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 treatment was
0 and 60 min. 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-monochromatic
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 us-
ing Casa- XPS 2.3.10 software. The modification of the
hydrophilic properties was evaluated via contact angles
of distilled water and diiodomethane measurements with
Surftens Universal and Surftens 4.3 - WIPS. The experi-
ments were performed under ambient conditions. PLGA
drug-loaded matrices were cast and dried in high vacuum.
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RYS.2. Widmo XPS piku C1s dla modyfikowanej
prébki parylenu C wraz z dekonwolucjg identyfiku-
jaca powstate grupy funkcyjne.

FIG.2. C1s XPS peak profile for the treated parylene
C and its deconvolution identyfying the formed
functional groups.

Wyniki i dyskusja

Modyfikacja Parylenu C przy pomocy plazmy tlenowej
prowadzi do zmian sktadu chemicznego i swobodnej
energii powierzchniowej. Na RYS.2 pokazano widmo XPS
uzyskane dla probki parylenu C modyfikowanej plazmag
tlenowg przez 60 min z przypisanymi grupami funkcyjnymi
powstatymi w wyniku modyfikacji. Dla Parylenu C niemo-
dyfikowanego mozna zaobserwowa¢ maksimum C1s (285
eV), ktére koresponduje z wartosciami energii dla wigzan
C-C, C=C. Widmo uzyskane dla probki modyfikowanej
rézni sie znacznie ksztattem maksimum wegla C1s. Mozna
wyrozni¢ nowe sktadowe, ktére wskazujg na stworzenie
nowych grup zawierajgcych tlen: C-O (285.4 eV), C=0
(286.9 eV), O-C=0 (288.0 eV), O-C(0)-O (289.7 eV)
[3,4]. Energia powierzchniowa materiatéw do zastosowan
biologicznych ma szczegdlne znaczenie np. w procesie
adhezji komodrek, mozna jg obliczy¢ wykorzystujgc metode
Owensa-Wendta. Jest to metoda powszechnie stosowana
do obliczania swobodnej energii powierzchniowej polime-
réw. Wyniki pomiaréow kata zwilzania oraz obliczen SEP
przedstawiono w TABELI 1. Charakterystyczna warto$¢
kata zwilzania wody niemodyfikowanego parylenu wynosi
88°, po modyfikacji plazmg tlenowg znacznie maleje do
17.6°. Warto$¢ SEP dla niemodyfikowanej probki parylenu
C wynosi 42.4 mJ/m? i wzrasta do 70.0 mJ/m? dla prébki
modyfikowanej. Jest to satysfakcjonujgca warto$¢ dla ma-
terialéw do zastosowan biologicznych, poniewaz wysokie
wartosci SEP korelujg z szybszym wzrostem tkanek na
powierzchni materiatu. Analiza widm 'H i *C NMR pozwo-
lita na zbadanie zmian zachodzgcych podczas degradaciji
hydrolitycznej w obrebie farncucha kopolimerowego [5].
Wyznaczono $rednie dtugosci blokéw komonomerycznych,
co pozwolito stwierdzi¢, iz poczgtkowym etapie uwalniane
byty krotsze bloki laktydylowe, a pod koniec dtugie, na-
tomiast w przypadku blokéw glikolidylowych poczatkowo
uwalniane byly bloki dtuzsze (RYS.3). Obliczona warto$¢
wspotczynnika randomizacji wyniosta ponad 1.0, co wska-
zuje na statystyczng budowe matryc kopolimerowych przez
caty czas prowadzenia badan, co wptywa na rownomierne
uwalnianie substancji leczniczej. Badania przy pomocy
HPLC wykazaly, iz w ciggu pierwszych 7 tygodni badan
z matryc PLGA uwolnito sie do 13% leku. W tym czasie nie
zaobserwowano zjawiska ‘burst effect’ (RYS.4).

ys=vd+ ysp , gdzie/where:

Va(cosBy +1)— J(yﬁ/y&i)yw(cosew +1)
2 (JVT? - Vﬁ(yﬁ/yvﬁ)

(COSGW + 1) -2 ysdy\g

&'z =

1
()" =

WZOR 1/ EQUATION 1.

Gdzie: y,-energia swobodna powierzchni, y_¢- dys-
persyjna sktadowa energii powierzchni, y.? -skfado-
wa polarna energii swobodnej powierzchni, y, jest
catkowita energia swobodng dijodometanu, y,° oraz
Y.¢jej sktadowymi odpowiednio polarng i dysper-
syjna, analogiczne oznaczenia z dolnym indeksem
- w odnoszg sie do wody. O, 0oraz O, to odpowied-
nio wartosci kata zwilzania dijodometanu i wody.
Where: y, . surface free energy, y.° - dispersive
komponent of surface energy, y.” - polar compo-
nent of surface free energy, y, total free energy of
diiodomethane, y.,f and y polar and dispersive
components of Total free energy of diiodometh-
ane, similarly — Lower index w is for water. ©,and
0, - contact angles of diiodomethane and water,
respectively.

Discs were cut from matrices and underwent hydrolytical
degradation in phosphate buffer at 37°C. The discs were
investigated by means of 'H and "*C NMR spectroscopy
and HPLC. Obtaining copolymeric layer on parylene C was
performed by dip method.

Results and discussions

Oxygen plasma modification of parylene C led to the
changes in chemical composition and SFE. In FIG.2 the
XPS spectra of modified parylene C is presented together
with functional groups generated upon treatment. For the un-
modified parylene C, the C1s peak (285 eV) can be observed
which can be described as C-C and C=C bonds. In the case
of the modified sample, several additional components, such
as C-O (285.4 eV), C=0 (286.9 eV), O-C=0 (288.0 eV),
0-C(0)-0 (289.7 eV) can be distinguished [3,4] while spec-
tra obtained for the unmodified sample has different shape.
SFE of the materials for biological application is crucial eg.
during the cell adhesion process and can be calculated us-
ing Owens-Wendt method (EQUATION 1). It is commonly
used equation for SFE calculation of polymers. The results
of the contact angle measurements and SFE are presented
in TABLE 1. The contact angle of water for the untreated
sample is 88° and after oxygen plasma modification it de-
creases to 17.6°. SFE value for the untreated sample is 42.4
mJ/m? and increases to 70.0 mJ/m? for the modified one.
The SFE value is satisfactory for the biological materials as
high SFE value correlates with faster tissue growth on the ma-
terials surface. Study of '"H and "*C NMR spectra allowed in-
vestigation of the changes in the copolymer chain microstruc-
ture occurring during hydrolytical degradation. Average block
lengths were estimated [5]. At the beginning, shorter lactidyl
blocks were released in contrary to glycolidyl blocks (FIG.3).
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RYS.3. Zmiana srednich diugosci blokéw laktydy-
lowych (/) i glikolidylowych (/°;;) podczas degra-
dacji matrycy PGLA z lekiem.

FIG.3. Changes of average lactidyl (/*,,) and glycoli-
dyl (/°;;) block lengths during degradation of PGLA
drug-loaded matrice.

TABELA. 1. Wyniki pomiarow kata zwilzania i obliczen swobodnej

energii powierzchniowej metoda Owensa-Wendta.

TABLE 1. Results of the contact angle measurements and surface free

energy calculations using Owens-Wendt method.

Kat zwilzania
Contact angle

Ciecz
Liquid 6]

88.0 + 5.1

Parylen niemodyfikowany| H,O

Swobodna energia
powierzchniowa
Surface free energy
[mJ/m?]

RYS.4. Wykres kinetyczny kumulacyjnego uwal-
niania ibuprofenu z matrycy PLGA zawierajacej 5
i 10% leku.

FIG.4. Kinetic of cumulative release of ibuprofe-
num from PLGA matrices containing 5 and 10%
of drug.

The randomization ratio was over 1.0 what
indicates randomized copolymeric struc-
ture which is favorable to reach uniform
drug release from matrices. HPLC results
showed release of maximum 13% of drug
from PLGA matrices during first 7 weeks
of investigations and no burst effect was
observed (FIG.4).

Conclusions

Unmodified parylene C CH,l, 34419
Parylen modyfikowany Modi-__H20 17.6+0.8
ied parylene C CH,l, 34.0+0.8

functional oxygen group formation on the
| parylene C surface. It results in increase of

Oxygen plasma treatment is efficient in
o |

Whioski

Modyfikacja plazmg tlenowa prowadzi do utworzenia na
powierzchni parylenu C grup funkcyjnych zawierajgcych
tlen. Powoduje to wzrost hydrofilowosci powtoki oraz swo-
bodnej energii powierzchniowej, co zwieksza biozgodnosé
powierzchni materiatu implantacyjnego. Powstate grupy
funkcyjne zawierajgce tlen sprzyjajg rowniez zaszczepieniu
biodegradowalnego polimeru zawierajgcego czgsteczki
leku. Zastosowany kopolimer pozwala na uwalnianie leku
w sposob kontrolowany przez czas rzedy 7 tyg.
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Streszczenie

Implanty na bazie stopéw tytanu sg z powodzeniem
stosowane w ortopedii i dentystyce. W celu poprawie-
nia integracji implantu z koscig wykonano porowata,
hydroksyapatytowg powtokg na stopie Ti-6Al-7Nb
technikg elektrolityczno-plazmowego utleniania.
Otrzymang powfoke poddano analizie pod katem
mikrostruktury, chropowato$ci i sktadu fazowego.
Dodatkowo wykonano wstepne badania in vitro.

Stowa kluczowe: Stop tytanu, elektrolityczno-pla-
zmowe utlenianie, powtoka hydroksyapatytowa

[Inzynieria Biomateriatow, 122-123, (2013), 40-42]

Wstep

Stopy tytanu odgrywajg istotng role w ortopedii i denty-
styce. Sg stosowane zaréwno na krétkoterminowe elementy
takie jak sruby, czy ptytki do osteosyntezy jak réwniez
trzpienie stawu biodrowego i implanty dentystyczne w
dtugoterminowych zastosowaniach [1]. Posréd innych ma-
teriatbw cechujg sie licznymi zaletami: niska waga, dobre
wiasnosci mechaniczne, doskonata odpornos¢ korozyjna i
biozgodnosc¢. W przypadku dtugotrwatych implantow istotna
jest integracja implantowanego materiatu z otaczajgcymi
tkankami [2]. Trzpien stawu biodrowego jest umieszczany
bezposrednio w kosci udowej, czyli powierzchnia materiatu
wykonana ze stopu tytanu ma kontakt z tkankg kostna.
W celu poprawienia potgczenia implant-ko$¢ stosuje sie
rézne rodzaje powierzchniowej obrobki, jedng z metod jest
elektrolityczno-plazmowe utlenianie (PEO, lub MAO - ang.
micro-arc oxidation). Zastosowanie tej techniki pozwala
wytworzy¢ porowatg i silnie przylegajaca warstwe TiO, na
powierzchni implantu [3]. Dodatkowo w wyniku zastosowa-
nia w reakgcji roztworu zawierajgcego jony Ca i P krysztaty
hydroksyapatytu (HAp) lub inne fosforany wapnia moga
zosta¢ wbudowane w strukture powstajgcej powtoki [4]. W
ponizszym artykule opisano wytwarzanie i charakterystyke
jak réwniez wstepne badania in vitro powtoki zawierajgcej
HAp osadzonej na stopie Ti-6Al-7Nb technika elektrolitycz-
no-plazmowego utleniania.

SURFACE MODIFICATION
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MICRO-ARC OXIDATION
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Abstract

Titanium based implants are used both in ortho-
pedics and dentistry. For better integration of implant
with bone porous, hydroxyapatite crystals containing
coating was deposited on Ti-6Al-7Nb alloy by micro-
arc oxidation process. Microstructure, roughness and
phases composition of the coating was analyzed.
Moreover preliminary in vitro studies were done.

Keywords: Titanium alloy, micro-arc oxidation,
hydroxyapatite coating

[Engineering of Biomaterials, 122-123, (2013), 40-42]

Introduction

Titanium alloys play an important role in orthopedics and
dentistry. They are used both in short-term applications like
screws or plates to support the bone fracture healing as well
as in long-term implants like steams of hip joints and dental
implants [1]. Their advantages among other materials are:
low weight, good mechanical properties, excellent corrosion
resistance and biocompatibility. However in case of long-
term applications of titanium alloys crucial is the integration
of implanted material with surrounding tissues [2]. Steams
of hip joints are placed directly into femur, thus the contact
area is between the surface of the implant and the bone.
To improve the integration of titanium based implants with
bone different types of surface modifications were devel-
oped, one of the methods is micro-arc oxidation (MAO).
With this technique it is possible to produce porous and
strongly adherent TiO, films on Tiimplants [3]. Furthermore,
application of the solution containing Ca and P ions in MAO
process can result in incorporation of hydroxyapatite (HAp)
crystals or other calcium phosphates in the structure of the
coating [4] . In this paper the preparation and characteri-
zation of HAp containing coating deposited on Ti-6Al-7Nb
alloy by MAO process as well as preliminary in vitro study
are presented.
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Materialy i metody

Modyfikacja powierzchniowa prébek wykonanych z
dwufazowego stopu tytanu (a+B) Ti-6Al-7Nb dotyczyta
osadzania powtoki z zastosowaniem techniki elektrolityczno-
plazmowego utleniania. Roztwor uzyty w reakcji zawierat
fosforan sodu i octan wapnia. Proces byt prowadzony z
zastosowaniem pradu przemiennego, przytozone napiecie
wynosito: 400 V (dodatni poétokres), 80 V (ujemny pétokres),
a czestotliwos¢ byta réwna 250 Hz, reakcje prowadzono
przez 10 minut. Mikrostruktura otrzymanej powtoki byta
charakteryzowana za pomocg skaningowej i transmisyj-
nej mikroskopii elektronowej (SEM, TEM). Identyfikacja
fazowa zostata przeprowadzona za pomocg dyfrakcji
promieniowania rentgenowskiego (XRD), a chropowato$¢
byta analizowana z zastosowaniem mikroskopu sit atomo-
wych (AFM). W celu okreslenia biozgodnosci otrzymanego
materiatu wykonano wstepne badania in vitro. Przeprowa-
dzono jednodniowg hodowle mezenchymalnych komérek
macierzystych na prébkach Ti-6Al-7Nb z powtokg i prébkach
kontrolnych — niemodyfikowany stop tytanu. Adhezja komo-
rek do powierzchni byta oceniana za pomocg mikroskopu
konfokalnego, natomiast zywotnos¢ i proliferacje komérek
analizowano poprzez testy aktywnosci enzymatycznej
(MTS i alkalicznej fosfatazy) i zawarto$¢ DNA. Wszystkie
badania fluorymetryczne wykonano za pomoca czytnika
mikroptytek.

Wyniki i dyskusja

Na zdjeciach ze skaningowego mikroskopu elektrono-
wego widoczna jest porowata powtoka o rozwinietej po-
wierzchni (RYS.1). Przy mniejszym powiekszeniu (RYS.1A)
mozna obserwowac klastrowy uktad powtoki powstajgcy
w trakcie procesu PEO. Za pomocg mikroskopu sit ato-
mowych wyznaczono $rednig chropowato$s¢ Ra=1,02 ym
i maksymalng wysokos$¢ profilu chropowatosci R,,,,=5,74
pm. Na dyfraktogramie (RYS.2) z analizy powierzchni
otrzymanej powtoki zidentyfikowane zostaty nastepujace
fazy: Cag(PO,),(OH) (w uktadzie heksagonalnym zwartym),
CaTiO; (w uktadzie rombowym prymitywnym) and TiO,
w postaci rutylu and anatazu. Na zdjeciach TEM (RYS.3)
widoczne sg nanokrysztaty HAp o wydtuzonym ksztatci, jak
réwniez porowata struktura powtoki, na ktérg sktadajg sie
otwarte pory o $rednicy do 1um i zamkniete pory o $rednicy
do 500 nm. Po jednodniowej hodowli komérek na prébkach
Ti-6Al-7Nb z powtoka i bez powtoki nie ma istotnych réznic
w adhezji, proliferaciji i aktywnosci enzymatycznej komorek
rosngcych na réznych powierzchniach.

RYS.1 Zdjecia SEM przedstawiajgce powierzchnie
powtioki: A- ogdiny widok, B- zblizenie.

FIG.1 SEM images of deposited coating, A— general
view, B — higher magnification image.

Materials and methods

The work was performed on Ti-6Al-7Nb alloy, which be-
longs to the group of two phases titanium alloys (a+f3). Coat-
ing was deposited by MAO technique in solution containing
sodium phosphate and calcium acetate hydrate. Process
was carried out using the alternating current with applied
voltage: 400 V (positive half cycle), 80 V (negative half cycle)
and frequency 250 Hz, during 10 minutes. Microstructure
of deposited coating was characterized by scanning and
transmission electron microscopy (SEM, TEM). Phases
identification was done by X-ray diffraction and roughness
was analyzed by atomic force microscopy (AFM). To inves-
tigate the biocompatibility of obtained composite material
preliminary in vitro studies were done. Coated samples and
control samples (uncoated Ti-6Al-7Nb alloy) were seeded
with mesenchymal stem cells (MSCs). After one day of the
culture cells attachment was investigated by confocal micro-
scopy. Cells proliferation and viability was analyzed by MTS
assay (mitochondrial enzymes activity), alkaline phosphates
(ALP) activity, and DNA concentration, all fluorometric tests
were done with microplate reader.

Results and discussion

At SEM images highly developed and porous structure
of deposited coating is clearly visible (FIG.1) With lower
magnification (FIG.1A) it is possible to observe the clusters
composition of the coating rising during MAO process. With
AFM average roughness Ra=1,02 um and maximum rough-
ness depth R...,=5,74 um were measured. X-ray diffraction
pattern (FIG.2) of surface layer of analyzed sample showed
the content of: Caz(PO,);(OH) (hexagonal closed-packed),
CaTiO; (orthorhombic primitive) and TiO, in form of rutile
and anatase. At TEM images (FIG.3) HAp nanocrystals with
needle-like shape were visible as well as porous structure
of the coating composed of open pores with diameter up to
1um and closed pores with diameter up to 500 nm. Results
of preliminary biocompatibility studies show no significant
difference in cells adhesion, proliferation and enzyme activity
between coated and uncoated Ti-6Al-7Nb alloy samples.

- Cag(PO,)5(OH)
- TiO, rutile

- TiO, anatase

- CaTiO,
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RYS.2. Dyfraktogram przedstawiajacy sktad fazowy
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FIG.2. X-ray diffraction pattern of the surface layer
of deposited coating.
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RYS.3. Zdjecia TEM przedstawiajace krysztaly hydroksyapaty-
tu, o wydtuzonym ksztalcie wbudowane w strukture powtoki:
A- ogéiny widok, B- zblizenie.

FIG.3. TEM images showing needles-like shape hydroxyapatite
crystals in the coating structure, A — general view, B — higher
magnification image.

Whioski

Elektrolityczno-plazmowe utlenianie jest tatwg i wydajna
technikg powierzchniowej modyfikacji implantéw medycz-
nych na bazie stopu tytanu. Umozliwia osadzenie porowatej
powtoki sktadajacej sie z TiO,, tlenku wapnia i tytanu oraz
krysztatow hydroksyapatytu. Struktura i sktad otrzymywanej
powtoki powinny zapewnic lepszg integracje implantéw z
koscig. Jednakze ta hipoteza wymaga dalszych, bardziej
rozbudowanych badan biozgodnosci.
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Badania zostaty przeprowadzone w ramach projektu
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Conclusion

Micro-arc oxidation is a simple and efficient method of
surface modification of titanium based medical implants. It
enables deposition of porous coating composed of titanium
dioxides, calcium titanate and hydroxyapatite crystals.
Structure and composition of the coating should provide
better integration of implant with bone tissue. However,
this hypothesis requires further, more complex in vitro
analysis.

Acknowledgments

The study was performed within the COST MP1005
Action on “From nano to macro biomaterials (design,
processing, characterization, modeling) and applications
to stem cells regenerative orthopedic and dental medicine”
(NAMABIO).

References

[3] D.Y. Kim, M. Kim, H.E. Kim, Y.H. Koh, H.W. Kim, J.H. Jang:
Formation of hydreoxyapatite with porous TiO2 layer by micro-arc
oxidation coupled with electrophoretic deposition. Acta Biomaterialia
5 (2009) 2196-2205.

[4] H. Cimenoglu, M Gunyuz, G.T. Kose, M. Baydogan, F. Ugurlu,
C. Sener: Micro-arc oxidation of Ti-6Al-4V and Ti-6Al-7Nb alloys
for biomedical applications. Materials Characterization 62 (2011)
304-311.

0000000000000 0O0COC

Z omm® 0 000 000000000000 00000000600000000000000000

L



WPLYW CYKLICZNEGO
ZAMRAZANIA | ROZMRAZANIA
NA WELASCIWOSCI MATERIALOW
KOLAGENOWYCH

J.SkopPINSKA-WISNIEWSKA*, A.SIONKOWSKA, A.BAJEK,
A.BAczis-MAcIkowskA

UNIWERSYTET MikotAJA KoPERNIKA, WYDZzIAL CHEMII,
UL. GAGARINA 7, 87-100 ToRuN, PoLsKa,
*E-MAIL: JOANNA@CHEM.UNI.TORUN.PL

[Inzynieria Biomateriatow, 122-123, (2013), 43-45]

Wstep

Inzynieria tkankowa to dynamicznie rozwijajgca sie ga-
taz medycyny regeneracyjnej. Wykorzystuje ona r6znego
rodzaju materiaty polimerowe jako rusztowania do hodowli
komorek. Materiaty te musza sprosta¢ szczegdlnym wyma-
ganiom stawianym przez inzynierie tkankowg. Od rusztowan
dla hodowli tkankowych oczekuje sie by byty biokompaty-
bilne i posiadaty odpowiednie wiasciwosci mechaniczne.
Materiaty te musza by¢ nietoksyczne i z uptywem czasu
ulegac degradacji z wytworzeniem bezpiecznych, tatwych
do usuniecia z organizmu produktow. Materiaty te muszg
takze wykazywac¢ odpowiednig porowatos¢ konieczng dla
umozliwienia migracji komérkom oraz transportu gazoéw,
substancji odzywczych, metabolitow i czynnikow wzrostu.
Powinny zapewnia¢ warunki do proliferacji i roznicowania
komorek, a w efekcie do produkcji nowej macierzy ze-
wnatrzkomorkowej. Stad tez, uwaga wielu badaczy skupia
sie na uzyskaniu odpowiednich porowatych biomateriatow
lub hydrozeli. Obecnie stosowanych jest wiele metod
pozwalajgcych na uzyskanie materiatéw tego typu, m.in.
liofilizacja, sporzadzanie materiatdéw zawierajgcych sol jako
porogenu, czy technika wykorzystujgca zelowanie roztwo-
réw polimerowych w temperaturze ponizej zera [1]. Krysztaty
zamarznietego rozpuszczalnika wystepujg woéwczas w roli
czynnika porotworczego. Po rozmrozeniu powstajg puste
przestrzenie tworzgce system potgczonych porow [2].
Metoda ta jest wykorzystywana to otrzymywania hydrozeli
dla inzynierii tkankowej opartych np. na poli(alkoholu winy-
lowym) i zelatynie [3-5].

Kolagen to jeden ze skfadnikdw macierzy zewnatrzko-
morkowej. Jest biokompatybilny, nietoksyczny, nieanty-
genowy, biodegradowalny, wspiera adhezje i proliferacje
komorek. Wiasciwosci te sprawity, ze kolagen jest jednym z
najczesciej stosowanych materiatdbw w inzynierii tkankowe;j.
Biatko to posiada znakomite wtasciwo$ci mechaniczne w
stanie natywnym, jednak podczas izolacji z tkanek traci je
na skutek niszczenia struktury. Jednakze, jego znakomite
wiasciwosci biologiczne pozostajg niezmienione. Obecnie
testuje sie rozne metody modyfikacji kolagenu. W celu po-
prawy parametréw mechanicznych najczesciej stosuje sie
sieciowanie chemiczne. Nalezy jednak pamietac, ze nawet
niewielki dodatek kolejnych reagentéw moze niekorzystnie
wptywac na wiasciwosci biologiczne materiatu.

Z tego wzgledu celem pracy byto zbadanie wptywu
cyklicznego zamrazania i rozmrazania na wtasciwosci po-
wstajgcego zelu kolagenowego.

FREEZE-THAWING PROCESSING
OF COLLAGEN

J.SKoPINSKA-WISNIEWSKA*, A.SIONKOWSKA, A.BAJEK,
A.BAczis-MAcIKOWSKA

NicoLaus CorPerNIcus UNIVERSITY, FACULTY oF CHEMISTRY,
7 GAGARIN STR., 87-100 ToRuN, PoLAND
*E-MAIL: JOANNA@CHEM.UNI.TORUN.PL

[Engineering of Biomaterials, 122-123, (2013), 43-45]

Introduction

Tissue engineering is a rapidly growing field of regenera-
tive medicine. It employs a number of polymeric materials as
a support for cell cultures. The materials applied for tissue
engineering have to meet some specified requirements. The
scaffolds should be biocompatible and possess appropriate
mechanical properties. The materials must be non-toxic
and, over the time, the scaffolds should degrade into safe
components which can be easily eliminated from the body.
The highly porous three-dimensional structure is also nec-
essary in order to provide sufficient space and surface for
cell seeding. The interconnected pores permit transport of
gases, nutrients, and regulatory factors to allow cell survival,
proliferation, differentiation and finally ECM fabrication. So,
the attention of several groups of researchers is focused
on developing of porous biomaterials and hydrogels, which
are highly swollen polymer networks. Nowadays, some
methods of fabrication of this kind of scaffolds are achieved,
e.g. freeze-drying and salt leaching [1]. The scaffold can be
also synthetized via cryogelation technology which involves
the sub-zero incubation of polymer solutions. The crystals
of frozen solvent occur as a pore-forming agents. After
melting they leave voids and the system of interconnected
pores is created inside the gel [2]. This method is applied
for the preparation of gels for tissue engineering based on
e.g. poly(vinyl alcohol) and gelatin [3-5].

Collagen is a component of extracellular matrix. It is
biocompatible, non-toxic, non-antigenic, biodegradable and
promotes cell adhesion and proliferation. This makes the
collagen as a one of the most commonly used material in
tissue engineering. It possess very attractive mechanical
properties in native state but during isolation from tissues
its unique structure is destroyed what significantly affects
the strength of the materials. However, it still has an excel-
lent biological properties. Currently, the various methods of
modifications of the collagen are tested. Especially chemi-
cal cross-linking is the widely used method of improving
mechanical parameters of collagen. However, it has to be
noticed, that addition of chemicals can affect the biological
properties of the material.

Therefore, the purpose of this study was to investigate
the effect of freezing and thawing on the properties of col-
lagen gel.
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Materialy i metody

Z kolagenu wyizolowanego ze sciegien ogonowych
miodych szczurdéw albinoséw sporzgdzono roztwérw 0,1 M
kwasie octowym [6]. Roztwor poddano dializie w tubach
dializacyjnych wzgledem wody dejonizowanej. Nastepnie
kolagen poddano zamrazaniu w temp. -20°C oraz rozmra-
zaniu w temp. pokojowej. Zastosowano jeden i pie¢ cyKkli

zamrazania-rozmrazania.

Wyniki i dyskusja

Cykliczne zamrazanie i rozmrazanie jest z powodzeniem
stosowane do otrzymywania stabilnych, sztywnych Zeli ze-
latynowych. Z tego wzgledu zdecydowano o wykorzystaniu
tej metody do uzyskania zeli na bazie niedenaturowanego
kolagenu. Zele kolagenowe zamrazano w postaci cylindrow
0 $rednicy 16 mm i wysokosci 10 mm. Zaobserwowano
jednak, ze podczas rozmrazania zele tracity znaczng ilos¢
wody, a ich ksztatt ulegat zmianie. Z tego wzgledu, koncowe
rozmrazanie prowadzono w wodzie. Zele, ktére piecio-
krotnie poddawano zamrazaniu i rozmrazaniu wydawaty
sie znacznie sztywniejsze niz zele zamrazane jeden raz.
Jednak testy mechaniczne wykazaty, ze modut $ciskania
maleje wraz ze zwigkszeniem liczby cykli zamrazania i

rozmrazania (TABELA 1.).

TABELA 1. Wartosci modutu sciskania zeli kolage-
nowych niemrozonych oraz poddanych 1i5 cyklom

mrozenia i rozmrazania.

TABLE 1. The values of compression modulus of
collagen materials non-frozen and freeze-thawed

1 and 5 times.

Prébka E
Specimen mod
collagen 0,821
collagen freezed 1x 0,609
collagen fereezed 5x 0,513

Takze zdolno$¢ pecznienia w roztworze buforu
fosforanowego maleje wskutek zamrazania i rozmra-
zania materiatow kolagenowych (RYS.1.). Wszystkie
probki wykazywaty znaczng absorbcje PBS w przecia-
gu pierwszych 4 godzin inkubacji, a nastepnie stopien
specznienia ulegat stabilizacji. Niemodyfikowane ma-
teriaty kolagenowe wykazywaty najwyzszg zdolnos¢ do
pecznienia w PBS (stopien specznienia ok. 2000%),
poczas gdy zele poddane zamrazaniu i rozmrazaniu
obsorbowaty 1700% i 1600%. Zaobserwowano jednak,
ze po 24 godzinach speczniania, wszystkie materiaty
charakteryzowaty sie podobnymi wtasciwosciami.

Dokonano pomiaru kata zwilzania powierzchni
materiatow kolagenowych przy uzyciu gliceryny i
dijodometanu oraz obliczono swobodng energie
powierzchniowg metodg Owensa-Wendta. Wyniki
przedstawiono w TABELI 2. Najnizszg warto$¢ swo-
bodnej energii powierzchniowej zaobserwowano dla
niemodyfikowanego materiatu kolagenowego. Po
1 i 5 cyklach mrozenia-rozmrazania warto$¢ tego
parametru wzrosta. Uzyskane wyniki wskazujg takze
na zwiekszenie polarnosci badanych powierzchni
na skutek zamrazania. Zmiany te moga prowadzi¢
do poprawienia adhezji komoérek do powierzchni
materiatu.

Materials and methods

The solution of collagen from tail tendons of young albino
rats in 0,1 M acetic acid was obtained in our laboratory [6].
This solution was poured into dialysis bag and neutralized
during dialysis process against deionised water. The colla-
gen was frozen at -20°C for 12h and then allowed to thaw
at room temperature. One and five freezing-thawing cycles
were performed for the samples of collagen.

Results and discussion

The freeze-thawing process is successfully used for the
preparation of stable, stiff gelatin gels. So, we decided to
employ this method to obtain gels based on non-denatured
collagen. The collagen gels were frozen in a form of com-
pletely swollen cylinders with diameter of 16 mm and height
10 mm. However, during thawing, the gels have lost a signifi-
cant amount of water and they shapes were changed. For
this reason, the final thawing was carried out in water. The
gels, which were frozen and thawed five times seemed stiffer
than the frozen one time. But the mechanical tests showed
that the compression modulus decrease with increasing
number of cycles of freezing and thawing (TABLE 1.).

Also, the swelling ability in the PBS buffer decreased
after freezing and thawing of the collagen materials (FIG.1).
All the samples swelled dynamically during the first 4 hours
and then followed by stabilization of swelling degree. The
unfrozen material exhibited the highest swelling degree of
PBS (approx. 2000%), while the frozen materials absorbed
about 1700% and 1600%. However, after 24h of incubation
in PBS buffer all the samples showed similar properties.

The contact angle measurements were made using the
glycerol and diiodomethane, and the surface free energy
was calculated by Owens-Wendt method. The results are
presented in the TABLE 2. The value of surface free en-
ergy was the lowest for untreated collagen and increased
after 1 and 5 freeze-thawing cycles. Moreover, the results
proved that the surfaces of frozen collagen gels were more
polar than of the non-modified material. This changes of
the surface properties may lead to the improvement of cell
adhesion ability of the material.
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RYS.1. Stopien specznienia (E,) materiatéw kolagenowych w
roztworze buforu fosforanowego.
FIG.1. The swelling degree (E,) of collagen materials in PBS

buffer.
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TABELA 2. Wartosci swobodnej energii powierzch-
niowej oraz jej sktadowej polarnej dla zeli kolageno-
wych niemrozonych oraz poddanych 1 i 5 cyklom
mrozenia i rozmrazania.

TABLE 2. The surface free energy (IFT (s)) and its
polar component (IFT (s,P)) of collagen materials
non-frozen and freeze-thawed 1 and 5 times.

Probka

Specimean IFT(s) IFT(s,P)
collagen 21,25 10,19
collagen freezed 1x 25,12 20,2
collagen fereezed 5x | 26,45 17,9

Whioski

Badania wykazaty, ze wtasciwosci materiatéw kolage-
nowych poddanych cyklicznemu zamrazaniu i rozmrazaniu
ulegty znaczacej zmianie. Wtasciwosci mechaniczne oraz
zdolnos$¢ pecznienia zeli ulegty pogorszeniu po modyfikacji
podczas gdy polarnosc¢ ich powierzchni wzrosta. Nalezy jed-
nak stwierdzi¢, ze w przypadku kolagenu metoda polegajgca
na cyklicznym zamrazaniu i rozmrazaniu materiatu nie daje
tak dobrych rezultatow jak w przypadku zelatyny
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Conclusions

The our study showed that the properties of collagen
gels were changing after freeze-thawing process. The me-
chanical properties and swelling ability were deteriorated,
while the polarity of the surface increase after modification.
However, it should be noted that, in the case of collagen
this method does not give as good results as in the case
of gelatin.
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Abstract

SOL-GEL DERIVED
BIOCOMPOSITE SCAFFOLDS FOR
BONE TISSUE REGENERATION

MARTA BALTRUKIEWICZ*, LUKASZ JOHN, PIOTR SoBOTA

UNIVERsSITY oF WRoctAw, FACULTY oF CHEMISTRY,
14 F.JoLioT-CURIE STR., 50-383 WRocCtAW, POLAND
*E-MAIL: MARTA.BALTRUKIEWICZ(@CHEM.UNI.WROC.PL

W ciggu ostatniej dekady nastgpit gwaftowny roz-
woj inzynierii biomateriatow, inspirowany rosngcym
zapotrzebowaniem na materiaty zastepujgce chory
bgdz uszkodzony organ oraz stymulujgce regeneracje
tkanek. Tematyka naszych badan, z pogranicza chemii
oraz inzynierii materiatowej, dotyczy funkcjonalnych
materiatow kompozytowych, nalezgcych do Ill gene-
racji biomateriatow - materiatbw bionicznych, ktére
mogg by¢ stosowane jako protezy uktadu kostnego
czfowieka.

Naszych celem byto opracowanie optymalnej me-
tody funkcjonalizowania organiczno-nieorganicznych
biomimetycznych materiatow kompozytowych, wczes-
niej otrzymanych i scharakteryzowanych w naszym
zespole. [1] Materiaty kompozytowe otrzymano tech-
nikg zol-zel, ktéra zapewnia rownomierng dystrybucje
wprowadzonych substancji w matrycy, a nastepnie
formowano w trojwymiarowe rusztowania (skafoldy,
ang. scaffolds) technikg odlewania potgczonego z
wymywaniem czgstek, z uzyciem cukru i weglanu
amonu, jako porogenu i czynnika modyfikujgcego
powierzchnie. [1]

Trojwymiarowe skafoldy (RYS.1a i b) posiadajg
morfologie analogiczng do ko$ci ggbczastej - system
potgczonych, otwartych poréw o wielkosci 150—-300 um
oraz chropowatoS$¢ w zakresie 0.2—7 um - cechy te
stwarzajg mozliwo$c¢ adhezji i proliferacji komorek oraz
stwarzajg mozliwo$¢ funkcjonalizowania. Wprowadza-
nie do matrycy czynnikow funkcjonalizujgcych, gtéwnie
czgsteczek organicznych, ma na celu wzbogacanie lub
zZmiane charakteru wyj$ciowego materiatu np. zmiane
rozpuszczalno$ci materiatu, lub efektywniejsze wigza-
nie czynnikow wzrostu czy lekéw. Najbardziej ciekawe
Z punktu widzenia medycyny regeneracyjnej sq bada-
nia nad wprowadzaniem substancji farmakologicznie
czynnych do matrycy kompozytowej, co prowadzi do
otrzymywania uktadéw o kontrolowanym dostarczaniu
lekéw do miejsca przeznaczenia (DDS-ang. drug
delivery system), a tréjwymiarowe biomateriaty uktadu
kostnego wydajg sie by¢ doskonatym nosnikiem dla
czgsteczek lekow.
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Abstract

Over the last decade there has been a rapid deve-
lopment of bio-engineering, inspired by the growing
demand for materials to replace damaged parts of the
body and stimulate tissue regeneration. Our research,
on the border of chemistry and materials science,
concerns the development of functional composite
materials, belonging to the third generation of bio-
materials - bionic materials, that can be used as an
artificial human bone.

Our research was focused on development an
optimal, novel method of functionalization biomimetic
organic-inorganic composite materials, previously
obtained and characterized in our research team. [1]
Materials were synthesized via the sol-gel technique,
which allows even distribution of substances intro-
duced into the composite matrix, and then formed
as three-dimensional scaffolds using a particulate
leaching technique in which sugar and ammonium
caronate were used as porogen and factor for surface
modyfication. [1]

Three-dimensional scaffolds (FIG.1a and b) pos-
sess morphology similar to the cancellous bone - the
system of interconnected, open-pore size 150 - 300 um
and a surface roughness of 0.2 - 7 um — these features
provide an opportunity for cell adhesion and prolifera-
tion and create a great potential for functionalization
process. Introduction of functionalization agents, main-
ly an organic molecules, enhance or modify the nature
of the starting material, such as changing the solubility
of material or more efficient binding of growth factors
or drugs. The most attractive, from regenerative me-
dicine point of view, are studies on introduction of a
pharmacologically active substances into the matrix,
which leads to controlled drug delivery systems (DDS)
and a three-dimensional skeletal biomaterials provide
an excellent carrier for drug molecules.

RYS.1. Obrazy SEM biorusztowa-
nia hybrydowego otrzymanego w
naszym laboratorium: (a) 10-krot-
ne powiekszenie, (b) 150-krotne
powigkszenie ukazujgce chro-
powata powierzchnie materiatu.
FIG.1. SEM images of hybrid
scaffolds obtained in our labo-
ratory: (a) 10-fold magnifica-
tion, (b) 150-fold magnification,
showing a rough surface of the

8 o, material.
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Biokompozyty zostaty otrzymane technikg zol-
zel z wykorzystaniem komponentéw organicznych:
poli(metakrylanu 2-hydroksyetylu) (HEMA) i eteny-
lotrietoksysilanu (TEVS). Substraty zostaty wybrane
ze wzgledu na obecnos$¢ ugrupowan winylowych,
ktére oprécz polimeryzacji z utworzeniem wigzan
C-C, mogg tworzy¢ potgczenia typu cross-linking
—(-O-CH-Si-O-),, odpowiedzialne sg za powstawa-
nie mezoporowatej matrycy kompozytowej. Z kolei,
obecnos¢ grup alkoksylowych w zwigzku krzemu
umozliwia hydrolize i polikondensacje z utworzeniem
sieci potgczen —Si-O-Si— oraz grup silanolowych
=Si-OH. Obecnosc tych ugrupowan inicjuje wymiane
Jjonéw pomigdzy ptynem biologicznym a materiatem,
co takze umoZzliwi krystalizacje zwigzkéw bogatych w
wapn i fosfor na amorficznej powierzchni kompozytu
(gtéwnie HAp) (RYS.2).

Biorusztowania materiatow kompozytowych
zostaty takze poddane procesowi syntetycznego
pokrywania hydroksyapatytem (HAp), reakcja typu
,one-pot” przeprowadzona byta w nieskomplikowany
i efektywny sposéb. [4] Obrazy SEM (RYS.3) przed-
stawiajg materiat rownomiernie pokryty krysztatami
o ksztafcie przypominajgcym kwiaty (,flower like
shape”) - okres$lenie to odnosi sie do syntetycznego
hydroksyapatytu. [3]

Obecnosc¢ grup =Si-OH na powierzchni badanych
materiatéw jest niezbedna dla procesu funkcjonalizo-
wania, poniewaz grupy te oddziatujg z czgsteczkami
organicznymi, posiadajgcymi takie grupy funkcyjne jak
aminowa czy hydroksylowa (R), tworzgc wigzania wo-
dorowe lub stabe oddziatywania (typu m-stacking).

Matryca kompozytowa funkcjonalizowana byta
technikg wspdtkondensacji (,,one-pot”) oraz sillilowania
(RYS.4) z uzyciem 3-aminopropylotrimetoksysilanu
(APTMS) w atmosferze inertnej.

The biocomposites were prepared by combining
organic components: 2-hydroxyethylmethacrylate
(HEMA) and triethoxyvinylsilane (TEVS) via sol-gel
technique. This compounds were chosen because
of the presence of vinyl groups, which in addition to
C-C bonds, may form a cross-linking connections —(-
O-CH.-Si-O-),, which are responsible for the formation
of silica, while presence of alkoxy groups (RO’) in a
silicon precursor, allows hydrolysis and polyconden-
sation to form —Si-O-Si— network and silanol =Si-
OH moieties. Silanols initiate the exchange of ions
between the biological fluid and the material, also
enabling crystallization of hydroxyapatite (HAp) on the
composite surface, which lead to bone growth and an
effective recovery of the treated fragment (FIG.2).

Biocomposite scaffolds were also coated with
synthetic hydroxyapatite (HAp) in the one-pot reaction,
carried out in a simple and efficient manner. [4] SEM
images (FIG.3) show material that is densely and
evenly covered with shape-like flower crystals, which
refers to the synthetic hydroxyapatite. [3]

The presence of =Si-OH groups on the surface of
the materials is essential for the process of functionali-
zation, as these groups interact with organic molecules
with functional groups (R), such as amine or hydroxyl,
allowing hydrogen bond formation or r-stacking inte-
ractions, etc. depending on drug molecule nature.

The composite matrix was functionalized via co-
condensation and sililation techniques (FIG.4) using
3-aminopropyltrimethoxysilane (APTMS) in the inert
atmosphere.

Then the pharmacologically active substances were
introduced - drugs belonging to the group of NSAIDs
- ibuprofen and meloxicam (FIG.5). These drugs were
chosen because of occurrence of inflammation after
implementing dentures.

RYS.2. Obrazy SEM dla mate-
rialdbw po 7-dniowej inkubacji
w plynie biologicznym DMEM;
na powierzchni obserwowana
jest warstwa mineralna, m.in.
hydroksyapatyt = HAp.

FIG.2. SEM images of the mate-
rials after 7 days of incubation in
biological fluid (DMEM), mineral
layer (HAp) on the surface is
observed.

RYS.3. Obrazy SEM dla materia-
téw po syntetycznym pokrywa-
niu hydroksyapatytem = HAp.
FIG.3. SEM images of materials
coated with synthetic hydroxy-
apatite (HAp).

» ' 500um
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suchy rozpuszczalnik
inertna atmosfera

dry solvent
inert atmosphere

RYS.4. Schemat sililowania materiatéw kompozytowych.
FIG.4. Scheme of composite materials™ silylation.
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RYS.5. Schemat oddzialywania czasteczki meloksykamu ze sfunkcjonalizowang matryca kompozytowa.
FIG.5. Scheme of interactions occurring on meloxicam-functionalized composite material.

Nastepnie wprowadzano substancje farmakolo-
gicznie czynne nalezgce do grupy Niesteroidowych
Lekéw Przeciwzapalnych (NLPZéw) tj. ibuprofen i
meloksykam (RYS.5). Wybdr tych lekdw podyktowany
byt faktem wystepowania stanéw zapalnych w miej-
scach implementowania protez.

Otrzymane skafoldy kompozytowe scharakteryzo-
wane zostaty za pomocg rentgenowskiej dyfraktometrii
proszkowej (PXRD), Spektroskopii w Podczerwieni
(FT-IR), Spektroskopii UV-VIS, Skaningowej Mikro-
skopii Elektronowej (SEM-EDS) oraz Transmisyjnej
Mikroskopii Elektronowej (TEM-EDS).

[Inzynieria Biomateriatow, 122-123, (2013), 46-48]
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[Inzynieria Biomateriatow, 122-123, (2013), 49-50]

Wprowadzenie

Urazy chrzastki oraz zwigzane z wiekiem choroby zwy-
rodnieniowe sg powaznym problemem zdrowotnym na catym
Swiecie [1]. Chrzgstka stawowa sktada sie ze stosunkowo
niewielkiej liczby komorek o ograniczonym potencjale do sa-
moodnowy. Dlatego tez uszkodzona chrzgstka ma niewielkg
zdolno$¢ regeneracji. Przeszczepianie autologicznych
chondrocytow jest szeroko stosowane w praktyce klinicznej
i cieszy sie akceptacjg srodowiska medycznego [2,3]. Nie-
mniej jednak, metoda ta jest ograniczona do uzupetniania
niewielkich ubytkéw chrzastki. Efektem niepozadanym jest
takze odroznicowywanie sie chondrocytéw w hodowli in vitro
oraz utrata ekspresji kolagenu Il, specyficznego markera
tkanki chrzestnej [3]. Poszukuje sie wiec nowych metod,
ktore umozliwig petng regeneracje uszkodzonej chrzastki.
Jedng z mozliwosci jest inzynieria tkankowa, ktéra obejmuje
potgczenie biomateriatéw i komorek w celu wytworzenia
funkcjonalnej tkanki.

Celem prezentowanego badania byla ocena wptywu
samego zelu kolagenowego oraz potgczonego z mezenchy-
malnymi komérkami macierzystymi szpiku kostnego (MSC,
ang. Mesenchymal Stem Cells) na funkcje motoryczne i
zdolnos¢ ruchowg szczurdw po mechanicznym uszkodzeniu
chrzgstki stawowe;.

Materialy i metody

Kolagen typu | zostat wyizolowany z ogonéw szczu-
rzych rasy Wistar i przygotowany wedtug nowej, bez-
piecznej metody sieciowania. Komoérki MSC zostaty
wyizolowane ze szpiku kostnego szczuréw. Wszystkie
eksperymenty przeprowadzane byly za zgodg Lokalnej
Komisji Bioetyki. W badaniu wykorzystano pietnascie
8-tygodniowych szczurow rasy Wistar. U wszystkich zwierzat
wykonano tgcznie 30 ubytkow chrzgstki w stawie biodrowym
i kolanowym. Nastepnie zwierzeta zostaty losowo podzie-
lone na 3 grupy, u ktérych ubytki zostaty wypetnione zelem
kolagenowym (grupa 1) oraz zelem kolagenowym obsianym
komorkami MSC (grupa 2). Grupe 3 stanowita kontrola, u
ktorej ubytki zostaty nieuzupetnione. Ocena kliniczna (test
wchodzenia i schodzenia po szczeblach drabinki, tzw. test
drabinkowy, oraz test wspinania z wody) zostata przepro-
wadzona po 10 tygodniach od implantacji.

RAT CARTILAGE REPAIR USING
COLLAGEN GEL AND BONE
MARROW MESENCHYMAL
STEM CELLS, THE IN VIVO
PRELIMINARY STUDY
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[Engineering of Biomaterials, 122-123, (2013), 49-50]

Introduction

Traumatic injury and age-related degenerative diseases
associated with cartilage are major health problems world-
wide [1]. The articular cartilage is comprised of a relatively
small number of cells, which have a relatively slow rate
of turnover. Therefore, damaged articular cartilage has a
limited capacity for self-repair. Transplantation of autolo-
gous chondrocytes are widely utilized in clinical practice
and has reached broad acceptance [2,3]. Nevertheless,
this treatment is limited due to filling small defects, de-dif-
ferentiation of chondrocytes during in vitro culture or loss of
collagen Il [3]. New clinical methods have been designed
to achieve better repair of injured cartilage. However, there
is no treatment that enables full restoration of it. Tissue
engineering involves combination of scaffolds and cells to
fabricate functional new tissue. The aim of this study was to
evaluate how collagen gel with bone marrow mesenchymal
stem cells (MSCs) and collagen gel alone will influence
on the motor function and movement capacity in rats after
cartilage injury.

The aim of this study was to evaluate how collagen gel
with bone marrow mesenchymal stem cells (MSCs) and
collagen gel alone will influence on the motor function and
movement capacity in rats after cartilage injury.

Material and methods

Collagen type | was isolated from rats’ tails and the gel
was prepared according to new, safety method. MSCs were
isolated from rats’ bone marrow. The experiments were
conducted according to the guidelines for animal experi-
ments of Ethics Committee. Fifteen 8-week-old Wistar rats
were used in this study. All animals received knee and hip
joint surgery with a total of 30 created cartilage defects.
Then, animals were randomly divided into three groups and
filled, respectively, with collagen gel (group 1), collagen gel
cultured with MSCs (group Il) or left untreated as a control
(control group). Clinical evaluation (the ladder rung walking
task and the climbing from the water test) was carried out
10 weeks post implantation.
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Wyniki i dyskusja

Uzyskane wyniki wskazujg, iz sam
zel kolagenowy jest wystarczajgcy do
poprawy funkcji motorycznych i zdolno-
Sci ruchowej szczuréw po uszkodzeniu
chrzgstki stawowej. Wskazywac to
moze na bardziej efektywny proces
regeneraciji.

Control group

TABELA 1. Ocena testow klinicznych po 10
tygodniach od implantacji.

TABLE 1. The clinical test evaluation after 10
weeks post implantation.

Test drabinkowy [sek]
The ladder rung walking task [sec]

Grupa kontrolna | Grupa 1

Group 1

Results and
discussion

Our results show that col-
lagen gel alone is enough to
improve the motor function
and movement capacity of
rats after cartilage defects.
Comparing to the two other
groups the rats, in which the

Grupa 2
Group 2

7.55+0.515

Whnioski

Zel kolagenowy moze stanowi¢ od-

powiedni biomateriat biorgcy udziat w |{ 6.92 + 0.509

6.21 +0.460

Test wspinania z wody [sek]
The climbing from the water test [sec]

4.66 + 0.786

6.57 £ 1.064 || jefects were filled only with

collagen gel were faster. This
can indicate on more efficient

8.62 + 1.815 || regeneration process.

regeneracji uszkodzonej chrzgstki sta-
wowej. Niemniej jednak, dodatkowe badania sg niezbedne
do potwierdzenia uzyskanych wynikow.
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Conclusion

The collagen gel alone can serve as a kind of scaffold
applicable to the repair of a cartilage defect. However, ad-
ditional evaluation is needed to confirm this results.
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WLASCIWOSCI
ANTYKOROZYJNE POWLOKI
TiO, OTRZYMYWANEJ METODA
ZOL-ZEL W ZALEZNOSCI OD

PH SRODOWISKA | OBECNOSCI
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Streszczenie

Zbadano wptyw pH Srodowiska i obecnosci biatka
osocza krwi na wtasciwosci antykorozyjne powtoki dit-
lenku tytanu TiO,. Powtoke TiO, o strukturze amorficz-
nej z krystalitami anatazu otrzymywano metodg zol-zel
na powierzchni stopu biomedycznego M30ONW. Bada-
nia korozyjne z wykorzystaniem metod elektrochemicz-
nych przeprowadzono w temperaturze 37°C w roztwo-
rze 0.9 % NaCl (sdl fizjologiczna) o pH 4.5 oraz 7.4.

ANTICORROSION PROPERTIES
OF TiO, SOL-GEL COATING IN
RELATION TO PH OF SOLUTION
AND PRESENCE OF SERUM
PROTEIN

BARBARA BURNAT*, TADEUSZ BrAszczyk , ANDRZEJ LENIART

UNIVERSITY OF Lobz, FAacuLTY oF CHEMISTRY,
DEPARTMENT OF INORGANIC AND ANALYTICAL CHEMISTRY,
12 TAMKA STR., 91-403 Lobz, PoLAND

*E-MAIL: BURNAT@CHEMIA.UNI.LODZ.PL

Abstract

In this study we investigated the influence of
solution pH and serum protein on the anticorrosion
properties of titanium dioxide TiO, coating. This
TiO, coating with amorphous structure containing
crystallites of anatase was obtained by the sol-
gel method on the surface of M3ONW biomedical
alloy. Corrosion measurements using electroche-
mical methods were carried out in 0.9 % NaCl
(physiological saline) solution at pH of 4.5 and 7.4.
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Wartosci pH wybrane do badan pozwolity przyblizy¢
warunki naturalnie wystepujgce w Srodowisku tkan-
kowym (pH=7.4) oraz warunki stanu zapalnego, ktéry
moze pojawic sie w organizmie (pH=4.5). Aby jeszcze
lepiej odwzorowac Srodowisko tkankowe, do roztworu
soli fizjologicznej dodano albumine - biatko wystepu-
Jjgce w osoczu krwi w najwigkszej ilosci. WtaSciwoSci
antykorozyjne powtoki TiO, okre$lono w oparciu o wy-
znaczone wartoS$ci potencjatu korozyjnego E,,, oporu
polaryzacyjnego R, szybkosci korozji CR, gestosci
pradu w obszarze pasywnym i, oraz potencjatow
przebicia E, i repasywacji E,,,.

Stwierdzono, ze modyfikacja powierzchni stopu
M30ONW powtokg TiO, powoduje zwiekszenie odpor-
nosci korozyjnej badanego stopu w roztworach NaCl o
pH rownym 4.5 7.4 - antykorozyjne dziatanie powfoki
TiO, widoczne jest zaréwno w potencjale korozyjnym
Jak i przy polaryzacji anodowej. Dodatek albuminy ma
niejednoznaczny wptyw na antykorozyjne wiasciwosci
powtoki TiO, w potencjale korozyjnym. Natomiast przy
polaryzacji anodowej wptyw biatka zaznacza sie jedy-
nie w roztworze NaCl o pH 4.5 - albumina powoduje
istotne zwiekszenie potencjatu przebicia dla stopu z
powtokg TiO,.

Stowa kluczowe: biomateriat, TiO,, zol-zel, biatko,
korozja, metody elektrochemiczne

[Inzynieria Biomateriatow, 122-123, (2013), 50-55]

Wprowadzenie

Poprawe odpornosci korozyjnej biomateriatdéw metalicz-
nych uzyskuje sie dzieki roznorodnym modyfikacjom ich po-
wierzchni, w tym dzieki nanoszeniu powtok ochronnych. Do
tego celu doskonale nadajg sie materiaty ceramiczne: we-
gliki, azotki, borki, krzemki oraz tlenki. Duzg popularnoscig
cieszy sie ditlenek tytanu (TiO,), ktéry zwieksza odpornosé
metali i stopdw na dziatanie wysokich temperatur, zuzycie i
korozje [1-3]. Zwiekszenie odpornosci korozyjnej jest rowno-
znaczne ze zwiekszeniem biotolerancji biomateriatow.

Wiele badan dowodzi, ze biatka obecne w ptynach
ustrojowych wptywajg na zmiane wiasciwosci elektroche-
micznych biomateriatéw. Doniesienia literaturowe wskazuja,
ze w odpowiednich warunkach biatka adsorbujg sie na
powierzchni implantu w czasie krotszym od 1 minuty [4]. W
efekcie tej adsorpcji tworzy sie tzw. biofilm biatkowy, ktory
moze zarowno sprzyjac¢ tworzeniu trwatych potgczen tkanka-
implant, jak réwniez niepozadanych okotowszczepowych
stanéw zapalnych. Z tego powodu istotne jest okreslenie
wtasciwosci korozyjnych materiatéw biomedycznych w
roztworach symulujgcych zaréwno naturalnie wystepujace
srodowisko tkankowe, jak i takie, ktdre moze pojawic sie w
przypadku stanéw zapalnych.

Gtéwnym celem pracy byto okreslenie wptywu pH i biatka
osocza krwi na wiasciwosci antykorozyjne powtoki ditlenku
tytanu otrzymanej metodg zol-zel na powierzchni stopu bio-
medycznego M30NW. Pomiary korozyjne byty prowadzone
w roztworach 0.9% NaCl o pH 4.5 7.4, bez i z uzyciem
albuminy surowicy wotowej. Wtasciwosci antykorozyjne
powtoki TiO2 okreslono w oparciu 0 wyznaczone z pomiaréw
elektrochemicznych wartosci potencjatu korozyjnego Ecor,
oporu polaryzacyjnego R, szybkosci korozji CR, gestosci
pradu w obszarze pasywnym i, s oraz potencjatéw przebicia
E, i repasywacji E,.

The pH values selected for the tests simulate both
natural body conditions (pH=7.4) and inflammatory
conditions which may occur in the body (pH=4.5).
Much better simulation of tissue environment was
achieved by adding of albumin — protein found in
blood plasma in the greatest amount. Anticorrosion
properties of TiO, coating were determined on the
basis of corrosion potential E,,, polarization resistance
R,, corrosion rate CR, current density in the passive
range i, and also breakdown E, and repasssivation
potentials Erep.

It was stated that modification of M3ONW alloy
surface by TiO, coating cause increase in corrosion
resistance of the investigated alloy in NaCl solutions
both at pH of 4.5 and 7.4 - anticorrosive effect of TiO,
coating is evident both at corrosion potential and du-
ring the anodic polarization. The addition of albumin
has an ambiguous effect on the anticorrosion pro-
perties of the TiO, coating at the corrosion potential.
Whereas during the anodic polarization the protein
effect is visible only in NaCl solution at pH of 4.5 - al-
bumin causes significant increase in the breakdown
potential of the alloy coated by TiO.,.

Keywords: biomaterial, TiO,, sol-gel, protein,
corrosion, electrochemical methods

[Engineering of Biomaterials, 122-123, (2013), 50-55]

Introduction

Improved corrosion resistance of metallic biomaterials is
achieved through a variety of surface modifications, includ-
ing through applying protective coatings. For this purpose
are suitable ceramic materials: carbides, nitrides, borides,
silicides and oxides. The most popular is titanium dioxide
(TiO,), which increases the resistance to high temperatures,
wear and corrosion of metals and alloys [1-3]. Increased
corrosion resistance amounts to increasing the biocompat-
ibility of biomaterials.

Many studies have shown that the proteins present in
body fluids alter the electrochemical properties of the bio-
materials. Literature reports indicate that under appropriate
conditions the proteins are adsorbed on the surface of the
implant in less than 1 minute [4]. In effect of this adsorption
a so-called protein biofilm is created, which can contribute
to both formation of a fixed connection tissue-implant, as
well as undesirable inflammatory responses. For this rea-
son, it is important to determine the corrosion properties of
biomedical materials in solutions simulating both naturally
occurring tissue environment, as well as one that may occur
in the case of inflammation.

The main objective of this study was to determine the
effect of both solution pH and serum protein on the anti-
corrosion properties of titanium dioxide coating applied on
M30NW biomedical alloy surface using sol-gel method.
Corrosion measurements were carried out in 0.9% NaCl
solution at pH 4.5 and 7.4, with and without the bovine
serum albumin. Anticorrosion properties of TiO, coating
were specified based on the determined values of corrosion
potential E,,,, polarization resistance R, corrosion rate CR,
current density in passive range i, s and also breakdown E,
and repassivation E, potentials.
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Materialy i metody

Badanym biomateriatem byt stop M3ONW (AUBERT &
DUVAL, Francja) spetniajgcy wymogi normy ISO 5832-9 [5].
Prébki stopu miaty ksztatt krgzkéw o Srednicy 22 mm i
grubosci ok. 3 mm. Sktad stopu (%wag.) wedtug certyfikatu
producenta byt nastepujacy: Cr (20.62), Ni (9.53), Mn (4.13),
Mo (2.12), N (0.40), Nb (0.31), C (0.032) i Fe (reszta). Przed
nanoszeniem powtok TiO, prébki stopu byty przygotowy-
wane zgodnie z procedurg opisang w [6]. Prekursorem
dla powtok TiO, byt izopropylan tytanu (V) Ti{OCH(CH,),],
(Sigma-Aldrich). Powtoki TiO, (jednowarstwowe) nanoszono
metodg zol-zel na powierzchnie probek stopu z wykorzysta-
niem techniki zanurzeniowej przy uzyciu dip-coatera typu
DCMono 75 (NIMA Technology) [6]. Wtasciwe wypalanie
powtoki TiO, prowadzono w temperaturze 400°C przez 1 go-
dzine. Bezposrednio przed pomiarami elektrochemicznymi
probki przemywano alkoholem etylowym i osuszano Ar. Po-
miary korozyjne prowadzono w odtlenionym roztworze soli
fizjologicznej (0.9% NaCl) o pH rownym 4.5 oraz 7.4. Wptyw
obecnosci biatka oceniano na podstawie dodatku albuminy
osocza wotowego (BSA) w ilosci 1 g/l. Pomiary korozyjne
przeprowadzono z uzyciem potencjostatu - galwanostatu
PGSTAT 30/1 (Autolab) w roztworach o temperaturze 37°C.
Zastosowane metody elektrochemiczne to pomiar poten-
cjatu korozyjnego w otwartym obwodzie, metoda Stern-
Geary’ego, elektrochemiczna spektroskopia impedancyjna
i charakterystyki potencjodynamiczne w szerokim zakresie
polaryzacji anodowej. Wszystkie wartosci potencjatow po-
dane sg wzgledem elektrody kalomelowej (E°=0.236V wzgl.
NEW). Powierzchnia aktywna prébek wynosita ok. 0.64 cm?.
Charakter powstatych zmian korozyjnych zostat okreslony z
zastosowaniem optycznego mikroskopu metalograficznego
MMTB800BT (Mikrolab).

Wyniki i dyskusja

Na podstawie przeprowadzonych badan korozyjnych
wyznaczono szereg wielkosci charakteryzujgcych witas-
ciwosci korozyjne badanego stopu M30ONW zaréwno bez
warstw jak i z warstwami TiO,: potencjat korozyjny Ecor,
opor polaryzacyjny R, szybko$c¢ korozji CR, gesto$¢ pradu
w obszarze pasywnym i, s oraz potencjaty przebicia E, i repa-
sywagcji E,.,. Na ich podstawie mozna okresli¢ antykorozyjne
dziatanie powtok TiO, w réznych warunkach pomiarowych.
Prezentowane wyniki sg usrednionymi wartosciami wraz z
odchyleniami standardowymi obliczonymi z pomiarow serii
3 prébek.

Na RYS. 1. przedstawiono wartosci potencjatu korozyj-
nego E., we wszystkich badanych roztworach.

Analiza wartosci potencjatu E,, jednoznacznie pokazuje
wptyw powtoki TiO, i pH roztworu na te wielko$¢. Zastoso-
wanie powtoki TiO, powoduje wzrost E, 0 ok. 0.21-0.23 V
w roztworze o pH 4.5 i o ok. 0.28 V w roztworze o pH 7.4.
Swiadczy to, wg klasycznego traktowania zmian E,,, [7], o
zwiekszeniu odpornosci stopu M3ONW na korozje w wyni-
ku modyfikacji jego powierzchni powtoka TiO,. Z danych
przedstawionych na RYS.1 wynika rowniez, ze potencjat
E..r Przyjmuje wyzsze wartosci w roztworach o pH 4.5 niz
pH 7.4. Réznica w wartosciach potencjatu E., w roztworach
o réznigcym sie pH wynosi ok. 0.20-0.22 V w przypadku
stopu niepokrytego, i ok. 0.15 V w przypadku stopu z po-
wioka TiO,. Wplyw albuminy jest trudny do jednoznacznego
wyznaczenia. We wszystkich badanych uktadach wartosci
Ecor sg ok. 0.02 V nizsze w roztworach zawierajgcych to
biatko. Ale nie mozna zignorowac tego, ze zmiana ta miesci
sie w granicach odchylenia standardowego.

Materials and methods

The investigated M3ONW alloy (AUBERT & DUVAL,
France) meets the requirements of ISO 5832-9 standard [5].
The alloy samples had the shape of discs with a diameter
of 22 mm and a thickness of about 3 mm. The alloy com-
position (% wt.) according to manufacturer’s certificate is
as follows: Cr (20.62), Ni (9.53), Mn (4.13), Mo (2.12), N
(0.40), Nb (0.31), C (0032) and Fe (rest). Prior to application
of TiO, coating alloy samples were prepared according to
the procedure described in [6]. The precursor for TiO, coat-
ing was titanium (IV) isopropoxide TifOCH(CH,),], (Sigma-
Aldrich). TiO, coating (as single layer) was applied onto
alloy surface by dip-coating technique using a dip-coater
DCMono 75 (NIMA Technology) [6]. The final annealing of
applied coating was carried out at temperature of 400°C
for 1 hour. Just before electrochemical measurements,
samples were rinsed with ethanol and dried with Ar. Cor-
rosion measurements were carried out in deoxygenated
physiological saline (0.9% NaCl) solution with a pH 4.5 and
a pH 7.4. The influence of proteins were evaluated based
on the addition of bovine serum albumin (BSA) at concen-
tration of 1 g/l. Corrosion measurements were performed
using potentiostat - galvanostat PGSTAT 30/1 (Autolab)
in solutions at 37°C. Following electrochemical methods
were used: measurement of corrosion potential in open
circuit, Stern-Geary’s method, electrochemical impedance
spectroscopy and potentiodynamic characteristics in wide
range of anodic polarization. All potentials reported in this
paper are given versus calomel electrode (E°=0.236 V vs.
SHE). Working area of each sample was ca. 0.64 cm?. The
character of corrosion effects arisen on investigated samples
was determined using metallographic optical microscope
MMTB800BT (Mikrolab).

Results and discussions

During corrosion tests numerous quantities character-
izing the corrosion properties of investigated M30NW al-
loy were determined: corrosion potential E.,, polarization
resistance R, corrosion rate CR, passive current density
io5, breakdown potential E, and repassivation potential E .
On this basis, the anticorrosive effect of TiO, coating in differ-
ent measurement conditions may be determined. The results
presented in this paper are averaged values with standard
deviations obtained from measurements of 3 samples.

In FIG.1 are shown values of corrosion potential E., in
all tested solutions.

Analysis of E,, values clearly shows the impact of TiO,
coating and pH of the solution on this quantity. Application
of TiO, coating increases E.,. about 0.21-0.23 V in solution
at pH 4.5 and about 0.28 V in solution at pH 7.4. Accord-
ing to classical approach to the E., changes [7], this fact
indicates the increase in corrosion resistance of M3ONW
alloy due to modification of its surface by TiO, coating. The
data shown in FIG.1 also show that the potential Ecor as-
sumes higher values in solutions of pH 4.5 than at pH 7.4.
The difference in E_, values in NaCl solutions with different
pH is about 0.20-0.22 V in the case of the uncoated alloy,
and approximately 0.15 V for the alloy with TiO, coating.
The effect of albumin is difficult to be clearly determined. In
all the examined systems the E, values are about 0.02 V
lower in solutions containing the protein, but this change is
within the standard deviation.
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RYS.1. Potencjal korozyjny stopu M30NW bez i z
powtoka TiO, w zaleznosci od pH roztworu i dodatku
albuminy

FIG.1. Corrosion potential of M3ONW alloy with
and without TiO, coating versus solution pH and
addition of albumin

Z nachylenia charakterystyk Stern—Geary’ego wyznaczo-
no wartosci oporu polaryzacyjnego R,, ktére przedstawione
sg na RYS.2. Na bazie wyznaczonych wartosci R, obliczono
gestosci pragdu korozyjnego icor oraz szybkosci korozji
CR. Korzystano z wytycznych zawartych w normie ASTM
G 102-89 [8] zaktadajgc, ze w potencjale E_,, zachodzaca
korozja jest korozjg rownomierng. Ze wzgledu na rézny
charakter medium korozyjnego wartosci rownowaznika
wagowego EW uzytego do obliczen CR wynosity 24.54 i
19.18 odpowiednio w roztworach o pH 4.5 i 7.4. Obliczone
wartosci szybkosci korozji CR przedstawiono na RYS.3.

Na podstawie wynikow przedstawionych na RYS.2 i
RYS.3 mozna stwierdzi¢, ze odpornos¢ korozyjna stopu
M30NW bez powtoki TiO, zalezy od pH roztworu pomiaro-
wego. W roztworze o pH 4.5 charakteryzuje on sie wyzszg
wartoscig CR, a tym samym stabszg odpornoscig na korozje
niz w roztworze o pH 7.4. Analizujgc wptyw albuminy na
odpornosc¢ korozyjng stopu M3ONW mozna stwierdzi¢, ze
w warunkach stanu zapalnego (pH=4.5) biatko to wptywa
inhibitujgco na korozje tego stopu. Bazujac na danych
literaturowych [4] mozna przyjaé, ze przyczyng tego moze
by¢ tworzenie sie na powierzchni

RYS.2. Opor polaryzacyjny stopu M30NW bez i z
powloka TiO, w zaleznosci od pH roztworu i dodatku
albuminy

FIG.2. Polarization resistance of M3ONW alloy with
and without TiO, coating versus solution pH and
addition of albumin

From the slope of the Stern-Geary’s characteristics were
determined values of polarization resistance R,, which
are shown in FIG.2. Based on determined values of R,
the values of corrosion current density icor and corrosion
rate CR were calculated. In these calculations were used
the assumptions of standard ASTM G 102-89 [8], that the
corrosion processes at E_,, potential occurs as uniform cor-
rosion. Due to the different nature of the corrosive medium
the values of equivalent weight EW used in the calculations
of CR were 24.54 and 19.18, respectively in solutions with
pH of 4.5 and 7.4. Obtained values of corrosion rate CR are
presented in FIG.3.

Based on the results shown in FIG.2 and FIG.3 it can
be stated that the corrosion resistance of the M30ONW alloy
without TiO, coating depends on the solution pH. In a solu-
tion with pH of 4.5 it has a higher value of the CR, and thus
its corrosion resistance is weaker than in a solution of pH 7.4.
Analyzing the effect of albumin on the corrosion resistance of
the M3ONW alloy it can be concluded that under conditions
of inflammation (pH=4.5), the protein inhibits the corrosion
processes of the alloy. Based on the literature data [4], it

can be assumed that the reason

stopu filmu biatkowego. Efektu § 12.10%; cg [mm-ye'] P for this may be the formation of a
takiego nie obserwuje sie w roz- protein film on the alloy surface.
tworze o pH 7.4. 1,010 jr OM3ONW+TIO, E Such an effect is not observed in
Analiza RYS.2 i RYS.3 wska- a solution with pH of 7.4.
zuje, ze we wszystkich badanych 8.010°1 Analysis of FIG.2 and FIG.3
uktadach powtoka TiO, zwieksza § shows that TiO, coating increas-
opor polaryzacyjny R, i istotnie 6.010°. % es the polarization resistance
obniza szybkos¢ korozji CRj§ ™ R, and significantly reduces the
badanego stopu. Zmiany tych . corrosion rate CR of the alloy
wielkosci mieszcza sie w zakresie | 4010 in all investigated systems. The
od ok. 5.4 do ok. 10.3 razy. W changes in these values are in
przypadku stopu z powtokg TiO, 2.0-10° the range of ca. 5.4 to ca. 10.3
szybkos¢ korozji CR jest tylko ok. ﬁ T ‘ " times. In the case of TiO,-coated
1.5 razy wieksza w roztworze o 0 T T | alloy the corrosion rate CR is
pH 4.5 w poréwnaniu z CR w roz- NaCl (4.5) NaCl (4.5) NaCl(7.4) NaCl(7.4) ¥ only about 1.5 times higher in
tworze o pH 7.4. Biatko nieznacz- BsA BsA the solution with pH of 4.5 as

nie zwigksza CR w roztworze o
pH 4.5 (ok. 1.2 razy), natomiast
nie ma zadnego wptywu w roz-

| iny.
tworze o pH 7.4. albuminy.

of albumin.

RYS.3. Szybkos¢ korozji stopu M30NW bez i z po-
wioka TiO, w zaleznosci od pH roztworu i dodatku

FIG.3. Corrosion rate of M3ONW alloy with and wit-
hout TiO, coating versus solution pH and addition

compared to CR in solution
at pH 7.4. The protein slightly
increases CR value in solution
with pH of 4.5 (about 1.2 times),
but there is no effect in solution
with pH of 7.4.
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RYS.4. Charakterystyki potencjodynamiczne stopu M30NW bez i z powtoka TiO, w roztworach o: a) pH 4.5i b) pH 7.4
FIG.4. Potentiodynamic characteristics of M3ONW alloy with and without TiO, coating at solutions with: a) pH of

4.5 and b) pH of 7.4

Wyniki uzyskane z metody Stern-Geary’ego zostaty po-
twierdzone wynikami pomiaréw impedancyjnych.

Charakterystyki potencjodynamiczne stopu M30ONW bez
jak i z powtoka TiO, rejestrowane w szerokim zakresie po-
laryzacji anodowej we wszystkich roztworach pomiarowych
przedstawiono na RYS .4 (dla wiekszej przejrzystosci powrot-
ne gatezie charakterystyk zostaty obciete). Na podstawie
tych charakterystyk wyznaczono: gestos¢ pradu w zakresie
pasywnym przy arbitralnie wybranym potencjale rownym
E=0.5V iy, potencjat przebicia E, i potencjat repasywacji
Erep. Wielkosci te zostaty zgromadzone w TABELI 1.

Charakterystyki potencjodynamiczne stopu M30NW
wskazujg na jego dobrg odpornosé na korozje wzerowg w
roztworach NaCl. Gwattowny wzrost prgdu zwigzany z po-
wstawaniem lokalnego uszkodzenia korozyjnego wystepuje
przy potencjale przebicia E, rownym ok. 1.1V niezaleznie
od pH roztworu i obecnosci albuminy. Stop ten ma zdolnosé
do szybkiej repasywacji powstajgcych zniszczen korozyj-
nych - wartosci potencjatu repasywacji E,,, we wszystkich
roztworach pomiarowych sg bliskie 1V.

Modyfikacja powierzchni stopu M30NW powtokg TiO,
powoduje istotng zmiane ksztattu i potozenia rejestrowanych
charakterystyk potencjodynamicznych. W przypadku probek
stopu z powtoka TiO, gestos¢ pradu w zakresie pasywnym
przy potencjale rownym E=0.5V i, 5, jest 0 2 rzedy wielkosci
nizsza niz w przypadku stopu niepokrytego. Wynik ten po-
zostaje w zgodnosci z opisanymi wczesniej wynikami szyb-
kosci korozji, i wskazuje, ze naniesiona powioka TiO, wy-
kazuje wtasciwosci zabezpieczajgce przed korozjg ogding.

The results obtained from the Stern-Geary’s method
have been confirmed by the results of impedance meas-
urements.

Potentiodynamic characteristics in wide range of anodic
polarization of M3ONW alloy with and without TiO, coating
in all investigated solutions are shown in FIG.4 (for better
transparency backward branches of characteristics were
cut off). Based on these characteristics following quantities
were determined: current density in the passive range at
arbitrary chosen potential E=0.5V i, s, breakdown potential
E, and repassivation potential Erep. The values of these
quantities are collected in TABLE 1.

The registered potentiodynamic characteristics of the
M30NW alloy demonstrate its good resistance to pitting
corrosion in NaCl solutions. The rapid increase in current
associated with the formation of local corrosion damage
occurs at the breakdown potential E, equal to about 1.1V
regardless of the solution pH and the presence of albumin.
This alloy has the ability to quickly repassivation of formed
corrosion damage - values of repassivation potential E,
are close to 1V in all test solutions.

Surface modification of the M3ONW alloy by TiO, coating
results in a significant change in the shape and position
of the recorded potentiodynamic characteristics. In the
case of alloy samples coated with TiO, the current density
in the passive range at a potential equal to E= 0.5V iy is
about 2 orders of magnitude lower than for the uncoated
alloy. This result is in agreement with previously described
results of the corrosion rate, and indicates that the applied
TiO, coating exhibits protection against general corrosion.

TABELA 1. Wartosci wielkosci korozyjnych odczytanych z charakterystyk potencjodynamicznych.
TABLE 1. Values of corrosion quantities determined from potentiodynamic characteristics.

NaCl (4.5) (1.54£0.19)+10° 1.082+0.019 1.005+0.024

o NaCl (4.5) + BSA (1.46£0.15)10° 1.079£0.002 0.990£0.016
NaCl (7.4) (2.23%0.33)10° 1.109£0.040 0.9620.006

NaCl (7.4) + BSA (3.66£0.13)+10° 1.076£0.008 0.934%0.021

NaCl (4.5) (3.90+1.26)10° 1.198+0.010 0.724+0.015

_ NaCl (4.5) + BSA (2.20£0.26)+10° 1.43020.049 0.7590.008
AR NaCl (7.4) (1.020.08)10° 1.457+0.068 0.543%0.058
NaCl (7.4) + BSA (1.15£0.10)+10° 1.471+0.037 0.469+0.023
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Z danych przedstawionych w TABELI 1 wida¢, ze powtoka
TiO, powoduje istotne podwyzszenie wartosci potencjatu
przebicia, przy jednoczesnym obnizeniu wartosci poten-
cjatu repasywacji. Prébki stopu z powtokg TiO, wykazujg
rézng odpornosé na korozje wzerowg w roztworze NaCl w
zaleznosci od jego pH. W roztworze o odczynie kwasnym
(pH=4.5) potencjat przebicia wynosi ok. 1.2 V, podczas
gdy w roztworze o pH=7.4 potencjat ten przyjmuje wyzszg
wartos¢ ok. 1.5 V. Obecnos¢ albuminy wptywa istotnie na
wartos$¢ potencjatu E, tylko w przypadku roztworu o pH=4.5.
Wartosci potencjatu repasywaciji probek z powtokg TiO, sg
zalezne jedynie od pH roztworu pomiarowego - wraz ze
wzrostem pH potencjat ten ulega obnizeniu.

Analiza mikroskopowa zniszczen korozyjnych pokazata,
ze w przypadku samego stopu M30NW powstawaty wzery
o ksztatcie gtebokich szczelin w obszarach blisko uszczelki.
Natomiast w przypadku tego stopu z powtokg TiO, zniszcze-
nia korozyjne byty wzerami o ksztatcie kolistym, roztozonymi
przypadkowo na catej powierzchni. Charakter powstajgcych
zniszczen jest niezalezny zaréwno od pH roztworu jak i
dodatku biatka.

WhiosKi

W wyniku przeprowadzonych badan stwierdzono, ze
modyfikacja powierzchni stopu M30NW powtokg TiO, po-
woduje zwiekszenie odpornosci korozyjnej badanego stopu.
Najlepsze wiasciwosci antykorozyjne powtoka ta wykazuje
w roztworze NaCl o pH 4.5 bez dodatku biatka - szybkos¢
korozji stopu po modyfikaciji jest 10-krotnie nizsza niz tego
stopu bez warstw. W przypadku roztworu NaCl o pH 7.4
powtoka TiO, powoduje zmniejszenie szybkosci korozji
stopu w mniejszym stopniu - ok. 5 razy. Antykorozyjne dzia-
tanie powtoki TiO, widoczne jest rowniez przy polaryzacji
anodowej stopu - w obydwu roztworach potencjat przebicia
stopu z powtokg TiO, byt znaczgco wyzszy niz dla stopu
niepokrytego. Dodatek albuminy ma niejednoznaczny wptyw
na antykorozyjne wtasciwosci powtoki TiO, w potencjale ko-
rozyjnym. W przypadku polaryzacji anodowej wptyw biatka
widac¢ jedynie w roztworze o pH 4.5 - albumina powoduje
istotne zwiekszenie potencjatu przebicia.
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From the data presented in TABLE 1 it can be seen that TiO,
coating results in a significant increase in the breakdown
potential, while decreasing the repassivation potential. The
alloy samples coated with TiO, have different resistance to
pitting corrosion in a solution of NaCl depending on its pH.
In acidic solution (pH=4.5) breakdown potential is approxi-
mately 1.2 V, while in the solution of pH=7.4 the potential
has a higher value of about 1.5 V. The presence of albumin
significantly affects the value of the potential E, only in the
case of a solution with pH of 4.5. Values of repassivation
potential of the samples with TiO, coating are dependent
only on the pH of the test solution - with increasing pH, this
potential is lowered.

Microscopic analysis of corrosion damage has shown
that in the case of the uncoated M30ONW alloy pits in the
shape of the deep crevices were formed close to the gasket.
Whereas in the case of alloy with TiO, coating the corro-
sion damage was in the shape of a circular pits, distributed
randomly on the whole surface. The nature of the resulting
damage was independent of both the pH of the solution and
the addition of protein.

Conclusions

On the basis of performed studies it was found that the
modification of the M3ONW alloy surface by TiO, coating
increases the corrosion resistance of the investigated al-
loy. The best anticorrosive properties this coating exhibits
in NaCl solution with pH of 4.5 and without the addition of
protein - corrosion rate of the alloy after modification is 10-
fold lower than corrosion rate of the uncoated alloy. In the
case of NaCl solution with pH of 7.4 the TiO, coating reduces
the corrosion rate of the alloy to a lesser extent - about 5
times. Anticorrosive effect of TiO, coating is visible also dur-
ing the anodic polarization — in both solutions breakdown
potential for the alloy with TiO, coating was significantly
higher than for the uncoated alloy. The addition of albumin
has an ambiguous effect on the anticorrosion properties of
the TiO, coating at the corrosion potential. In the case of
anodic polarization the protein effect is visible only in NaCl
solution at pH of 4.5 - albumin causes significant increase
in the breakdown potential.
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Abstract

Préby taczenia jelit za pomocg implantéw siegaja
poczgtkéw XIX w, kiedy to opracowane zostaty pierw-
sze pierscienie zespalajgce przez Denansa (1827)
i Henroza (1826). Kolejna konstrukcja zaproponowana
przez Murphyego, tzw. guzik Murphyego, stata sie
inspiracjg dla komercyjnych implantéw, ulegajgcych
fragmentacji pierscieni Valtrac® (Biofragmentable
Anastomotic Ring) do zespolen jelitowych, ktérych
produkcje w latach osiemdziesigtych XX wieku roz-
poczeta firma Davis & Geck. Rownoczesnie rozwijane
byty techniki zespalania jelit za pomocg staplerow
(Hdiltl 1908, Petz 1924, Androsov 1950), ktére rowniez
w latach osiemdziesigtych XX wieku staty sie jednym
ze standardow postepowania w chirurgii jelita grubego.
Prace nad opracowaniem skutecznego, tatwego
w aplikacji i ulegajgcego w petni biodegradacji implan-
tu do zespolen jelit nadal trwajg. Zaktadajg one dgze-
nie do mozliwie najmniejszego uszkodzenia tkanek,
zapewnienia szczelno$ci zespolenia i odpowiedniej
wielkoSci jego Swiatfa, przy zachowaniu prawidfowego
ukrwienia i niewywotywaniu nadmiernego napiecia
w jelitach.

Jedng z propozycji howoczesnego rozwigzania
problemu zwigzanego z zespalaniem jelita grube-
go moze stanowi¢ w petni biodegradowalny uktad
pierscieni wykonany z poliestrow alifatycznych mo-
cowanych bezszwowo. Aplikacja pierScieni zaktada
odwiniecie zespalanych cze$ci jelita na zewnatrz jego
Swiatta, a nastepnie ich potgczenie przez docisk dzieki
odpowiedniemu systemowi blokujgcemu. Prototypy
implantéw do zespalania jelit otrzymano metodag
wtrysku przy uzyciu wtryskarki Slimakowej Multiplas.
Temperatura wirysku wynosita 160-170°C, a ci$nienie
w uktfadzie 60-90 kg/cm?. Prototypy implantéw wyko-
nano z polimeru resorbowalnego - polilaktydu PLA
firmy NatureWork, USA (PLA Ingeo 3251D). Pierwsze
do$wiadczenia prowadzone in vitro i in vivo wskazujg,
Ze wykonane implanty mogg z powodzeniem spetniac
wspomniane powyzej zatozenia i dodatkowo dzieki
tatwej aplikacji znacznie skrocic czas trwania operaciji.
Zaproponowana konstrukcja ukfadu pierscieni oraz
wtasciwosci fizyko-mechaniczne zastosowanego
materiatu polimerowego pozwolity w prosty sposob
zespoli¢ jelito uzyskujgc jednakowy requlowany docisk
na jego obwodzie.

[Inzynieria Biomateriatéw, 122-123, (2013), 56-57]

The attempts at integrating intestines by means
of implants date back to the beginning of the 19th
century, when integrating rings were developed by
Denans (1827) and Henroz (1826). Another construc-
tion, proposed by Murphy, the, so called, Murphy’s
button, became an inspiration for commercial implants
— the Valtrac® fragmentable rings (Biofragmentable
Anastomotic Rings) for intestine integration, whose
production was initiated in 1980s by Davis & Geck.
Simultaneously developed were techniques of intes-
tine integration with the use of staplers (Hdiltl 1908,
Petz 1924, Androsov 1950), which, also in the 1980s,
became one of the standards for large intestine surgery
procedures. Works on the development of an effective,
easily applicable and fully biodegradable implant for
intestine integration are still being conducted.

The main goal, providing a minimal tissue damag-
es, is to obtain a leakproof anastomosis with a proper
size of its inner diameter along with the preservation of
the adequate blood supply and no excessive tensions
in the intestines.

One of the proposals of a modern solution to the
problem connected with large intestine integration can
be a fully biodegradable system of rings made of seam-
less-mounted aliphatic polyesters. The applying proce-
dure assumes turning parts of the intestine, which are
meant to be integrated, inside-out and stretching their
edges on the rings. Next, rings are joined together by
pressing them “face to face” and locking with the appro-
priate seamless blocking system. Prototypes of large
intestine integration implants were obtained by the
injection moulding (screw injection moulding machine
Multiplas). The injection temperature was 160-170°C
and the pressure in the system was 60-90 kg/cm?.
The implant prototypes were prepared from a polymer
—the PLA polylactide by NatureWork, USA (PLA Ingeo
3251D). The initial in vitro and in vivo experiments show
that the elaborated implants can successfully meet
the above mentioned assumptions and, additionally,
because of their easy application, significantly shorten
the time of the surgical procedure. The proposed con-
struction of the ring system and the physico-mechani-
cal properties of the applied polymer material made it
possible to easily integrate the intestine and achieve
a similar, regulated, pressure on its circumference.
[Engineering of Biomaterials, 122-123, (2013), 56-57]
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Wstep

Stopy Ni-Ti wykazujgce efekt pamieci ksztattu sg znane
z praktycznych zastosowan w medycynie [1]. Powodem tak
licznych zastosowan jest wystepujacy w nich efekt pamieci
ksztattu, pojawiajgcy sie pod wptywem zmiany temperatury.
Stopy NiTi z powodzeniem byly zastosowane na klamry,
pierscienie czy druty ortodontyczne itd. [2]. Jednakze nadal
w literaturze istnieje dyskusja nad ich biokompatybilnoscig
i odpornoscig korozyjna.

W celu ochrony ludzkiego organizmu przed migracjg
jonow niklu zostato zaproponowanych szereg technik. Dane
literaturowe opisujg zastosowanie pokry¢ stopow azotkami
tytanu, tlenkami tytanu lub warstwami diamentopodobnymi,
ktére majg stanowic¢ bariere przeciwko uwalnianiu sie niklu
i dostatecznie redukowac korozje stopoéw [3]. Ponadto
zachowanie odpowiedniej gtadkosci powierzchni pozwala
na redukcje przyczepnosci bakterii oraz tworzenie sie
biofilméw. Zastosowanie metod osadzania warstw tlenko-
wych, azotkowych i in. wymaga stosowania podwyzszonej
temperatury [4], co moze prowadzi¢ do rozktadu fazy 8 na
fazy rownowagowe takie, jak Ni;Ti czy Ti,Ni. Efekt pamieci
ksztattu jest Scisle powigzany z odwracalng przemiang
martenzytyczng, ktéra zachodzi pomiedzy fazg 8 a marten-
zytem. Zatem, zmniejszanie w stopie udziatu fazy g wptywa
na efekt pamieci ksztattu poprzez zmniejszenie stopnia
odzysku ksztattu.

Celem prezentowanej pracy byto naniesienie cienkiej,
podwojnej warstwy sktadajgcej sie z podwarstwy azotku
tytanu oraz dwutlenku tytanu na powierzchnie stopu NiTi
wykazujgcego efekt pamieci ksztattu. Warstwa ta ma petnic¢
role antykorozyjng i ochronng dla stopu NiTi. Jako technike
nanoszenia podwarstwy TiN i TiO, zastosowano odpowied-
nio azotwoanie i utlenianie jarzeniowe.

Czes¢ eksperymentalna

Do badan zastosowano komercyjny stop NiTi o namia-
rowym sktadzie chemicznym: 50,6%at. Ni oraz 49,4%at. Ti.
Powierzchnia probek wycietych w ksztatcie prostokata o
wymiarach 12 mm x 8 mm x 0,8 mm zostata wypolerowana
mechanicznie z koncowg gradacjg roztworu koloidalnego
1 um. Antykorozyjna warstwa utworzona z azotku oraz
dwutlenku tytanu zostata naniesiona technikg jarzeniows.
Najpierw powierzchnie stopu NiTi poddano azotowaniu w
temperaturze 300°C przez 15 minut, a nastepnie otrzymang
powierzchnie utleniano w temperaturze 300°C przez 10
minut.

ANTICORROSION TiN/TiO,
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PROTECTION OF NiTi SHAPE
MEMORY ALLOY
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Introduction

The NiTi shape memory alloys have been recognized as
a material suitable for application in medicine [1]. Itis due to
the presence of a unique effect connected to shape change
as a result of temperature increase or decrease. The NiTi
alloy was successfully applied for clamps, rings, orthodontic
wires ect. [2]. However, there still exists discussion over their
biocompatibility and corrosion resistance.

In order to protect human body against migration of
nickel ion several covering techniques was proposed.
It was reported that, protective coating with titanium ni-
trides, titanium oxides or diamond-like phase seems to be
an attractive way to create a barrier against ion of nickel
and sufficiently reduces corrosion [3]. Additionally, surface
smoothing reduces adhesion of bacteria as well as a biofilm
formation. Applied deposition processes (oxidation, nitriding
etc.) require elevation of temperature [4]. However, it may
lead to decomposition of the B-phase to equilibrium phases
such as: Ni,Ti and Ti,Ni. The shape memory effect is closely
correlate to the reversible martensitic transformation which
occurs between the B-phase and martensite. Decrease of
the B-phase amount causes decrease of the shape memory
effect.

The aim of the presented paper was deposition of thin
bilayer, composed from titanium nitride and titanium dioxide
sublayers, on surface of NiTi shape memory alloy. Such a
layer is supposed to play anticorrosion and protective role
for the NiTi alloy. As a technique of the TiN and TiO, sublayer
deposition, the nitring and oxidation glow discharge was
applied, respectively.

Experimental data

The commercial NiTi alloy with nominal chemical compo-
sition: 49.4 at.% Ti and 50.6 at.% Ni was used as a substrate
for titanium nitride and oxide deposition. Surface of rectan-
gular samples of the alloy with dimension of 12 mm x 8 mm
x 0.8 mm was prepared by means of mechanical polishing
with diamond suspensions down to 1 um colloidal suspen-
sion. Anticorrosion layer, formed from titanium nitride and
dioxide, were deposited using glow discharge technique.
First, sample was nitrided at 300°C for 15 minutes, then
oxided at 300°C for 10 minutes.
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RYS.1. Dyfraktogramy rentgenowskie zarejestrowa-
ne przy statym kacie padania wiazki pierwotnej dla
a=1.0° (a) oraz a=0.5° (b).

FIG.1. GIXRD patterns measured at incidence angle
of 1.0° (a) and 0.5° (b).

Strukture stopu NiTi z naniesionymi warstwami badano
przy zastosowaniu dyfrakcji promieni rentgenowskich przy
statym kacie padania wigzki pierwotnej (SKP). Badania
prowadzono za pomocg dyfraktometru X'Pert-Pro.

Odpornos¢ korozyjng tlenoazotowanego stopu NiTi bada-
no w roztworze symulowanego ptynu ustrojowego Ringera
(Solutio Ringeri, Fresenius Kabi) przy pH w zakresie od
6.58 do 7.09 (CP-101 Elmetron pH-meter) w temperaturze
37+1°C. Przed kazdym pomiarem swiezy ptyn Ringera
byt odpowietrzany za pomocg argonu (czysto$¢ 99,999%)
przez 30 min. Elektrode pracujgcg stanowit tlenoazotowany
stop NiTi. Przeciwelektrodg byta folia Pt (2 cm?). Wszystkie
wartosci potencjatow mierzono wzgledem nasyconej elek-
trody kalomelowej (NEK). Potencjat obwodu otwartego, E,
stabilizowany byt przez 3h. Potencjodynamiczne krzywe
polaryzaciji cyklicznej rejestrowano z szybkoscig polaryzacji
1 mV s od wartosci potencjatu o 150 mV bardziej ujemne;j
wzgledem E,. do E=2,5V zgodnie znormg ASTM F2129-08
[5] stosujgc zestaw elektrochemiczny Autloab PGSTAT12
Potentiostat/Galvanostat firmy Metronm/Eco Chemie. Po
badaniach korozyjnych pH roztworéw zmieniato sie w za-
kresie 9,27-10,48.

Wyniki badan i ich dyskusja

Strukture wytworzonych warstw oraz ich sekwencje
okre$lono na podstawie przeprowadzonej identyfikacji
fazowej stosujac dyfrakcje rentgenowskg. Dyfraktogramy
byly rejestrowane technikg SKP przy wartosciach kata
wigzki padajgcej: 0.3; 0.5; 0.8 oraz 1 stopnia. Na RYS. 1
przedstawiono dyfraktogramy zmierzone przy kagtach
padania wigzki pierwotnej 0.5 oraz 1 stopnia. Na dyfrakto-
gramie zmierzonym pod kgtem 1 stopnia wystepujgce linie
dyfrakcyjne byly zidentyfikowane jako pochodzace od fazy
macierzystej stopu NiTi — B2 (PDF-2 karta nr 65-0917) oraz
TiN (PDF-2 karta nr 65-0414). Oznacza to, ze bezposrednio
na powierzchni stopu NiTi zostata utworzona cienka war-
stwa TiN. Zmniejszenie kgt padania wigzki pierwotnej do
wartosci 0.5 stopnia spowodowato zmniejszenie jej gtebo-
kosci penetracji. Na dyfraktogramie zarejestrowanym przy
kacie 0.5 stopnia oprocz wczesniej zidentyfikowanych faz
stwierdzono obecno$¢ dodatkowych linii dyfrakcyjnych przy-
nalezgcych do tlenku tytanu - TiO, (PDF-2 karta nr 77-0441).

Structure of the coated NiTi alloy was studied using the
grazing incidence X-ray diffraction technique (GIXRD) using
X-ray diffractometer X'Pert-Pro.

Corrosion resistance of the oxynitrided NiTi alloy was
studied in Ringer’s simulated body fluid (RSBF, Solutio Ring-
eri, Fresenius Kabi) of pH ranging from 6.58 to 7.09 (CP-101
Elmetron pH-meter) at 37+1°C. Before each measurement
the fresh RSBF was deaerated by bubbling Ar (99.999%
purity) for 30 min. The working electrode was the oxynitrided
NiTi alloy. The counter electrode was a Pt foil (2 cm?). All
measured potentials are referred to the saturated calomel
electrode (SCE). Open circuit potential, E,, was stabilized
for 3h. Cyclic potentiodynamic polarization curves were
registered at a sweep rate of 1 mV s from the potential
value 150 mV more negative in relation to Eqc to E=2.5V
in accordance with the ASTM F2129-08 standard [5] using
a Metrohm/Eco Chemie Autloab PGSTAT12 Potentiostat/
Galvanostat Electrochemical System. The solution pH after
corrosion tests changed in the range of 9.27-10.48.

Results and discussion

Structure of deposited layers and their sequence was
determined from the phase analysis done with use of the X-
ray diffraction patterns. The GIXRD patterns were collected
at constant incidence angle of: 0.3, 0.5, 0.8 and 1 degrees.
FIG. 1 shows the GIXRD pattern measured for oxynitrided
NiTi sample at incidence angle of 0.5 and 1 degree. At the
diffraction pattern measured at a=1 degree the diffractions
lines were identified, which belong to the parent phase
— B2 (PDF-2 card no 65-0917) and to TiN (PDF-2 card no
65-0414). It means that directly on the surface of NiTi alloy
the thin TiN layer was formed. Decreasing of the angle of
incidence beam to 0.5 degree caused that its penetration
depth was lower. The diffraction pattern registered at angle
of 0.5 degree revealed, apart from the presence of previously
identified phases, also the occurrence of additional diffrac-
tion lines, which were belonging to the TiO, phase (PDF-2
card no 77-0441). Summing-up, it could be ascertained that
the obtained results of phase identification, confirmed the
following sequence of the deposited layers: directly on the
surface of the NiTi alloy the thin TiN layer was formed, and
on that, the TiO, (rutile) layer was deposited. It is worthy to
notice that the applied parameters of the glow discharge
process did not cause any decomposition of the parent
phase into adverse equilibrium phases of Ti,Ni or Ni;Ti. In
the X-ray diffraction patterns no presence of diffraction lines,
which would be characteristic for them, was ascertained.

In cyclic potentiodynamic polarization measurements
carried out for the oxynitrided NiTi electrode in RSBF at
37°C, the potentiostat was connected to three electrodes,
and the potential of the working electrode, with respect to the
reference, was scanned through a voltage range from nega-
tive to positive, and then reversed to its starting potential
according to the ASTM F2129-08 [5]. The resulting current
between the working and counter electrodes was recorded.
The obtained current-voltage characteristic was then plot-
ted on a semi-log graph, allowing the resulting curve to be
analyzed for key-point voltages and currents (FIG.2). The
potentiodynamic anodic polarization curve was the basis
for determination the parameters describing the corrosion
resistance of the material under investigation. The values
of corrosion potential (E,,,=10.0+0.4 mV) and corrosion
current density (j,,,=3.45£0.13 yA cm2), were determined
from the minimum observed in the curve of log j=f(E). One
can also see that hysteresis is present in FIG.2 which indi-
cates the susceptibility of the elecrode to pitting corrosion.
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Podsumowujgc mozna stwierdzi¢, ze, otrzymane wyniki
z identyfikacji fazowej potwierdzajg nastepujgca sekwencje
wytworzonych warstw: bezposrednio na powierzchni stopu
NiTi wytworzyta sie cienka warstwa TiN, a na niej osadzona
zostata warstwa TiO, — rutylu. Wartym podkreslenia jest
fakt, ze zastosowane parametry procesu jarzeniowego nie
spowodowaty rozktadu fazy macierzystej na niekorzystne
fazy rownowagowe Ti,Ni lub Ni,Ti. Na dyfraktogramach nie
stwierdzono obecnosci linii dyfrakcyjnej, ktore bytyby dla
nich charakterystyczne.

W potencjodynamicznych pomiarach polaryzaciji cyklicz-
nej przeprowadzonych dla tlenoazotowanej elektrody NiTi w
RSBF w temperaturze 37°C potencjostat byt podtgczony do
trzech elektrod, a potencjat elektrody pracujgcej wzgledem
elektrody odniesienia, byt zadawany w zakresie potencjatow
od ujemnych wartosci do dodatnich, a nastepnie zawracany
do potencjatu wyjsciowego zgodnie z normg ASTM F2129-08
[5]. Mierzony byt prad ptyngcy pomiedzy elektrodg pracujaca
i przeciwelektrodg. Nastepnie, otrzymana charakterystyka
pradowo-napieciowa byta przedstawiana w postaci krzywej
potlogarytmicznej, na podstawie, ktérej analizowano kluczo-
we wartosci napiecia i pragdu. Potencjodynamiczna krzywa
polaryzacji anodowej byta podstawg do okreslenia para-
metréw opisujgcych odpornos¢ korozyjng badanego mate-
riatu. Wartos¢ potencjatu korozyjnego (E,,,=10,0+0,4 mV)
i gestosci prgdu korozyjnego (j,,,=3,45+0,13 YA cm?) zo-
stata wyznaczona z minimum obserwowanego na krzywej
log j=f(E). Na RYS.2 mozna takze zaobserwowac petle
histerezy, ktéra swiadczy o podatnosci elektrody na korozje
wzerowg. Obserwowana warto$¢ potencjatu przebicia (ang.
breakdown potential, E,) i gestosci prgdu przebicia (ang.
breakdown current density, j,) warstwy TiN/TiO, wynosi
odpowiednio 2,439+0,001 V oraz 27,2+4,9 mAcm?2. Warto$¢
E./j, jest mniejsza niz 0,01. Potencjat ochronny (ang. protec-
tion potential, E,) wynosi 0,707+0,007 V i zostat wyznaczony
z powrotnej krzywej anodowo-katodowej w punkcie, w kto-
rym gestos¢ pragdowa byta mniejsza niz gestos¢ pragdowa
zarejestrowana dla krzywej katodowo-anodowe;.

Whnioski

» Na powierzchni stopu NiTi wykazujgcego pamiec¢ ksztat-
tu zostata utworzona homogeniczna podwodjna warstwa
skfadajgca sie z podwarstwy TiN oraz TiO,.

» Zastosowane parametry procesu azotowania i utlenia-
nia jarzeniowego nie wptynety na rozktad fazy macierzystej
na niekorzystne fazy réwnowagowe Ti,Ni or Ni;Ti.

» Charakterystyka odpornosci korozyjnej modyfiko-
wanego stopu NiTi wykazujgcego efekt pamieci ksztattu
(potencjat korozyjny: 0,01 V i potencjat przebicia: 2,44 V)
wykazata, ze proponowana kombinacja warstw TiN/TiO,
moze by¢ z powodzeniem stosowana na antykorozyjne
pokrycia stopow NiTi.
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RYS.2. Potencjodynamiczna krzywa polaryzacji cy-
klicznej dla tlenoazotowanej elektrody NiTi w RSBF
w temperaturze 37°C.

FIG.2. Cyclic potentiodynamic polarization curve for
the oxynitrided NiTi electrode in RSBF at 37°C.

The observed breakdown potential, E,, and breakdown
current density, j,, for the TiN/TiO, layer, was found to be
2.439+0.001 V and 27.2+4.9 mA cm?, respectively. E/j, was
lower than 0.01. The protection potential, E,=0.707+0.007 V,
was determined from the reverse anodic-cathodic scan
when the current becomes less than the current in the
forward cathodic-anodic scan.

Conclusions

» The homogeneous bilayer coating consisted of the TiN
and TiO, sublayers was formed on the surface of the NiTi
shape memory alloy.

» The applied parameters of the nitriding and oxidation
glow discharge process did not cause any decomposition
of the parent phase into adverse equilibrium phases of
Ti,Ni or Ni;Ti.

* Characterization of the corrosion resistance of the modi-
fied NiTi shape memory alloy in RSBF (corrosion potential:
0.01 V and breakdown potential: 2.44 V) revealed that the
proposed combination of the TiN/TiO, layers can be suc-
cessfully applied as anticorrosion coating for NiTi alloys.
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Abstract

Materiatami stosowanymi najcze$ciej w stomato-
logii, do leczenia zachowawczego jako wypetnienia
state, sg materiaty ztozone takie jak: cementy szkto
— jonomerowe oraz materiaty kompozytowe. Materiaty
stomatologiczne odbudowujgc i przywracajgc funkcje
tkanek zeba muszg spetnia¢ szereg wymagan. Od
materiatow tych wymaga sie, aby posiadaty duzg ad-
hezje do szkliwa i zebiny, maty objetosciowo skurcz
polimeryzacyjny oraz miaty dziatanie profilaktyczne
na okoliczne tkanki, a z punktu widzenia wtasciwosci
estetycznych, miaty rowniez fatwos$¢ doboru barwy i
potysku. Materiaty kompozytowe, z uwagi na swoje
wtasciwosci estetyczne oraz mechaniczne gwarantujg
lepszg trwato$¢ wypetnien, zarébwno ubytkow zebow
przednich oraz bocznych réwniez tych pochodzenia
prochnicowego. Zastosowanie kompozytow daje moz-
liwos¢ uzycia techniki warstwowej, ktora pozwala na
wymodelowanie poszczegoblnych warstw wypetnienia,
ktore mogq jednak posiadac rézne wtasciwosci. Mate-
riaty kompozytowe posiadajg bardzo dobrg adhezje do
tkanek zeba, jednak ich wadg jest duzy skurcz polime-
ryzacyjny prowadzgcy do mikroprzecieku brzeznego,
powodujgcego powstawanie mikropeknie¢ dodatkowo
wprowadzajgc zmiany we witasciwosciach fizycznych
i mechanicznych poszczegdlnych warstw pracujgcego
wypetniania. Materiaty stomatologiczne powinny sie
charakteryzowac odpowiednig twardoscig, tak aby nie
powodowac abrazji wspotpracujgcych tkanek zebow,
a z drugiej strony powinny byc¢ odpowiednio twarde
i trwate. Z uwagi na wszystkie te wymagania, materiaty
stosowane jako wypetnienia state powinny charakte-
ryzowac sie odpowiednimi wiasciwo$ciami fizycznymi
oraz mechanicznymi zarébwno na $ciskanie jak i na
zginanie. Celem pracy jest analiza poréwnawcza
wtasciwosci mechanicznych probek wybranych ma-
teriatow kompozytowych, poddanych probie zginania
tréjpunktowego. Na podstawie uzyskanych rezultatow
mozna zaobserwowac wptyw techniki warstwowej na
wtasciwosci mechaniczne badanych materiatow.

Stowa kluczowe: kompozyty stomatologiczne,
wtasciwosci mechaniczne, gestosc

[Inzynieria Biomateriatow, 122-123, (2013), 61-63]

Glass-ionomer, cements and composites are the
most often used materials in dentistry, for medical
treatment as a dental fillings. Dental materials used
to rebuild and restore the function of the teeth must
meet a number of requirements. Materials are requi-
red to have high adhesion to dentin and enamel, a
small volume shrinkage, a prophylactic effect on the
surrounding tissue, and a simple choice of colour and
gloss had to be guaranteed for esthetical reason. Due
to mechanical properties, composite materials ensure
better durability of fillings for defects in both anterior
and lateral also the origin of caries. Application of den-
tal composites give possibility to use layer techniques
and build fillings layer by layer. This technique allows
to shape each layer separately but simultaneously
may lead to different mechanical properties of each
layer. Dental composites have very good adhesion
to surrounding dental tissues, but simultaneously
they shrink quite heavily which may lead to marginal
microleakage, resulting in the formation of microcracks
that in turn affect physical and mechanical properties
of each layers and the whole filling. Dental materials
should have appropriate hardness, to ensure that they
don’t lead to erosion of teeth cooperating tissue while
still being sufficiently hard and durable. According to
all these requirements, the materials used as dental
fillings should have a suitable physical and mechani-
cal properties of both the compressive and flexural
strengths. The main aim of the work is a comparative
analysis of the mechanical properties of samples of
selected composite materials in three-point bending
test. Based on the results it can be seen that layering
technique impacts mechanical properties.

Keywords: dental composites, mechanical pro-
perties, density

[Engineering of Biomaterials, 122-123, (2013), 61-63]
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Wprowadzenie

Zeby, pozwalajgc na wstepng obrobke pokarmu, umozli-
wiajg pbézniejsze procesy trawienia produktéw spozywczych.
Rozdrobnienie pokarmu umozliwia wtasciwy przebieg proce-
su trawienia, ktérego pierwszym etapem jest enzymatyczne
oddziatywanie sliny, tym samym zeby narazone sg na dzia-
tanie niekorzystnych czynnikdw panujgcych w jamie ustnej
(Srodowisko wodne o zmiennym sktadzie, pH i temperaturze,
obecnosc¢ drobnoustrojow i ich pozakomoérkowych produk-
téw). Do czynnikéw pochodzenia mechanicznego zaliczamy
atrycje, czyli niszczenie sgsiadujgcych tkanek zebow w
wyniku wzajemnego tarcia lub abrazja, czyli $cieranie tkanek
zeba poprzez kontakt z twardymi przedmiotami. Czynnikami
chemicznymi przyspieszajgcymi powstawanie ubytkow jest
erozja tkanek, spowodowana oddziatywaniem substancji
takich jak kwas mlekowy, wytwarzany przez flore bakteryjng
jamy ustnej [2]. Czynniki te wptywajg na procesy deminera-
lizacji szkliwa zebow, a tym samym na tempo powstawania
ubytkéw. Nieleczone ubytki, mogg doprowadzi¢ do zapale-
nia miazgi zgba, a nawet do catkowitego zniszczenia tkanek
zeba i konieczno$ci ich ekstrakcji, prowadzac tym samym
do dysfunkcji narzgdu zucia [3]. Aby zapobiec utracie funk-
cjonalnosci narzgdu zucia, w stomatologii zachowawczej
stosuje sie leczenie poprzez usuniecie chorobowo zmie-
nionych tkanek zeba oraz szczelne wypetnienie ubytkow.
W zalezno$ci od miejsca ubytku, rodzaju uzupetnienia oraz
sit mechanicznych dziatajgcych na dany zgb, stosuje sie ma-
teriaty o zréznicowanych wiasciwosciach mechanicznych.
W celu zagwarantowania jak najlepszej wspotpracy zdro-
wych tkanek zebow z materiatami uzupetnien dentystycz-
nych, poszukuje sie takich materiatow, ktorych wtasciwos$ci
fizyczne oraz parametry mechaniczne (modut Younga,
gestos¢ czy twardosé) bedg zblizone do parametréw mecha-
nicznymi tkanek zeba. Dzieki odpowiedniemu dopasowaniu
tych parametrow, zapewnione zostanie trwate potgczenie
tkanek z materiatami wypetnienia.

Obecnie w stomatologii najczesciej stosowanymi ma-
teriatami sg kompozyty, kompomery, oraz cementy szkto
—monomerowe [1]. Nowoczesne kompozyty nie dysponujg
idealnymi parametrami do wypetniania ubytkéw. Jest to spo-
wodowane duzym skurczem polimeryzacyjnym (2,5-4%),
prowadzgcym do zmniejszenia objetosci wprowadzonego
materiatu i powstaniem nieszczelnosci brzeznej, a tym
samym do mikroprzecieku bakteryjnego. Nieprawidtowe
przyleganie kompozytu do otaczajgcych tkanek zgba, moze
by¢ wywotane réznymi wspétczynnikami rozszerzalnosci
cieplnej materiatu wypetnienia i struktury zeba. Zastosowa-
nie kompozytéw daje mozliwos¢ uzycia techniki warstwowej,
ktora jest efektywnym sposobem uzyskania wypetnien spet-
niajgcych najwyzsze kryteria estetyczne. Niemniej jednak
wymodelowanie poszczegdlnych warstw wypetnienia, moze
spowodowac rézne wiasciwosci mechaniczne tych warstw.
Celem niniejszej pracy jest analiza poréwnawcza wtasciwo-
Sci mechanicznych wybranych materiatébw kompozytowych
stosowanych w stomatologii.

Materialy i metody

Przedmiotem badan byty probki przygotowane z kompo-
zytéw mikro-hybrydowych Te-Econom Plus (Ivoclar Viva-
dent, Lichtenstein), oraz Arkon (Arkona, Polska). Kompozyt
Te-Econom Plus jest ztozonym materiatem zawierajgcym
w swoim sktadzie dimetakrylany i TEGDMA (22% wag),
wypetniacze nieorganiczne-szkto barowe, tréjtlenek iterbu,
dwutlenek krzemu i mieszanine innych tlenkéw (76% wag), o
Sredniej wielkosci czgsteczek wypetniacza wynosi 0,85 pm.

Introduction

Teeth grind food and in this way support digest process.
Enzymatic reaction with saliva is the first stage of digesting,
but saliva also changes environmental conditions inside oral
cavity (variable composition, change in pH, temperature as
well as micro-organisms) and adversely affects teeth. Grind-
ing the food also affects teeth mechanically through attrition,
destruction of neighbouring teeth as a result of friction, and
abrasion — wear out of teeth resulting from their contact with
hard materials. Mechanical tissue wear out is accelerated
by chemical interaction with lactic acid that is produced by
bacterial flora in oral cavity [2]. Chemical factors influence on
enamel demineralisation and consequently accelerate teeth
destruction and development of cavities. Untreated teeth
cavities may lead to necrotic and even to complete destruc-
tion of the tooth, its extraction and dysfunction of chewing
organ [3]. Non-invasive treatment can help to avoid such
dysfunction through removal of destroyed tooth’s tissue and
infilled with building. Depending on the location of the cavity,
method of infilling and mechanical forces affecting the tooth
various building materials are used. On one hand material
used has to have suitable mechanical properties. On the
other hand building material has to ensure the best possible
interaction with health tooth’s tissue. Therefore, dentists look
for materials that have physical and mechanical properties
(Young modulus, density, hardness) close to physical and
mechanical properties of healthy teeth. Proper adjustment
of those parameters ensures that filling is durable.

Currently composites, composers, cements and mono-
meric glass are the most often used materials for dental
fillings [1]. Although widely used composites don’t have the
optimal parameters for dental fillings due to large volume
shrinkage (2.5-4%) that leads to marginal and microbacte-
rial leakage. Improper fitting of dental filling to surrounding
tooth tissue may be caused by different thermal expansion
coefficients of the filling and the tissue. Composites allow to
use layering technique that gives the best esthetical results.
Unfortunately, fillings constructed using this technique may
have heterogeneous mechanical properties that differ from
layer to layer. This paper compares mechanical properties
of various composite materials used in stomatology.

Materials and methods

This study was conducted on samples prepared from
commercial dental micro-hybrid composites: Te-Econom
Plus (lvoclar Vivadent, Liechtenstein) and Arkon (Arkona,
Poland). Te-Econom is a composite material containing
dimethacrylate and TEGDMA (22%wt) inorganic fillers,
barium glass, ytterbium trioxide, silicon dioxide and mixture
of other oxides (76 wt%). Average particle size of the filler is
0,85um in diameter. Arkon is a composite material consist-
ing of an organic base structure (diglicydoeteru bisphenol A
dimethacrylate, diurethane dimethacrylate, triethylene glycol
dimethacrylate) containing inorganic solid fillers (glass barium
aluminum silicate, silica, pyrogenic titanium dioxide). Aver-
age particle size of the filler is 0.74 um. Material of study con-
sisted of cuboid samples of the size 2x2x40 [mm] (£0.1 mm),
prepared in accordance with EN ISO 10477 standard, in
the aluminum form with dimensions of 10x10x40 [mm].
Te-Econom Plus composite was applied layer by layer,
each layer having a thickness of 2mm (total of 3 layer were
made). For Arkon composite only one layer was created.
The polymerization was done with LED lamp, equipped with
a fiber width of 8 mm, irradiating the sample 5 times for 20
seconds. Until the mechanical tests samples were stored
in a saline bath at room temperature.
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Kompozyt Arkon jest materiatem
sktadajgcym sie z organicznej struk-

tury podstawowej (dimetakrylan
diglicydoeteru bisfenolu A, dime-
takrylan diuretanu, dimetakrylan
glikolu tréjetylenowego) zawierajgce;j
nieorganiczne wypetniacze state
(szkto barowo-glinowo-krzemowe,
krzemionka ogniowa, dwutlenek ty- o]
tanu). Srednia wielkosci czgsteczek
wypetniacza w kompozycie Arkon
wynosi 0,74 ym. Materiat badawczy

——

——

Young's modulus [GPa]

—

——
—_
s

flexural strength [MPa]

o

——

stanowity prostopadtoscienne prébki TeWE  Tews

o wymiarach 2x2x40 [mm] (0,1 m),

T
Te-WZ

T T T
Te-WG  Te-WS Te-WZ AR

przygotowane zgodnie z normg EN
ISO 10477, w aluminiowej formie
metalowej o wymiarach 10x10x40
[mm]. Kompozyt Te-Econom Plus
naktadano w metalowej formie war-
stwowo, przy czym kazda z warstw
miata grubo$¢ 2 mm. W przypadku
kompozytu Arkon, metalowg forme wypetniono tylko 1 war-
stwa. Polimeryzacje probek przeprowadzono lampg LED,
wyposazong w Swiattowdd o szerokosci 8mm, naswietlajgc
probki 5 razy po 20 sekund. Do czasu pomiaru, prébki prze-
chowywano w kapieli soli fizjologicznej w temperaturze po-
kojowej. Probki (N=12) przygotowano z uzyciem przecinarki
metalograficznej Accutom-5, Struers® z predkoscig posuwu
1 mm/s. Badaniom poddano probki z 3 warstw: zewnetrznej
(W2Z), $rodkowej (WS) oraz gtebokiej (WG), kompozytu Te-
Econom Plus oraz jednej warstwy kompozytu Arkon. Kazdg
z probek poddano badaniom gestosci fizycznej, a nastepnie
badaniom mechanicznym.

Wyniki i dyskusja

Badania gestosci fizycznej przeprowadzono z uzyciem
systemu pomiaru gestosci ciat statych i cieczy oraz wagi
Radwag 1000/PS/CW. Pomiar wiasciwosci mechanicz-
nych przeprowadzono w proébie zginania tréjpunktowego,
z uzyciem uniwersalnej maszyny wytrzymatosciowej MTS
858 MiniBionix. Badania mechaniczne przeprowadzono
z predkoscig obcigzenia 1 [mm/min] i rozstawie podpor
rownym 20 mm.

Na podstawie uzyskanych charakterystyk sita - ugiecie,
okreslono wartosci parametréw mechanicznych takich jak:
modut Younga, wytrzymatos$¢ oraz sztywnosc¢ na zginanie.
W badaniach dla kompozytu Arkon (AR) srednia warto$¢
gestosci wynosita 2,15 [g/cm?], a dla kompozytu Te-eco-
nom zawiera sie w zakresie oraz 2,16-2,18 [g/cm®], przy
czym roznica dla poszczegolnych warstw wynosi 0k.0,5%.
Najwyzsze wartosci gestosci, podobnie jak w przypadku
wartosci parametrow mechanicznych (modut Younga oraz
wytrzymatos$¢ na zginanie) uzyskano dla warstwy gtebokiej
(Te-WG). Najwieksza roznice w wartosciach parametrow
mechanicznych uzyskano miedzy warstwami zewnetrz-
nymi Te-WG i Te-WZ (w przypadku modutu Younga roz-
nica ta wynosita 15%, a wytrzymatosci na zginanie 23%).
Poréwnujgc wartosci parametrow mechanicznych pomiedzy
poszczegolnymi materiatami, mozna zauwazy¢, iz kompozyt
Te-econom charakteryzuje sie wyzszymi warto$ciami tych
parametrow. Uzyskane w pracy réznice w wartosciach
parametrow mechanicznych zwigzane sg ze stosunkiem
wagowym drobin wzmocnienia do osnowy polimerowej oraz
Srednig wielkoscig drobin wzmocnienia badanych kompozy-
téw. W odniesieniu do wartosci podanych w dokumentacji
producenta, uzyskana wartos$¢ rézni sie od wartosci litera-
turowych o okoto 10%.

RYS.1. Poréwnanie wartosci modutu Younga (lewy rys.), wytrzymatosci na zgi-
nanie (prawy rys.), uzyskanych dla probek 3 warstw (WZ, WS i WG) kompozytu
Te-econom oraz kompozytu Arkon w prébie tréjpunktowego zginania.
FIG.1. Young modulus (left) and flexural strength (right) for WZ, WS and WG
samples of Te-econom composite and Arkon composite.

Test samples (N=12) were prepared using a cutting metal-
lographic machine Accutom-5, Struers® with a feed speed
of 1 [mm/s]. The study involved samples of the Te-Econom
Plus composite, prepared from three layers: an outer (WZ),
middle (WS) and deep (WG), and one layer of Arkon com-
posite. For each sample physical density and mechanical
properties were measured.

Results and discussions

Physical density was measured with Radwag 1000/PS/
CW scale and dedicated system for measuring density
of solid bodies and liquids. Mechanical properties were
measured in three-point bending test (MTS 858 MiniBio-
nix mechanical testing machine was used) with supports
20 mm apart and loading speed of 1 mm/min.

Based on load-displacement characteristics, derived from
three-point bending test, mechanical parameters (Young
modulus, strength and stiffness) were estimated. A density
measurements for Arkon (AR) composite yield mean value
of 2.15 g/cm?®. For Te-econom composite density varied
between WZ, WS and WG samples and ranges between
2.16-2.18 g/cm?. Difference in density between WG and WS
as well as between WS and WZ samples is approximately
0.5%. The biggest density and the mechanical properties
were observed for WG samples while the smallest for WZ
samples. The difference in mechanical properties between
WG and WZ samples reached 15% for Young modulus and
23% for flexural strength. Comparison between different
composites reveals that Te-econom has larger values of
mechanical properties compared to Arkon. The difference
may result from different weight ratio of reinforcement par-
ticles to the polymer matrix and average size of reinforce-
ment particles for both composites. Measured values are
slightly higher (up to 10%) compared to values reported in
manufacturer’s documentation.
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Streszczenie

W pracy przedstawiono wyniki badan in vitro wy-
branych wtasciwosci reologicznych i tribologicznych
naturalnej cieczy synowialnej, pobranej od pacjentow
po urazie kolana. Oceniano lepko$¢ dynamiczng w
funkcji predko$ci Scinania oraz wspoéfczynnik tarcia
dla pary tribologicznej, wykonanej ze stopu kobaltu,
testowanej w srodowisku mazi stawowej. Otrzymane
wyniki badan wykazaty roznice pomiedzy testowanymi
probkami w zakresie przeprowadzonych badan.

Stowa kluczowe: ciecz synowialna, lepkos$c, bio-
tribologia, wspotczynnik tarcia
[Inzynieria Biomateriatow, 122-123, (2013), 64-65]

Wprowadzenie

Drugim, co do wielkosci, stawem w organizmie czto-
wieka jest staw kolanowy. Jednym z istotnych aspektow
decydujgcych o efektywnosci biomechanicznej tego stawu
sg zjawiska tarcia na wspotpracujgcych powierzchniach.
Medium smarujgcym w tym uktadzie jest ciecz synowialna,
zapewniajgca prawidtowe funkcjonowanie stawu [1,2].

Prawidtowy ptyn stawowy ma kolor od bezbarwnego do
stomkowego oraz pH 7,2-7,4 i charakteryzuje sie sporg
lepkoscig [3]. Jednak w pewnych sytuacjach patologicznych
i chorobowych dochodzi do zmian w sktadzie chemicznym pty-
nu stawowego. Mato jest prac badawczych na temat wptywu
tych zmian na biomechaniczne witasciwosci ptynu stawowego.

Celem niniejszej pracy jest ocena wtasciwosci smarnych
(badania reologiczne i tribologiczne) ptynu stawowego
w stanach pourazowych.

Materiaty i metody badan

Badaniom poddano ciecz synowialng pobrang od 6 pa-
cjentow w wieku: 10-22 lata, ktorzy doznali urazu kolana.

Badania reologiczne przeprowadzono przy wykorzystaniu
reometru RheoStress 6000, firmy HAAKE. Podczas badan
oceniano wptyw predkosci scinania na wartos¢ lepkosci dy-
namicznej. Pomiar lepkosci dynamicznej wykonano przy za-
stosowaniu uktadu stozek-ptytka. Testy tribologiczne zostaty
przeprowadzone przy uzyciu tribometru z zastosowaniem
geometrii pomiarowej typu trzpien-tarcza. Para tribologicz-
na (trzpien i tarcza) zostata wykonana ze stopu CoCrMo.
Badania tarciowe wykonano w srodowisku naturalnej cieczy
synowialnej. Testy te przeprowadzono przy zastosowaniu
nastepujgcych parametrow: zmienny nacisk jednostkowy
w strefie tarcia: 1, 5, 10 MPa; czas tarcia pojedynczej pro-
by t = 1 h. Podczas badan oceniano wspoétczynnik tarcia.

RHEOLOGICAL AND
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Abstract

The aim ofthe work was the assessment of rheologi-
cal and tribological properties of natural synovial fluids
from patients with knee trauma. A viscosity in function
of shear rate and coefficient of friction were evaluated.
Wear tests were made using pin-on-disc tester in a
synovial fluid environment. The obtained results cle-
arly indicate differences between synovial samples.

Keywords: synovial fluid, viscosity, biotribology,
coefficient of friction
[Engineering of Biomaterials, 122-123, (2013), 64-65]

Introduction

Taking into account the size of human joints, the second
one is knee joint. One of the significant aspects, which
decide about biomechanical effectiveness of this knee are
friction phenomena at cooperating surfaces. The lubricating
medium in this system is synovial fluid, which provides the
correct knee functionality [1,2].

The healthy synovial fluid has colour from colourless to
straw and pH 7.2-7.4 and is characterized by high viscosity
[3]. However, at some pathological and morbidity situations
some changes in chemical composition of synovial fluid
occurred. There are not sufficient research works about
the influence of these changes on biomechanical synovial
fluid properties.

The aim of this work is the evaluation of lubricating prop-
erties (rheological and tribological investigations) of synovial
fluid during knee trauma.

Materials and methods

Samples for tests were synovial fluids acquired from
the knee joints of six patients (10-22 years old) after knee
trauma (1 and 30 days after trauma).

Rheological tests were conducted using the RheoStress
6000 rheometer of the HAAKE company. The viscosity of
the studied synovial fluids as a function of shear rate was
determined. Rheological investigations were made using
cone-plate geometry. Friction tests were conducted using
a pin-on-disc tester in a synovial fluid environment. The
friction pair consisted of the following pair of materials:
CoCrMo alloy (pin) — CoCrMo alloy (disc). Friction tests
were conducted with the observance of the following testing
parameters: average unit pressure p = 1, 5, 10 MPa, friction
time (for each unitary load) t = 1 h. Friction force was regis-
tered during wear tests. After tribological testing, microscope
observations of sample surfaces were made.
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Po badaniach tribologicznych, dokonano obserwacji mikro-
skopowych powierzchni probek w celu okreslenia rodzaju
zuzycia materiatu.

Wyniki i dyskusja

Wyniki badan lepkosci dla wybranych 4 przypadkéw
(2 ptyny po 1 dniu od urazu i 2 ptyny po 30 dniach od
urazu), zamieszczono na RYS. 1. Wyniki te potwierdzajg
nienewtonowski charakter cieczy synowialnej [4]. Wyniki
wskazujg na niewielkie réoznice w analizowanej wtasciwosci
ptynu stawowego pomiedzy poszczegolnymi przypadkami.
Lepkos¢ wynosita ok. 0,01 Pas przy predkosci Scinania
y =5 s oraz ok. 0,005 Pas przy y = 150 s™'.

Kolejny etap badan objat testy tarciowe analizowanych
ptynéw. Podczas badan tribologicznych zmierzono sity
tarcia, na podstawie ktorych obliczono wspoétczynniki tarcia
par tribologicznych wykonanych ze stopu kobaltu. Wartos$ci
wspotczynnika tarcia dla cieczy testowanych po 1 dniu od
urazu mieszczg sie w granicach 0,18-0,25, a dla cieczy przy
30-dniowym urazie - wspotczynnik tarcia wynosi okoto 0,17.
Wiasciwosci smarne cieczy synowialnej pobranej od pacjen-
téw niedtugo po urazie kolana sg gorsze w poréwnaniu do
wiasciwosci cieczy utrzymujgcej sie w stawie miesigc od
urazu. Réznice te wynikajg z innego skfadu obu cieczy oraz z
faktu ustepowania stanu zapalnego kolana, odbudowywania
sie jego pierwotnej struktury, co w rezultacie prowadzi do
poprawy wiasciwosci smarnych ptynu stawowego.

Obserwacje mikroskopowe powierzchni $ladu tarcia wy-
kazaty, ze w strefie tarcia pary kinematycznej stopu CoCrMo
- CoCrMo w $rodowisku naturalnej cieczy synowialnej do-
chodzi gtéwnie do zuzycia Sciernego z elementami zuzycia
zmeczeniowego.

WhiosKki

Badania reologiczne wykazaty, ze ptyn stawowy, pobrany
z pourazowego kolana wykazywat wtasciwosci cieczy nie-
newtonowskiej. Wspotczynnik tarcia dla ptynu pobranego po
30 dniach od momentu urazu kolana byt nizszy w poréwna-
niu do cieczy po $wiezym urazie. Mozna wiec wnioskowac,
ze wiasciwosci smarne mazi stawowej, pobranej z kolana
po urazie, ulegajg poprawie wraz z uptywem czasu.

Podziekowanie

Praca naukowa sfinansowana ze $rodkow pracy statuto-
wej Katedry Inzynierii Materiatowej i Biomedycznej (Wydziat
Mechaniczny, Politechnika Biatostocka, S/WM/1/09).
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Results and Discussion

FIG. 1 presents selected results of rheological tests of
experimental synovial fluids taken from four patients (2 fluids
after 1 day of trauma and 2 fluids after 30 days of trauma).
The figure shows changes in viscosity as a function of shear
rate. The obtained results confirm the non-newtonan proper-
ties of synovial fluids [4]. During tests were observed some
differences between tested synovial samples. The greatest
viscosity (0.01 Pas) of the synovial fluids was observed for
the shear rate y = 5 s and the lowest (0.005 Pas) at shear
rate y = 150 s™'.
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RYS. 1. Lepkos¢ cieczy synowialnej w funkcji pred-
kosci $cinania: A,C — 30 dni od urazu, E,F — 1 dzien
po urazie kolana.

FIG. 1. Viscosity of synovial fluids in function of
shear rate: A,C — 30 days after trauma, E,F — 1 day
after knee trauma.

The second essential element of the work was tribo-
logical testing. During wear tests the friction forces were
measured in aim to calculate the coefficients of friction for
cobalt alloy tribological pairs. It results from these studies
that coefficients of friction for synovial fluids tested after 1
day from trauma was about 0.18-0.25, and for fluids tested
after 30 days from trauma was about 0.17. Thus, it could
be noted that lubricating properties of synovial fluids taken
from patients just after trauma are worse in comparison to
fluids taken from knee joint after one month after trauma.
These differences are because of different chemical com-
position of both types of fluids, regeneration of damaged
knee joint, which in fact result in better lubrication properties
of synovial fluid.

The microscopic observations of cobalt alloy surfaces
after tribological tests in a synovial fluid environment indi-
cated that mainly abrasive wear with elements of fatigue
wear has occurred.

Conclusions

Rheological investigations indicated that synovial fluids
taken from trauma knee joint were non-newtonian fluids.
The coefficient of friction obtained in environment of fluids
taken 30 days after knee trauma was lower in comparison to
fluid after fresh trauma. It could be concluded that lubricat-
ing properties of synovial fluid taken form knee joint after
trauma, are going to be improved with time.
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Abstract

The aim of the study was evaluation of possibility
of poly-e-caprolacton (PCL) application as 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
properties on embryos culture. The foil discs made
of policaprolacton, thickness 0.5 mm, diameter 3.5
mm, were prepared in two forms: the baseline one
(nPCL) and thermally modified by freezing with liquid
nitrogen (mPCL). The verification of PCL bioconcor-
dance was performed by evaluation of 102 pig emb-
ryos. To evaluate poly-e-caprolacton bioconcordance
we performed 5-day long culture of embryos on the
evaluated material, not frozen (nPCL) and frozen in
liquid nitrogen (mPCL) and additionally culture after
short contact with poly-e-caprolacton, 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 embryos reached blastocyst stage.

Polycaprolacton cannot be used as the material for
catheter production used in biotechnology of animal
reproduction and other materials used for in vitro

culture and cryoconservation.
Keywords: embryos, poly-e-caprolacton (PCL),
culture, catheter, pigs
[Engineering of Biomaterials, 122-123, (2013), 66-68]

Introduction

During the last few years, the big progress was made

in biotechnology of animals reproduction, concerning i.a.

fertilization and obtaining of embryos in vitro (IVF/IVM - in
vitro fertilization / in vitro maturation), embryos preserva-
tion in low temperature, obtaining of transgenic animals
for breeding and medical purposes as well as sexing and
cloning of embryos. Development of these biotechnologi-
cal disciplines is not possible without effective methods of

embryos transfer.

The main limitation of embryos transfer is the lack of
catheters for embryos obtaining and transferring which
would have desirable and confirmed biological proper-

ties to ensure 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 study 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, with optimal resilience
and plastic properties, with possibility of free shaping and
expanding a straw of the diameter of 1-2 mm. The mate-
rial that hypothetically fulfills biological requirements and
at the same time gives possibility of free shaping is the
resorbable polymer used for the long time in many fields of
medicine - poly-e-caprolacton (PCL). Because of its biologi-
cal and physical properties it was taken into consideration
to use this biomaterial for in vitro embryos culture and for
cryoconservation. However its potential application requires
verification of its biological properties in embryos culture.
The positive verification of bioconcordance and low toxicity
can allow for application of poly-e-caprolacton as the mate-
rial for production of catheters dedicated for biotechnology
of animal reproduction and gynecology.

Materials and methods

The material used for the study were discs made of PCL
foil of thickness 0.5 mm and diameter 3.5 cm. Experiments
were performed with employment of 102 pigs embryos, at
the development stage of two to four blastomers. Embryos
were obtained surgically by rinsing out from the fallopian
tube. The embryos donors were ten female pigs, age six to
eight, breeding in one farm. To obtain the highest possible
number of embryos at the same time the donors underwent
hormonal synchronization of sexual cycle and superovula-
tion according to the schedule presented in the TABLE 1.

TABLE 1. The schedule of oestrus and superovula-
tion synchronization.

Day Hour Hormone Donors
0 8% | PMSG or eCG | 1000—-1500 j.m.
3
(72 hours after| 8% hCG 750—-1000 j.m.
PMSG)
4 800
(24 hours after Insemination
hCG) 20%
5- 11 goo Embryps
collection
PMSG-pregnant mare’s serum gonadotropin; eCG-equine
choriogonadotropin; hCG-human chorionic gonadotro-
pin

On the third day after surgery animals were sent back
to the owner for further breeding. The rinsed embryos were
transferred to collective dishes with PBS filled up with 20%
fetal bovine serum. The embryos were evaluated under
stereoscopic microscope (magnification 100x); after evalu-
ation they were transferred for in vitro culture. The embryos
culture lasted five days and was performed in medium
NCSU-23, in an incubator, in the temperature 39°C and the
atmosphere with 5% of CO, in the air. Obtained embryos
were divided into five groups: one control group and four
study groups: K—control embryos culture (n=38), nPCL-1
—culture of embryos with continuous contact with not frozen
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TABLE 2. Effectiveness of pigs embryos culture.

Number of embryos in culture

Stage of development ofter 5 days culture

(Elre? (2—4 blastomers) 2-4 blastomers Blastocyste
| Stage
Control 9 2 7
nPCL-1 17 17 0
mPCL-1 10 10 0
Il Stage
Control 29 6 21
nPCL-2 20 20 0
nPCL-15" 17 17 0
nPCL-1 — culture of embryos with continuous contact of embryos with not frozen PCL; mPCL-1 — culture of embryos with
continuous contact of embryos with PCL frozen in ligiud nitrogen; nPCL-2 - culture of embryos with continuous contact of
embryos with purified PCL; nPCL-2-15" — culture of embryos after short (15 minutes) contact with purifeid PCL

PCL (n=17), nPCL-2—culture of embryos with continuous
contact with PCL frozen in liquid nitrogen (n=10), nPCL-2
— culture of embryos with continuous contact with purified
PCL (n=20) and nPCL-2-15" - culture of embryos after short
(15 minutes) contact with purified PCL (n=17).

The experiment was divided into two stages. In the first,
stage, embryos were cultured for five days on not frozen
polycaprolacton (Group nPCL-1) and PCL frozen in liquid
nitrogen (Gourp mPCL-1). For the second stage, the new
production of policaprolacton was performed, with PCL
dried for 24 hours in the temperature of 40°C. The aim of
the prolonged and strictly controlled drying was to exclude
the potential possibility of contamination of PCL with dis-
solvent. In the second stage, we gave up the embryos
culture on the frozen material. Culture was performed on
the not frozen, purified polycaprolacton only (Group nPCL-
2). We additionally add one group in which the contact of
embryos with dedicated material was limited to 15 minutes
(nPCL-2-15").

Results and discussion

The performed experiment was the first attempt of
verification of biological properties of the biomaterial for the
dedicated application in biotechnology of reproduction to the
best of authors’ knowledge This kind of experiment which
aimed to confirm the properties of biomaterials in the contact
with embryos were not performed so far and they are no
data concerning this subject in literature. In the performed
study the possible wide employment of polycaprolacton was
taken into consideration, mainly as the potential material for
the production of catheters for embryos transfer, but also
dishes for in vitro culture as well as straws and probes for
cryoconservation. In the case of application such catheters
as the tools for transferring of embryos in vitro and in
vivo, the most important feature of biomaterial, because
of its application, would be bioconcordance and facility of
processing of polymer dedicated as the material temporarily
introduced into organism. These conditions are fulfilled by
bioconcordant polymer poly-e-caprolacton (PCL). PCL is
the material that has been known for over 40 years. During
this time, its biological properties were verified many times
in different experimental models. Due to its properties it is
widely used in medicine, i.a. for the production of surgical
sutures that undergo biodegradation or implants for cardi-
ology, ophthalmology, transplantology and other fields of
medicine [10-13]. Additionally, easy methods of processing
this material, with the possibility of forming it into any shape
(i.a. polymer tubes, 10-40 cm long) make PCL the poten-
tially useful material for production of catheters for embryos
transfer. Because sensitivity of embryos to toxins is ex-

tremely high, much higher then somatic cells, it was neces-
sary to confirm biological properties of poly-e-caprolacton in
in vitro embryos culture.

The experiment was based on the culture of embryos in
five days long incubation with chosen material. In the first
stage, in two study groups nPCL-1 (0/17) and mPCL-1 (0/10)
none of the cultured embryos developed to the blastocyste.
In the control group, we obtained blastocyste stage in 78%
of embryos (7/9). In both study groups (nPCL-1 (0/17) and
mPCL-1 (0/10)) after five day culture all embryos had the
same stage of development as at the moment of the trans-
fer to culture. The restriction of embryos development took
place short after transferring embryos to culture on polyc-
aprolacton. We took into consideration two possible causes
of development restriction during culture: the mistake during
production of the polycaprolacton with not proper drying of
foil with possibility of leaving the dissolvent or the strong
toxic impact of PCL on the embryos. To exclude the possible
impact of dissolvent, the PCL was produced again with very
careful drying of the foil as described above. Additionally, we
established the additional group in which contact of embryos
with biomaterial was limited to 15 minutes. In the instituted
schedules of embryos transfer it is extremely important to
transfer embryos from culture to the natural environment, i.e.
Fallopian tube or uterus as fast as possible, depending on
the stage of embryos development. As the rule, the contact
of embryos with catheters is restricted to 1-2 minutes. For
this reason we decided to evaluate toxicity of biomaterial
after short (15 minutes) contact of PCL with embryos. The
results were similar as in the first stage of the experiment.
Blastocystes developed only in control group (74%, 21/29).
In two study groups, nPCL-2 and nPCL-15", no blastocystes
were observed. Development of the most of embryos was
stopped shortly after transfer to culture. These results were
similar as for the first part of our experiment.

Conclusions

Policaprolacton is toxic for embryos in in vitro culture.
Because of proved cytotoxic impact on embryos it cannot be
used as material for production of catheters used for biotech-
nology of animals reproduction and other medical devices
used for in vitro embryos culture and cryoconservation.
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Abstract

In contrast to mammalian teeth with the biomineral phase
hydroxyapatite, the shark teeth contain harder mineral phase
fluoroapatite with partial substitutions of phosphate by carbo-
nate and of fluoride by hydroxide [1]. Their excellent mecha-
nical properties are due to a special hierarchical structure of
the constituting fluoroapatite crystals and organic matrix [2].
The two main structural elements of teeth, i.e. hard and
mineral-rich enameloid on the outside and softer and less
mineralized dentin on the inside, were structurally, chemi-
cally and mechanically characterized [3]. The teeth of two
different shark species mako shark (Isurus oxyrinchus) and
tiger shark (Galeocerdo cuvier) were investigated and their
hierarchical structure by high-resolution scanning electron
microscopy presented (Fig.1). X-ray diffraction showed that
the inorganic matrix of both enameloid and dentin consisted
of fluoroapatite, with a high crystalline phase in enameloid
and nanocrystalline phase in dentin. FTIR-spectra of the
shark teeth showed the characteristic bands of biological
apatite. It was found by thermogravimetry that dentin had a
higher content of water, organic matrix and carbonate than
enameloid. To investigate the mechanical properties of the
teeth in longitudinal and cross sections, nanoindentation
and Vickers microhardness were carried out. Both methods
gave comparable results: the enameloid of both shark teeth
was approximately six times harder than the dentin with an
isotropic hardness (longitudinal or cross section).

[Engineering of Biomaterials, 122-123, (2013), 68]

FIG.1. Scanning electron micrographs (back-scat-
tered electron mode) of the axial cross section of
a tooth of Isurus oxyrinchus showing the interface
between dentin and enameloid (a) and also the to-
pological arrangement of the apatite crystals (b)
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Introduction

Bone tissue engineering requires a suitable biomaterial
scaffold that provides an environment for cell growth and
bone tissue remodelling [1]. By combining properties of
biodegradable fibrous polymers with high surface area and
porosity with the bioactive properties of hydroxyapatite and
magnetite nanoparticles, the temporary environment can
be tailored to enhance the cell migration, proliferation and
differentiation [2,3]. The aim of the study was to evaluate
the biocompatibility of biodegradable hybrid composites
based on polylactidenanofibres and calcium alginatenano-
composite fibres.

Materials and methods

Three-dimensional biomaterials were prepared from-
calcium alginate (CA) fabrics covered witha thin layer of
synthetic fibrous polylactide (PLA). Various spinning meth-
ods were used in order to obtain composite materials of
different composition and structure. MicrometricCA fibres
(12-15 pm) were obtainedby the traditional spinning method

TABLE 1. Composition of materials.

Symbol Composition BET [g/m?]
W1 CA+HAp CA+Fe,0, 90%:10% 91,26
W2 CA+Hap CA+Fe,0, 85%:15% 93,18
W3 CA+Hap CA+Fe,0, 50%:50% 75,58
W4 CA+Hap CA+Fe,0, 20%:80% 106

(wet forming from solution). The fibres were modified by
nanoadditives: hydroxyapatite and magnetite in different
ratio (TABLE 1).SubmicrometricPLA fibres (4-6 uym) were
obtained by the electrospinning method.

Samples of biomaterials were examined in vitro. The
biocompatibility of biomaterials was compared using nor-
mal human osteoblasts NHOst and murine macrophages
RAW 264.7. The cells were cultured in media optimized
for their growth, in standard conditions (5% CO, and 95%
air atmosphere, 37°C). After three passages the cells were
brought into suspension and seeded onto sterile biomaterial
samples fitted to the size of culture-plate wells. Tissue cul-
ture polystyrene bottom of empty wells served as a positive
control. After 3 and 7 days’ culture viability/proliferation and
cytotoxicity tests were performed. Morphology and adhesion
of cells grown on biomaterials were observed under SEM
and fluorescent microscopy.

Results and conlusions

Results of tests evaluating the viability and proliferation
of cells cultured on biomaterials and cytotoxic effects of the
materials, indicate the biocompatibility of these materials.
Of the four tested materials only W4 is characterized by
high cytotoxicity and low viability of both cell lines used in
the experiment, so this material should be excluded from
further study.

The proper interpretation of the results of cytotoxicity
tests requires their reference to the number of cells grown
on the materials, expressed as the total level of the ade-
nylate kinase activity (FIG.1a,b). Presentation of a number
of dead cells as a% of total cell number shows that the
cytotoxic effect of biomaterials on cell cultures is similar
to the positive control. The number of cells growing on
biomaterials W1, W2, W3 in a 7-day series is also similar
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FIG.1a. Cytotoxicity of biomaterials expressed as a
percentage of dead cells to the total NHOst cells num-
ber estimated with ToxiLight 100% lysis reagent and
ToxiLight Bioassay Kkit.

FIG.1b. Cytotoxicity of biomaterials expressed as a
percentage of dead cells to the total RAW 264.7 cells
numberestimated with ToxiLight 100% lysis reagent and
ToxiLight Bioassay Kkit.
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FIG. 2a. Proliferation of NHOst grown on the biomate-
rials for 3 and 7 days estimated with ToxiLight 100%
lysis reagent and ToxiLight Bioassay kit. RLus — relative
luminescence units.

FIG. 2b. Proliferation of RAW 264.7grown on the bioma-
terials for 3 and 7 days estimated with ToxiLight 100%
lysis reagent and ToxiLight Bioassay kit. RLus —relative
luminescence units.
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FIG.3a. Viability of NHOst grown on the biomaterials
for 3 and 7 days measured by XTT test. O.D — optical
density.

to the control, indicating stabilization of the culture after 3
days of experiment (FIG.2a, 2b). Although in the case of NH
osteoblastsa decrease of viabilitycompared to the control
is observed (FIG.3a), which is probably due to the difficulty
in adhesion and flattening of the large cells on the fibrous
structure of the biomaterial, the proliferation of smaller RAW
264.7 macrophages, grown on biomaterials W1, W2 and
W3, is similar, and viability on W1 and W2 is significantly
higher (FIG.3b)
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FIG.3b. Viability of RAW 264.7grown on the biomaterials
for 3 and 7 days measured by XTT test. O.D — optical
density.
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Introduction

Biodegradable materials for bone tissue engineering are
currently intensively developed due to increasing number
of injuries against background of sport or cancer. There
are still many problems to solve connected with bioactivity,
biocompatibility, vascularization etc.

There is an increasing demand of, which ideally biode-
grade in register with controlled, progressive osseous regen-
eration [1] [2]. Autografts pose currently the gold standard
therapy in bone healing though in many cases this method
is not sufficient and the harvest of graft tissue leads to donor
site morbidity. In turn, allografts are clinically limited due to
eventuality of immune rejection and lack of donor sources
[3] [4]. Regenerative medicine reposes hope in tissue engi-
neering of which approaches have demonstrated potential
solutions for bone tissue regeneration [3] [5]. The objective of
this study was to fabricate PUR-based composite scaffolds
filled with B-TCP nanoparticles with potential to be applied
as injectable, resorbable biomaterials.

Materials and methods

The PUR foam was synthesized by one step bulk po-
lymerization method, using water as expanding agent,
methylene diphenyl diisocyanate (MDI), polyethylene glycol
(PEG). Composite scaffolds have been obtained by addition
of B-TCP nanoparticles to the polymerization mixture.

On the basis of microscope observations of samples,
the area of hollow spaces and whole visible composite
surface was determined. The pore-to-volume ratio in the
scaffolds, also called porosity, was determined from the
ratio of the nonsolid volume (pores) to the total volume
of material including the solid and nonsolid parts. Fourier
transform infrared (FTIR) spectra of the composites were
obtained with a BIO-RAD FTS60V FTIR spectrometer in
the middle infrared range with samples mixed with the KBr
powder (about of 0.1-2% of the KBr amount) and pressed
into pellets. The SEM microphotographs were measured on
NanoNova SEM (FEI) scanning microscopy. Investigation
of compressive resistance were carried out with the aid of a
mechanical testing machine Zwick on samples before and
after incubation in phosphate buffered saline.

Results and discussions

The structure of obtained the polyurethane was con-
firmed by FTIR method. The FTIR spectra are shown in
the FIG. 3.

The characteristic absorption band for ethers in range
1150-1085 cm™ is caused by asymmetric stretching vibra-
tions C-O-C. The band located at 3330 cm proves presence
of N-H stretching vibrations and band at 2934 and 2850
cm-'is assigned to asymmetric and symmetric vibrations of
group CH,. Bands at 1700 and 1730 cm attest to presence
of stretching vibrations of carbonyl group. Backbone vibra-
tions causing stretch of the C-C binding within aromatic ring
absorb radiation in range 1600-1585 cm' and 1500-1400
cm-'. Stretching vibration C-N, in turn, absorbs radiation of
wavenumber 1222 cm. The
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band at 1535 cm™ is assigned
to bending vibrations of N-H
group. The bands at 570 cm™’
and 600 cm-' are assigned to
the O—P-0O bending mode.
The intensities of absorption
of these bands increased with
an increase of concentration
of B-TCP in PUR composite.

The porosity was deter-
mined from the ratio of the
nonsolid volume (pores) to
the total volume of material in-
cluding the solid and nonsolid
parts. The calculated results
are put in the TABLE 1.
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FIG.2. Mechanism of reaction of foaming of polyurethane
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TABLE 1. Porosity determined for samples with
different concentrations of B-TCP.

TABLE 2. Calculated modulus results for PUR/B-TCP
composite samples.

LELCUNOE 0% | 5% [ 10% | 15% | 20% | 25% | 30% Concentration| Modulus |Concentration| Modulus
p-TCP of B-TCP [MPa] of B-TCP [MPa]
IS 41% | 27% | 38% | 33% | 44% | 53% | 46% 0% Do 0 0% 0,53+0,08
5% 0,55£0,09 5% 0,35+0,07

10% 0,60£0,05 10% 0,40%0,08

, 15% 0,64%0,03 15% 0,49+0,04
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= > 30% 1,00£0,10 30% 0,86+0,08
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FIG.3. FTIR spectra for PUR/ B-TCP composite
samplestrochlear groove filled with the implant
material (b).

The influence of B-TCP on the bioactivity of PUR-based
scaffolds was investigated by immersion tests in acel-
lular simulated body fluid (SBF) with ion concentrations
nearly equal to those of human blood plasma according
to procedure described in work [6]. There is shown a SEM
microphotograph of investigated samples after incubation
and the EDX analysis results in the FIG. 4.

Measures of compressive strenght were carried out on
samples before and after incubation in phosphate buffer
saline (PBS). The modulus was calculated on basis of
force-strain relationship curvatures. The results are shown
in the TABLE 2.

The above results show a decrease of modulus of sam-
ples after incubation what proves hydrolysis of 3-TCP during
incubation [7]. There is additionally an observable increase
in modulus with increasing concentration of 3-TCP in PUR
composite samples, what a result is of big contribution of
ceramics in mechanical strength of composite [8].

Conclusions

Porous composite materials containing bioactive ceram-
ics were obtained through synthesis. Summarizing, these
biomaterials bode well in orthopaedic applications’ terms
and the obtained results indicate purposefulness of further
investigations.
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Abstract

The paper presents research on degree of bio-
activity of nanometric ceramic particles used as
a nanofiller in nanocomposite materials based on
polymers. The nanoperticles used in our examination
were: different bioceramics powders such as: hydro-
xyapatite (HAp), B-phosphate (V) calcium (BTCP),
silica (SiO,) and bioglass (BG). Based on {-potential
measurements dynamics of processes occurring on
the surface of nanoparticles in stimulated body fluid
(SBF) was determined and it confirmed possibility of
apatite formation. This study showed predominance
of bioglass over other bioceramic materials, Bioglass
nanoparticles were the most bioactive ones. In the
end of the experiment the bioacermic particles were
used as a nanofiller of poli-L/DL-lactide (PLDLA)
matrix composites. The composite materials were
prepared by casting from solution. Bioactivity tests
were performed in simulated body fluid (artificial
plasma of various ions concentration, and SBF
2SBF). Based on surface microstructure observed in
the SEM (EDS) analysis were confirmed the degree
of bioactivity of various materials depending on the
type nanofiller.

Keywords: nanocomposite, bioactivity, scaffolds,
regenerative medicine, bioceramics, zeta potential

[Engineering of Biomaterials, 122-123, (2013), 73-74]

Introduction

Currently, the greatest interest in tissue engineering ma-
terials is focused on composites and nanocomposites based
on polymers. They better match with properties of the mate-
rial of living tissue. Moreover, nanoparticles characterized
unique surface properties which influence on mechanical
properties, physicochemical properties and durability ofna-
nocomposites materials.Cermic nanoparticles in polymer
matrix shown similar structure which can be find in natural
tissue — bone tissue. Introduction of ceramic phase can
improve such characteristics of the material as bioactivity.
It is guarantee better reactivity nanocomposites surface and
faster fixation implant made with nanocomposites materials
into human body [1,2].

Therefore the most commonly used materials are
biodegradable polymers (synthetic or natural for example:
PLA, PGA,)and bioactive ceramics [3]. For polymers based
on lactic acid and glycolic acid (PLA, PGLA) degradation
products appear to be safe because of their presence in the

metabolic pathways of the body. Unfortunately, the change
of degradation degree of the polymer can lead in their case
to local pH changes resulting from increased concentration
of the metabolites. This may result in acceleration or inhibi-
tion of tissue regeneration [4]. Applications of bioceramic
particles as the fillers provide bioactivity to the material
(osteoconductivity - HAp or osteoinductivity — BG).The
phenomenon of bioactivity of bone tissue applies to ability
of an implant surface to the formation of chemical bonds
with the bone tissue without forming an intermediate layer
(connective tissue). Hydroxyapatite is similar to natural bone
apatite, HAp with B tri-calcium phosphate(V) belong to os-
teoconductive ceramics. In case of BG (bioglass) and silica
process of formation of bond between implant and bone is
multistage, in which formation of silica gel is a common stage
for silicon materials [3]. Calcium ions layer on the negatively
charged surface of the materials is future nucleation center
of hydroxyapatite. Hydroxyl groups (in the form of Si-OH,
P-OH) are responsible for the negatively charged surface.
Surface properties play a key role in the formation of apatite
layer. In the case of bioactive materials their electrical double
layer is one of the most important factors deciding whether
the material is able to produce permanent connection to
the bone in the form of hydroxyapatite apatite similar to
bone apatite. Electrokinetic potential (-potential) is used
for characterization of electrical properties of the surface
[5,6]. Presence of the nanofiller increases (usually faster) the
degree of degradation of the polymer matrix and enhances
its mechanical properties.

The paper presents the process of production of nano-
composite materials based on resorbable polymer (PLDLA)
which was modified with the nanometricbioceramics parti-
cles. The research was performed in several stages. The
first part concerned in the analysis of change of ¢ potential
of the nanoparticles in SBF suspension vs time. In second
stages nanocomposite materials which were incubated in
SBF and double concentrated 2SBF for 3 and 7 days were
prepared. Changes in the microstructure of the nancocom-
posite materials (SEM) confirmed their bioactivity.

Materials and method

As the nanofillers were used:HAp (particle size <200 nm,
BET), silica ( particle size 5-5nm, TEM) B-phosphate (V)
calcium (BTCP) (particle size<100 nm ,TEM) produced by
Sigma-Aldrich. Bioglass 45S5 was obtained at AGH-UST in
Krakow. The bioglass particles were characterized by submi-
cron size (average particle size — 800 nm). All materials were
prepared using synthetic copolymer of L/DL-lactide (the ratio
of units L:DL 80:20, MW 20 kDa) from Purac®. The polymer
had the FDA attestation confirming its biocompability.

Polymer-ceramic nanocomposite materials obtained
using the casting from solution method. The first stage
was prepared solvent mixture. As solvent used DCM and
DFM (POCh, Gliwice) in a weight ratio of 9:1. Next polymer
PLDLA was dissolved in solvent mixture (DCM:DMF, 10:1).
The mixture of the polymer was homogenized mechanically.
To the thus prepared solution was added ceramic powder
in an amount equivalent to 2%wt. the filler content in the
composite (after drying). After introduction of a mixture of
nanoadditive used ultrasonic homogenizer. Solvent was
evaporated by 24 hours on the air. All nanocomposite ma-
terials were examinated in the bioactivity test — incubation
in simulated body fluid, one concentrated (SBF) and double
concentrated (2SBF) in in vitro condition (37°C).

The ceramics nanoparticles were incubated in SBF
solution for one to ten days. The rate of change of zeta
potential vs. time of the bioceramics nanoparticles in SBF
suspension determined changes of their surface chemistry.
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Study of electrokinetic potential () of the nanoparticles in
SBF solution were performed using Nanosizer ZS (Malvern
Instruments). The scanning electron microscope (SEM
Nova NanoSEM 200, FEI) was used to observe surface
microstructure of the nanocomposites after incubation in
plasma in two time intervals i.e. 3 and 7 days. Bioactivity
test was carried out by incubation of the material in the im-
mersion medium - artificial plasma-alone (SBF) and double
concentrated (2SBF) for 3 and 7 days.

Results and discussion
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FIG.1. Zeta potential vs. time for materials from
group: (on the left) CaPs-calcium phosphate, (on
the right) silica.

Studies of electrokinetic potential (¢) of the ceramic na-
noparticles in SBF solution showed that the fastest changes
surface charge occur in for bioglass and hydroxyapatite
(FIG.1). Bioglass particles earlier achieved potential greater
than zero than HAp particles. Change of sign of the poten-
tial observed in bioglass was caused by the diffusion of
the calcium ions from the environment towards negatively
charged silica surface. After reaching the maximum value,
the potential decreased. It is the starting point of transport
of phosphate ions to the surface and crystallization of cal-
cium phosphate on the surface. This way most stable HAp
(pH>4.2) can be observed.

For the hydroxyapatite nanoparticles surface itself is the
center of crystallization. OH- group attracted calcium ions
(positive ¢ potential), which then together with phosphate
ions led to precipitation of apatite (drop potential).

In the case of the silica nanoparticles noticeable changes
in the ¢ potential in direction the positive values were ob-
served which indicated enhanced diffusion of Ca ions. It is
possible that in this case the bioactivity is only partial and
not on the entire surface or the rate of change of the po-
tential is too high and thus difficult to observe. The B-TCP
particles showed through the entire incubation process only
small fluctuations of the surface charge. This phenomenon
consisted of dissolution and hydrolysis of the same ceramic
material.

The observations of the surface microstructure of the
nanocompositesmodifiled by ceramic nanoparocles(SEM/
EDS) showed that the best bioactive potential character-
izedpolymer with bioglass. Only PLDLA/BG had the ability
of forming a layer rich in phosphorus and calcium in both
types of medium immersion (SBF and 2SBF). In case of
materials incubated in SBF for 7 days, on the surface of the
composites of HAp, B-TCP, SiO, precipitates occured which
contained an increased content of Ca and P (EDS analysis).
Apatite nucleation was observed localy.The first precipitates
on the surface of each materials were chlorides (crystals
with regular shapes), and phosphates precipitated later
on the materials surface (SBF). For samples incubated in
2SBF (FIG.2) it was observed that apatite layer precipitated
fastest on the edge of materials: PLA/HAp, PLA/BTCP.The
nanocomposite of silica surface apatite was covered after
14 days bioactivity test.

W | WD | mag
8.00KV| 7.4 mm |1 000

det | spot | HFW
«/LvD| 3.5 | 208 ym

FIG.2. SEM image of a surface of PLDLA/2%
a) HAp b) TCP c) BG d) SiO, after 7 days incubation
in 2SBF.

The richest apatite layer was observed on the surface
of the composite with bioglass. Almost the entire surface
of the material was coated with calcium phosphate. The
phosphates precipitates had the characteristic shape of
“cauliflower”(FIG.2c). The relatively small amount of the
precipitates in the form of calcium phosphate on the surface
of the nanocomposite materials based on polylactide may
be caused by several factors. The first one is the very small
amount of the nano-additive (2%wt.). The second reason of
moderate bioactivity of the received materials is slow deg-
radation of PLDLA matrix covered nanoparticles.

Conclusions

Results of the zeta potential measurements showed that
the most bioactive material seed to be bioglass, while 3-TCP
had the lowest degree of bioactivity. Analysis of the SEM
images with EDS method led to following biological activity
of the nanoparticles: BG>HAp>BTCP>SiO,. The nanocom-
posite material with 2%wt. bioglass content in the PLDLA
matrix has a good chance to find in the group of bioactive
materials for scaffolds for tissue engineering.
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Abstract

Metallic materials are essential for construction of
load-bearing bone implants, such as replacements
of hip, knee and other joints. For these applications,
modern materials used in advanced tissue enginee-
ring, e.g. resorbable porous or fibrous polymeric and
ceramic scaffolds are mechanically insufficient, even
if these materials enable the ingrowth of bone cells
and bone tissue formation. Therefore, searching for
new metallic materials and their surface modifications
improving their biocompatibility and osseointegration
is still desirable.

As first metallic materials for bone implantation,
AISI 316L stainless steel and Co-Cr alloys were
used. In the 1950’s, the Ti-6Al-4V alloy was deve-
loped. These materials are still frequently used for
construction of implants because of their relatively
low price [1]. However, these materials are bio-
mechanically incompatible with the bone tissue,
because their Young’s modulus is markedly higher
(110-220 GPa) than that of the bone (10-40 GPa).
Implants with high stiffness take over a considerable
part of load from the bone. This phenomenon, refer-
red as “stress-shielding effect”, can then cause the
bone resorption and loosening of the implant [1].

Also chemical compositions of the mentioned metallic
materials limit their biocompatibility, because they
contain harmful elements as V, Al, Co and Cr, which
can act as cytotoxic, catabolic, immunogenic or even
carcinogenic agents [2,3], and can also cause serious
neurological problems [4]. Due to these adverse
reactions, new types of Ti-alloys have been develo-
ped, namely low-rigidity B-type Ti alloys, containing
non-toxic and non-allergenic elements (Nb, Ta, Zr
etc.) and having good mechanical properties and
workability [4,5].

The goal of this study was to evaluate the adhesion,
growth and differentiation of osteoblast-like MG-63
and Saos-2 cells on titanium-niobium alloys after their
surface modification by thermal oxidation at two diffe-
rent temperatures (165°C and 600°C). Pure titanium
(treated at 165°C and 600°C) and polystyrene culture
dishes (PS) were used as control materials. Possible
immune activation of the cells was tested by the levels
of TNF-alpha secreted to the cell culture media by
murine macrophage-like RAW 264.7 cells cultured
on the tested materials.

On samples treated at 165°C, the number of
initially adhered MG-63 and Saos-2 cells was on an
average higher on TiNb than on Ti or PS. On day 3
after seeding, the trend of the cell numbers remained
similar, with the highest cell density found on TiNb.
Similar results were obtained on samples treated at
600°C, where the difference in cell number between
TiNb and Ti samples became more apparent. This
cell behavior could be attributed to a less negative
zeta potential on TiNb samples. In samples treated
at 165°C, the zeta potential of TiNb surfaces was on
the average less negative than on Ti surfaces, but this
difference was not significant. However, in samples
treated at 600°C, this difference became much more
pronounced, which was probably due to the formation
of T-Nb,O; phase on the surface of the TiNb samples.
This phase was of a crystalline structure, while at
165°C, the structure of Nb,O, was amorphous. In
addition, both Ti and TiNb samples treated at 600°C
contained rutile, while the samples treated at 165°C
contained anatase in their surface layer. It has been
shown that rutile films deposited on PEEK enhanced
the adhesion and growth of osteoblasts more than
anatase films [6]. This phenomenon was explained
by an increase in the material surface wettability, and
particularly to the presence of —OH- groups on the
rutile films.

FIG.1. Human osteoblast-like MG 63 cells on day 1 after seeding on polystyrene dishes (PS), and Ti or TiNb sub-
jected to thermal oxidation at 600°C. Cells stained with LIVE/DEAD viability/cytotoxicity kit for mammalian cells.
Olympus IX 51 microscope, DP 70 digital camera. Obj. 10x, bar=200 pm.
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The expression of collagen | and osteocalcin, i.e. an
early and late marker of osteogenic cell differentiation,
respectively, was higher on Ti than on TiNb samples,
and this difference was more apparent in samples
treated at 165°C. At the same time, no considerable
immune activation of the cells on all tested samples
was found. The production of TNF-a by RAW 264.7
cells was very low in comparison with cells grown in
the presence of bacterial lipopolysaccharide, and also
significantly lower than on untreated samples.

These results indicate that TiNb substrates increa-
sed the proliferation of human bone cells, while pure
Ti rather supported the cell differentiation. The effect
on cell proliferation was more apparent in samples
treated at the higher temperature (600°C), while the
effect on cell differentiation was more pronounced at
the lower temperature (165°C). None of the tested
samples induce significant cell proinflammatory activa-
tion. Thus, all tested samples are suitable as carriers
for bone cells; only an appropriate application (i.e.,
requiring either proliferation or quick differentiation of
osteogenic cells) should be selected.
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Abstract

Metallic materials are important for load-bearing
bone implants. The osteointegration of these implants
can be improved by appropriate surface modifications.
Therefore, we present here a study of the cell growth
on titanium surfaces modified with films created from
gold micropatrticles. These particles in the form of
microplates or polyhedral microcrystals were depos-
ited on titanium plates from ethanol solutions, dried
and annealed with a hydrogen flame. Some samples
were additionally modified by polyethylene imine.
The materials engendered from these modifications
were used to investigate the adhesion and growth of
human osteoblast-like MG-63 cells on these surfaces
in the DMEM medium with 10% of fetal bovine serum.

One day after seeding, the highest number of initially
adhered cells was found on the surfaces modified
by both types of gold microparticles. This trend was
the same three and seven days after seeding. The
numbers of cells on pure Ti and Ti modified only
with gold particles were significantly higher than on
samples which were modified with polyethylene imine.
The cell spreading areas projected on the materials
were significantly larger in cells on the samples with
polyethylene imine modification. However, the shape
of these cells was mostly rounded or star-like with thin
and long protrusions, while on the materials without
polyethylene imine, it was mostly polygonal.

The cell proliferation activity was estimated from
XTT test, based on the activity of mitochondrial
enzymes. This test showed that the proliferation activi-
ties of osteoblast-like MG-63 cells of the 3 and 7"
days of the experiment were more pronounced on the
samples modified only by gold microparticles.

Immunofluorescence showed that the focal adhe-
sion plaques containing vinculin and the fibers contain-
ing B-actin were most apparent, more numerous and
more brightly stained in cells on Ti modified by gold
microplates and gold polyhedral microcrystals, espe-
cially in comparison with the corresponding samples
modified with polyethylene imine (Fig. 1).

Thus, it can be concluded that the modification of
titanium samples by both types of gold microparticles
enhanced the adhesion and growth of MG 63 cells.

Keywords: metallic material, titanium, surgical
implants, gold microparticles, cell adhesion, cell
growth
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FIG. 1. Inmunofluorescence staining of
vinculin, an integrin-associated protein of
focal adhesion plaques (A, B), and B-actin
cytoskeleton (C, D) in osteoblast-like MG-
63 cells on day 5 after seeding on Ti sam-
ples modified by gold microplates (A, C)
or by gold microplates and polyethylene
imine (B, D). Leica confocal laser scan-
ning microscope (TCS SP2, Germany),
obj. 60x, zoom 2x, bar = 25 pm.
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