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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.
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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).

References

[4] Dudek A., Malik M.A.: Characteristics of utilizable properties of
magnesium alloy with the hydroxyapatite coating, Engineering of
Biomaterials, Volume XV, Krakéw 2012, s, 42—45.

[5] Gu Xue—Nan, Zheng Yu—Feng: A review on magnesium alloys
as biodegradable materials, Frontiers of Materials Science in China
Volume: 4, Issue: 2, June 2010, pp. 111-115.

[6] Reguta T.: Badanie wptywu obrébki cieplnej na wiasciwosci
mechaniczne odlewniczego stopu AZ91, AGH im. Stanistawa
Staszica, Krakow, 2007.

000000000OCGOOGOIOOOS

Z omm® 0 000 000000000000 00000000600000000000000000

L



ANALIZA WLASNOSCI
UZYTKOWYCH KOMPOZYTOW
316L+Al,0,

AcaTA DuDeEk*, IwoNA PRZERADA

PoLITECHNIKA CZESTOCHOWSKA,

WvybDziAt INZYNIERI PROCESOWEJ MATERIALOWEJ

I Fizyki STOSOWANEJ, INSTYTUT INZYNIERII MATERIALOWEJ,
AL. ArRMII KrRAJOWES 19, 42—200 CzeEsTocHOWA, PoLska
*E-MAIL: DUDEK@WIP.PCZ.PL

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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- ktadu powierzchni
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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.
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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
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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
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Abstract

The aim of the work was an assessment of the
effect of plasma chemical modification of titanium
dio